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SUMMARY

Epilepsy stands as one of the most prevalent and severe neurological disorders, yet our
understanding of epileptogenesis remains limited. In the context of temporal lobe epilepsy (TLE), the
most common form of epilepsy, the focal epileptic center frequently resides within the hippocampus,

where it is closely associated with gliosis and abnormal neurogenesis.

Our general objective is to evaluate and potentially mitigate the occurrence of abnormal
neurogenesis in TLE. To assess and manipulate abnormal neurogenesis in epileptiform conditions, we
have established an ex vivo model using hyperexcitable hippocampal organotypic culture slices
(hOTCs). This model relies on the disruption of GABAergic synaptic transmission, using picrotoxin
(PTX), and is complemented by the use of retroviral vector-based cell labeling for newborn neurons.
We have validated that the epileptiform environment diminishes the density of newborn neurons,
impairs dendritic arborization, and disrupts dendritic spine growth. Functionally, inhibiting newborn
neurons preserved normal neuronal firing patterns and circuit synchronization, suggesting a connection

between neurogenesis and neural network activity.

In our investigations, we targeted neuroinflammation during epileptogenesis by acting on ATP
signaling pathways. First, we blocked purinergic receptors (P2XR), and later, we inhibited the
excessive production of reactive oxygen species (ROS) through the introduction of cerium oxide
nanoparticles (CeO.NPs) known for their potent antioxidative properties. In both cases, we
successfully recovered normal levels of cell survival, neurogenesis, and dendritic spine growth and
structure. However, dendritic arborization exhibited similar recovery only in the case of P2XR
inhibition, not in oxidative stress (OS) reduction. Regarding the activity of neural networks,
modulating the ATP signaling pathway through P2XR inhibition preserved both single and pair-wise
neural activity, along with circuit synchronization, successfully preventing the emergence of
epileptiform activity. In conclusion, our research demonstrates the suitability of epileptiform hOTCs
model for long-term studies and provides evidence that ATP and ROS play crucial roles in aberrant

neurogenesis process.
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INTRODUCTION

3.1 Adult Neurogenesis in the Mammalian Brain

The process of neurogenesis, in which new neurons are generated and integrated into the central
nervous system (CNS), continuously reacts in a variety of manners to changes in brain homeostasis,
acting as a sensor that provides information about ongoing processes such as neuronal hyperexcitation
or neuroinflammation. Between the hilus and the granule cell layer (GCL) of the dentate gyrus (DG),
in a narrow and loose area called the subgranular zone (SGZ) a population of neural stem cells (NSCs)
keeps generating neurons throughout adult life of most mammals®. Mounting evidence suggest that
postnatal and adult hippocampal neurogenesis also take place in the human brain®#, as others forms of
plasticity do®, although further work is necessary to fully characterize its features and extent as some
controversy still remains®. The most extensively studied neurogenic niches are the hippocampal DG
and the subventricular zone (SVZ). The neurogenic process, in which we are going to focus on in this
project, is the one that occurs in the hippocampal DG, where NSCs go through a complex activation
and differentiation cascade to give rise to granule cells (GCs) that migrate shortly into the GCL and
integrate into the hippocampal circuitry (Fig. 11B). The other well-characterized niche is the SVZ, in
which the process is relatively similar, as progenitor cells differentiate into neuronal precursors that
migrate rostrally, supported by astrocytes and thus forming the rostral migratory steam (RMS) towards
the OB where they mature mostly into local interneurons (Fig. 11C). Finally, yet importantly, the
generation of newborn neurons has also been described in the hypothalamus (Fig. 11D). Here, new
neurons are derived from a subpopulation of tanycytes (hypothalamic SCs), which have been shown
to display neurogenic characteristics and can generate precursors that commit to a neuronal phenotype
and that move into the hypothalamic nuclei. Additionally, there is new experimental evidence showing
neurogenesis in other parts of the brain. Certainly, progenitor cells have been observed to differentiate
and mature into other brain regions including the prefrontal cortex”8, striatum®*°, substantia nigra**?,
and amygdala'®** (Fig. I11A).

Adult neurogenesis is an extra form of brain plasticity in which newborn neurons and astrocytes
modify existing neural circuitry*>®. The properties of NSCs as well as the process of neurogenesis and
gliogenesis are reshaped divergently by changes in neuronal activity and by different types of disease
and damage. This richness of plastic responses identifies NSCs and newborn neurons as biosensors of
the health state of the hippocampus, detecting and providing useful information about processes such

as neuronal and network hyperexcitation, excitotoxicity, neurodegeneration, and neuroinflammation.
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Figure 11. Niches of adult neurogenesis in different brain regions. The generation of new neurons from NSCs has
been mainly described in the hippocampal DG and the subventricular zone (SVZ). (A) Experimental evidence has suggested
that progenitor cells can deviate from the rostral migratory stream (RMS) and differentiate and mature in other brain regions
including the prefrontal cortex, striatum, substantia nigra, and amygdala. (B) This scheme depicts the neurogenic cascade in
the subgranular zone (SGZ) of the DG. Here, in the granule cell layer (GCL), the NSCs generate neural progenitor cells
(NPCs), which amplify their number. Unless most of them die, the ones that survive become neuroblasts, that differentiate
into immature neurons and finally granule cells (GCs) that are integrated into the brain circuitry. (C) Similarly, dividing
progenitor cells (IPCs) in the SVZ can differentiate into neuroblasts and migrate through the RMS towards the OB. Besides
these two regions, there is emerging evidence indicating that the tanycytes present neurogenic capacity (D). (Modified from

Jurkowski et al. 2020).
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3.1.1 Hippocampal Neurogenesis

As previously mentioned, as we are going to fully focus on the hippocampal DG for the
development of the present work, it is of utmost importance to gain a deeper insight into the details of
the hippocampal neurogenesis process. Because of that, we present the following Figure 2, in which
the process of hippocampal adult neurogenesis is summarized. The hippocampus stands out as a brain
region abundant in plasticity, with newly formed cells playing a crucial role in enhancing one of its
primary functions: converting experiences into memory traces. These imprints, in turn, facilitate the
refinement of behavior through a phenomenon known as learning, while also aiding in the regulation
of emotions!®-8, This indicates the relevance of understanding the molecular mechanisms that control
the development of these new neurons in the pre-existing hippocampal circuits. In the hippocampus,
synaptic plasticity occurs as potentiation or depression of the efficacy of synaptic transmission.
Synaptic plasticity in the DG is accompanied by another type of plasticity: neurogenesis, the generation
of new neurons from NSCs® (Fig. 12).

Hippocampal neurogenesis is a multistep process in which quiescent NSCs (also called type-1
cells) are activated by entering cell division in a continuous manner, but with low frequency®. NSCs
can divide asymmetrically giving rise to transient amplifying neural progenitors (ANPs or type-2 cells)
which proliferate a few times for 2-4 days. Then, these progenitors either die by apoptosis, being
removed by microglia?, or they stop dividing and differentiate into post-mitotic neuroblasts that finally
mature into new neurons?. Most of those NSCs that have entered the cell cycle divide several times
(2-3 on population average) consecutively to yield neuronal progeny and then go back into quiescence
and differentiate into astrocytes. Direct neuronal differentiation is also possible, but in both cases the
consequence is the same, once NSCs get activated to generate neurogenic progeny, they differentiate,
exiting the NSC pool which therefore diminishes over time*?2, Thus, the neurogenic cascade of the
hippocampal DG comprises defined steps in which gliogenesis takes place in parallel to neurogenesis
in the DGZ.

NSCs were initially termed radial astrocytes®*, which share similarities with radial glia,
characterized by a single apical process extending towards the molecular layer®®. These cells also
exhibit protein expression patterns akin to astrocytes, as glial fibrillary acidic protein (GFAP). Notably,
these cells are functionally characterized by a low rate of division (when considering the whole
population), which can be quantitatively analyzed by thymidine analog 5-bromo-2’-deoxy-uridine
(BrdU) pulse-and-chase tracing. BrdU is incorporated into the DNA undergoing mitosis during the
synthesis phase (S-phase) because as a thymidine analog, when available it will be used in the same
manner as thymidine by cells to duplicate their DNAZ. Then BrdU can be easily recognized by specific

antibodies and visualized by immunohistochemistry and microscopy. With only 2-5% cells labeled
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with BrdU, radial glia or NSCs represent less than 10% of all BrdU-labeled cells after a short pulse®.
Consequently, at the population level, they are predominantly considered quiescent, and most of the

dividing cells are the ANPS or type-2 cells.
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Figure 12. Model of hippocampal adult neurogenesis. In the DG, precursor cells located in the SGZ divide
asymmetrically and give rise to ANPs that proliferate quickly before either undergoing apoptosis or slowly committing to a
neuronal phenotype. These neuroblasts will eventually go through a stage of immature neurons before integrating into the
existing hippocampal circuitries. The encircled numbers denote the main steps that define the amount of neurogenesis, or
neurogenic output, and that are affected by aging. (Taken from Encinas and Sierra 2012).

Symmetric division could potentially compensate for the natural depletion of NSCs that is
concomitant to their activation to generate neuronal progenitors, which takes place through direct
differentiation into astrocytes or neurons?-22, However, symmetric division in normal conditions is just
not abundant enough to compensate for depletion®L. It is important to point out that the neurogenic
cascade, there is not a synchronized neurogenic wave followed by an astrocytic one as during cortex
development for instance, but rather NSCs are progressively getting activated in low numbers and the
neurogenic and astrocytic cascade takes place continuously. Therefore, quiescent and activated NSCs,
neural precursors, immature and mature neurons, and newborn astrocytes coexist as immediate
neighbors in the hippocampal neurogenic niche in a strict and controlled environment that maintains

the correct functioning of hippocampal neurogenesis?”.

Each of these steps in the hippocampal neurogenic cascade can be distinguished and quantitatively
analyzed using a combination of cell-specific markers and morphological features. Markers in the
neurogenic cascade are critical for understanding the various stages of neurogenesis, from the
proliferation of NSCs to the differentiation of mature neurons. Starting with Nestin (neuroepithelial
stem protein), a widely recognized marker for neural stem and progenitor cells. It is an intermediate

filament protein that is highly expressed during neural development and is often used to identify
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undifferentiated or early differentiating neural cells?®. During neuro- and gliogenesis, Nestin is replaced
by cell type-specific intermediate filaments such as neurofilaments (NF) in neurons and glial fibrillary
acidic protein (GFAP) in glial cells. GFAP is a marker commonly associated with astrocytes, and is
often used to identify both quiescent and activated NSCs.

Another marker used for neural progenitor cells (NPCs) is the sex-determining region Y-box 2
(Sox2), a transcription factor crucial for maintaining the pluripotency and self-renewal of NSCs that is
expressed in the neural tube during embryonic development. However, Sox2 is also present in
astrocytes and progenitors in the hippocampus. Furthermore, Prox1 is especially important for
understanding the differentiation of newborn neurons into specific neuronal subtypes, as it is a
transcription factor involved in neuronal differentiation and GC development in the DG?. Prox1 is
useful because it labels postmitotic cells committed to the neuronal fate. Meanwhile, NeuN is crucial
for distinguishing between newborn neurons and mature neurons in neurogenic studies®, as it is
expressed in the nuclei of post-mitotic neurons and therefore, is used to identify and quantify the
number of mature, functional neurons. Prox1 is specific of the neurons of the GCL, but NeuN labels
all neurons in the brain except for few exceptions. In these terms, another example would be NeuroD1
(neurogenic differentiation 1), a basic helix-loop-helix transcription factor associated with neuronal
differentiation that is expressed in AMPs transitioning toward a more differentiated state3!.

In the course of this developmental process, newborn neuron markers such as doublecortin (DCX)
play a crucial role in identifying and studying the process of neurogenesis in the DG®*. DCX is a
microtubule-associated protein highly expressed in immature or newborn neurons, but not typically
found in mature neurons, making it an excellent marker for identifying recently generated neurons®,
Its expression is especially prominent in regions associated with ongoing neurogenesis, such as the
SVZ and the DG of the hippocampus. Additionally, its role extends beyond being a mere marker, as it
actively participates in microtubule polymerization and stabilization, contributing to the dynamic
cytoskeletal changes required for neuronal migration®*. Its association with the microtubule network is
crucial for the extension and guidance of neuronal processes, facilitating the developing neurons’

journey to their final destinations.

There are also markers present in different neural cell subtypes, as is the case of S100p, a calcium-
binding protein primarily found in astrocytes but also present in certain subsets of NPCs, but mostly
during development. In the adult hippocampus, NSCs do not express S100p and therefore it is a very
useful marker to identify them in combination with Nestin and GFAP. In neurogenesis studies, S1003
is used to identify specific astrocytic subpopulations and their involvement in the neurogenic niche,
and can also be indicative of interactions between astrocytes and newly generated neurons®. It is
already known that the structural properties of the astrocytic cytoskeleton are maintained thanks to the
intermediate filament network that is primarily composed of GFAP?¢. The expression of this protein is

upregulated in brain injury and CNS degeneration and its upregulation is normally indicative of
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gliosis®’. In the context of neurogenesis, as abovementioned, GFAP is used to identify NSCs in

combination with other markers®.

In order to identify and study proliferation dynamics of cells, besides BrdU, Ki67 is a key nuclear
marker due to its role in indicating active cell division, which is linked to the presence of NPCs actively
dividing and contributing to neurogenesis®. It is expressed throughout the cell cycle, except during the
GO phase, making it a reliable marker for actively dividing cells, therefore its presence in the nucleus
indicates that the cell is in an active phase of the cell cycle. Among the division markers, in the
neurogenic process the aforementioned BrdU is frequently employed in studies involving cell
proliferation, development, gliosis and neurogenesis, as longer-chase studies allow for addressing
newborn cell differentiation®. Thus, it is especially valuable in tracing the fate of dividing cells over
time, providing insights into the dynamics of cell turnover and differentiation. While Ki-67 provides a
snapshot of the overall proliferation status of a cell population, BrdU allows for the tracking and fate

mapping of individual dividing cells, offering a more dynamic perspective on cell division events.

These cell division markers enhance our ability to precisely label and track dividing cells, but
there is also a tool that serve as efficient gene delivery systems introducing marker genes into the
genome of actively dividing cells: retroviral vectors (RVs). RVs are powerful implements used in
molecular biology and neuroscience to mark and study dividing cells, particularly in the context of
neurogenesis where the generation of new neurons occurs through mitosis. These vectors are derived
from retroviruses, a family of RNA viruses, and are modified for use in research as gene delivery
systems*., They are employed to permanently label only dividing cells and track their fate, or in the
case of the neurogenic cascade in the hippocampus, newborn neurons. The integration of their genetic
material into the host cell’s genome ensures stable, long-term expression of the marker gene in the
dividing cells and their progeny, which enables birth-dating cells*2. They are often engineered to carry
a marker gene, such as a fluorescent protein (e.g., green fluorescent protein, GFP). As a result, cells
actively undergoing division will express the marker gene and become labeled, permitting their

subsequent imaging®.

In neurogenesis research, RVs have been extensively used to study the generation of new neurons
in the brain. These vectors can be injected directly into specific brain regions, and the labeled cells
(often NPCs and their progeny) can be tracked over time to investigate their morphology, migration,
differentiation, and integration into existing neural circuits. All the above are just some examples of
the different ways of tracking the neurogenic cascade that we want to include in our studies, as they
play an indispensable role in the process of neurogenesis, offering key insights into the different stages

that occur within the brain's dynamic environment.

The different pathways involved in hippocampal neurogenesis should not be considered as
isolated and irreversible, but as possible events that depend on both intrinsic and extrinsic properties,

including those generated by disease and damage. The loss, disruption, or alteration of the hippocampal

8
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neurogenic cascade arguably results in the impairment of the tasks in which the addition of new neurons
in the DG plays an important role in the formation of new memories and learning*®#4, Additionally, it
affects responses to anxiety and fear>, as well as a multitude of extrinsic stimuli key for cognition,
behavior or brain repair*#’, Certainly, the pathological alteration of the hippocampal cascade has been
related to different neurological and neurodegenerative diseases? such as epilepsy, Parkinson’s disease
(PD), Alzheimer’s disease (AD), Huntington’s disease (HD), or dementia, pathologies in which at least

part of the symptoms could be potentially caused or favored by reduced or altered neurogenesis.

Consequently, NSCs present a differential fate in both healthy and diseased conditions (Fig 13).
We have observed that hippocampal NSCs are not limited to produce neurons (13.4), they can also give
rise to astrocytes (13.5), engage in symmetric division to create copies of themselves (13.1), and even
generate oligodendrocytes through gene manipulation (13.6). However, in pathological conditions like
epilepsy, abnormal neuroblasts are generated, exhibiting unusual migration patterns, dendritic
branching, and dendritic spine density (13.7). In more severe cases such as temporal lobe epilepsy
(TLE) with hippocampal sclerosis, NSCs deviate from their neurogenic role and transform into
reactive-NSCs (8). These reactive-NSCs no longer participate in neurogenesis but undergo massive
activation, entering symmetric cell division to generate more reactive NSCs, ultimately differentiating
into reactive astrocytes (9).
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Figure 13. Schematic summary of the differential fate of multipotent adult hippocampal NSCs in health and
disease. In normal conditions, the hippocampal NSCs (1) in the DG are activated at a low rate and divide asymmetrically to
generate ANPs (2) which ultimately differentiate into immature neurons (3) and eventually become fully mature neurons (4)
within the GCL. Some NSCs may also directly differentiate into neurons or generate astrocytes (5) through ultimate
differentiation. Additionally, they can divide symmetrically to generate copies of themselves or by manipulating gene
expression differentiate into oligodendrocytes (6). In pathological situations like epilepsy, NSCs can generate aberrant
neuroblasts (7) characterized by abnormal migration, dendritic arborization and dendritic spine density. In more severe cases
like temporal lobe epilepsy with hippocampal sclerosis, NSCs abandon neurogenesis and transform into reactive-NSCs (8).
These reactive-NSCs no longer follow the neurogenic process but instead they massively get activated to enter symmetric
cell division and ultimately differentiate into reactive astrocytes (9). (Adapted from Rodriguez-Bodero and Encinas-Pérez,
2022).

3.1.2 Newborn Neurons

Going further into detail, our main interest remains in one of the main characters in the neurogenic
process: newborn neurons. As observed in the Figure 2 above, these newly born cells are continuously
generated from NSCs located in the SGZ of the adult DG, where they integrate into pre-existing
hippocampal memory circuits playing a role in several functions but specially in the codification of
spatial memory*”18, The continuous addition of new neurons to the DG is a key component of the
hippocampal circuitry and a structural element of the cognitive reserve®®, as a consequence, researchers
have made strides in understanding how disease-specific genetic and environmental factors play crucial
roles in determining which neurons succumb to degenerative processes. Certainly, newborn neurons,
especially during their early stages as progenitors and neuroblasts, are highly sensitive to changes in
their niche microenvironment. The niche, which refers to the local cellular and molecular environment
that surrounds these developing neurons, plays a crucial role in regulating their survival,
differentiation, and integration into existing neural circuits. Hence, several factors can influence the

behavior of newborn neurons within the niche (Fig 13).

1. Neurotrophic Factors

The spectrum of potential biological roles for neurotrophic factors in the development and
maturation of the nervous system continues to widen. These molecules are produced within the niche
and provide critical signals for the proper development of newborn neurons*. During the critical early
stages of newborn neurons, some of these factors, as is the case of the nerve growth factor (NGF), help
prevent programmed cell death (apoptosis) and promote cell proliferation, ensuring that an adequate
number of neurons are generated®. They are also involved in the differentiation of newborn neurons
into specific cell types with distinct functions, just like neurotrophin-3 (NT-3), which influences the
development of neuronal morphology, including the growth of dendrites and axons, the formation of

synapses, and the establishment of neural circuits®. Indeed, these neurotrophic factors contribute to
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the development of synaptic connections between newborn and other neurons, playing a role in
synaptic plasticity. Neurotrophins like brain-derived neurotrophic factor (BDNF), for example, are
known to enhance synaptic transmission and promote the formation of synapses, as well as support the
survival and differentiation of neurons being particularly important in the growth and maturation of
new neurons in the hippocampus®. Glial cell line-derived neurotrophic factor (GDNF) on the other
hand, is an example of a neurotrophic factor that contributes to the functional integration of newborn
neurons into existing neural circuits by influencing the establishment of appropriate connections and
enhancing the responsiveness of newborn neurons to neurotransmitters and other signaling
molecules®. Additionally, neurotrophic factors like insulin-like growth factor-1 (IGF-1) can be
modulated by environmental enrichment, learning, and physical activity, increasing their expression
and thus, promoting the survival and integration of newborn neurons®, which highlights the role of

neurotrophic factors in the brain's ability to adapt to changing conditions.

2. Cell-Cell Interactions

Within the neural niche, the behavior of newborn neurons is significantly influenced by complex
cell-cell interactions. In the CNS, neurons, with their remarkable ability to interpret sensory signals
and control cognitive functions, take center stage. However, the regulation of these newborn neurons'
activity is a multifaceted process, reliant on their interactions with various CNS-resident cells like

microglia, astrocytes, and oligodendrocytes®.
a. Microglia

Microglia play a crucial role as specialized cells in the nervous system, impacting brain
development, maintaining the neural environment, responding to injuries, and aiding in repair
processes. They actively contribute to neuronal proliferation and differentiation, eliminate dying
neurons through phagocytosis, remodel synapses, and clear debris and abnormal proteins®. Microglial
cells promptly respond to environmental alterations through the release of various soluble substances,
such as cytokines, chemokines, nitric oxide (NO), and reactive oxygen species (ROS)*’. Microglia
widely respond to different stimuli, from a simple variation of neural activity, to apoptotic cell
phagocytosis in the neurogenic niche or even to neuroinflammation due to an injury®®®, These
differential microglial responses to environmental disturbances have the potential to either harm or
benefit the surrounding cells. Microglia selectively colonize the cortical proliferative zones and
phagocytose neural precursor cells as neurogenesis nears completion®®. As they age, there is a change
in their morphology, leading to a diminished capacity for normal functions like migration, clearance,

and the ability to transition from a pro-inflammatory to an anti-inflammatory state for regulating injury
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and repair®2. This alteration in microglial behavior may play a role in increased susceptibility and

neurodegeneration associated with aging.

In terms of cell-cell connections, microglia could play a crucial role in newborn neuron regulation.
By participating in processes such as synaptic pruning, they could help refine and sculpt the
connections between neurons, essential for the formation of functional neural circuits?®53#4, although
this interaction has not been fully addressed in the hippocampal neurogenic cascade. Microglia actively
survey their microenvironment through dynamic interactions involving motile microglial processes
and constant engagement with neurons®®. Microglial processes have been observed to establish
specialized connections with the cell bodies of developing neurons throughout embryonic, early
postnatal, and adult neurogenesis®. These early developmental connections closely resemble somatic
purinergic junctions, crucial for microglia-neuron communication in the mature brain. These junctions
are identified as interaction sites between neuronal cell bodies and microglial processes in mouse and
human brain, which have a specialized nanoarchitecture optimized for purinergic signaling. They
appear to function as communication sites that under physiological conditions, are present on most of
the neurons in both mice and humans®. Microglia constantly monitor neuronal status through these
somatic junctions, allowing neuroprotective actions to take place in a targeted manner. The early
establishment of somatic purinergic junctions in development serves as a vital interface for microglia

to monitor the status of immature neurons and regulate neurodevelopment.

b. Astrocytes

Astrocytes, on the other hand, are involved in regulating the chemical environment of neurons,
including the balance of neurotransmitters®” . Their influence on newborn neurons is significant as
they contribute to the overall homeostasis and health of the neural environment. They are involved in
promoting the proliferation and differentiation of NSCs into neurons while releasing various signaling
molecules that support the survival and development of newborn neurons®®. Among these molecules,
they release growth factors such as BDNF and IGF’®™, and cytokines like interleukin-6 (I1L-6), that in
the context of neurodevelopment, 7273, Astrocytes are also contributors to the formation and maturation
of synapses, as the factors they release influence synaptic development, helping to establish functional
connections between newborn and other neurons’™. These are the cases of TGF-p (transforming growth
factor-beta), which is involved mainly neuronal survival, differentiation, and synaptogenesis’; and
TNF-a (tumor necrosis factor-alpha), a cytokine implicated in inflammatory responses as it plays a
role in regulating neurogenesis and synaptic plasticity’. Indeed, astrocytes play a crucial role in
regulating neurotransmitters in the synaptic cleft, as they are able to uptake neurotransmitters released
by neurons, such as glutamate’”, helping to maintain the appropriate chemical environment for optimal

neuronal communication.
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Astrocytes can communicate with neurons through various signaling pathways. They participate
in calcium signaling by generating calcium waves in response to neuronal activity, and these waves
can trigger the release of gliotransmitters, affecting nearby neurons’. The gliotransmitters release
includes ATP, D-serine, and glutamate, which act on receptors located on neurons™. For instance, the
activation of purinergic receptors by the ATP released modulates neuronal excitability and synaptic
transmission®. Indeed, neuronal excitability can be directly regulated by astrocytes, as they take up
excess glutamate released during synaptic transmission’. If this is not done, the dysregulation of
glutamate signaling can impact synaptic function and contribute to excitotoxicity. Therefore, astrocyte
participation in neuroplasticity occurs through the release of factors that modulate synaptic strength
and connectivity, allowing them to sense neuronal activity and, in turn, modulate synaptic function.
The connection between astrocytes and blood vessels is established through a specialized structure
known as the blood-brain barrier (BBB). Astrocytes extend fine processes known as end-feet that
surround blood vessels in the brain, creating a physical connection between astrocytes and the vascular
endothelial cells that form the blood vessel walls®t. Simultaneously, it helps the passage of substances
between the blood and the brain as well as ensures that regions of heightened neural activity, including
those populated by migrating neuroblasts, receive an optimal blood supply, facilitating metabolic

support283,

c. Oligodendrocytes

Finally, oligodendrocytes are brain cells primarily responsible for myelinating axons in the CNS,
providing insulation and improving the efficiency of signal transmission along axons®*. Their function
in myelin production covering neural axons allows for faster and more efficient transmission of
electrical signals, making them crucial for ensuring that newborn neurons can integrate into existing
neural circuits and communicate effectively with other neurons®. However, there is no direct evidence
of a link between oligodendrocyte-mediated myelination and newborn neurons, as myelination is a

process that occurs after neurons have differentiated and established functional connections®®.

3. Neuroinflammation and Immune Response

Inflammatory molecules like interleukins, interferons, and TNF-a can significantly reduce the
proliferation of cells, activate NSCs, and hinder the production of new neurons®. However, the use of
non-steroidal anti-inflammatory drugs, such as indomethacin or minocycline, has shown promise in
restoring neurogenesis®#. Neuroinflammation, characterized by the activation of the immune system
in the brain, is a central player that links various factors like neurodegeneration, bacterial and viral
infections, and aging, ultimately impairing the activity of NSCs. As individuals age, there is a notable

shift from a state of rapid cell activity to a more conservative, slow-paced model, which is marked by
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a deepening of NSCs quiescence. In early adulthood, NSCs begin to differentiate into at least the
following two subpopulations: one that remains relatively unchanged, maintaining its usual behavior
in terms of activation and neuron generation, and the other that experiences a decrease in the likelihood
of activation®. Several factors contribute to this deepening quiescence, including increased expression
of the glucocorticoid receptor®, the interplay between ASCL1 and the E3 ubiquitin ligase HUWE1%,
and interactions involving nuclear lamina protein lamin B1 and SUN-domain containing protein 1
(SUN1) %, as well as tyrosine-protein kinase Abl®. Notably, neuroinflammation emerges as a key
factor influencing the transition toward deeper quiescence of NSCs. In specific brain regions like the
hippocampus and the SVZ, increased signaling of interferons promotes the quiescence of NSCs%,
Additionally, the balance between quiescence and activation of NSCs is linked to the levels of ROS,

which are crucial in inflammatory processes®’.

Immune responses and signaling molecules released by immune cells within the brain® also
regulate adult neurogenesis. Traditionally, immune activation, characterized mostly within the brain
by microglial reaction with a strong component of cytokine release, has been perceived as
detrimental®®. However, the impact of immune activation on neural function is dependent upon the
specific form of the immune response, as microglia and other immune-reactive cells in the brain can
either strengthen or disrupt brain function based on their distinct phenotypes and behaviors®®%, For
example, microglia exhibiting an inflammatory phenotype generally reduce cell proliferation, survival,
and the overall function of newly formed neurons. These behaviors can be part of a defense mechanism
against pathogens or injury but, when prolonged, may lead to neuroinflammation and tissue damage®.
Previously, it was believed that microglial cells could have an active or inactive state. This simplified
theory claimed microglia adopt an M1 phenotype in response to pro-inflammatory signals, in which
they release inflammatory cytokines (such as IL-6, IL-1B, TNF-a) and ROS.. On the other hand,
microglia displaying an alternative protective phenotype actively support adult neurogenesis?1%%, This
anti-inflammatory and tissue repair phenotype was referred to as M2, in which anti-inflammatory
cytokines (such as IL-10 and TGF-B) are released promoting tissue healing and regeneration®.
However, in 2005 an essential discovery contrasted this theory and proved microglial cells are highly
active in their presumed resting state, continually surveying their microenvironment with extremely
motile processes and protrusions®, a premise that has been largely confirmed during the following
years and continues nowadays?192, They create a microenvironment that is conducive to neurogenesis
by decreasing excessive inflammation, reducing oxidative stress (OS), and promoting supportive

conditions for the survival and differentiation of NSCs.
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4, Neuronal Activity and Electrical Signals

Electrical activity and specific molecular signaling pathways play a crucial role in promoting both
neuronal survival and regeneration®. Activity-dependent mechanisms, such as the regulation of gene
expression by calcium signaling, can enhance the synthesis of neuroprotective proteins that protect
neurons from harmful stimuli'®®. Electrical activity influences the balance between pro-survival and
pro-apoptotic factors, determining whether a neuron will undergo programmed cell death or
persevere®, Within the DG, neural activity is fundamental for encoding and consolidating incoming
sensory information into the hippocampal circuitry'®%. This heightened activity serves as a trigger
for the mobilization of NSCs, initiating a cascade of events that lead to the production of new
neurons'®1%, Especially patterns associated with learning and memory tasks influence the activation
of NSCs and the production of new neurons, which contribute to the encoding and integration of
memories. Interestingly, neural activity in the DG is linked to pattern recognition and separation,
enabling the discrimination between similar sensory inputs and ensuring that distinct neural
representations are formed for each experience, as well as integrating these novel experiences into the
existing neural circuitry'®. Thus, electrical activity, including action potentials and synaptic signaling,
is fundamental for the functional integration of newborn neurons into established networks%112,
Neurotransmitters released during electrical activity, such as glutamate and GABA, can impact both
integration and development!®. Glutamate, as the principal excitatory neurotransmitter, serves as a
driving force for synaptic activity, promoting the formation of excitatory synapses and the elaboration
of dendritic arbors'**. In contrast, GABA, the principal inhibitory neurotransmitter, contributes to the

delicate balance of excitation and inhibition, crucial for the refinement of neural circuits.

Following injury or damage, the function of neurons is attempted to be restored, as electrical
activity provides the stimulus that triggers the activation of regenerative pathways. For instance, during
axonal regrowth, electrical activity guides the extension of neurites and axons, facilitating the
reconnection of damaged neural pathways. Additionally, it can influence the expression of molecules
that enhance axon elongation and guide neurons toward their targets''s. This phenomenon has been
extensively studied in the context of mature neurons; however, it is not confirmed for newborn neurons
although similar principles could be applied in terms of axonal growth and circuit integration.
Certainly, the integration of newborn neurons into de existing neural network as well as their
maturation is seems to be mainly guided by the synaptic inputs coming from surrounding neurons!116,
These synaptic inputs occur when newborn neurons extend processes (axons and dendrites) and form
synapses with existing neurons*’8, They direct the structural refinement of dendritic arborizations
contributing to the distinctive architecture that characterizes the newborn neurons' responsive zones

within the neural network. This communication is crucial for the development of the neural circuitry,
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and it highlights the importance of newborn neuron’s capability of exhibiting intrinsic excitability,
which in turn contributes to early stages of development, including migration and process
outgrowth!%120, The mechanism involved in the translation of increased neuronal activity into
modified neurogenesis are poorly understood, but as we will detail later, ATP could be a good
candidate because it is known that in hyperexcitatory conditions there is an excess of extracellular
ATP.

5. External Stimuli: Environmental Enrichment and Stress

Hippocampal neurogenesis is influenced by external stimuli, and the effects can vary depending
on the nature of the stimuli, whether they are enriching (meaning complex and stimulating) or stressful
(detrimental) thus affecting the development and resilience of newborn neurons. Enriching
experiences, such as exposure to a stimulating environment, physical exercise, and cognitive
challenges, have been associated with an increase in hippocampal neurogenesis, promoting the
activation of NSCs, the production and survival of new neurons'?', Enriched environment (EE) not
only enhances normal neural development through reinforcing neuroplasticity at the cellular level but
can also lead to heightened synaptic plasticity, influencing the strength and efficacy of synaptic
connections. It plays a crucial role in nerve repair during CNS injury, a process that involves
morphological, cellular, and molecular adaptations in the brain, promoting the restoration of functional
activities!?212, On the contrary, stressful experiences, whether acute or chronic, have been linked to a
reduction in hippocampal neurogenesis. Stress hormones, such as cortisol, can negatively impact the
proliferation and survival of NSCs, leading to a decrease in the production of new neurons??#?% This
stress can impede the survival and disrupt synaptic plasticity of newly generated neurons in the
hippocampus, as the detrimental effects on neurogenesis are associated with increased apoptosis of
developing neurons, limiting their integration into the existing neural circuitry'?®?’, Reduced
generation of new neurons and their integration in the hippocampal circuits represents one of the
mechanisms by which chronic stress translates into cognitive impairment, affecting specially to

learning, memory, and behavior?é,

It is noteworthy that the effect of the environment on the nervous system varies at different stages
of development after birth, as the developing brain exhibits varying degrees of responsiveness to
environmental cues during its maturation process?®. During the early stages of postnatal development,
the nervous system is particularly susceptible to environmental influences, evident in the plasticity of
neural circuits, where experiences and stimuli can profoundly shape the emerging architecture of the
brain®*°. Environmental cues during this critical period can exert lasting effects on synaptic
connections, neural networks, and even structural organization. As the brain progresses through

subsequent developmental stages, its responsiveness to the environment undergoes obvious changes.
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The interaction between genetic information and environmental factors becomes increasingly complex,
influencing not only the structural network of the nervous system but also its functional capabilities.
Environmental stimuli continue to sculpt and refine neural circuits, contributing to the establishment
of cognitive and behavioral functions®. Actually, in addition to genetic information, environmental
factors such as chronic stress or exposure to toxins exert a profound influence on the structure and
function of the nervous system, as well as the occurrence and progression of certain nervous system

diseases such as AD, PD, HD or even epilepsy!#*132133,

.

\_/

Figure 13. Schematic illustration of the factors influencing newborn neuron development. 1. The neurotrophins
play diverse roles in the development and maturation of the nervous system, supporting the growth, survival, plasticity, and
differentiation of neurons. 2. In the CNS, diverse cell types collaborate to maintain neuronal functions, as neurons decode
sensory signals and regulate movement and cognition, with interactions involving microglia, astrocytes, and
oligodendrocytes. 3. Adult neurogenesis involves immune responses where immune cells' diverse phenotypes determine
support or disruption of brain function, making immune-neural interplay key in newborn neuron development. 4. Electrical
activity and molecular signaling contribute to neuronal survival, regeneration, and integration. 5. Environmental factors,
including enrichment and stress, profoundly influence neural development, function, and recovery.
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3.2 Epilepsy

3.2.1 Introduction to Epilepsy

As mentioned above, neuronal activity is a major regulator of hippocampal neurogenesis.
Therefore, it is expected that pathologies associated with neuronal hyperexcitation will course with
modification of the neurogenic cascade which in turn may contribute to further alterations of circuits
and neuronal network activity. Epilepsy is a major neurological disorder characterized by spontaneous
bursts of synchronized neuronal hyperexcitation and subsequently represents a pathological framework
of interest to study hippocampal neurogenesis. Epilepsy, comprising a constellation of varied epileptic
syndormes, places a significant burden on public health, affecting an estimated 65 million people
worldwide, while the developing countries are the most impacted areas'**. Beyond its prevalence,
epilepsy presents a major health concern due to its associated side effects, and more importantly,
comorbidities such as cognitive impairment, depression, and psychiatric disorders**. These additional
factors accentuate the significance of addressing epilepsy from a full perspective in healthcare. As a
result, it is of utmost importance to better understand the mechanisms of epileptogenesis, which refers
to the transformation of a normal brain into one that generates recurrent spontaneous seizures.
Intracellularly, synchronous epileptic events occur as large, complex postsynaptic potentials with or
without synchronous cell firing®®*¥  involving both excitatory and inhibitory signalling®®. The
impaired balance of excitation and inhibition is the most conventional theory underlying interictal spike
generation, and most of our knowledge about the cellular and network basis of cortical

hyperexcitability comes from animal models*®,

Although the cellular properties underlying hyperexcitability have been widely explored in the
human neocortex, little is known about how an impaired balance of excitation and inhibition of the
neuronal network contributes to epileptic hypersynchrony in humans. Several risk factors contribute to
the development of this disease, including genetic predisposition, traumatic brain injury (TBI), fever,
tumors, brain infections, or neurodegenerative diseases®’. Identifying and understanding these risk
factors play a vital role in both early detection and target prevention strategies for this condition, as
long as this neurological disease remains a challenging condition to treat effectively. The conventional
drug-based approaches can only manage the symptoms but do not provide a definitive cure, in fact,
despite advancements in the number of new drugs developed for epilepsy in the last decades, the
efficacy of antiepileptic drugs (AEDs) has seen little improvement over the past 70 years!*.
Furthermore, a significant portion of epilepsy patients, approximately 30%, are considered
pharmacoresistant or refractory to current pharmacological treatments, leading to worsened

prognoses?*2, In some cases, the disease progresses, leading to an escalation in seizure frequency and
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cognitive decline. Hence, a broad diagnostic evaluation is mandatory as many conditions could cause
a new onset of status epilepticus (SE), which is complex and yet not fully understood, and not all
epileptic patients respond equally to the same drugs'“*'44. Anti-epileptic medications present many
pharmacologic profiles as they act on the different types of seizures against which they are most
effective. A better understanding of the molecular effects of existing anti-seizure drugs as well as the
development of new ones that act against novel targets is now a high priority4414,

Typically, epilepsy is diagnosed after an individual has experienced at least two seizures unrelated
to any known medical conditions!®¢, This diagnostic criterion helps medical professionals
differentiate epilepsy from other potential causes of seizures, enabling more accurate and timely
treatment for those affected. Epileptic seizures can lead to a wide range of symptoms that impair
features such as movements (convulsions or uncontrollable jerking), levels of consciousness (loss of
awareness or mental absence) and can even cause changes in behavior and feelings. Indeed, additional
dysfunctional issues usually worsen this symptomatology due to the epileptic imprinting in the brain,
which finally makes it a chronic disease*"#, In fact, epilepsy is defined by the recurring and
unprovoked (spontaneous) seizures, which behave as chronic aberrant patterns due to abnormally
excessive or synchronous neuronal activity in the brain. It can be classified into two main types: focal
and generalized epilepsy, depending on the specific brain region where seizures originate'*® .
Generalized seizures involve the entire brain and typically lead to altered consciousness, often
accompanied by tonic-clonic spasms. On the other hand, focal epilepsy originates in a specific area of

the brain, with symptoms reflecting the affected brain region's function4,

The main impairments both in patients and animal models of MTLE have been observed in spatial
navigation and memory**®%! which are linked to hippocampal sclerosis (HS)*2. HS is a condition
characterized by the selective loss of neurons in the hippocampus, which is often associated with
epilepsy and can be detected and studied using various neuroimaging techniques, including EEG
(electroencephalography). EEG can provide insights into the abnormal electrical activity in the brain,
especially in cases of epilepsy associated with HS'*3, The distinctive patterns observed in EEG
recordings help identify and characterize epileptic activity, and each oscillation type is associated with

specific brain states and functions.

In the case of the low-frequency oscillations, theta oscillations (4-8 Hz) are often associated with
the hippocampus and are crucial for memory formation and spatial navigation'®*. Impairments in
memory are associated with alterations in these oscillations®>1%¢, as their disruption has been suggested
as a potential factor contributing to memory deficits'®’. In systemic rat models of MTLE, various
alterations in theta characteristics have been documented in the literature. These changes encompass a
decrease in theta rhythm coherence®®, as well as reductions in theta frequency and power'*>%, The

factors contributing to the decline in theta power, coherence, and phase-precession in epilepsy models
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are complex, as any damage or temporary inhibition in the brain structure results in a significant

reduction in hippocampal theta power and consequential spatial memory impairments!°%160,

Alpha oscillations (8-13 Hz) on contrary, are linked to a state of relaxed wakefulness!®®. These
oscillations are prominent in the occipital and parietal areas and are often associated with an inactive
or inhibitory state of the cortex®2. Alterations in these oscillations have been observed in various
neurological conditions, including epilepsy. These changes may manifest as a decrease in alpha power
or a disruption in the typical rhythmicity of alpha waves®®1%4, Studies have shown that there can be
abnormalities in alpha oscillations during interictal periods in individuals with epilepsy*®, and these
abnormalities may be indicative of underlying network dysfunction. The functional implications of
altered alpha oscillations in epilepsy are not fully understood, but they may be linked to disruptions in
normal inhibitory processes in the brain and can affect information processing and contribute to

cognitive impairments often seen in individuals with epilepsy.

In contrast, beta oscillations (13-30 Hz) are associated with active, alert, and attentive states'®®.
They are particularly relevant to motor control, and alterations may be associated with motor
symptoms®’. While beta oscillations are generally considered a normal part of brain activity,
alterations in their patterns have been observed in the context of epilepsy. Studies have shown that
individuals with epilepsy may exhibit abnormal beta oscillations in both interictal (between seizures)
and ictal (during seizures) periods, and have been implicated in the generation and propagation of
seizures'®®, Some research suggests that alterations in beta oscillations may be associated with the
development of hypersynchronous networks, which can promote the generation and spread of epileptic

discharges®®,

On their part, gamma oscillations (30+ Hz) are involved in cognitive processes, including memory
and perception!’®, They are typically observed during cognitive processes that involve the synchronous
firing of neural populations. These fast oscillations are crucial for coordinating information processing
and communication between different brain regions®’*. There are two types of gamma oscillations: low
gamma oscillations (30 to 50 Hz) and high gamma oscillations (50 to 100 Hz)'"2. Low gamma
oscillations are often associated with sensory processing, perception, and early stages of information
processing. They play a role in the synchronization of neural activity within a specific brain region and
are commonly observed in sensory areas of the brain, such as the visual cortex, being particularly
important for processing sensory inputs, including visual stimuli'’3. High gamma oscillations are often
linked to more complex cognitive functions, including memory, attention, and conscious awareness.
They are thought to be involved in the integration of information across different brain regions, and
are observed in various brain regions, including the hippocampus and prefrontal cortex'’'". The
hippocampus, in particular, shows high gamma activity during memory-related tasks'’*. Both low and
high gamma oscillations are part of the broader spectrum of brain rhythms that contribute to

information processing and communication between neurons’®, There is ongoing research into the role
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of gamma oscillations in seizure generation. Although the precise mechanisms are not fully understood,
some studies suggest that abnormal gamma activity may contribute to the initiation or propagation of

epileptic seizures?’8177,

Finally, there are high-frequency oscillations (HFOs) in the brain, which are neural activities
characterized by oscillatory patterns at frequencies higher than the typical gamma range (30-100 Hz).
Two types of HFOs that are often studied in the context of neurophysiology and epilepsy. First, slow
ripples (100-250 Hz) are associated with specific patterns of neural network activity, and are often
linked to memory consolidation processes, being particularly observed in the hippocampus®’.
Moreover, they have been studied in the context of epilepsy, as abnormal increases in slow ripple
activity have been observed in epileptic patients, suggesting a potential association with seizure
generation®’®. Contrarily, fast ripples occur at even higher frequencies, typically between 250 and 600
Hz. They are thought to be related to pathological processes in the brain, particularly in the context of
epileptogenic zones, and are often considered as potential biomarkers for identifying regions of the
brain that are prone to generating seizures®’. These are sometimes used as a diagnostic tool in epilepsy

monitoring, as their presence in certain brain regions may indicate an increased risk of seizures?®?,

3.2.2 Epilepsy and Neurogenesis

1. Neural Stem Cells as Biosensors of Neuronal Activity

Increased neuronal activity can stimulate NSCs activation, and GABAergic receptors play a
crucial role in the process!®. This mechanism becomes particularly significant in conditions of
pathological neuronal hyperexcitation, such as epilepsy, where GABAergic transmission is impaired.
The hippocampus is more vulnerable to neuronal hyperexcitation and excitotoxicity than other brain
structures, making it a frequent focal point for seizures due to its recurrent circuits. This occurs
especially in MTLE, the most common form of epilepsy. A main characteristic is that the hippocampus,
or sometimes related structures such as the amygdala, are the focus of seizures'®. Thus, studying NSCs

in neurogenesis in MTLE has gained increased attention.

In experimental models of neuronal hyperexcitation, like induced seizures or electroshock, NSCs
are reported to be overactivated'®1, It was initially expected that sustained hyperexcitation would
boost neurogenesis due to increased NSC activation. However, ongoing hyperactivation may deplete
the NSCs over time, impairing neurogenesis?'¢’, There is a possibility that symmetric division, where
NSCs divide into identical cells, could increase to maintain the NSC pool and sustain higher levels of

neurogenesis for longer periods. Nevertheless, the chronic impairment of neurogenesis has been linked
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to an accelerated depletion of NSCs, potentially explaining observed declines in hippocampal

neurogenesis in epilepsy patients over time!8418,

Interestingly, around one third of MTLE patients do not respond to drugs and unilateral
hippocampalectomy is the last therapeutic resort of choice to control seizures®. In these cases of
severe hyperexcitation, patients present MTLE with hippocampal sclerosis (MTLE-HS), which is
characterized by unilateral neuronal loss in CA, GCL dispersion and intense reactive gliosis and
neuroinflammation, and a remarkable transformation occurs in NSCs. Instead of contributing to
neurogenesis, these NSCs get massively activated as they become hypertrophic, multibranched, and
migrate away from the SGZ. These NSCs are termed reactive (React-NSCs), and undergo symmetric
division and abandon neurogenesis'®*18, During a few weeks React-NSCs are different from NSCs,
astrocytes and reactive astrocytes'®, but they ultimately differentiate into reactive astrocytes, although
their functional contribution to gliosis is still ignored. In general, reactive gliosis associates with
neuroinflammation, which depending on the type of insult or disease and the timing can be detrimental
or beneficial. Reactive gliosis is often considered epileptogenic, impacting potassium buffering,

GABA synthesis, and cytokine modulation among others, thus modifying neuronal activity*®.

An intriguing question emerges regarding the contribution of NSCs to epileptogenesis through
reactive gliosis. Even if the conversion of NSCs into React-NSCs during reactive gliosis is prevented,
it remains uncertain whether these NSCs could generate healthy neurons, especially when the
neurogenic niche is severely disrupted, as is the case in MTLE-HS. Understanding these processes is
crucial for unraveling the complex relationship between neuronal hyperexcitation, NSC behavior, and

the potential consequences for neurogenesis in conditions like epilepsy.

2. Aberrant Neurogenesis

Examining the response of newborn neurons to changes in the niche is vital for revealing the
mechanisms that underlie neural plasticity and the formation of functional neural circuits. This insight
is essential for developing potential therapeutic strategies for various neurological conditions given
their implications in neurodevelopmental disorders and neuro-regeneration. Typically,
neuroinflammation provokes a reduction in cell proliferation (NSCs and precursors), but also the
alteration of newborn neurons whose maturation in terms of dendritic arborization and synaptic
connections is reduced and presents a dystrophic phenotype!®?. Dystrophic morphology can be
interpreted as diminished maturation when dendrites are less elaborated and the density on dendritic
spines is lower, as is the case in models of neuroinflammation and neurodegeneration®2%, However,
the opposite effect, more developed dendritic arborization richer in dendritic spines has also been

found, for instance in a model of glucocorticoid administration®.
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Nevertheless, this effect could be due not just to the levels of glucocorticoids, but also to the
abolition of the changes and fluctuations of these levels. Selective knock-down of glucocorticoid
receptors in newborn neurons also triggers an increase in dendritic arborization and higher density of
dendritic spines!®®, and modified morphology changes are accompanied by functional changes®®%,
Several molecular mechanisms have been found to regulate the differentiation at least in terms of
morphological development of newborn neurons®¢-1% however, the role of these mechanisms and the
involvement of others in disease-induced newborn neuron dystrophy remains to be fully explored. An

aspect that is usually overlooked is whether these alterations are transient, lasting, or even permanent.

Our global picture in this project is to try to prevent epilepsy-derived aberrant neurogenesis, which
we consider that is related to neuroinflammation and gliosis. Certainly, the dystrophic phenotype in
newborn neurons can result from their abnormal formation under various conditions such as in
neurodevelopmental disorders, neurodegenerative diseases, and after brain injury. In the case of
epilepsy, seizures provoke dramatic alterations in the neurogenic niche. The increase in neurogenesis
following neuronal hyperexcitation is a consistent outcome in epilepsy models, as Parent demonstrated
in the pioneering experimental mesial temporal lobe epilepsy (MTLE) research, where a sharp surge
in neurogenesis was shown to be triggered by seizures'®® (Fig 14A,B). However, the survival of these
seizure-induced new neurons is diminished compared to normal conditions??®. Additionally to
increased cell proliferation, in rodent models of epilepsy, these alterations to adult hippocampal
neurogenesis have shown other negative consequences, such as abnormal migration and formation of
aberrant synaptic hippocampal connections that can initiate epileptic seizures!®2%, In this context,
neurons often exhibit morphological abnormalities, which are referred to as aberrant neurogenesis.
This term is used to refer to newborn neurons that present irregularities such as altered dendritic
arborization with frequent basal and lateral dendrites in addition to modified main apical dendrite%2%2
(Fig 14C-E).
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Figure 14. Aberrant neurogenesis shown in a pilocarpine model of epilepsy. (A,B) Images of differentiating neurons
in the dentate granule cell layer (GCL, dgc in the image) of rats 28 days after saline (A) or pilocarpine (B) administration.
(C-E) In pilocarpine-treated but not control rats, many immunolabeled cell bodies with the size and shape of granule cells
were found in the inner molecular layer (arrow in C) or the hilus (arrows in C-E). (Adapted from Parent et al. 1997).

Aberrant newborn neurons are capable of contributing to epileptogenesis during a critical period
of their maturation process, which is marked by their integration into the neural networks of the brain,
as these alterations modify the connectivity of the DG2%%2%, This is an exceptionally relevant finding
as it highlights how neurogenesis could be directly contributing to this pathology, as it does not only
participate in the promotion of seizures but also in the associated cognitive decline!®?1, However,
despite the duration of aberrant neurogenesis remains unclear, evidence suggests that it may not be
sustained for extended periods, both in experimental models'®*2% and human samples?°2%’, The level
and quality of neurogenesis can be independently regulated, and aberrant neurogenesis can occur
concurrently with decreased neurogenesis as in the MTLE model by injection of kainic acid (KA) in
the amygdala’®. However, neurogenesis is more commonly observed to be increased in models as in
the aforementioned work of Parent'*® or in other conditions such as Dravet Syndrome (DS), a rare but
devastating pediatric generalized epilepsy, or experimental TBI?%2%°, Notably, a small percentage of
TBI patients develop seizures over time, raising the intriguing possibility that aberrant neurogenesis

may play a role in seizure generation in DS or TBI, although this hypothesis has not been tested yet.

In the most prevalent form of epilepsy, MTLE, the increased cell proliferation may have a close
relationship with the circuit that give rise to seizures being located in the temporal region of the brain,
specifically in the hippocampus. Because here, seizures trigger an immediate overall proliferative
response mediated by the activation of NSCs, and this increased proliferation of neuronal precursors
consequently can lead to an increase in the generation of new neurons in the short term?204210,
Interestingly, seizures appear to accelerate the maturation and integration of these newly born GCs,
though the exact implications of this phenomenon remain unclear?-213, Newborn neurons show
enhanced activity compared to mature GCs, making them a potential cellular source of neuronal
hyperactivity. Silencing newborn neurons or suppressing neurogenesis have been shown to reduce
seizure activity; however, these effects are transient, implying other cellular sources of modulators of
neuronal hyperactivity during epilepsy progression?%3204214QOne potential source could be reactive

astrocytes generated from differentiating NSCs, whose contribution to epilepsy is not well defined*.

3.2.3 Hyperexcitability and Epileptogenesis

The most widely accepted theory explaining the generation of interictal spikes highlights the
disrupted balance between excitation and inhibition. Our understanding of the cellular and network

mechanisms responsible for cortical hyperexcitability comes from insights obtained from animal
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models?®. Actually, this state in which neurons become more easily excited and fire action potentials
more frequently than in a balanced or normal state results from various factors including imbalance in

neurotransmitters, changes in ion channel activity or in neuronal connectivity?'62'7,

Despite considerable research into the cellular properties responsible for hyperexcitability within
the human neocortex, our understanding of how the disrupted equilibrium between neuronal excitation
and inhibition contributes to epileptic hypersynchrony in humans remain limited. However, our
understanding advanced when it was observed that synchronous population bursts are not just
manifested at the cellular level, but also at the network level?®. For this analysis of network
hyperexcitability, epileptiform discharges were considered the best characterized clinical biomarkers,
but there are also other promising indicators. For example, neurogenesis provides information about
ongoing processes such as neuronal hyperactivity or neuroinflammation, as it is continuously
modulated in response to changes in brain homeostasis. Indeed, this hyperexcitation stems from an
imbalance, wherein excitatory neurotransmission, predominantly mediated by glutamatergic signaling,
is increased, or inhibitory neurotransmission, mainly through y-amino butyric acid (GABA) signaling,
the major inhibitory neurotransmitter in the CNS, is diminished?'%22°,

During this process, when neurons are excessively stimulated by neurotransmitters, particularly
glutamate, excitotoxicity occurs. Excitotoxicity is a common feature in many neurodegenerative
diseases, implicated in nerve cell damage or death through apoptosis or necrosis, depending on its
intensity. It arises from a strong association with abnormal calcium ion (Ca?") influx caused by
uncontrolled glutamatergic activity?. The over-activation of glutamatergic receptors leads to a
substantial influx of Ca?" into the cells??* and this influx, in turn, triggers the activation of a cascade of
enzymes that ultimately damage the cellular structure, membrane, and DNA, resulting in cell death??®.
The conventional understanding of this process points to a sustained disruption of Ca?* homeostasis,
primarily triggered by the overactivity of ionotropic N-methyl D-aspartate (NMDA) and a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainate receptors??6-22’,

Consequently, this disruption sets in motion mitochondrial-dependent or independent cell death
pathways and in this context, neural death is a consequence of an overwhelming burden on neuronal
Ca?" buffering systems, including the Ca?*/calmodulin (CaM) signaling cascade??®2?8, Ca?" is the main
second messenger that helps to transmit depolarization status and synaptic activity to the biochemical
machinery of a neuron. These features make its regulation a critical process in neurons, which have
developed extensive and intricate Ca®* signaling pathways??. Over the last decades, it is becoming
obvious that the excess synchronization of neurons that is characteristic for seizures can be linked to
various calcium signaling pathways, making it increasingly recognized as an important factor in

epileptogenesis.
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Epileptogenesis is associated with changes in various cellular and molecular processes, including
neuronal death, neurogenesis, reactive astrogliosis, microglia activation, and the upregulation of
inflammatory mediators?®®. While understanding epileptogenesis is critical for advancing epilepsy
research, studying it in humans presents significant challenges due to the heterogeneity of
epileptogenic injuries, long latent periods lasting months to decades, and the confounding effects of
anticonvulsant treatment after the first spontaneous seizure. To overcome these limitations, animal
models of epilepsy have proven indispensable in elucidating the physiological and behavioral changes
associated with human epilepsy?12%2, These models have also played a crucial role in the discovery of
many AEDs. However, working with animal models of epilepsy requires a substantial humber of
animals, and data collection is often slow due to the extended latent period until seizures manifest,

3.3 Hippocampal Organotypic Slice Cultures (hOTCs)

For the development of our final objective and be able to preserve normal neurogenesis by acting
on the neuroinflammatory response, we therefore discarded the direct use of animal models and opted
for a novel system in our lab: hippocampal organotypic slice cultures (hOTCs). This technique
combines many of the benefits of long-term culture with the preservation of much of the normal
connectivity found in acute brain slices. It is a valuable tool that represents a complex multicellular ex
vivo environment and enables investigators to carry out studies where invivo experiments are
impractical, but where it is desirable to preserve the neuronal connectivity found in a living organism.
Hence, this system enables investigators to gain a better assessment of an experimental strategy before

beginning time-consuming in vivo experiments.

Several methods can be used to prepare slice cultures®42%°, In most cases, they are prepared from
young or neonatal rodent brains and may be cultured for weeks or even months, as long as they have
the appropriate sterility, oxygen (O2), culturing media, and temperature control?®*. Simple culture
dishes will sustain slice cultures for a few days while placing slices either on semi-permeable
membranes at the surface of the culture medium or stuck to a glass coverslip in a roller tube?**. These
methods offer controlled environments for preserving the integrity of the slices and enable to
investigate neural development, synaptic plasticity, and other dynamic processes within a well-
controlled experimental setup. These cultures preserve the three-dimensional architecture and local
environment of brain cells, including neurons and astrocytes, as well as neuronal connectivity and the
complex glial-neuronal interactions. Indeed, this system is chosen primarily because it is believed to

preserve the connectivity of the tri-synaptic hippocampal circuit?®,
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The neuronal network is known to be heavily influenced by environmental experiences®®, and
this would reasonably suggest that the development of hippocampal neurons maintained in slice culture
might be radically different from the development of the same cell type inside the living animal.
However, cells in hOTCs develop and mature largely similarly to their in vivo counterparts, as there
are surprisingly few differences between CA1 pyramidal cells developed in hOTCs and pyramidal cells
that had developed normally in the living animal®’. Even in measures where organotypic and acute
CAL neurons differed, their change over time in slice cultures was found to be proportionally similar
to the change occurring in vivo®’. These findings suggest that hOTCs serve as a remarkably faithful

representation of the in vivo environment for CA1 pyramidal cell development.

3.3.1 Epileptiform Slices

The hOTCs system is therefore an outstanding option for assessing neurogenesis; however, our
interests rely on a further step: we need not just regular hOTCs but epileptiform ones that allow us the
characterization of aberrant neurogenesis and its posterior prevention by the use of different drugs.
Actually, hOTCs are considered an excellent model to study neuroprotection?® and are used as a
starting point for drug discovery?®, which makes them very appealing for epilepsy research due to the
noncompliance with AEDs being one of the causes for developing SE?. In response to SE, the
frontline treatment typically involves administering benzodiazepines like lorazepam and midazolam,
which work by enhancing inhibitory transmission in the brain through the promotion of GABA
function®'. However, despite their initial effectiveness, the efficacy of benzodiazepines is often
incomplete and tends to diminish over time during seizures. This decrease in effectiveness is attributed
to internalization or desensitization of the GABAa receptor (GABAaR), which is the target of
benzodiazepines®*2. GABAAR activation plays a crucial role in inhibiting targets that express them,

making them essential for various brain functions, including cognition and emotion.

Within the CNS, two predominant subclasses of GABAARS are notable, often coexisting within
the same cell type. y2-containing receptors are typically situated at synapses, contributing to phasic
inhibition elicited by the synaptic release of GABA. In contrast, d-containing receptors are found in
more specific neuronal populations, mediating tonic currents in response to ambient GABA and a slow
component of inhibitory postsynaptic currents (IPSCs)?4324 The distinctive features of both GABAAR
subclasses make them attractive targets for therapeutic interventions in diverse scenarios, highlighting
their potential in modulating neural activity for therapeutic purposes. Despite the use of these and other

medications, a significant proportion of patients may still fail to respond, leading to a condition known
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as refractory epilepsy or even worsening further, progressing to super-refractory epilepsy?#. Managing
SE can be challenging, particularly when patients do not respond well to frontline or second-line

treatments.

Hence, ongoing research is crucial for better understanding the underlying mechanisms of SE and
developing more effective therapeutic strategies to improve outcomes for patients facing this critical
condition. For this reason, ex vivo models have emerged as a promising technique, as they allow a
detailed and well-controlled research of the mechanisms of epileptogenesis, while still preserving the
network phenotypic features of epilepsy. Particularly, they can mimic the development of spontaneous
seizures?*, as they can develop interictal and seizure-like bursts®*"-248 perhaps due to the sprouting of
new synaptic connections following the deafferentation inherent in the slicing process®*°. Certainly,
hOTCs have proven to be a valuable experimental model for studying epilepsy-related field potential
activity?®>%1, observing the development of epileptiform activity that closely resembles the
characteristics of in vivo epilepsy. Notably, this model exhibits sensitivity to anticonvulsants and shows
an increase in seizure incidence over time. The detailed characterization of spontaneous interictal and
ictal-like events within this system has positioned it as an invaluable tool for investigating the intricate

mechanisms underlying epileptogenesis.

Additionally, a direct model of symptomatic seizures can be obtained in this kind of culture thanks
to a variety of drugs and other agents that increase activity in these in vitro conditions. The earliest
report of the use of slice cultures in epilepsy research comes from the early 1970’s, when the in
vitro hippocampal slice preparation was secured as a reliable tool for analyzing the cellular and
pharmacological mechanisms underlying epileptiform synchronization, as paroxysmal activity was
shown to be induced by bicuculline, strychnine or repetitive stimulation in hOTCs%22%3, During the
last decades, we have witnessed the introduction of different in vitro preparations such as extended
brain slices, the whole isolated hippocampus, as well as the isolated whole-brain, models that have
demonstrated to be able to reproduce in vitro epileptiform events resembling the electrographic
interictal and ictal activities occurring in the electroencephalography (EEG) of epileptic patients. As it
has been largely performed in acute slices, epileptiform activity has been induced in non-epileptic
hOTCs by GABAAR antagonist, glutamatergic agonists, or K* channel blockers?+2%, and also as a
result of blocking neuronal activity for several days, presumably due to homeostatic changes in

receptors following the silencing of the neuronal population’.

In our studies in particular, the GABAAR antagonist picrotoxin (PTX) has been employed as an
epileptogenic agent for the hOTCs. In terms of structure, PTX differs significantly from GABA, which
is a simple and small amino acid®®. Instead, PTX is a polycyclic compound with no nitrogen atom.
Regarding its mechanism of action, it prevents the operation of GABAAR, a member of the cys-loop,

ligand-gated ion channel superfamily responsible for mediating the inhibitory effects of GABA.
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The GABA mediated activation of this receptor typically leads to the ion flow through the chloride
channel into the neuron, resulting in hyperpolarization and inhibition of neuronal activity. Unlike the
competitive GABAR antagonist bicuculline, PTX is clearly a noncompetitive antagonist, acting not at
the GABA recognition site but binding to a different site within the ion channel. An antagonist, by
definition, is a substance that binds to a receptor without activating it (Figure 15.1). Instead of
promoting a response as an agonist that mimics the action of the body's natural signaling molecules,
an antagonist blocks or dampens the receptor's activity. Unlike competitive antagonists, which compete
with agonists for the same binding site on the receptor, non-competitive antagonists work by binding
to a site on a receptor that is distinct from the agonist-binding site (Figure 15.2). This interaction leads
to the inhibition of the receptor’s channel, in the case of the GABAAR blocking the passage of chloride
ions through the ion channel in the cell membrane. Therefore, the PTX-induced blocking of the GABA-
activated chloride ionophore prevents the inhibitory effects of GABA, leading to an excitatory
influence on the neuron. This disruption of the normal inhibitory balance in the brain can result in
hyperexcitability and can manifest as convulsions or seizures, further underscoring the critical role of

GABAergic inhibition in maintaining the delicate balance of neuronal activity in the CNS.
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1. Agonists and Antagonists

Agonist — a molecule that binds to a receptor causing activation
Antagonist - a molecule that occupies a receptor but does not activate it
and attenuates the action of an agonist

Agonist Agonist & Antagonist Antagonist
' N Y

Y 2 \ 4 ]

Full activation Less activation No activation

2. Types of antagonists

Natural ligand — a hormone, neurotransmitter
Antagonist - a molecule that occupies a receptor in the ligand site or
in other site and does not activate it

Natural ligand Competitive Noncompetitive
antagonist antagonist

&4

Figure 15. Agonist and Antagonist of Ligand Binding to Receptors. (1) lllustration of the mechanism of action of
agonists that generate full activation of the receptor, agonist and antagonist at the same time generating less activation and
the antagonist, which inhibits the activation of the receptor. (2) Diagram of the function of competitive antagonists occupying
the receptor at the ligand site and the noncompetitive, that binds at a different site than the natural ligand.
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3.4 GABAergic Neurons in Epilepsy

Within the adult CNS, GABA is the primary inhibitory neurotransmitter, however, during fetal
development, it acts as an excitatory neurotransmitter??225%260, GABA is thought to be the first
neurotransmitter active within the developing brain, and plays a role in the proliferation of NPCs26%:262,
GABAergic interneurons are a specific type of GABAergic cell that plays a critical role in the
regulation of neural activity in the brain. These cells provide inhibitory input to other neurons in the
brain and are essential for maintaining the balance between excitatory and inhibitory
neurotransmitters?®®. In epilepsy, alterations in the function and number of GABAergic interneurons
have been observed in both animal models and in human patients??%264-2¢6 and these changes may

contribute to the development and maintenance of epileptic seizures?" 2%,

The vast literature on epilepsy and interneurons covers a wide range of phenomena observed in
epileptic patients, from the complex mechanisms driving epileptogenesis and the related structural
alterations, to the significance of high-frequency oscillations in maintaining ictal discharges. Seizures
are the visible result of abnormal synchronized neural activity in the brain, which is believed to be
caused by an imbalance in excitation and inhibition, involving a wide array of GABAergic
interneurons, with a particular focus on their malfunction®’. Typically, inhibitory interneurons play a
crucial role in countering excessive excitation within the brain, but this regulatory system occasionally
fails, leading to unrestrained excitatory activity?®®. During seizures, the disruption of the balance
between excitatory and inhibitory neurotransmission causes a cascade of hyperactive neuron firing, in
which GABAergic interneurons that usually help maintain stability, can be affected, contributing to
the breakdown of inhibitory control*#’. This loss of restraint allows the spread of excitation throughout
the brain, giving rise to seizures?®. This concept is reinforced by findings where experimental
reduction of inhibition, achieved by blocking GABAergic neurotransmission, triggers epileptiform

activity in both in vitro and animal models?™.

The involvement of the GABAergic system in generating interictal spikes is supported by
compelling evidence from various sources. Firstly, studies using in vitro models have demonstrated
that solely blocking ionotropic glutamate receptors fails to suppress interictal spikes. However, when
a combination of glutamate and GABAA receptor antagonists is used, interictal spikes are effectively
suppressed?’t:272, Secondly, investigations into the temporal relationship between neuronal activity and
interictal episodes in humans have revealed intriguing patterns. Activity in putative interneurons has
been observed to precede interictal discharges, while pyramidal neuron activity coincides with their
onset?”®. These findings emphasize the critical role of the GABAergic system in modulating interictal

spike generation and provide valuable insights into the underlying mechanisms of epilepsy.
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While the evidence supporting a failure of GABAergic inhibition is compelling, it is essential to
consider the diversity of interneurons when interpreting these findings. Within the cortex, more than
20 distinct interneuron subtypes have been identified, exhibiting a broad range of electrophysiological
properties, morphologies, genetic markers, innervation patterns, and GABAergic signaling profiles?™.
To better understand these complexities, molecular markers such as somatostatin (SOM),
vasointestinal neuropeptides (VIP) or calcium-binding protein parvalbumin (PV) have been broadly
employed. In particular, PV* interneurons are one of the most well-known subtypes of GABAergic
interneurons. They are considered critical components of the inhibitory circuitry in the brain, being
particularly vulnerable to epilepsy-associated insults such as hypoxia, ischemia, or seizures?”. These
molecular markers help distinguish between interneuron subtypes primarily responsible for somatic

inhibition, dendritic inhibition, and disinhibition, respectively?’.

3.4.1 The GABAergic Stage of Newborn Neurons

In the GABAergic system, also newborn GCs have been observed to express GABA. Although
hippocampal GCs are predominantly glutamatergic neurons®’, it has been established that they not
only release glutamate, but also express markers of the GABAergic phenotype and release GABA
during development?””-28, This intriguing observation has been confirmed in both juvenile animals?°
and the epileptic DG in adult subjects?”®. Such coexistence of two distinct, fast-acting ionotropic
neurotransmitters with opposing post-synaptic effects within GCs suggests a duality in their function.
It advocates that GCs might possess the ability to switch neurotransmitter modality during the postnatal
developmental stages and under pathological conditions?®?. However, studying GCs presents a
challenge due to their delayed and heterogeneous maturation process. A substantial portion of GCs,
more than 80%, undergoes differentiation during the initial weeks after birth??, and neurogenesis
persists within the SGZ of the DG throughout an individual's lifetime*’. The hippocampal DG serves
as a relay of cortical signals directed to the hippocampus. Here, GCs are its primary neurons, which
extend their intricate axonal extensions via the mossy fiber (MF) pathway to establish excitatory
glutamatergic synapses onto the pyramidal cells and local inhibitory interneurons within the CA3%3,
When neural activity is triggered, especially during the early postnatal weeks, it is likely to engage

MFs originating from a remarkably varied array of GCs, each at different stages of differentiation?*.

The GCs serve as essential mediators of synaptic communication, relaying signals from the
entorhinal cortex to both the hilus and Ammon's horn through their output MF axons. This process is
highly dependent on the specific target of the neural pathway, resulting in a fascinating phenomenon

of compartmentalization. Interestingly, the plasticity of this dual neurotransmitter release is not
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uniform across the neural landscape. Instead, it demonstrates a finely tuned variability that is specific
to the target destination of the signals. Adding to the complexity of this interplay is the concept of
counterbalanced compensatory plasticity. This phenomenon is particularly striking as it involves the
concurrent modulation of two distinct neurotransmitters released by separate terminals within the same
neural pathway, and the balance ensures that any changes or fluctuations in the release of one
neurotransmitter are counteracted by adjustments in the other??2. This regulatory mechanism finely

tunes neural communication, maintaining equilibrium within neural networks.

The intriguing synthesis of GABA by recently born GCs occurs within a restricted time window
between the 2™ and the 4™ week of the postmitotic phase, contributing to the evolving landscape of
GC differentiation?®. However, in the third week of life, the ability to trigger simple GABAergic
responses in pyramidal cells using MF activation changes, and the markers for GABAergic activity in
GCs and the corresponding GABAergic responses start to diminish. During the period of expression
of these markers, they serve as indicators of the GABAergic nature of GCs that actively participate in
the GABAergic signaling pathway, contributing to the complex balance of neurotransmission within
the brain. In this context, the expression of GAD67, an enzyme crucial for GABA synthesis, emerges
as an intriguing marker for the later stages of GC development, contributing to the complex neural
network of the hippocampus. Furthermore, these young GCs integrate themselves synaptically within
the hippocampal network, thereby becoming functional components of the neuronal circuitry. This
aspect not only adds depth to our understanding of GC development but also underscores the
remarkable plasticity and adaptability of the nervous system during its formative stages, opening up
exciting avenues for exploring the dynamic and adaptive nature of GCs in response to different

developmental stages and pathological challenges.
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3.5 ATP and Purinergic 2X Receptors (P2XR)

3.5.1 ATP in the Brain

The adenosine triphosphate or adenosine-5’-triphosphate, commonly known as ATP, plays a key
role in regulating hyperexcitability and epileptogenesis?®. ATP is a crucial nucleotide that serves as a
neurotransmitter and modulator within the CNS. Over the past three decades, numerous studies have
recognized ATP's significance in cellular communication?®6-2¢8 and in the course of evolution, ATP
likely emerged as the first extracellular signaling molecule due to its widespread availability. As a
result, almost every known cell or single-cell organism possesses some degree of ATP sensitivity?s,
In the CNS, ATP acts as a ubiquitous modulator of cellular functions, exhibiting various essential roles
such as exerting a crucial influence on cell proliferation, particularly in astroglial cells, as it promotes
the generation of reactive astrocytes?®°. Furthermore, ATP plays a crucial role in controlling and
regulating various pathological reactions of glial cells, including reactive gliosis and microglial
motility and activation??. Still, ATP released during brain injury exhibits a dual nature, with both
neuroprotective and pathophysiological effects. Certain responses to ATP provide neuroprotection, as
the activation of respective receptors by released ATP can modify transmitter release leading to various
functional responses, including necrosis, apoptosis, and also regeneration processes. However, under
specific circumstances, ATP can also contribute to the damaging processes triggered during
pathology?®2. The strong interaction between ATP and glutamatergic systems suggests that ATP-
evoked release of glutamate might contribute to the deleterious consequences of high ATP

concentrations?%,

This occurs during various pathological conditions and CNS insults apart from epileptogenic
seizures, such as trauma, ischemic stroke, cellular stress, neuroinflammation, and neurodegenerative
disorders, in which there is an abnormal release of ATP to the extracellular region®®*. In the case of
epilepsy, the balance of the purines (ATP/adenosine) is imperative to determine neuronal excitability.
However, ATP release during seizures is so complex that it is yet to be studied, in contrast to the
potential role of adenosine as an anticonvulsant that was determined much earlier than the function of
ATP in the epileptogenic process?®>2%. Despite the difficulties, there is now evidence linking
extracellular ATP (eATP) to increased hyperexcitability during seizures, and it has been revealed not
only in epilepsy mouse models but also in human brain tissue slices ex vivo?72%-30L |n brief, during
epileptogenesis, eATP concentrations increase while it functions as a ligand to purinergic receptors®,
The intracellular cytosolic ATP concentration remains at a relatively high level, typically ranging

between 5 and 10 mM. In contrast, the extracellular space contains a significantly lower concentration
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in the nanomolar (nM) range, and abrupt changes may turn ATP into an excitotoxin, making it
potentially harmful. By acting as a diffusible danger signal, it initiates a cascade of events that can
ultimately lead to neuronal and tissue damage®®?, triggering at the same time responses to damage and
initiating repair processes'®%. This excess of eATP induces reactive astrogliosis, with morphogenic and
mitogenic changes in astrocytes possibly triggered by synergistic interactions between purines,
pyrimidines, and growth factors??, which also induces the release of inflammatory cytokines, such as

interleukins IL-1B, IL-6, or TNF-a, by microglia, further contributing to cellular damage?®2.

3.5.2 Purinergic Receptors

Therefore, this made us hypothesize that acting on neuroinflammation by reducing the excess of
ATP through the inhibition of purinergic receptors could have neuroprotector effects. The
dysregulation of eATP levels and its interactions with glutamatergic systems and purinergic receptors
can lead to detrimental consequences, and this excessive ATP release has been observed to be mediated
by the ATP-activated purinergic receptors®®, These receptors play vital roles in the CNS, actively
participating in cellular neuroinflammatory responses that regulate the functions of neurons, microglial
cells, and astrocytes. There are two main types of purinergic receptors: P2s are the ones responding to
ATP, while P1s refer to adenosine-binding receptors. The first ones are divided into two groups based
on their sequence homology, pharmacology, and mechanism of action: the ionotropic (P2XR) and

metabotropic (P2YR) receptors, present and effective on both neurons and glial cells®* (Fig. 15).

UIR

Figure 15. Purinergic signaling. The interaction between ATP and P2X receptors triggers a significant conformational
shift, leading to the unblocking of the channel's pore. This alteration facilitates the influx of Ca?* and/or Na* ions while
enabling the efflux of K* ions from the cell3%. In contrast, the binding of ATP, ADP, UTP, or UDP to P2Y receptors initiates
distinctive G protein signaling cascades. The specific G protein associated with each receptor (in orange) dictates the nature
of the signaling pathway activated3®®. (Adapted from Bjorkgren and Lishko, 2016).

35



INTRODUCTION

The ionotropic receptors are all activated by their main endogenous agonist, ATP, and are
expressed in all cell types, where they play critical roles in a wide array of physiological and
pathophysiological processes. They comprise a family of seven fast-acting subreceptors, namely P2X1
to P2X7. These receptors are nonselective cation-gated channels that display heightened Ca?*
permeability upon activation by eATP. Numerous studies have suggested alterations in the expression
of P2XR under conditions related to neuroinflammation, nerve transmission, and pain sensation, and
their activation has also been linked to various pathological disorders of the CNS including
neurodegeneration. Indeed, excessive stimulation of P2XR can also indirectly activate macrophages,
microglia, or astrocytes?®?, and in situations such as brain injury, the rapid release and diffusion of
eATP or uridine triphosphate (UTP) from damaged cells trigger microglial activation®*’. Consequently,
this leads to significant changes in the expression of several purinergic receptors in the brain.

Among the various subtypes of P2XR, P2X7R has gained particular attention as a promising
therapeutic target for brain disorders, prompting numerous research studies in this area. Although
remaining controversy has been observed regarding the cell type specificity of the P2X7R
subtype®%:3% under normal physiological conditions its presence has been confirmed to be restricted
to endothelial cells, microglia, oligodendrocytes, NPCs, and neuronal presynaptic termini®©-=12,
Actually, P2X7Rs have been found to regulate multiple aspects of the neurogenic process (Fig 16),
with their most notable function being the induction of cell death through pore formation?73%,
However, the cellular debris resulting from this process can be cleared by NPCs and neuroblasts via
P2X7-mediated phagocytosis, along with the involvement of resident microglia, which may also utilize
P2X7 for phagocytic activities®®. Additionally, the receptor appears to have potential roles in the
regulation of cell proliferation, differentiation, and axonal extension during hippocampal
neurogenesis®®30%313, The intricate interactions of P2X7Rs within the hippocampal neurogenic niche

highlight their importance in shaping the dynamics of neurogenesis.
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P2X7 medi

Figure 16. P2X7 receptors play a significant role in influencing the hippocampal neurogenic niche. The process
begins with type 1 NSCs undergoing asymmetric division in the subgranular zone (SGZ), where P2X7Rs induce cell death
and influence the regulation of the cell cycle, in which these NSCs then differentiate into proliferative type 2 cells, also known
as intermediate progenitor cells. These receptors also help in the next stages of proliferation and differentiation that involves
type 3 neuroblasts migrating to the granule cell (GCs) zone. Finally, they act in the axon guidance as immature neurons extend
axons, known as mossy fibers, to the CA3 region before integrating into existing synaptic transmission pathways. (Adapted
from Leeson et al. 2019).

Regarding its expression in hyperexcitability, P2X7R is consistently upregulated post-SE at both
the transcriptional and expressional level in mouse models??3t, as well as in clinical evidence from
TLE patients’ tissue®*3!°. Among the P2XR family, P2X7R has attracted most attention as a potential
drug target in epilepsy because of its unique structural and functional characteristics. Its low affinity
to ATP makes it a particularly attractive therapeutic target for the use of antagonists, which have shown
a potential reduction in epileptogenic features and neurodegeneration in several studies?®":314316, Except
for P2X7R, which requires high ATP concentrations (hundreds of uM) for activation due to its
aforementioned low affinity, other P2XR subtypes are typically activated at ATP concentrations
ranging from high nM to low puM levels®’. The upregulation of P2X3, P2X4, and P2X7 receptors has
been observed in CNS disorders, suggesting that their antagonists hold potential therapeutic options
for treating CNS diseases, including neurodegenerative conditions and brain injuries'#3%°, In the CNS,
P2XR contribute to the modulation of neurotransmission, neuron-glia communication, and apoptosis,
while they have been shown to have significant effects on immune responses and the inflammatory
process®?. In the case of epilepsy, high ATP concentrations are known to be generated, and therefore,

we hypothesize that a P2XR inhibitor would reduce this during epileptogenesis, restoring neurogenesis.
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3.6 Inflammation in the CNS

Being the neuroinflammatory response our main target, it is relevant to dive into the complex
world of inflammation in the CNS to have a clear idea of its magnitude in neuropathological disorders.
Certainly, inflammation has emerged as a key common event during brain disease, with increasing
implications in the development of neurological and neurodegenerative disorders over the years. In
response to stress, injury, or infection, inflammation occurs as a complex defense mechanism, serving
to clear dead and damaged cells and restore the affected area to a normal state3?. In the brain, the
presence of the blood-brain barrier (BBB) selectively limit the entry and exit of certain molecules and
cells, as a protection against insult®22. Under normal conditions, only macrophages and dendritic cells
can enter the CNS®2, Still, after brain injury, the release of disease-associated proteins, environmental
toxins, and uncontrolled cell death initiates an inflammatory process involving resident microglia,
astrocytes, and in many cases, infiltrating peripheral macrophages and lymphocytes. These cells
respond to inflammation by releasing a wide range of anti-inflammatory and pro-inflammatory
molecules, including cytokines such as TNF-a, IL-1pB, IL-6, chemokines, neurotransmitters (e.g.,
glutamate, ATP), and ROS like NO321322,

The severity and duration of inflammation, ranging from mild and acute to chronic, lead to varying
responses in the brain. While inflammation serves as a protective response against insults, uncontrolled
expression of cytokines in the DG can inhibit neurogenesis®??. Inflammation-induced reduction of
hippocampal neurogenesis has been observed in several models of neuro-pathologies such as in spinal
cord injury and acquired or genetic epilepsy?%®3243%5 Despite some controversies and discrepancies
arising from the use of different experimental models, a majority of in vitro experiments consistently
demonstrate that pro-inflammatory cytokines suppress NPC proliferation®?®. Furthermore, it has been
observed that elevated cytokine levels can induce apoptosis in newborn neurons®?’ and also trigger
ROS-derived OS, an initial marker of neuro-glial inflammatory response, causing direct damage to

developing neurons.

3.6.1 Reactive Oxygen Species (ROS) and Oxidative Stress (OS)

In the process of acting on neuroinflammation, the possibility of directly targeting ROS in order
to reduce OS came out as a vigorous objective. But first, what are these oxygen species made of and
why do we call them reactive? Briefly, ROS encompass O,-derived free radicals, including the

superoxide anion (O.") and hydroxyl radical (*OH), as well as non-radical molecules like hydrogen
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peroxide (H202)%%. These ROS are produced as by-products of metabolism in various subcellular
locations, such as mitochondria, endoplasmic reticulum, peroxisomes, plasma membrane, and
cytosol®2%-331, Exposure to pathogens, harmful chemicals, heat, ultraviolet (UV) radiation, and heavy
metals can damage mitochondria and trigger cycles of ROS production, resulting in increased cellular
ROS levels®2, Due to their high reactivity, at high concentrations, they can inflict damage to
deoxyribonucleic acid (DNA), proteins, and lipids, and disrupt the plasma membrane, ultimately
leading to cell death®?®3®, Oxidative damage is associated with various pathological conditions,
including major neurodegenerative diseases like AD and PD, muscular dystrophy, chronic
inflammation, tissue injury, diabetes mellitus, and cancer®**3%, The reciprocal stimulation of OS and
inflammation significantly contributes to the chronic nature of these illnesses. To protect against the
deleterious effects of oxidative damage, healthy cells are equipped with dedicated protective
mechanisms, such as antioxidant synthesis. Antioxidants can be either enzymatic, like superoxide
dismutase (SOD), catalase, and glutathione peroxidases, or non-enzymatic biochemicals, such as
flavonoids, ascorbic acid, tocopherol, and others®?33%, These antioxidants help to maintain the cellular

ROS concentration within an appropriate physiological range.

Under normal physiological conditions, O-utilizing organisms maintain a delicate balance
between the production of ROS and their removal through antioxidant defense systems in cells and
their microenvironment. Indeed, reactive O, and nitrogen species play a crucial role in microglial-
driven inflammation®*’. While ROS can be damaging to macromolecules due to their high reactivity,
their production as by-products during normal metabolic processes is a necessary compromise in the
search for efficient energy production®®, Moreover, controlled low levels of ROS play a crucial role
in regulating redox-sensitive proteins involved in essential biochemical reactions, such as growth
factor-induced cell proliferation, differentiation, and survival®**. However, when conditions lead to
excessive production of ROS or a weakened antioxidant defense system, OS occurs, resulting in
disruptions to cellular homeostasis. Acute exposure to OS, such as during infections, inflammation,
radiation exposure, or exposure to redox-generating chemicals, can lead to apoptotic cell death or, in
severe cases, necrotic cell death?®. Upon removal of the OS-inducing agents, cellular homeostasis may

be restored, nonetheless, in certain situations, elevated levels of OS can persist chronically33.

Depending on the balance of redox states, the altered redox homeostasis can have diverse effects
on various cellular functions and influence cell fate decisions. One critical biological process affected
by OS is adult neurogenesis, risking its vital role in maintaining neuronal plasticity and sustaining
neurocognitive functions. Thus, the neurogenic microenvironment is exceptionally sensitive to OS and
other forms of reactive species. Among them, NO stands out as the most extensively studied and
understood, as the NPCs in the SVZ are situated near cells that produce NO3%. This spatial proximity
is critical for NO signaling due to its highly reactive nature and short lifespan, lasting only a few

seconds. Research has demonstrated that NO is linked to decreased neurogenesis, as evidenced by the
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reduced proliferation of NPCs isolated from the SVZ34. This finding underscores the significance of
understanding the interplay between reactive species and neurogenesis in the context of microglial-
driven inflammation. Research in this area is pivotal for identifying ways to protect and support the
neurogenic niche and preserve the vital process of adult neurogenesis in the face of OS and related

challenges.

3.6.2 Cerium Oxide Nanoparticles (CeO,NPs)

Therefore, several studies have been conducted for the search of inert biological molecules able
to reduce OS during these pathological processes. For that, our spotlight was put on the cerium, an
intriguing rare earth metal situated in the lanthanide series of the periodic table that when combined
with O, to form nanoparticles (NPs), cerium oxide (CeO) adopts a fluorite crystalline structure,
providing it with remarkable antioxidant properties#2. Cerium oxide nanoparticles (CeO,NPs) exhibit
remarkable electron buffering capacity in redox environments owing to their facile transition between
Ce®* and Ce* states®?®, accompanied by O, capture or release (Fig 17). Consequently, these NPs
function as effective electron sponges, mitigating the detrimental effects of ROS. Hence, there is
growing interest in CeO2NPs within the size range of 3-50 nm, owing to their active involvement in
biochemical redox reactions, where they serve as sites for effective free radical scavenging and
inflammation reduction®#3%, Notably, these NPs have demonstrated the ability to provide cellular
protection by effectively mitigating oxidative and nitrosative stress in living organisms. As a result,
they present a promising alternative approach with potential therapeutic opportunities for managing

physiopathological processes that lead to chronic inflammation34,
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Figure 17. Schematic illustration of cerium oxide nanoparticles (CeO2NPs) possessing antioxidant properties
towards ROS around cells. When healthy cells are attacked by ROS, OS kills them. Instead, thanks to the scavenging
properties of CeO2NPs, cells can survive after ROS attack.

The therapeutic potential of CeO2NPs is primarily derived from their ability to effectively reduce
levels of ROS and, consequently, various inflammatory mediators, including inducible nitric oxide
synthase, nuclear factor «p, tumor necrosis factor-o, and interleukins®**%7-38_Moreover, it has been
revealed that CeO,NPs possess multi-enzyme mimetic properties, acting as potent SOD, most
pronounced when cerium is in its oxidized state (Ce*"), and catalase and peroxidase mimetics, most
evident when cerium is reduced (Ce®"), broadening their applicability in various medical domains34.
The natural SOD is responsible for catalyzing the disproportionation of the O,™, generating O, and
H,0.,. This catalytic process relies on the electron exchange between the oxidized state (Mn*') and the

reduced state (Mn) of the metal center®*® (1).
M@+ _SOD + 0,*~ — Mn* -SOD + O 1)
Mn* -SOD + O,*™ + 2H* — M™D* .SOD + H,0;

In the case of nanoscale CeO,, the SOD-mimicking activity is directly influenced by the Ce®*/Ce**
ratio present on the NP surface. A higher Ce3*/Ce** ratio corresponds to an enhanced SOD-mimicking
activity, effectively promoting the conversion of O,". Conversely, as the Ce®*/Ce** ratio decreases, the
SOD-mimicking activity is inhibited and transforms into catalase/peroxidase-mimicking activity®*®.
This transition in activity highlights the significance of the surface Ce®*/Ce*" ratio in modulating the

biomimetic behavior of nanoscale CeO; and its potential applications in diverse catalytic processes.
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The overall activity of CeO,NPs is significantly dependent on the ratio of Ce®**/Ce*", which can provide

insight into its pro-oxidation and antioxidant activity>:,

Regarding the peroxidase-mimicking properties of CeO,NPs, it is known that the catalytic activity
is closely linked to the specific surface area and surface O, content®2. The presence of surface defects,
primarily O, vacancies, plays a vital role in regulating the supply of O- to the reaction site. Notably,
increasing the concentration of Ce** on the surface of CeO,NPs enhances its ability to mimic the
activity of peroxidase (2).

Ce® + Hy0, + H* — Ce** + OH® + H,0 )

OH® + H,0, — HO2* + H,0

Ce* + HO,* — O, +Ce" + H*

Finally, in various studies, CeO.NPs have emerged as a fascinating mimic of catalase. This
enzyme plays a vital role in neutralizing the potentially harmful oxidant, H.O,, as it effectively
catalyzes the decomposition of H,O; into harmless water and O.. This remarkable property allows it to
shield cells from OS caused by ROS. CeO: in its Ce** state exhibits catalase-like activity, converting
H,0: into Oz and H*, which results in a change in valence state to Ce®* along with alterations in O

vacancies (3).

2Ce3* + H,0, + 2H* — 2H,0 + 2Ce** ®)
Ce*" + H,0, — Ce®* + H" + HOO®
Ce* + HOO® — Ce* + O, + H*

2Ce*" + H,0, — 2Ce* + Oz + 2H*

Further research has demonstrated that CeO,NPs mimic the activity of both SOD and catalase,
attributing this behavior to its reversible switching capability between Ce®" and Ce** (Fig 7) and the

high mobility of surface O,

While nanoceria has long been utilized in industrial applications such as O, sensors and
automotive catalytic converters, its potential in mitigating OS in various biological model systems has
only recently been explored. Certainly, in the field of cardiology, intravenously administered CeO.NPs
have shown promise in a transgenic murine model of cardiomyopathy, effectively reducing myocardial
OS, endoplasmic reticulum stress, and suppressing the inflammatory process, thereby offering
protection against the progression of cardiac dysfunction®*. In oncology, CeO,NPs have demonstrated
antioxidant properties that successfully protect cells from radiation-induced damage®®. Similarly, in

the case of neurodegenerative diseases, studies have highlighted the beneficial effects of CeO,NPs,
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where they exhibit the just explained SOD mimetic activity®#? (1), catalase mimetic activity®! (3),
and/or NO scavenging abilities®*’, whose role in neurogenesis was addressed in the previous section
(3.6.1). Furthermore, CeO,NPs exhibit a potential for targeted and localized delivery®*®, providing
additional avenues for their utilization in various medical applications. Overall, the diverse range of
therapeutic properties displayed by CeO,NPs positions them as promising candidates for addressing
numerous medical challenges across different fields.

Given that free radicals play a prominent role in the pathology of many neurological diseases, we
explored the use of nanoceria as a potential therapeutic agent for epilepsy, aiming to provide a clearer
link between OS and epileptogenesis. In a state of OS, ROS trigger a cascade of neurological changes
leading to the generation of spontaneous recurrent seizures®"3%¢, Mitochondrial dysfunction has been
identified as one potential cause of epileptic seizures®"3>°, being considered a major source of ROS
generation, and thus, elevated OS. The major source of ATP in neurons is provided by mitochondrial
oxidative phosphorylation, and since it participates in Ca*?> homeostasis and ROS production, its
deterioration may dramatically affect both neuronal hyperexcitability and synaptic transmission,
making it strongly relevant for seizure generation®®, There is evidence demonstrating a contribution
of ATP excess to the triggering of excessive inflammation and gliosis, such as ROS, which are also a
target of great interest in terms of preventing epilepsy-derived neurodegeneration. Here, we take
advantage of the ROS-scavenging properties of CeO.NPs, since they have been observed to have the
capacity to increase or decrease ROS, which directly correlates with the onset or remission of
inflammation®t. Consequently, nanoceria has been shown to safely down-regulate OS by scavenging
the excess of ROS in diseases such as retinal degeneration, neurological disorders (including AD, PD
and Amyotrophic Lateral Sclerosis), ischemia, cardiopathies, diabetes, gastrointestinal inflammation,
liver diseases and cancer, as well as in regenerative medicine and tissue engineering®2. In the case of
epilepsy, high ROS concentrations are known to be generated®¢3-3¢° and therefore, we hypothesize that

CeO2NPs would reduce this during epileptogenesis, preserving neurogenesis.

In this study, we will focus on understanding and mitigating abnormal neurogenesis in
epileptogenesis by employing an ex vivo model of hyperexcitable hOTCs to study the effects on
newborn neurons. We will assess neurogenesis and cell survival in an epileptic-like environment, as
well as specific features on newborn neurons such as the morphology of their dendritic arborization
and dendritic spine growth. Inhibiting newborn neuron activity, we will link neurogenesis with
neuronal firing patterns and circuit synchronization. We will also target neuroinflammation during
epileptogenesis by blocking purinergic receptors and by reducing ROS to test the hypothesis of
recovering aberrant neurogenesis and the emergence of epileptiform activity. This study highlights the
suitability of the hOTCs model for long-term studies and reveals the specific influence of aberrant

neurogenesis on neural activity during epileptogenesis.
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HYPOTHESES AND OBJECTIVES

HYPOTHESIS 1: Epileptogenic hOTCs are a suitable model for evaluating aberrant
neurogenesis.

Aim 1: To validate PTX-induced epileptogenic model in hOTCs as a suitable platform

for assessing aberrant neurogenesis.

Objective 1.1. To evaluate the preservation of DG structure and sustained neurogenesis in
hOTCs. For this purpose, we will use hOTCs in control conditions. We will evaluate the structure of
the DG as well as the persistence of neurogenesis by multichannel immunofluorescence and confocal
microscopy-based quantitative imaging of the slices. Neurogenesis will be assessed in different culture
media and different supplementations will be tested for the optimization of the protocol.

Objective 1.2. To examine the impact of PTX-induced epileptogenesis on cell survival and
aberrant neurogenesis. For this purpose, we will use hOTCs in control and epileptogenic conditions
once that the protocol is optimized to maintain neurogenesis. We will analyze the amount of
neurogenesis and cell death by means of confocal microscopy-based quantitative image analysis after
multichannel immunofluorescence staining. The morphological complexity of newborn neurons, as

well as dendritic spine features will be evaluated following RV injection.

Objective 1.3. To quantify the loss of inhibitory neurons in epileptogenic hOTCs and
specifically assess the reduction in the number of GABAergic newborn neurons. For this
purpose, we will use hOTCs in control and epileptiform conditions. We will measure GABA and PV
expressing cell numbers by means of confocal microscopy-based quantitative image analysis. The
number of GABAergic newborn neurons will be evaluated following RV injection and co-staining with
GABA.

HYPOTHESIS 2: Aberrant neurogenesis contributes to the epileptogenic imprinting induced
by PTX in hOTCs.

Aim 2: To determine of the implication of aberrant neurogenesis in the brain

circuitry during epileptogenesis by inhibiting newborn neuron activity.

46



HYPOTHESES AND OBJECTIVES

Objective 2.1. To measure changes in neural circuitry activity after silencing of newborn
neuron activity in healthy and epileptogenic hOTCs. For this purpose, we will: a) inject
RVDREADD:s to silence newborn neurons and b) inject AAV.Syn.GCamp6f to analyze single neuron

firing, pairwise firing correlations and circuit synchronizations by calcium imaging.

Objective 2.2. To investigate the effect of newborn neuron activity silencing on activity
patterns in healthy and epileptogenic hOTCs. For this purpose, we will: a) inject RVDREADDs
in epileptiform and healthy hOTCs; and b) use multi-electrode array-field recordings to analyze

changes in hippocampal activity patterns.

HYPOTHESIS 3: ATP contributes to the induction of aberrant neurogenesis in epileptogenic
hOTCs.

Aim 3: To evaluate the effect of ATP on the induction of aberrant neurogenesis in
hOTCs.

Objective 3.1. To determine the impact of excessive extracellular ATP on cell survival and
aberrant neurogenesis. For this purpose, we will add vehicle or ATP to hOTCs. We will analyze
neurogenesis and cell death by means of confocal microscopy-based quantitative image analysis. The
morphological complexity of newborn neurons, as well as dendritic spine features will be evaluated

following RV-injection.

HYPOTHESIS 4: The inhibition of ATP- P2XR signaling can preserve normal oxidative stress,
neurogenesis, interneurons and neuronal network activity in PTX-induced epileptogenic

hOTCs.

Aim 4: To test the effect of P2XR inhibition using TNP-ATP on oxidative stress,
aberrant neurogenesis, interneurons and neuronal network activity in PTX-induced

epileptogenic hOTCs.

Objective 4.1. To measure the reduction of epilepsy-related OS after TNP-ATP antagonist-
induced P2XR inhibition. For this purpose, we will add P2XR inhibitor TNP-ATP (or vehicle) to
control and PTX-induced epileptogenic hOTCs. We will evaluate ROS in hOTCs by means of

dichlorofluorescein (DCF) intensity.
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Objective 4.2. To investigate the effect of inhibiting P2XR on cell survival and aberrant
neurogenesis on PTX-induced epileptogenic hOTCs. For this purpose, we will add P2XR inhibitor
TNP-ATP (or vehicle) to control and PTX-induced epileptogenic hOTCs. We will analyze the amount
of neurogenesis and cell death by means of confocal microscopy-based quantitative image analysis
after multichannel immunofluorescence staining. The morphological complexity of newborn neurons,

as well as dendritic spine features will be evaluated following RV injection.

Objective 4.3. To quantify the recovery of GABAergic cell numbers when P2XR are inhibited
in epileptogenic conditions. For this purpose, we will use hOTCs in control, epileptiform and P2XR-
inhibition conditions. We will measure GABA expressing cell numbers by means of confocal
microscopy-based quantitative image analysis.

Objective 4.4. To examine changes in morphological complexity of newborn neurons and
their dendritic arbor development over time by 2-photon microscopy in epileptogenic
conditions and after P2XR inhibition. For this purpose, we will add P2XR inhibitor TNP-ATP (or
vehicle) to control and PTX-induced epileptogenic hOTCs. We will analyze the dendritic arbor growth

in time-lapse recordings through 2-photon microscopy, following RV-injection.

Objective 4.5. To assess the effect of blocking P2XR with TNP-ATP on overall neural firing in
the DG of epileptogenic hOTCs and specifically of newborn neurons. For this purpose, we will
add TNP-ATP (or vehicle) to control or PTX-induced epileptogenic hOTCs. We will a) inject
AAV.Syn.GCamp6f to analyze single neuron firing, pairwise firing correlations and circuit
synchronizations by calcium imaging.; b) inject RVGCamp to analyze newborn neuron activity by

calcium imaging.

HYPOTHESIS 5: ATP triggers the generation of ROS, which in turn contribute to aberrant
neurogenesis in hOTCs, and its inhibition could preserve neurogenesis.

Aim 5: To evaluate the effect of inhibiting ROS on ATP-induced aberrant

neurogenesis in hOTCs.
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Objective 5.1. To test the effect of inhibiting ROS with CeO.NPs on cell survival and aberrant
neurogenesis on ATP-treated hOTCs. For this purpose, we will add ROS-inhibitor CeO,NPs (or
vehicle) to control and ATP-treated hOTCs. We will analyze the amount of neurogenesis and cell death
by means of confocal microscopy-based quantitative image analysis after multichannel
immunofluorescence staining. The morphological complexity of newborn neurons, as well as dendritic

spine features will be evaluated following RV injection.

HYPOTHESIS 6: ROS are generated in excess in PTX-induced epileptogenic hOTCs which in

turn would contribute to aberrant neurogenesis. ROS inhibition would preserve neurogenesis
and interneurons.

Aim 6: To evaluate the effect of inhibiting ROS on PTX-induced epileptogenic

aberrant neurogenesis in hOTCs.

Objective 6.1. To test ROS generation in PTX-induced epileptogenic hOTCs and its reduction
with CeO.NPs. For this purpose, we will evaluate ROS in hOTCs by means of DCF intensity in control
and PTX-induced epileptogenic hOTCs after adding CeO,NPs (or vehicle).

Objective 6.2. To examine the effects of ROS reduction by CeO,NPs on cell survival and
aberrant neurogenesis on PTX-induced epileptogenic hOTCs. For this purpose, we will add ROS-
inhibitor CeO,NPs (or vehicle) to control and PTX-induced epileptogenic hOTCs. We will analyze the
amount of neurogenesis and cell death by means of confocal microscopy-based quantitative image
analysis after multichannel immunofluorescence staining. The morphological complexity of newborn

neurons, as well as dendritic spine features will be evaluated following RV injection.

Objective 6.3. To measure the recovery of GABAergic cell numbers in the epileptogenic state
through CeO.NP-induced ROS decrease. For this purpose, we will use hOTCs in control,
epileptiform and ROS-inhibition conditions. We will measure GABA expressing cell numbers by

means of confocal microscopy-based quantitative image analysis.
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HYPOTHESIS 7: Inhibito GABA) and excitato lutamate) balance contribute to the
decrease of the GABAergic population.

Aim 6: Investigation of the impairment of GABAergic interneurons during

epileptogenesis in presence or absence of TTX, a blocker of neurotransmitter release.

Objective 7.2. To assess the impact of blocking GABAergic signaling on interneuron survival.
For this purpose, we will use hOTCs in control, epileptiform and TTX-mediated silencing of neuronal
firing conditions. We will measure PV expressing cell numbers by means of confocal microscopy-

based quantitative image analysis.

Objective 7.3. To examine the dependence of GABAergic newborn neuron survival on the
balance between glutamatergic and GABAergic input. For this purpose, we will use hOTCs in
control, epileptiform and TTX-mediated silencing of neuronal firing conditions. We will measure
GABA expressing cells and specifically newborn neurons by means of confocal microscopy-based

guantitative image analysis.
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EXPERIMENTAL PROCEDURES

5.1 Animals

All the animals were housed with ad libitum food and water access, in 12:12h light cycle. The
University of the Basque Country EHU/UPV Ethics Committees (Leioa, Spain) and Diputacion foral
de Bizkaia approved all procedures under protocol M20/2015/236. All procedures followed the
European directive 2010/63/UE and NIH guidelines. Nestin-GFP transgenic mice were generated in
the laboratory of Dr. Grigori Enikolopov at Cold Spring Harbor Laboratory (Cold Spring Harbor, NY,
USA)%%, The strain was kindly provided by Dr. Enikolopov and was crossbred with C57BL/6 mice for
at least 10 generations. In Nestin-GFP mice, green fluorescent protein (GFP) is expressed under the
regulatory elements of the intermediate filament Nestin, expressed in neural stem and progenitor cells.
The experiments for hOTCs optimization were performed in either Nestin-GFP or C57BL/6 mice. For

the rest of the studies, C57BL/6 mice were used.

5.2 Hippocampal Organotypic Culture Slices (hOTCs)

Slice cultures preparation was previously described®3¢’. In brief, hOTCs were prepared from 5
to 7-day-old post-natal pups from C57BL/6 (wild type, WT) or Nestin-GFP transgenic mice33¢° As
cutting solution, modified artificial cerebrospinal fluid (mMACSF) was used containing 195 mM
sucrose, 2.5 mM KCI, 1.25 mM NaH;PO4, 28 mM NaHCOs;, 7 mM D-glucose, 7 mM MgCl,, 1 M
HEPES, 1 mM Na-Ascorbate and 3 mM Na-pyruvate in autoclaved MiliQ H,O, which was
carbogenated (5% CO; in 95% Oxygen) for 10 min before adding 2 M CaCl, %, After decapitation of
the pups, the extracted brain was gently removed and kept in a cold dissection medium (pH 7.2)
containing 96% HBSS, 2% HEPES, 1% penicillin-streptomycin, 2.5 M glucose, and 0.5 M
NaOH. Both hippocampi were carefully extracted with the entorhinal cortex so that entorhino-
hippocampal slices were obtained. Right before vibratome slicing of the hippocampi, they were placed
in 4% agar so that the vertical position was maintained, and previously warmed low melting point 2%
agar was also poured to avoid them from moving. Slices of 250 um thickness were made using the
Precisionary vibratome (VZ-300-OZ) containing iced mACSF with carbogen bubbling. The speed
setting used for the vibratome was 3-4 and 5-7 for oscillation. After the slicing, slices were moved to
a dish with dissection medium so that the ones with intact DG and CA regions could be selected under
a magnifier. They were then transferred to air-fluid interface-style Millicell 0.4 um pore size culture
inserts (Millipore, 30 mm PICMORG50 or 12 mm PICM01250) each containing from 1 to 8 slices,
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depending on the experiment. These membranes were placed in 6 or 24 well plates (Thermo Fisher
Scientific) with 1 ml or 240 pl of fresh and sterile culture medium which consisted of 50% Minimum
Essential Medium supplemented with 2% B27, 25% heat-inactivated horse serum (HIHS),
2% Glutamax, 0.5% penicillin/streptomycin, 0.5% D-glucose (2.5 M), 0.8% sucrose (2.5 M), 0.5%
NaHCO; and 18% HBSS®%°. Slices were maintained as interface cultures in an atmosphere of 5% CO;
in ambient air at 37 °C and 90% relative humidity (Fig. E1). The medium was changed on day 1 and
subsequently 3 times per week for 3-4 weeks. After 6 days, B27 was withdrawn from the medium3/037,
During the stay at Prof. Jenny Hsieh’s laboratory, the vibratome used was Leica VT100S, which

settings were speed 3 and oscillation 3. The rest of the procedure was identical.

Membrane inserts can be recycled if they have not been used during the process of fixing the
slices with PFA. To do so, they are submerged in 70% ethanol for 10-minute shaking. Then, they are
rinsed 3 times and placed in a zipped bag with autoclaved MiliQ H>O water for subsequent 10-minute
sonication process. Finally, we have to let them dry out on a plate under UV light for at least 30 minutes

and stored in a sterile plate sealed with parafilm.

Brain dissection and Vibratome based hippocampi Slice sorting and placing into Storing in the incubator at
hippocampi extraction sagittal slicing membrane inserts 37°C, 5% CO,

Figure E1. Hippocampal organotypic culture slice (hOTCs) preparation process. The brain is dissected and the
hippocampi are extracted from 5 to 7-day-old post-natal pups. 4% agar is used as a holder for the hippocampi so that they are
vertically placed, and 250 pum sagittal slices are cut in the vibratome. The best slices are sorted out and placed into previously
warmed 0.4 um pore membrane inserts with medium in a well plate. The well plates are stored in the incubator at 37°C, 5%
CO:z (lllustrations from Biorender).
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5.2.1 Drug Administration

For the administration of every drug in hOTCs media, we removed the horse serum from the
composition mentioned above and supplemented it with B27, which ensured the stability of the
administered reagents. Control slices were in all the cases placed in the same fresh serum-free culture

medium with the corresponding amount of autoclaved MiliQ H;O.

For excitotoxicity induction, hOTCs were treated with GABAA receptor antagonist picrotoxin
(PTX; 100 uM) at day in vitro (DIV) 7 or DIV 14 for 3 days. It is important to emphasize that this
prolonged exposure lasting 3 days to GABAergic synaptic blockers was required to create a sufficiently
extended window of time suitable for epileptogenic processes. Actually, it was preliminarily verified
in relation to single neuron and global circuits’ dynamics that leads to an impact on the dynamical

states of the slices®2.

After the epileptogenic induction, CeO,NPs were used as antioxidants with a powerful catalytic
activity that work as scavengers of ROS. In this case, 1ug/ml CeO2NPs were added (in collaboration
with Dr. Victor Puntes) at DIV 14 for 10 days, starting at the same time as PTX but maintaining the
treatment until fixation. The increase of ROS in epileptiform conditions is observed to be related to
eATP increase. To test the effects of ATP increase in epileptogenesis, hOTCs were treated with media
containing 200 uM ATP at DIV 14 for 3 days. In order to revert the excess of ATP in epileptic
conditions, 50 uM TNP-ATP antagonist (Triethylamonium salt, Tocris) was added to the media at DIV
14 for 3 or 10 days, starting at the same time as PTX and removing it at the same time or maintaining

the treatment until fixation.

Moreover, GABAergic neurons have also been observed to be affected in epilepsy at this stage of
neurogenesis. We tested the GABAergic vs glutamatergic input in our hOTCs model by the addition
of tetrodotoxin (TTX, 10 uM) at DIV 14 for 3 days, which blocks voltage-dependent sodium channels
and thus action potential firing in neurons, in order to know if newborn neurons need GABAergic input
to be GABAergic. For GABA addition to cultures, serum-free media containing 0.5 uM GABA was
used at DIV 14 for 3 days.
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5.3 Retroviral procedures

All the viruses used in the current work were commercially acquired, except for the retroviral
vectors (RV) used during the international stay at the laboratory of Dr. Jenny Hsieh at the University
of Texas at San Antonio. During this visit, both the RVGCamp6f (GCamp6f meaning genetically
encoded calcium indicator) and the mCherry hm4Di inhibitory RVDREADDs (Designer Receptors
Exclusively Activated by Designer Drugs) were packaged. To accomplish this, lipofectamine
transfection (Lipofectamine 2000, Invitrogen) of 293T cells was performed, with 7.5 pg of viral vector,
and helper plasmids 90 ug CAG-GFP (#3001), 60 pg pCl (#3116) and 30 pg CMV-VSVG (#1102).
Forty-eight hours after transfection, the virus-containing media was collected and replaced for 3 days.
Media was purified (ViraTrap, Biomiga, V1172-01) and concentrated via ultracentrifugation. The
purified virus was estimated around 4.5x108 i.u. ml™t. RetrohM4Di constructs were obtained from A.
Schinder (Leloir Institute, Buenos Aires, Argentina) and the retro-CAG-GCaMP6f from S. Ge. They

were cloned as explained in Lybrand et al. 2021204,

5.3.1 Viral Microinjection

For assessing neuronal growth, a RV (100nL) LeGO SFFV-RV-mCherry for red or —Venus for
green was used. When using wild type (WT) or Nestin™ mice, RV-Venus (GFP) was injected, but when
they were Nestin® mice, RV-mCherry (red fluorescent protein, RFP) was used. The EVOS FL Cell
Imaging microscope was used to look at the labeled cells while in culture (Fig E2A), and after fixing
the slices with PFA 4% at DIV 23, they were stained for DCX and DsRed2 or GFP (for enhancing RV-

mCherry/Venus respectively) for subsequent confocal microscopy imaging (Fig E2B).
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Figure E2. Optimization of viral injections in the DG of healthy and epileptiform hOTCs. (A) Representative
fluorescence microscopy images, with DIV7-9 hOTCs from Nestin+ mice RV-mCherry (DsRed?2) labeled or Nestin- mice
RV-Venus (GFP) labeled, in both cases, 2 days post-injection. Images were taken at 2x, 4x, and 10x magnifications with
scale bars being 2000, 1000, and 400 pum respectively. (B) Representative confocal microscopy images, after DsRed2 staining
RV-mCherry labeled newborn neurons in red and DCX (neurogenesis marker) staining in green. The scale bar is 50pm in all
the photographs. hOTCs were PTX-treated (100uM) for 3 days. They were fixed at DIV23, 16 days post-RV injection, and
7 days post-treatment.

Slices were microinjected in the DG after 5-7 days in culture. A magnifier was used to identify
the DG by the characteristic horseshoe arrangement of the nuclei of GCs. Microinjection pipettes (glass
microcapillaries, 3.5”” Drummond 3-000-203-G/X) were pulled using a micropipette puller (PC-10,
Narishige, settings: step 1, heat 75). During the stay at Prof. Jenny Hsieh’s laboratory, the micropipette
puller used was the P-1000 (Sutter Instrument), for which the settings were the following: heat 483,

pull 60, velocity 60, time 90, pressure 350, ramp 473.
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Injections were performed in a laminar flow hood equipped with a magnifier to ensure aseptic
conditions. The pipette tip was cut with a pair of fine scissors under visual guidance and loaded using
an aspirator tube assembly for calibrated microcapillary pipettes with a syringe. Once loaded, a
pressure pulse was applied with the syringe so that the load was expelled from the tip, appearing as a
small droplet at the tip of the needle. The injection was confirmed by color detection at the injection
site, as the viral vectors were always mixed with Fast Green dye (Sigma). The volume injected in the
slices was estimated by counting the number of shots (5 shots/slice, 20 nL/shot, 0.1 uL/slice). The final
volume was injected into the DG at 2-3 injection sites depending on the slice thickness at the site of
needle insertion. It is important to pay attention to tissue architecture under magnifier guidance during
the injection procedure to avoid injection of a large volume at a single site, which will cause rupture
of the tissue and release of the virus to the surface of the hOTCs (Fig. E3). The session lasted
approximately two minutes for each membrane insert holding four slices. The final volume injected in
each slice was about 0.1 pL of either RV-Venus, RV-mCherry, AAV.Syn.GCamp6f, RV-GCamp6f,
RV-DREADDs hm4Di mCherry, AAV1.DIx.GCamp6f, or AAV9.DIx.GCamp6f. The media was

changed 24 hours after the injection.

Set up: aspiration tube, Fill the micropipette Use the microscope to locate the
syringe and micropipette with the desired virus dentate gyrus (DG) in the slices

Se=lg
e\

M
— /}\ g

L

Viral injection into the DG

Figure E3. Step by step illustration of the viral injection into the DG of hOTCs. The aspiration tube is connected
to the syringe, and the micropipette attached to the tube. The micropipette is filled with the desired virus by carefully pulling
the syringe. A microscope is used for the localization of the DG in the slice, and the virus is manually injected with the
micropipette releasing the virus with the syringe. Once the virus is delivered, in a couple of days colored cells will be observed
under a fluorescence microscope (lllustrations from Biorender).
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5.4 Immunohistochemistry

The hOTCs were fixed using 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS)
that contains 2.7 mM KCl, 12,9 mM Na,HPO,* 2H,0, 137 mM NacCl, 1.76 mM KH,PQO,, pH-adjusted
to 7.4. The fixing of the slices was done by directly adding 4% PFA to the inserts (only below) for 15
minutes and then gently washing twice with PBS both above and below the inserts for 3 minutes per
wash. Once the fixing was performed, the slices were carefully removed from the inserts using a fine
brush. The slices were then placed in 24-well plates to be processed for immunohistochemistry

essentially as described before??37,

Briefly, after fixation, slices were incubated with blocking and permeabilization solution
containing 3% bovine serum albumin (BSA) and 0.15% Triton-X100 in PBS for 3-4h at room
temperature (RT). Primary antibodies were prepared in the same buffer and incubated with slices
overnight at 4 °C with gentle shaking. The slices were washed two times in a PBS washing buffer
(0.15% Triton-X100 in PBS) for 10 minutes per wash with gentle shaking. After the final wash, slices
were incubated with the appropriate fluorochrome-conjugated secondary antibodies and 4',6-
diamidino-2- phenylindole (DAPI) (Sigma, 5 mg/mL, 1:500) diluted in the same buffer for 3-4h at RT
with gentle agitation and shielded from light. The slices were washed two times as explained before
and mounted on glass slides using DAKO fluorescence mounting medium (Agilent-DAKO, S3023).
The edges of the coverslips were sealed with nail polish. The staining of the slices can be done either
by a) directly adding reagents to the free-floating slices or b) after fixing, excising the slices from the
inserts with their culture membrane below using forceps and tiny scissors, and then incubating them

with antibodies.
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5.4.1 Antibodies

ANTIBODY

COMPANY

DILUTION

Primary antibody

Chicken anti-GFP Aves Laboratories 1:1000
Goat anti-DCX Santa Cruz Biotechnology 1:1000
Goat anti-GFAP Dako 1:1000

Guinea pig anti-DCX Sigma 1:500

Mouse anti-H2AX Abcam 1:300 or 1:500

Mouse anti-H2AX Biolegend 1:250 or 1:500

Mouse anti-GFAP Abcam 1:1000
Mouse anti-PV Sigma 1:5000

Rabbit anti-Dsred?2 Takara 1:1000

Rabbit anti-GABA GeneTex 1:1000

Rabbit anti-Ki67 Abcam 1:1000

Rabbit anti-NeuN Abcam 1:1000

Rabbit anti-Neurod1 Sigma 1:500

Rabbit anti-Prox1 Abcam 1:1000
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Rabbit anti-RFP Invitrogen 1:1000

Rabbit anti-S100B Dako 1:750

Rabbit anti-VGAT Synaptic Systems 1:500

Rat anti-GFAP Sigma 1:500
Secondary antibody

Alexa Fluor 488 donkey anti-chicken Invitrogen 1:500

FITC 488 Donkey anti-chicken Abcam 1:500

Alexa Fluor 488 Donkey anti-goat Invitrogen 1:500

Alexa Fluor 568 Donkey anti-goat Invitrogen 1:500

Alexa Fluor 568 Goat anti-mouse Invitrogen 1:500

Alexa Fluor 568 Donkey anti-rabbit Invitrogen 1:500

CY3 568 Donkey anti-rabbit Abcam 1:500

Alexa Fluor 647 Donkey anti-mouse Invitrogen 1:500

CY5 657 Donkey anti-guinea pig Abcam 1:500

CY5 657 Donkey anti-rat Abcam 1:500

Alexa Fluor 680 Donkey anti-goat Invitrogen 1:500

DAPI Sigma 1:1000

Table 1. Primary and secondary antibodies used in hOTCs in the current work.
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5.5 Image Acquisition and Analysis

Fluorescence immunostaining images were obtained using either a Leica SP8 laser scanning
confocal microscope or a Leica Stellaris 5 confocal microscope (Leica, Wetzlar, Germany) using a
40X oil-immersion objective except for the morphological complexity and dendritic spine assays in
which a 63X oil-immersion objective was used with a zoom of 5X and a z-step interval of 0.75 um.
The signal from each fluorochrome was collected sequentially. Brightness, contrast, and background
were adjusted equally for the entire image using the ImageJ software. Brightness and contrast were

adjusted by the “auto” option of the software. All images were imported in TIFF format.

For cell death, neurogenesis, GABA, and PV quantifications, 12.6 um-thick z-stacks located at
random positions in the DG were collected per hippocampal slice. For the morphological complexity
and dendritic spine assessments, the thickness of the z-stack depended on the thickness of the

neuron/dendrite imaged.

5.5.1 Quantitative Analysis of Cell Populations

For the quantification of the cell populations in hOTCs, the hippocampi were sagittally sliced and
the slices with the early and late DG were sorted out being the ones in the middle the only ones selected.
The 250 um slices were collected and cultured for 3 weeks, reducing their thickness up to 50 pum by
the time of the imaging. Each experiment consisted of 8-4 slices per condition. The area of DG in each

z-stack was established by using the ImageJ segmented line tool.

Apoptosis assessment: Apoptosis was quantified as previously described?®. In brief, apoptotic
cells were defined as cells with abnormal nuclear morphology (pyknotic, condensed/karryorhectic,
fragmented). The number of apoptotic cells was quantified in the GCL+SGZ in 2-3 12.6 um thick z-
stacks per hippocampal slice (this thickness was established as the average total thickness of the DG
in the slices). The DNA damage marker H2AX was also used as a cell viability assessment, in which

the H2AX™ cells were identified as damaged.

Neurogenesis, GABA and PV quantification: Quantitative analysis of cell populations was
performed by design-based (assumption-free, unbiased) stereology using a modified optical
fractionator-sampling scheme as previously described 2227, Briefly explained, DCX* (newborn neuron
marker), GABA* (GABAergic cell marker) and PV* (interneuron marker) cells were counted in each
dissector excluding those in the uppermost focal plane and those in contact with the left and bottom

margins. Between 2-3 dissectors were analyzed per slice. For GABAergic newborn neuron
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guantification, RV-labeled GABA* cells were identified; as well as for DCX* newborn neurons in

which RV-labeled cells co-localizing with DCX were quantified.

Plexus intensity of GABA: We also calculated the overall density of GABA staining within the
DG region of the brain. To allow comparisons, only images taken under the same conditions and with
the same properties were used for analyzing the area occupied by a fluorescent signal. Individual
images were imported to ImageJ and specific ROIs including only the GCL+SGZ areas were created.
We used the threshold values to quantify the area occupied by GABA for each of the images. The
results are presented as the intensity in the area fraction (/mma3).

Region of interest (ROI) based co-localization analysis for vesicular GABA transporter

(VGAT) quantification. We used different macros in ImageJ for this analysis, as follows:

1. ROI Generation:

For dendrites: AutoROIGenerator_v4 macro
» Difference of Gaussians: minimum sigma 0, maximum sigma 20.
» Particle properties: minimum particle size 0.25pm, maximum particle size 1x1022pm,

selection softer size 0.

For axons: ROICreator_SSJV_5.1 macro
For VGAT:
» 2DROI_FMaxiStack generator6.3 macro

= Subtract background: minimum sigma 1, maximum sigma 5

= Parameters: find maxima prominence, minimum size 0.032pm.
= Threshold: auto threshold, Huang method.

= Fit ROIs to optimization.

* Fuse_ZROIsv1 macro

2. Co-localization analysis:

ROIs_Percoloc_Analizer_V2 macro

5.5.2 Cell Morphology Analysis

For assessing aberrant neurogenesis and measuring morphological changes in newborn neurons,
we randomly selected between 100-150 RV-labeled cells from each experimental condition. The
quantification was performed on maximum intensity projection generated from z-stack images. The
morphological changes were measured using a plugin for 3D-Sholl analysis kindly provided by Dr.

Jorge Valero Gdmez-Lobo. The Sholl analysis is an open-source plugin for Image J, which performs
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the Sholl technique directly on 2D or 3D images of fluorescence-labeled cells. In this case, 3D
reconstructions from confocal stack images were obtained for the morphological analysis of newborn
neurons. Single newborn neurons were analyzed using the 3D Sholl analysis plugin

(http://fiji.sc/Sholl_Analysis) as previously described3™.

5.5.3 Dendritic Spine Analysis

To analyze abnormalities in hyperexcited newborn neuron dendritic spines, close-up images were
obtained with the confocal microscope by using a 63X objective. For each experimental group, 4
animals were used, selecting 10 neurons per animal and 3 dendrites per neuron, with dendrites
positioned at distances between 40-100pm from the soma. A zoom factor of 5X and a z-step of 0.3 um
were employed. Images were subsequently deconvoluted using Huygens Professional software. The
deconvolution is a mathematical operation used inimage restoration to recover an image that is
degraded by blurring due to diffraction-limited imaging and noise. When the images are deconvolved,
the spread light due to blurring and noise is put back in its original location, producing a better
representation of the dendrite that makes it clearer to our eyes. Here, the refractory index of the

mounting medium was established for our DAKO mounting medium being 1.32.

To measure the size of the head of dendritic spines, we started using the full width at half
maximum (FWHM) method. However, this was such a challenging approach that we selected 1
dendrite per neuron, from 10 neurons per animal and 4 animals per group, obtaining 40 dendrites in
each condition. This involved creating a line crossing the head of the spine and plotting the resulting

values of the line. Then, the Gaussian values of the curve were obtained using the formula:

+ (b — o
= — % _
y=a+(b—a)=*exp PE
As the Gaussian function is:
(x — b)?
X)=axe — ———
f@) —

Where b=p and c=c (standard deviation, SD); ¢? = ¢2

64



EXPERIMENTAL PROCEDURES

From this formula, the standard deviation of each line made in each spine head is taken, and
another line is made in perpendicular to the first one so that ox and oy values are obtained for spine
head width and length.

There is a relation between the standard deviation and the FWHM expression:

As the normal distribution is:

1 (x — x0)?
0 == [_ T]

Then, FWHM = 2v2In20 = 2.3550

The next method we used was the SpineJ plugin for Imagel, which was developed for spine
morphology analysis®”. Except for the dendritic spines in the optimization of the model that were
analyzed by the FWHM approach, the rest of the dendritic spine analysis in the current work was
performed by the application of this plugin. Dendritic segments of approximately 15-30 pm were
selected. Coefficient 3 was applied and the segmentation was generated in which reconnections
between spines and dendrites were made. The analysis was binarized and the neck end was defined on
each spine head base. The data obtained from this analysis was the following for each condition: head

minor and major axis, head perimeter, and head area (um).
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5.6 Oxidative Stress Assay

To evaluate ROS levels in hOTCs, slices were exposed to vehicle, PTX, and CeO;NPs or TNP-
ATP antagonist, depending on the respective experimental paradigm. Briefly, they were loaded with
30 uM CM-H2DCFDA (2°,7°—dichlorofluorescein acetate; Invitrogen, Barcelona Spain) according to
the recommendations of the manufacturer to assess OS. Measurements were performed while hOTCs
were placed in 30 mm Millipore inserts, so 6-well plates were used. For the incubation with the probe,
900 pL -S medium was used under the insert, and 5 puL added on top of each slice for 30 min at 37 °C
shielded from light.

After washing with a warmed dissection medium, fluorescence was measured using the plate
reader CLARIOstar Plus (BMG Labtech, Ortenberg, Germany). An insert with no slices on it was used
as blank. Three sets of similar experiments were conducted for each agent tested, and background
levels were subtracted. Only the data of the regions with hOTCs were selected for the analysis. To
check for CeO,NPs oxidizing the probe, the same assay was performed without hOTCs, in which H,0-

was used as a positive control.
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5.7 Two-Photon Imaging

In the context of the 2-photon imaging procedure, we followed the same method as detailed in
Section 1.2 of the Methods. However, we placed additional membranes (Omnipore 0.1lum PTFE
Membrane filters, 25mm) on the inserts, which would help facilitate the imaging process by allowing
a more effective manipulation of the slice. During the imaging process, we perfused the chamber with
ACSF (see Methods 1.2). After imaging, slices were carefully returned to the original inserts and
placed back into the incubator until the next imaging time-point.

In our study, we sought to develop an effective imaging protocol for longitudinal observations of
newborn neurons. Our objective was to ensure the survival of these neurons throughout multiple
imaging time-points, a challenging task that required systematic experimentation and optimization.
Initially, we encountered difficulties in sustaining the viability of newborn neurons for repeated
imaging sessions. Despite the successful imaging at the first time-point, subsequent imaging sessions

led to a decline in neuron survival.

5.7.1 Time-lapse Imaging

GFP expressing cells were imaged on the 2-photon microscope at 960 nm wavelength. The
microscope and software was commercially acquired from Femtonics (2D-Galvo microscope),
including a Spectraphysics MaiTai femtosecond laser with tunable wavelength. We first used the low
magnification 4X objective in bright-field mode to localize the slices on the membrane and the DG in
each slice. Once the DG was recognized, we used epifluorescence mode to look for the RV-Venus
labeled green cells of interest (Fig E3A, cells of interest in white circle). Then, the submergible 20X
objective was used to carefully approach the slice with the bright-field mode until we again localized
the DG (Fig. E3B) and turned to the LED lamp again to look for the cell of interest (Fig. E3C). Finally,
we set the 2p mode for the imaging, in which the imaging conditions were the following: laser at 3%,
UG+UR at 75%, LUT_GFP high in 326 and low in 159, LUT_RFP high in 199 and low in 78, z-step
1.25, z-stack average 8 sample/pixel and 0.4 pixel values. HCImageLive software was used for the

visualization of the imaging in IR lamp and LED lamp modes.
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Figure E3. Newborn neuron visualization in hOTCs for subsequent time-lapse imaging. (A) Representative
epifluorescence microscopy images (LED GFP, 4x objective), showing non-treated RV-Venus injected newborn neurons
(white circle) in the GCL of the hippocampal DG (white dashed line) in hOTCs at two time-points: DIV 20 and 14 days post
injection (DPI), and DIV 22 and 16 DPI. (B) Bright field transmission image (IR lamp, 20X objective) of the hippocampal
DG in hOTCs where the GCL and hilus are observed. (C) Representative epifluorescence microscopy image (LED GFP, 20x
objective), showing a non-treated RV-Venus labeled newborn neuron in hOTCs at 14DPI.

5.7.2 Line Scan Calcium Imaging

When we performed the calcium assay for the first time in the P2X7R inhibition framework, we
imaged the slices in the 2-photon microscope. The slices were injected with the calcium indicator
AAV1.SYN.Gcamp6f.WPRE.SV40%, For that, the 2p mode was chosen and with the “Line and scan
area” tool the measurement length was set to 300000 ms (5 minutes). In the “Raster scan” tool, we
used 12 samples/pixel and a pixel size of 920pum/pixel. Then we draw a pattern first for the background

and then for every cell soma that we observed. In the pattern settings, the acquisition speed was 10 Hz.
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5.8 Calcium Imaging

For the calcium imaging in Results sections 6.1.4 and 6.3.5, the slices were injected following the
procedure explained above (see Methods 5.3.1) one week after the slicing. These recordings were
performed at the laboratory of Dr. Jenny Hsieh at the University of Texas at San Antonio, using a 20X
magnification objective on an inverted fluorescence microscope (Zeiss Axio Observer.Z1 Apotome.2)
for living cell imaging, equipped with an AxioCam MRc camera, a chamber for CO2 and temperature
control for keeping the same conditions as in a cell incubator. During the imaging, the 6-well plate of
each condition was transferred to the microscope, containing 3-4 slices from the same animal donor so
that the slice with the best viral labeling was chosen for the recording. For the first set of calcium
imaging experiments, a RV-GCamp6f was injected into the DG at DIV 7. After imaging the slices for
20 minutes, we used FIJI for the analysis of the recordings. Briefly, we established the ROl in the soma
of each green cell and measured the intensity in time, obtaining as a result the calcium reported intensity
for each cell. In the second place, calcium imaging experiments were performed for a RV-mCherry
with an inhibitory (hm4Di) DREADDs, injected in the DG at DIV 7 as well. In this scenario, the
activity of cells dividing at the time of injection could be effectively blocked upon the introduction of
clozapine-N-oxide (CNO). Concurrently, an AAV1.SYN.Gcamp6f.WPRE.SV40°%® vector was also
administered into the DG to serve as the genetically encoded calcium indicator for assessing neural
activity. Slices were imaged for 25 minutes in every condition, with the initial 5 minutes for the basal
activity during the addition of CNO or vehicle to the media. In both cases, all slices were consecutively
imaged without following any predefined sequence for the order of slice imaging. The plates were
never opened, ensuring the maintenance of consistent culturing conditions for the slices to prevent any

disturbances.

5.8.1 Calcium Imaging Analysis

Calcium imaging analysis was performed as previously described®’?, in collaboration with Dr.
Paolo Bonifazi. First, neuronal cell body segmentation was performed®’. Briefly, the maximum of
each pixel across all calcium images acquired for a given slice was used to reconstruct the image
template and to segment neuronal cells’ contours through the custom-made software HIPPO. For each
frame, the average value of the pixels within a cell contour was calculated, and for each cell, a calcium
time series was then constructed across all frames. Time series were first high-pass filtered above 0.05
Hz to remove slow fluctuations and baseline changes, and next, the traces were deconvolved using the
MATLAB function “deconvolveCa” with default options3’®. The onsets of the calcium events were
extracted from the deconvolved calcium signal with start and endpoints set by the respective threshold

0f 0.05 and 0.04 AF/F. The automatic detection of calcium spikes was later visually inspected for each
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cell. When the event detection was considered faulty, the starting and ending thresholds of a given
calcium trace were adjusted manually always keeping respectively a 1 to 0.8 ratio. A binary time series
representing the calcium activity in each frame was first reconstructed in each cell, where the ones
marked the onset of calcium spikes. Given a cell, the interval between two consecutive onsets was used
as the instantaneous firing rate (IF). In order to calculate the firing correlation in each neuronal pair,
the binary time series were smoothed with a gaussian moving average using the MATLAB

"smoothdata” function with a window length of 4 points, and the correlation C;; was calculated as

T

1
Cii = — % Xy *
97 Tl * vl Zt Ve

t=1

where x: and y: represent the time series of the neuronal pair (i,j), T the total number of frames
(typically 4800 for a 20-minute recording), and the symbol I | represents the norm of a vector (i.e. the
time series in the of x; and y:). In the case of global synchronizations, the binary time series were
smoothed with a gaussian moving average using the MATLAB "smoothdata” function with a window
length of 20, to link dynamics merging over larger time windows compared to neuronal pairs’
dynamics. As global synchronization index at time t (GSI(t)) we used the sum of the overall network
activity obtained from the smoothed time series (s(t)) according to:

N

GSI(t) = Zsl-(t)

=1

where N is the total number of imaged neurons and s; is the smoothed time series of neuron i.
Network synchronizations (NSs) were identified by GSI exceeding a threshold of chance level with
p<0.05, as calculated from a thousand reshuffled network dynamics where single neuron time series

were randomized while keeping the same inter-event distribution in each neuron.

Each NS was assigned the time frame of the peak of the corresponding GSI. All the cells recruited
in a time window of seven frames around the GSI peak were considered participating in the NS. The
size of the NS was calculated as the percentage of cells participating in a given NS out of the total
number N of imaged neurons in the circuit. The frequencies of NS in a given circuit were calculated
as the inverse of the intervals (in seconds) between consecutive NSs. The similarity between two NSs
was calculated as one minus the cosine between the binary vectors representing the cells participating

in the synchronizations according to:

1 N
Spp = —————— % ZA- * B;
45 = Al Bl Lt

were A and B represents the vectors of the two NSs and an element A; (B;) is equal to one if the

neuron i is participating in the network synchronization A (B).
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5.9 Multi-Electrode Array (MEA) Assay

For the Multiwell-MEA (Multichannel systems) assay, the procedure involved removing the
membrane insert with hOTCs from the incubator. Subsequently, the tissue around the insert was
carefully trimmed using a scalpel or fine scissors. The cultured tissue was carefully lifted by the
membrane using forceps and placed upside down onto the electrode field of a dry MEA, ensuring that
the tissue faces the electrodes. A drop of the same media in which the slices were cultured was then
slowly added, avoiding the surface adhesion from lifting the slice off. The MEA was then transferred
to the amplifier to initiate the recording process. Following recording, the MEA was wiped clean with
70 % ethanol. The MEA comprises a 24-well plate, with each well containing 12 electrodes designated
to record the activity of the tissue in contact with them. The experimental recording was set for a
duration of 10 minutes. In the Multichannels systems setup, the recording was selected for neuronal
cells, capturing a simple recording. In the spike detector settings, both rising and falling edges were
selected, and the threshold values were set based on the baseline duration of each segment (1000 ms),
with a standard deviation of 5.0 (rising edge) and -5.0 (falling edge). The dead time was established at
3000 ps, and for the cut-outs, the pre-trigger was set at 1000 ps, and the post-trigger at 2000 ps.
Regarding the spike processing, the burst detector was set with a minimum interval between bursts of
100 ms, a minimum burst duration of 50 ms, and a minimum spike count within a burst of 4. The
network burst detector required at least 4 simultaneous channels with a maximum spike rate. The
sampling rate was 1000 Hz, with a high-pass filter of 1 Hz and a low-pass filter of 3500 Hz. For the

result selection, dose-response and spike counts were obtained.

,/M \ -
/\/ - ——— 7
The slice is placed upside down on the 10-minute recordings are obtained
electrode by cutting the membrane from each slice in the MEA

Figure 4. Slice placing on the MEA for activity recordings of hOTCs. The membrane surrounding the hOTCs are
cut and the slices are carefully placed upside down on the electrodes in the MEA set up. 10-minute recordings are performed
per slice (Illustrations from Biorender).
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5.9.1 Spectral Analysis

The data was preprocessed by applying a bandpass filter between 12 and 600 Hz, and a notch
filter at 60 Hz to eliminate line noise. Additionally, channels with abnormal power spectra were
removed. The original signals, each lasting 10 minutes, were segmented into epochs (sliding windows)
of 5 seconds, resulting in a data matrix of channels x data for each slice. Power analysis was conducted
for the Beta [13-30] Hz, Low Gamma [30-45] Hz, High Gamma [45-100] Hz, High-Frequency
Oscillation Slow Ripples (HFO sl) [100-250] Hz, and High-Frequency Oscillation Fast Ripples (HFO
fr) [250-600] Hz bands. This analysis was performed for each channel and epoch. Subsequently, a
mean value was calculated across channels, followed by another mean value across epochs, resulting

in a single value for each slice. This analysis was obtained in collaboration with Diego M. Mateos.

5.10 Statistical Analysis

IBM SPSS Statistics and GraphPad Prism (Version 9 for Windows) were used for statistical
analysis. Normality tests were conducted for parametric or non-parametric test correct choice. For the
analysis of pairs of groups, a Student’s t-test was performed, resorting to U-Mann Whitney test when
data were non parametric. For the analysis of more than two conditions 1- way-ANOVA test was
performed. When more than two groups were present, one-way analysis of variance (ANOVA) test of
all groups was performed to determine the overall effect of each factor, resorting to Kruskal-Wallis
test when data were no parametric. Two-way ANOVA was performed to detect interaction between
factors. In all cases, pairwise multiple comparisons (Holm-Sidak test) were used as a post hoc test to
determine the significance between groups in each factor. For the Sholl analysis, two-way repeated
measures ANOVA followed by Bonferroni posthoc test was performed. Only p<0.05 was reported to
be statistically significant. Results were presented as mean + standard error mean (SEM). The number

of independent experiments is shown in the respective section.

MATLAB was used for the statistical analysis of the following variables quantifying networks’
dynamics: single neuron firing rate, neuronal pair correlation, network synchronizations (size and
frequency), and synchronizations’ similarity. Specifically, given a variable, all the data obtained from
different slices belonging to a given experimental group (CNT1, PTX1, CNT2, PTX2) were pooled.
The statistical difference between groups was assessed using the Kruskall-Wallis’s test for non-
parametric group comparisons with corresponding p-values for each pair of groups. Corresponding

plots represent for each group medians, 25-75% percentile limits, smallest-highest values, and outliers.
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6.1 Implementation of the Epileptogenic hOTCs Model

6.1.1 Generation and Optimization of hOTCs

The model used as a baseline was performed as previously described®®3¢’, prepared from 5 to 7-
day-old post-natal WT mice pups. Typically, up to 30 hippocampal slices with intact DG structure
were obtained, and they were cultured in groups between 1-8 per insert, depending on the experiment
and subsequent analysis (Fig. 1A). The health of every slice was checked by immunostaining 3 weeks
after culture for biomarkers of glia, proliferation and neurogenesis plus the DNA marker DAPI to
confirm that the structure and shape of the DG was maintained (Fig. 1B, white line). Although the
overall health and structure were maintained after optimizing the dissection and initial culture, no
neurogenesis was observed (Fig. 1B) in spite of the presence of other biomarkers of proliferation
(Ki67) and astroglia/NSCs (GFAP) (Fig. 1C, F).

The literature pointed at horse serum being a key aspect for the culture of hOTCs#837°, Therefore,
both serum-free (-S) and serum-based (+S) conditions were applied for the identification of the most
suitable one for sustaining neurogenesis. The difference between these conditions was not just the
horse serum addition to the culture media, but also the use of the B27 supplement, which depended on
the presence of serum. In the -S case, this supplement was added during the whole experimental
procedure to compensate for the lack of serum and its components. Whereas in the +S, it was added
during the first week, as an inescapable step for the initial stages if of the development in culture, but
was then removed after one week in culture as it was not necessary anymore. When neurogenesis was
checked in both conditions (-S and +S), no statistical differences were observed in the hippocampal
DG (Fig. 1D, E), suggesting that both were valid for newborn neuron assessment. We however chose

the +S version as a tendency to more neurogenesis was detected (Fig. 1E).
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Figure 1. Optimization of hOTCs. (A) On top, a schematic representation of the mouse hippocampus showing a
hippocampal slice in which the DG, the CA1, and CA3 are highlighted. The bottom images show some hOTCs cultured in
membrane. (B) Representative confocal microscopy images, after staining for DAPI in grey and DCX in green, where the
SGZ+GCL in the DG of hOTCs is pointed out in white. (C) Representative confocal microscopy images after staining for
DAPI in grey, DCX in green, and KI67 (proliferation assessment) in red, showing the SGZ+GCL in the DG of hOTCs at
DIV. 26-28 (D) Representative confocal microscopy images after staining for DAPI in grey and DCX in red, showing the
SGZ+GCL in the hippocampus of hOTCs grown with serum-based (+S) or serum-free (-S) medium at DIV. 13-19 (E)
Newborn neurons (/mm?3) were quantified by identifying DCX* cells in the hippocampus (SGZ+GCL) of hOTCs grown in
SF and SB medium where no differences were observed. n = 3 per group. (F) Representative confocal microscopy images,
after staining for DAPI in grey, DCX in red, GFP for Nestin* stem cells in green, and GFAP (astrocytic/stem cell marker) for
neurologic damage in far red, showing the SGZ+GCL in the hippocampus of hOTCs at DIV 19. The scale bar is 50 um in all
the photographs. Data are expressed as mean + SEM and analyzed by an unpaired t-test. ns= non-significant.

76



RESULTS

6.1.2 Epileptogenesis Impairs Neurogenesis

The present hOTCs model was established for the assessment of aberrant neurogenesis during
epileptogenesis. It was accomplished by manipulating the endogenous level of neuronal
hyperexcitation through chemical induction by transiently (3-day) exposing the slices to the
epileptogenic agent picrotoxin (PTX, 100uM), that blocks inhibitory GABAergic transmission. This
compound has been well-documented as an hyperexcitation inducer in hOTCs, making it an already
characterized model displaying epileptiform activity?438°381 Moreover, this PTX-based model has
been recently used in a key publication®’2, in which in a detailed manner it is demonstrated that the
addition of PTX to the culture medium for 3 days provokes several effects: an overall increase of the
firing frequency of neurons and overall increase in the number of neurons firing; and also a higher
frequency of synchronized firing by groups of neurons. Notably, these effects keep taking place in a
spontaneous manner after the withdrawal of PTX and until the end of the life of the hOTCs. Although
these results demonstrate how epileptogenesis take place in hOTCs, the differences with humans and
animal in vivo models should always be considered. Nevertheless, this model constitutes a useful in
vitro approach with many advantages for the study of MTLE. Here, the effects on neurogenesis were
tested at one and two weeks in vitro (WIV), in two paradigms. In both of them, there were two groups:
a control condition (CNT group), where cultured slices were not exposed the GABAA receptor inhibitor
PTX, so it was considered as a physiological state of the tissue; and a PTX group, in which PTX was
continuously present for three consecutive days. In the first paradigm, PTX was added to the hOTCs
from DIV 7-9 (Fig. 2A) and in the second from DIV 14-16 (Fig. 2B). The slices were fixed at the end
of the 3" WIV for subsequent immunostaining of DCX (Fig. 2C, D) and confocal microscopy-based
analysis. In both time-points, a decrease by half was shown in the nhumber of newborn neurons (DCX*
cells) of the GCL+SGZ in the DG PTX-treated (epileptogenic) hOTCs (Fig. 2E, F).
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Figure 2. Neurogenesis is impaired in the DG of PTX-treated hOTCs at 1 and 3 weeks in vitro. (A, B) Scheme of
the experimental procedure. The hOTCs are extracted at pd5-7 (DIV 0) and cultured. From DIV 7 to DIV 9 (A) or DIV 14 to
DIV 16 (B) they are exposed to GABAA receptor inhibitor PTX (100uM), and immunostainings and imaging are performed
7 days after (DIV 23). (C, D) Representative confocal microscopy images were taken showing the SGZ+GCL in the mouse
hippocampal hOTCs. (E, F) Newborn neurons significantly decreased in both 1 and 2 weeks in vitro PTX-treated slices. They
were quantified (/mm?®) by identifying DCX stained cells. n=3-6 per group. The scale bar is 50 um in all the photographs.
Data are expressed as mean + SEM and analyzed by an unpaired t-test. * P < 0.05, ** P < 0.01.
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6.1.3 Epileptogenesis Induces Aberrant Neurogenesis

Given that the detrimental effect in neurogenesis due to an epileptogenic environment was
consistent in both frameworks, they were both subjected to aberrant neurogenesis evaluation by
focusing on different newborn neuron features. Toward this end, GFP-carrying RV was injected in the
DG to transfect dividing cells. As most of the proliferation in the DG is accounted for the neuronal
progenitors of the neurogenic cascade, newborn neurons would result labeled due to the persistent
expression of GFP. Co-localization with the specific marker of newborn neurons DCX was assessed
to verify the validity of the RV labeling, yielding a 94.26% of co-localizing cells in the control group
and 91.38% in the PTX group (Fig. 3A, B).
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Figure 3. RV-labeled newborn neuron state confirmation in control and epileptiform hOTCs. (A) Representative
confocal microscopy images, after GFP staining of 16 days old RV-Venus labeled newborn neurons in green and DCX in red
(white arrows showing co-localizing newborn neurons), both 7 days post-PTX/vehicle. The scale bar is 20 um for the top
images and 10 um for the bottom ones. (B) Quantification of RV-labeled DCX* newborn neurons. n = 4 per group. hOTCs
were PTX-treated (100uM) for 3 days. They were fixed at DIV 23, 16 days post-RV injection, and 7 days post-treatment.
Data are expressed as mean + SEM and analyzed by an unpaired t-test. ns= non-significant.

In order to assess whether pathological hyperexcitation was associated with modifications in the
morphology of newly generated neurons, RV injections were conducted either after 1 WIV (adding
PTX for 3 days at the 2@ WIV) or after 2 WIV (adding PTX for 3 days at the 15t WIV). This allowed
to test the effect of hyperexcitability on newborn neurons generated either before or after the addition
of PTX (Fig. 4A, B). At DIV 23, RV-labeled newborn neuron dendritic arborization was evaluated by
guantifying the number of intersections through 3D-Sholl analysis, as a measure of morphological
complexity, whose alteration represents a hallmark of aberrant neurogenesis described in MTLE

models!®.
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Indeed, when the RV injection was administered one week prior to the addition of PTX, the RV-
labeled newborn neurons, that were thus already in the process of differentiation when epileptogenesis
was induced, exhibited a clearly altered morphology. This altered morphology was characterized by
significantly reduced complexity between 70 um and 180um radius from soma, indicating the middle
and final part of the dendritic arbor length (Fig. 4C, E). Here, as PTX was added one week after de
viral injection, it acted only on their maturation/process of neuronal differentiation, eliminating
confounding factors. These findings suggest that, similar to what is found in adult mouse models of
MTLE, newborn neurons undergo abnormal morphological changes during epileptogenesis.
Conversely, when it was the RV injection that was conducted one week after PTX addition, the
neuroblasts generated and growing in an already epileptogenic environment presented a morphology
similar to the control group (Fig. 4D, F).

This outcome was not entirely unexpected, as inducing hyperexcitability before neurons are even
born can impact all stages of their development, from mitosis to the initial stages of maturation. It is
possible that, through compensatory mechanisms, neurons adapt to the pathological environment,
ultimately not exhibiting aberrant features in their dendritic structure. Also, the overall time allowed
for differentiation is shorter in this paradigm (neurons being 7 days vs 16 of age at the moment of the
analysis), which suggests that alterations might have not had enough time to be significant. For this
reason, the most suitable framework for the objectives involved performing first the RV injection and

then applying PTX, which is the protocol used for the rest of the experimental work.
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Figure 4. Morphological evaluation of newborn neurons in PTX-treated and non-treated hOTCs. (A, B) Scheme
of the experimental procedure. The hippocampi are extracted, sliced, and cultured at pd5-7 (DIV 0). After 1 or 2 WIV, hOTCs
are rather exposed to a GABAA receptor inhibitor (picrotoxin, PTX 100uM) for 3 days or RV-injected. Immunostainings are
performed 1 week later, at DIV 23. (C, D) Representative confocal microscopy images, showing PTX-treated and non-treated
neurons born before (C) or after (D) hyperexcitability was induced. Z-stack projections were analyzed and color-coded
according to their 3D-Sholl profile, in which warmer hues indicate a higher number of intersections (as shown in the 3-D
reconstruction of neurons). (E, F) Quantification of the number of intersections between circles of increasing (1 um) radius,
where PTX-treated newborn neurons were significantly less complex when treated during development (CNT, n=103 cells;
PTX, n=98 cells) (E), but no differences were observed when they were born in an epileptogenic environment (CNT, n=81
cells; PTX, n=76 cells) (F). n = 6. The scale bar is 50um in all the photographs. hOTCs were fixed at DIV 23, 16 days post-
RV injection, and 7 days post-PTX/vehicle. Data are expressed as mean + SEM and analyzed by ANOVA repeated measures
and Bonferroni post-hoc correction. * P < 0.05, ns= non-significant.
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6.1.4 Epileptogenesis Induces Cell Death and Damages GABAergic

Interneurons

For further confirmation of the effects of PTX, and as an extra readout of the health of hOTCs,
the number of dead cells was assessed by identification of pyknosis (DNA condensation) or
karyorrhexis (nuclear fragmentation) after staining for the marker of DNA (and therefore cell nuclei)
DAPI. As predicted, after PTX exposure there is a progressive increase in the number of apoptotic cells

over time in culture, showing a 3-fold difference compared to control (Fig. 2A, B).
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Figure 5. Cell survival is impaired in the DG of PTX-treated hOTCs. (A) Representative confocal microscopy
images after DAPI nuclear staining in control and 3-day PTX-treated hOTCs at DIV 23. (B) Cell death was quantified by
identifying nuclei presenting pyknosis (DNA condensation) and/or karyorrhexis (nuclear fragmentation), both detected by
condensed staining of DAPI. Examples of pyknotic/karyorrhexic nuclei are also shown at higher magnification. An increase
in dead cells was observed in the PTX-treated hOTCs group. n=3-6 per group. The scale bar is 50 um in the lower
magnification photographs and 10 um in the higher magnification ones. Data are expressed as mean + SEM and analyzed by
an unpaired t-test. * P < 0.05.

As other indicators of interest for the posterior analysis of manipulations aimed at preventing the
damage associated with pathological neuronal hyperexcitation, changes in the density of the
GABAergic neuronal population was investigated both using immunostaining for GABA and for PV
subpopulation for PTX- and non-treated hOTCs. It was not a surprise to observe a decrease in both of
them, concluding that in this model, there is a significant reduction by half of GABA™ and PV* cells
(Fig. 6A-D). These results that are supported by experiments both in vitro and in animal models in the

literature, in which these interneuron population is also reduced in an epileptogenic environment 220.264-

266,382-384
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Figure 6. GABAergic interneurons are impaired in the DG of epileptogenic hOTCs. (A, C) Representative confocal
microscopy images of PTX- and non-treated hOTCs from mouse hippocampus, after staining for DAPI and GABA
(GABAergic cell marker in red) or PV (interneuron marker in cyan) showing the SGZ+GCL. (B, D) Interneurons were
quantified by identifying GABA* cells (red) and PV* cells (cyan), showing a significant decrease in epileptogenic hOTCs.
n=4-6 per group. The scale bar is 50 um in all the photographs. hOTCs were PTX-treated (100uM) for 3 days. They were
fixed at DIV 23 and 7 days post-treatment. Data are expressed as mean + SEM and analyzed by an unpaired t-student test. **
P <0.01.
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6.1.5 Epileptogenesis Reduces GABAergic Newborn Neurons in the DG

Further, because both the population of newborn neurons and of GABAergic cells are decreased
in PTX-treated hOTCs, RV labeling and co-staining with GABA were also performed to address the
effect of PTX on GABAergic newborn neurons. Certainly, it is already stablished that newborn neurons
undergo a GABAergic period: recently born GCs synthesize GABA during a restricted time window
of their differentiation, and it is between the 2" and 4" week when these post-mitotic cells express
GABAergic markers and are synaptically integrated into the hippocampal network®®. In the
experimental framework, 16-day-old newborn neurons are studied, meaning that they were evaluated
during their GABAergic period. However, it is not known what happens during this GABAergic period
in epilepsy.

In some cases of epilepsy, there is a reduction in the number of GABAergic neurons in general or
a dysfunction in their ability to release GABA, leading to an imbalance between excitatory and
inhibitory neurotransmitters, which can result in an increased neuronal excitability and a higher
likelihood of seizures®®. However, with a specific focus on GABAergic newborn neurons and in light
of the disruption observed in GABAergic interneurons, the subset of these cells that were immature
and GABAergic were identified in the present hOTCs model. To address this, a simple test was first
made by DCX staining to confirm the presence of DCX-GABA* newborn neurons that had not been
labeled with the virus and were also in an immature and GABAergic state (Fig. 7A). Subsequently,
when looking for RV-Venus labeled immature neurons that co-localized with GABA* cells (Fig. 7B,
C), a reduction by half in the percentage of GABAergic newborn neuron cells that develop under
hyperexcitable conditions was stablished, despite no alteration was observed in GABA intensity in the

general plexus (Fig. 7B-E).
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Figure 7. GABAergic newborn neurons are impaired in the DG of epileptogenic hOTCs. (A) Representative
confocal microscopy images of non-treated hOTCs from mouse hippocampus, after staining for DAPI in blue, GABA in red,
GFP in green, and DCX in cyan showing the SGZ+GCL in which arrows indicate GABA-DCX co-localizing cells. (B)
Representative confocal microscopy images of RV-Venus marked newborn neurons and GABAergic cells in the DG of PTX-
and non-treated hOTCs from mouse hippocampus, showing the SGZ+GCL. (C) Representative confocal microscopy close-
up images of a RV-Venus marked newborn neurons co-localizing or not with GABA cell marker in the SGZ+GCL of PTX-
and non-treated hOTCs. (D) GABA plexus mean intensity was measured in the DG (SGZ+GCL), showing no statistically
significant difference between conditions. n=6 per group. (E) Quantification of GABAergic newborn neurons in the
hippocampus (SGZ+GCL), showing a statistically significant decrease in PTX-treated hOTCs. GABAergic newborn neurons
were quantified by identifying GABA* and RV-Venus-labeled cells co-localizing. n=5-6 per group. The scale bar is 50 um
in all the photographs except for the close-up images being 5 um. hOTCs were PTX-treated (100puM) for 3 days. They were
fixed at DIV 23, 16 days post-RV injection, and 7 days post-treatment. Data are expressed as mean + SEM and analyzed by
unpaired t-student test. ns=non-significant, *** P < 0.001.

6.1.6 Epileptogenesis Induces Aberrant Neurogenesis

Although altered dendritic arborization is a common readout for aberrant neurogenesis
assessment, the RV-labeling allows a more detailed study of the morphology of these cells by
investigating the dendritic spines, as they have been reported to be strongly altered in animal and
clinical studies®®¢-3% and which are more likely to be a better readout for functional anomalies. In fact,
the development of dendritic spines is one of the most important features of newborn neurons as they
are in the maturation process. This essential property can be affected in epilepsy and suffer from

functional consequences at the synaptic level.
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Therefore, going further into detail at the subcellular level, the presence of abnormalities in
newborn neuron dendritic spines were analyzed (Fig. 8A, C). The quantification of dendritic spines
decreased by half in the epileptogenic hOTCs, (Fig. 8B). At the same time, the analysis involved the
FWHM technique to measure spine geometries (for details, see Methods 5.5.3), in which an increase
in the size of the spine heads was observed, being 28% longer and 13% wider compared to the control
spines (Fig. 8D, E).
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Figure 8. Newborn neuron dendritic spines are impaired in the DG of PTX-induced epileptogenic hOTCs. (A,
C) Representative confocal microscopy images showing dendritic spines from segments of PTX- and non-treated RV-Venus
labeled and GFP* dendrites. Z-series images of 30-100 pm from soma were captured (63X oil objective, zoom factor 5X).
Images were deconvoluted by using the Huygens program to enhance their quality. (B) Quantification of spine number, which
is significantly reduced in the PTX-treated group. (D, E) Quantification of FWHM. Both the spine head width and length are
significantly increased in the PTX-treated group. n=4 animals per group, n=4 slices per animal, n=4 neurons per slice, 32
dendritic segments of 30um per neuron. A total of 960um of dendrite was analyzed. The scale bar is 50 um in the lower
magnification photographs and 5 pum in the higher magnification ones. hOTCs were PTX-treated (100uM) for 3 days. They
were fixed at DIV 23, 16 days post-RV injection, and 7 days post-treatment. Data are expressed as mean + SEM and analyzed
by non-parametric Mann-Whitney test. * P < 0.05, **** P < 0.0001.
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6.1.7 Neuronal Firing and Network Synchronization during Newborn Neuron

Inhibition in Epileptogenesis

In the in vivo studies, neurogenesis has been reported to be increased or decreased depending on
the model or time point of analysis. However, the few functional studies suggest that aberrant
neurogenesis, although not directly able to generate seizures, can contribute to epileptogenesis,
especially in early time points?%32%, In this context, it was hypothesized that the pathological alterations
of both dendritic arbor and spines could be directly related to an abnormal neural firing within this
area. Therefore, the most effective approach for studying this effect involved the suppression of
newborn neuron activity while concurrently monitoring the electrical activity of the neural network.
For achieving this objective, and thanks to the collaborative work in the laboratory of Dr. Jenny Hsieh
at the University of Texas at San Antonio, a RV carrying DREADDs was used for the hOTCs
transfection to express the inhibitory DREADD receptor hm4Di. The DREADDs are modified G-
protein-coupled receptors that are unresponsive to endogenous ligands, and can only be activated by
CNO, which is biologically inert. The hm4Di as an inhibitory DREADD acts in presynaptic inhibition
and silencing of, in this case, the newborn neurons transfected by the RV.

At the same time, the adenoviral vector AAV1.SYN.Gcamp6f WPRE.SV40 was injected into the
system in order to monitor neuronal activity through calcium imaging. This adeno-associated viral
vector carries the expression of a fluorescent calcium indicator. The intensity of the signal depends
directly on the amount of calcium bound to it, reflecting thus the amount of intracellular calcium and
therefore neuronal activity. Following viral injection, in which both the RVDREADDs hm4Di and the
AAV.Syn.GCamp6 were used at the same time, hOTCs were 1 week in culture until the PTX-treatment
was initiated as previously described (for methods refer to Methods 5.2.1). The experimental
framework was as follows: a) CNT1 and PTX1 groups: vehicle or PTX-treated hOTCs with both viral
injections but no CNO addition (as a control for newborn neuron activity blockage); b) CNT2 and
PTX2 groups: vehicle or PTX-treated hOTCs with both viral injections and CNO addition to block
newborn neuron activity; ¢) CNT and PTX groups: vehicle or PTX-treated hOTCs with just adenoviral
vector injection as a control for RVDREADDs labeling effects (Fig. 9A). The slices obtained from
each of the animals used were separated to cover the different experimental conditions and imaged on
the same DIV for 20 minutes (see Methods 5.8).

After pooling instantaneous firing rates (IFs) across all neurons from all slices within the same
group and day of recording, non-parametric group comparison (Kruskal-Wallis test) revealed a
significant difference between CNT and PTX groups, showing a much higher firing frequency at single
neuron levels in epileptogenic slices (PTX1 group, Fig. 9B). Thus, these higher levels of single-neuron

firing in the circuits exposed to epileptogenic conditions confirmed the induction of a hyper-excitable
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epileptiform state in the present hOTCs model, similar to the observations in the key paper mentioned
before’2. Additionally, when the newborn neurons were inactive during epileptogenesis (PTX2 group,
Fig. 9B), the firing frequency stayed at physiological levels, meaning that the acute inhibition of
newborn neuron activity preserved the level of single-neuron firing to baseline control conditions,

which suggests a direct relationship between aberrant neurogenesis and abnormal neural activity.

Since ictal and inter-ictal epileptic dynamics are characterized by pathological synchronous events
across neurons and brain circuits, the coordinated firing across cells in the circuits was analyzed next,
first focusing on the firing at the level of neuronal pairs (Fig. 9C). Physiologically, the communication
between neuronal pairs leads to correlated neuronal pair activity. However, synchronous epileptic
dynamics could emerge from pair-wise level scaling up to circuits. Therefore, the hypothesis involved
higher pair-wise correlation in the spontaneous firing of epileptic circuits, calculating the correlation
between the smoothed time series of neuronal firing (for further details see Methods 5.8.1). Here, non-
parametric group comparison on pooled statistic of firing’s correlations across all neuronal pairs and
slices showed significant differences between the PTX1 group (PTX-treated slices) and the rest, while
the physiological levels of pair-wise synchronized dynamics were preserved after inhibiting newborn
neuron activity during epileptogenesis (PTX2 group, Fig. 9C).

Synchronization is a key feature of epileptic activity, but also a physiological feature of
spontaneous circuit dynamics. Therefore, the subsequent step involved quantifying the
synchronizations within networks (Fig. 9D Frequency (Hz)). Synchronized events could also be
detected by chance simply as a consequence of the background neuronal activity. To address this,
synchronizations were considered with just a number of recruited cells above chance level. The chance
level was estimated through reshuffled random firing, keeping the same firing frequency for individual
neurons (see Methods 5.8.1). As aforementioned, previous research has indicated that a prolonged
exposure (3 days) to GABAergic synaptic blockers creates an extended epileptogenic time window,

leading to an impact on networks’ synchronizations®’.

When the frequency of circuit synchronizations in slices treated with PTX were examined (PTX1
group, Fig.9D Frequency (Hz)), a significant increase was observed in the frequency of circuit
synchronizations compared to the corresponding control conditions, which were also preserved after
inhibiting newborn neuron activity (PTX2 group, Fig. 9D Frequency (Hz)). Next, synchronizations
were measured as a percentage of recruited cells from the total imaged neural population (Fig. 9D Size
(%)). The pooled statistics of circuit synchronizations revealed significant distinctions between the
PTX-treated group (PTX1 group, Fig.9D Size (%)) and all other groups in terms size of circuit
synchronization (p<0.05), size referring to the number of cells involved in a synchronized event within
neural circuits. As in the previous measurements, they also preserved control levels after inhibiting

newborn neuron activity during epileptogenesis (PTX2 group, Fig. 9D Size (%)).
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Summarizing the results, synchronized ensemble dynamics in the epileptic group were more
frequent and recruited a larger number of neurons, which recovered the control condition after newborn

neuron activity inhibition.
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Figure 9. Single neuron firing, pair-wise firing correlation, and circuit synchronizations increase during PTX-
induced epileptogenesis and are recovered after inhibiting newborn neuron activity. (A) Scheme of the experimental
procedure. The hOTCs are extracted at pd5-7 (DIV 0) and cultured. After IWIV, the DG is retrovirally- (RVDREADDs
hm4Di) and adenovirally- (AAV.Syn.GCamp6f) injected, and 1 week after that, slices are exposed to a GABAAa receptor
inhibitor (picrotoxin, PTX 100uM) for 3 days. Recordings are performed 1 week later, at DIV 23, where clozapine-N-oxide
(CNO, for DREADDs activation) or vehicle (as a control) are added. Results from the following 4 conditions are shown:
CNT1 (non-treated), CNT2 (non-treated and RVDREADDs-induced newborn neuron inactivation), PTX1 (PTX-induced
epileptogenic), and PTX2 (PTX-induced epileptogenic and RVDREADDs-induced newborn neuron inactivation). (B) For
each cell the average inverse of the intervals between consecutive calcium spikes are considered as firing rate. Pooled values
at CNT1, CNT2, PTX1, PTX2 across all slices are showing median (horizontal line) 25-75 percentile limits, bottom-top range
values and outliers (marked by red asterisks). (C) Pooled values at CNT1, CNT2, PTX1, PTX2 across all slices of the firing
correlation are showing median (horizontal line) 25-75 percentile limits, bottom-top range values and outliers (marked by red
asterisks). (D) Pooled values of synchronizations’ sizes and frequencies at CNT1, CNT2, PTX1, PTX2 across all slices are
showing median (horizontal line) 25-75 percentile limits, bottom-top range values and outliers (marked by red asterisks).
Data are expressed as mean + SEM and analyzed by Kruskal-Wallis ANOVA test with Dunn post-hoc correction. * P < 0.05.
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6.1.8 Neural Spike Counts during Newborn Neuron Inhibition in

Epileptogenesis by MEA-based Recordings

The investigation was extended by conducting MEA-based recordings on similar experimental
groups. To achieve this, the slices were placed in the MEA setup, where 12 electrodes monitored the
hippocampal activity within the tissue (Fig. 10A). Notably, control groups exhibited minimal
differences. Specifically, expected to be similar since the only distinction was the injection of
RVDREADDs without CNO activation, displayed comparable oscillation frequencies. Thus, the viral
injection itself seemed to have no effect. In the CNT2 group, where newborn neuron activity was
suppressed, possible alterations in the neural activity were considered. However, despite their
inactivation, results indicated a similar tendency to the other controls, suggesting that newborn neuron

activity may not be crucial, at least in high frequencies, in this hOTCs model.

When looking at the epileptogenic groups, the results were quite interesting, involving alterations
in the different oscillation patterns. In terms of beta oscillations [13-30] Hz, an increase in power
spectrum density was observed in epileptogenic conditions (PTX and PTX1 groups) compared to the
rest (Fig. 10B). The expected similarities between PTX and PTX1, given the only difference being the
viral injection, were also evident. The substantial difference between these epileptogenic groups and

the control ones implies a notable impact of hyperexcitation on neural activity.

Notably, in the PTX2 group, where newborn neurons were inactivated during epileptogenesis,
control conditions were preserved (Fig. 10B). Examining higher oscillation frequencies, such as low
and high gamma [30-50] and [50-100] Hz, respectively (Fig. 10C, D), and even higher frequencies as
HFO slow ripples [100-250] Hz and fast ripples [250-600] Hz (Fig. 10E, F), revealed a consistent
effect: the inhibition of newborn neuron activity during epileptogenesis (PTX2 group) showed no

discernible alterations compared to control groups.

This remarkable observation suggests inactivating aberrant newborn neurons during
epileptogenesis preserves the physiological state of high frequencies in the hippocampal DG, providing
evidence linking alterations in newborn neurons to neural network activity effects. It is crucial to note
that these are preliminary results without statistical analysis, but the robust trend strongly indicates

promising outcomes for subsequent studies.

90



RESULTS

Beta [13-30] Hz
250
)
)
2 200
>
2
S 150
a
T
s 100
(&)
(]
7]
~ 50
(6]
2
o
o o
CNT CNT1 CNT2 PTX PTX1 PTX2
Low Gamma [30-50] Hz High Gamma [50-100] Hz
5 1401 ’9: 4001
m §
& 120] g 350
2 2 3001
‘o 1004 %)
& S 2501
Q 80 a
= < 2001
S 601 S 1501
o
& 49 0 100
g 20 . $ 501
o) [e)
a a 0
CNT CNTL1 CNT2 PTX PTXL PTX2 CNT CNT1 CNT2 PTX PTX1 PTX2
E F
HFO Slow Ripples [100-250] Hz HFO Fast Ripples [250-600] Hz
] ]
g 2000 & 1000
> >
2 = 800
2 1500 2
[ [
e 9 600
€ 1000 g
® 8 400
7] &
- 500 o 200
2 2
¢ Jl |F| s .I I

0
CNT CNT1 CNT2 PTX PTX1 PTX2 CNT CNT1 CNT2 PTX PTX1 PTX2

Figure 10. Newborn neuron activity inactivation preserves high oscillation frequencies in epileptogenic hOTCs.
(A) Ilustration showing the twelve electrodes of the MEA setup (on top) and a six-well plate MEA setup with the twelve
electrodes in the bottom of each well (on the bottom). (B-F) The power spectral density (PSD) was studied for individual
recordings in the six conditions: CNT (non-treated, no RVDREADDSs), CNT1 (non-treated and RVDREADDs without CNO
activation), CNT2 (non-treated and RVDREADDs with CNO-induced newborn neuron inactivation), PTX (PTX-induced
epileptogenesis, no RVDREADDS), PTX1 (PTX-induced epileptogenesis and RVDREADDs without CNO activation), and
PTX2 (PTX-induced epileptogenesis and RVDREADDs-induced newborn neuron inactivation). (B) Beta oscillation
frequency [13-30] Hz, (C) low gamma oscillation frequency [30-50] Hz, (D) high gamma oscillation frequency [50-100] Hz,
(E) high oscillation frequency (HFO) slow ripples [100-250] Hz and (F) HFO fast ripples [250-600] Hz increase in
epileptogenic hOTCs (PTX1 group) and are preserved after newborn neuron inactivation (PTX2 group). hOTCs were PTX-
treated (100puM) for 3 days. They were analyzed at DIV 23 and 7 days post-treatment. Data was expressed by mean values.
Results were visualized in a bar chart, where the height of each bar was obtained by taking the median across all values of
the sliding windows belonging to each state.
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In summary, the results obtained in the implementation of the epileptogenic hOTCs model reveal
that under healthy conditions, newborn neurons exhibit well-developed dendritic arborization, along
with favorable density and shape of dendritic spines (Fig. 11.1). However, following PTX-induced
epileptogenesis, the neurogenesis is reduced and increased pathological cell death is observed (Fig.
11.3). In this context, newborn neurons display aberrant features such as smaller dendritic arbors and
fewer dendritic spines, but bigger spine heads (Fig. 11.2). Additionally, they have been linked to a
hyperexcited neural network, as their lack of activity could be associated to the preservation of normal
activity in terms of single neuron firing, pairwise correlations, circuit synchronizations, and even high

frequency oscillations.

> 2. Aberrant
Cnewborn neurons

Figure 11. The differential fate of multipotent adult hippocampal NSCs in health and disease in a hOTCs model.
In normal conditions, the hippocampal NSCs of the DG, after activating, divide and differentiate into immature neurons
(newborn neurons, (1)), which present a developed dendritic arbor and already show dendritic spines. In situations of
pathological neuronal hyperexcitation such as epilepsy, NSCs can generate aberrant newborn neurons (2), characterized by
reduced neurogenesis, abnormal dendritic arborization, dendritic spine density and shape, and also increased cell death (3).
These newborn neurons are also related to an increased hyperexcitability in the neural network.
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6.2 ATP Addition to hOTCs

6.2.1 ATP Impairs Neurogenesis

In epilepsy, it has been already addressed that ATP release increases?”2%9201 and due to the
inflammatory response related to that increment, in the present work it was hypothesized that it may
contribute to aberrant neurogenesis. There, the addition of excessive eATP to hOTCs was speculated
to have the same damaging effect as in PTX-induced epileptogenic conditions in terms of cell survival
and newborn neuron development. To test this, two groups were stablished: a control condition (CNT
group), where cultured slices were not exposed to excessive eATP, so it was considered as a
physiological state of the tissue; and an ATP group, where cultured slices underwent an additional
extracellular presence of eATP (200 uM) during 3 days (from DIV 14 to DIV 16, Fig. 12A). Here,
neurogenesis was characterized in both groups by quantifying DCX" cells in the GCL+SGZ, where a
statistically significant decrease by half was found in the ATP-treated compared to the non-treated
hOTCs (Fig. 12B, C). In contrast, the number of dead cells showed a significant increase by 2-fold
(Fig. 12D, E), confirming the hypothesis of the excessive eATP having the same deficient effect as the

epileptogenic agent PTX in culture in terms of cell survival.
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Figure 12. Newborn neurons and cell death are impaired in the DG after eATP excess in hOTCs. (A) Scheme of
the experimental procedure. The hOTCs are extracted at pd5-7 (DIV 0) and cultured. After 1WIV, the DG is RV-injected
(Venus, GFP*), and 1 week after that, slices are exposed to ATP (200uM) for 3 days. Immunostainings are performed 1 week
later, at DIV 23. (B) Representative confocal microscopy images were taken after staining for DCX, showing the SGZ+GCL
in the mouse hippocampal hOTCs. (C) Newborn neurons (/mm?3) were quantified by identifying DCX* cells. (D)
Representative confocal microscopy images were taken after staining for DAPI, showing the SGZ+GCL in the mouse
hippocampal hOTCs. (E) Cell death (/mm?) was quantified by identifying nuclei presenting pyknosis (DNA condensation)
and/or karyorrhexis (nuclear fragmentation), both detected by condensed staining of DAPI. n = 4 per group. The scale bar is
50 um in all the photographs. hOTCs were fixed at DIV 23, 16 days post-RV injection and 7 days post-treatment. Data are
expressed as mean + SEM and analyzed by non-parametric Mann-Whitney test. * P < 0.05.

6.2.2 ATP Induces Aberrant Neurogenesis

Regarding the hypothesis of excessive eATP having a harmful effect on newborn neuron
development, exploring its impact on their morphology was a very relevant aspect. To assess newborn
neuron complexity, the 3D-Sholl analysis was again used, as it is a very useful technique to examine
the number of intersections within cell structures, and that in the case of newborn neurons, suitably
detects dendritic arborization complexities such as dendrite bifurcations on their total length. After
such a detailed analysis of newborn neuron morphology, a strong alteration was observed as the
complexity of the dendritic arbor dramatically decreased between the radius 50um and 180um in
excess of eATP-treated hOTCs compared to control (Fig. 13A, B), suggesting a potential link between

ATP upregulation and the aberrant neurogenesis that occurs during epileptogenesis.
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Consequently, after these observations in the morphology of newborn neurons in excessive eATP
conditions, the presence of abnormalities in their dendritic spines was analyzed. This quantification
was for the first time in the project’s data analysis performed using the SpineJ plugin in ImageJ. With
this technique for measuring spines, it was possible to obtain a more detailed characterization of the
dendritic spines with not just the density and the width and length of the spine heads but also their
perimeter and area. Most importantly, all these features analyzed were almost automatically obtained
after a confocal-based imaging of the dendritic spines, reducing the time spent in their quantification
and study. After this analysis, the investigation with SpineJ in newborn neuron dendritic spines from
excessive eATP-treated hOTCs indicated a 30% decrease in spine number, along with an increase in
spine head size, measuring 54% longer in major axis (um) and 58% wider in minor axis (um), with a

48% larger perimeter (um) and a 63% greater area (Um?) compared to control conditions (Fig. 13C-I).
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Figure 13. Newborn neuron morphology and dendritic spines are impaired in the DG after eATP excess in
hOTCs. (A) Representative confocal microscopy images, showing ATP-treated and non-treated developing neurons. (B) Z-
stack projections were analyzed and color-coded according to their 3D-Sholl profile. Quantification of the number of
intersections between circles of increasing (1um) radius showed a statistically significant reduction in their morphological
complexity in the ATP-treated group. The scale bar is 50 um in all the photographs. Data are expressed as mean = SEM and
analyzed by ANOV A repeated measures test with Bonferroni post-hoc correction. (C, E) Representative confocal microscopy
images, with and without SpineJ processing (in yellow), showing dendritic spines from segments of ATP-treated and non-
treated RV-Venus injected and GFP-stained dendrites. (D) Quantification of spine number (/um), which is significantly
reduced in the ATP-treated group. Data are expressed as mean = SEM and analyzed by an unpaired t-student test. (F-1)
Quantification of spine head minor axis (um), major axis (um), parameter (um), and area (Um?) respectively. n=4 animals
per group, n=4 slices per animal, n=4 neurons per slice, 32 dendritic segments of 30um per neuron. A total of 960um of
dendrite was analyzed. The Scale bar is 5 um in all the photographs. hOTCs were ATP-treated (200uM) for 3 days. They
were fixed at DIV 23, 16 days post-RV injection, and 7 days post-treatment. Data are expressed as mean + SEM and analyzed
by non-parametric Mann-Whitney test. *** P < 0.001, **** P < 0.0001.
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Hence, in the case of excessive eATP, parallel results to those in PTX-induced hyperexcitability
conditions were observed in terms of aberrant neurogenesis. In direct comparison to hewborn neurons
under healthy conditions, where their dendritic arbors and spines exhibit a physiological appearance
(Fig. 14.1), an elevated ATP concentration similarly resulted in reduced neurogenesis and cell death
increase (Fig. 14.3). Once again, newborn neurons showed abnormal dendritic arbors with their
dendritic spines also impaired, characterized by a reduced number and longer and wider spine heads
(Fig. 14.2).

2. Aberrant

( newborn neurons

Figure 14. The differential fate of multipotent adult hippocampal NSCs in health and after increased eATP
concentrations in a hOTCs model. In normal conditions, the hippocampal NSCs of the DG, after activating, divide and
differentiate into immature neurons (newborn neurons, (1)), which present a developed dendritic arbor and already show
dendritic spines. In eATP excess, the newborn neurons generated present aberrant features (2), characterized by reduced
neurogenesis, abnormal dendritic arborization, dendritic spine density and shape, and also increased cell death (3).
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6.3 P2XR Inhibition in hOTCs

6.3.1 P2XR Inhibition Preserves Neurogenesis during Epileptogenesis

The verification of excessive eATP causing detrimental effects in the present epileptogenic
hOTCs model was key for the next hypothesis, in which purinergic receptors were blocked for
neurogenesis preservation. Thus, a selective antagonist of purinergic 2X receptors (P2XR) was used,
the called trinitrophenyl-adenosine-triphosphate (TNP-ATP), in the following experimental groups: a)
the control condition (CNT group): the cultured slices were never exposed to hyperexcitability
induction nor P2XR inhibition; b) epileptogenic condition (PTX group): the cultured slices underwent
suppression of GABAergic transmission in extracellular presence of PTX (100uM) from DIV 14 to
DIV 16 (3 days); c) the control under inhibited- P2XR condition (TNP group): the cultured slices were
exposed to TNP-ATP (50uM) from DIV 14 to DIV 16 (3 days, TNP3d group) or DIV 22 (7 days,
TNP7d group); and d) the epileptogenic and inhibited- P2XR condition (PTX+TNP group): the
cultured slices underwent suppression of GABAergic transmission as in the PTX group (100uM, 3
days), with simultaneous extracellular application of P2XR-antagonist TNP-ATP (50uM, 3 days
PTX+TNP3d group, or 7 days PTX+TNP7d group) (Fig. 16A, B). The slices obtained from each of
the animals used were separated to cover the four different experimental conditions and imaged on the
same DIV (see Methods 5.2.1).

First, the optimal treatment duration for the addition of TNP-ATP antagonist was assessed by
comparing the well-being of the slices after 3 days of treatment with that after 7 days of treatment. The
objective was to elucidate whether a 3-day P2XR inhibition period would be enough to achieve the
hypothesized recovering effect, or if, on the opposite, a full week of treatment would be damaging
instead of beneficial. For that, the staining procedure for a newly acquired antibody in our laboratory
was first optimized: H2AX, designed to detect DNA damage. Fixed slices from KA-induced epileptic
adult mouse brains were utilized, and the same antibody was tested in two different brands at varying
concentrations (Biolegend 1:250 and 1:500; Abcam 1:300 and 1:500) to establish the most effective
staining protocol. The findings indicated that the Biolegend antibody worked well both at 1:250 and at
1:500 dilution, whereas the Abcam antibody required a 1:300 dilution to show satisfactory staining
results as at 1:500 no labeling was observed (Fig. 15A, B). Therefore, the antibody chosen for the
subsequent immunostaining in the rest of the experiments was the one from Biolegend at a dilution of
1:500, as it is the one in which the antibody works perfectly by using a higher dilution, meaning that

we waste less obtaining the same results.
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Figure 15. Optimization of DNA damage marker H2AX in KA-induced epileptic adult mouse brain slices.
Ipsilateral slices were obtained from WT mice that were stereotactically injected with KA (20mM) at 3 months old and
perfused at 3 days post-injection. (A) Representative confocal microscopy images showing the SGZ+GCL in the hippocampus
of KA-induced epileptic adult mouse brain after staining for DAPI (a marker of cell nuclei) and H2AX from Biolegend in
different concentrations (1:250 and 1:500). Examples of HA2X stained nuclei are also shown at higher magnification. (B)
Representative confocal microscopy images showing the SGZ+GCL in the hippocampus of KA-induced epileptic adult mouse
brain after staining for DAPI and H2AX from Abcam in different concentrations (1:300 and 1:500, in which no staining was
observed). An example of 1:300 HA2X stained nuclei is also shown at higher magnification. The scale bar is 50 um in lower
magnification and 5 um in higher magnification photographs.

Once the H2AX antibody was functional and the concentrations for the experiments in tissue
established (Biolegend in 1:500 dilution), it was used in hOTCs to assess the P2XR inhibitor’s effect.
First, a quantification was conducted after both H2AX and DAPI staining in slices of all the conditions
mentioned before (CNT, PTX, TNP3d, TNP7d, PTX+TNP3d, PTX+TNP7d), in which co-localizing
DNA damage staining and pyknotic/karyorrhexic nuclei were identified at both 3 and 7 days post-
treatment. As a result, when the antagonist was continuously added for 7 days, both in control (TNP7d
group) and epileptogenic conditions (PTX+TNP7d group), an increment by half was observed in
damaged cell population. This outcome discarded the P2XR inhibitor treatment period of 7 days for
the next of the experimental work due to the toxicity it presented. In contrast, the slices recovered their
physiological state in terms of survival when TNP was added to epileptogenic slices for just 3 days
(PTX+TNP3d group), indicating reduced cell death (Fig. 16C) and thus showing neuroprotection.
However, when the P2XR was blocked for 3 days in non-epileptogenic and thus, non-excessive eATP
conditions (TNP3d group), an even higher increase in cell death was observed (65%), indicating a
higher toxicity rate of this treatment in healthy slices. Anyway, it is yet a great tool for the study of
aberrant neurogenesis in epileptogenic conditions due to the neuroprotection shown after PTX-induced
epileptogenesis in the hOTCs, being reason enough for its utilization in the model for aberrant

neurogenesis assessment.
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Therefore, once the 7-day TNP treatment was discarded and the 3-day P2XR inhibition through
TNP treatment was selected for the experimental framework stablished, the TNP3d group was termed
TNP group and PTX+TNP3d became just PTX-TNP group for the rest of the experimental work in
order to simplify the reading (Fig. 16D). Then, the cell death was one more time analyzed with the
already characterized H2AX antibody (1:500 Biolegend), in which similar results were obtained: cell

death conditions improved when P2XR was inhibited in PTX-induced epileptogenic hOTCs (Fig. 16D,
E).
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Figure 16. Cell death assessment after P2XR inhibition during different time-points in epileptogenic hOTCs. (A,
B) Scheme of the experimental procedure. The hOTCs are extracted at pd5-7 (DIV 0) and cultured. At DIV 7, slices are
injected for the expression of RV-Venus (GFP*). From DIV 14 to DIV 16 or DIV 22 they are exposed to GABAA receptor
inhibitor PTX (100uM) and/or P2XR antagonist TNP-ATP (50uM), and immunostainings and imaging are performed 7 days
after (DIV 23). (C) Quantification of dead cells (/mm?3) after DAPI staining in the hippocampus, observing a deterioration in
1-week treatment but a recovery in 3-day treated hOTCs. Cell death was quantified by identifying nuclei presenting pyknosis
(DNA condensation) and/or karyorrhexis (nuclear fragmentation), detected by condensed staining of DAPI. n=4 per group.
Data are expressed as mean = SEM and analyzed by 2-way ANOVA with repeated measures test and Holm Sidék post-hoc
correction. (D) Quantification of dead cells (/mmd) in the hippocampus, observing a recovery in 3-day treated hOTCs in terms
of DNA damage (H2AX staining). n=3 per group. (E) Representative confocal microscopy images after staining for H2AX
showing the SGZ+GCL in the hippocampal PTX-, TNP-, PTX+TNP-, and non-treated hOTCs. The scale bar is 50 um in all
the photographs. Data are expressed as mean + SEM and 1-way ANOVA test with Bonferroni correction. * P < 0.05, ** P <
0.01, *** P < 0.001.

The neuroprotective effects of inhibiting P2XR in epileptogenic hOTCs was then further
investigated in relation to ROS production. For that, the assessment was made with three different
aims: (a) to study the increase in ROS production observed in previous reports that show epileptiform
conditions leading to an increase in ROS production®2-%; (b) to confirm the hypothesis relating the
inhibition of P2XR in epileptogenic conditions to a decrease in ROS generation; and (c) to evaluate
the toxicity induced by the P2XR inhibitor in healthy conditions in terms of oxidative stress due to the
results previously obtained in cell survival. To test so, the CM-DCFDA (2’°,7’-Dichlorofluorescein,
DCF) probe was used, which undergoes oxidation by ROS generating a fluorescent product. In such a
manner, the rate of increase in the fluorescent signal indicated the rate of ROS generation, meaning

that a higher signal represents more oxidative stress in the slice.

Following a 30-minute incubation with the DCF probe (30uM), under the previously mentioned
four different conditions (CNT, PTX, TNP, and PTX+TNP groups), a 2-fold increase was detected in
the epileptogenic state (PTX group) compared to control (Fig. 17A, B). These results supported the
previously mentioned observations in literature of ROS production increasing during epileptogenesis
(a). But is the P2XR inhibition enough for preserving the physiological state of oxidative stress? When
looking at the inhibition of P2XR in epileptogenic slices (PTX+TNP group), a reduction by half was
detected in the ROS reported signal when compared to untreated epileptiform slices (Fig. 17A, B),
indicative of a reduction of oxidative stress and the preservation of the physiological state in the slice,
confirming the mentioned hypothesis (b). In contrast, the inhibition of P2XR in control slices (TNP
group) showed a significant increase of the 43% in DCF intensity (Fig. 17A, B), suggesting an increase
in ROS generation (c). This increase in oxidative stress could be closely related to the increase in
apoptotic cells observed before (Fig. 16D, E), due to the stress that might be induced by the addition
of TNP-ATP antagonist. Indeed, the blockage of P2XR in lack of excessive eATP during a
physiological state may generate an inflammatory response and thus, an increase in the production of
ROS, leading to cell death. However, the mechanisms underlying these effects are not yet well

understood, and may depend on the specific experimental conditions.
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Figure 17. OS assessment in epileptogenic hOTCs where control levels are recovered after P2XR inhibition. DCF
probes were used for ROS assessment in hOTCs. (A) Representative images from CLARIOStar Plus Plate Reader of the
insert membranes with PTX-, TNP-, PTX+TNP- and non-treated mouse hippocampal hOTCs in them, analyzed and color-
coded according to their fluorescence intensity profile, in which warmer hues indicate higher OS. (B) Quantification of ROS
reported fluorescence intensity (a.u.) in PTX-, TNP -, PTX+TNP- and non-treated mouse hippocampal hOTCs showing a
significant preservation of control conditions in PTX+TNP-treated hOTCs. n=3 per group, containing 4 slices in each. The
intensity was measured at DIV 18 and 1 day post-treatment. PTX and TNP were added for 3 days. Data are expressed as
mean + SEM and analyzed by Kruskal-Wallis ANOVA test with Dunn post-hoc correction. * P < 0.05, ** P < 0.01, **** P
< 0.0001.

In the same line, the characterization of neurogenesis and cell survival was performed following
the exact framework in the four conditions. The evaluation of neurogenesis through the quantification
of DCX* cells (/mm3) in the GCL+SGZ showed a statistically significant recovery by half in
PTX+TNP-treated slices compared to the PTX group (Fig. 18A, B), meaning that when epileptogenic
slices were treated with the P2XR inhibitor, neurogenesis preserved control levels. Moreover, the
number of dead cells decreased to control levels in the PTX+TNP group (Fig. 18C, D), indicating a
neuroprotective behavior of the purinergic receptor blockage during epileptogenesis. And what about
P2XR-inhibited control slices (TNP group)? As previous experiments have demonstrated, this
treatment in healthy slices provokes an increased DNA damage in the hOTCs (as shown by H2AX
staining, Fig. 16D, E). Therefore, when evaluating cell death by pyknotic/karyorrhectic nuclei
identification, it was not a surprise to obtain the same results: a statistically significant increase by 55%
of dead cell population (Fig. 18C, D). In this particular case, the damage was not applied for the
newborn neuron population density, as the control state was maintained in terms of DCX* cell
quantification (Fig. 18A, B). These results suggest that in the time point studied, the cells that are dying
by apoptosis in an increased manner following P2XR inhibition in control (TNP group) are not
newborn neurons but other type of cells, due to the maintenance of the physiological state regarding

neurogenesis and the concurrent increase in cell death in this condition.
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Figure 18. Neurogenesis and cell survival preserve control levels in the DG after P2XR inhibition in epileptogenic
hOTCs. (A) Representative confocal microscopy images were taken after staining for DCX, showing the SGZ+GCL in the
mouse hippocampal hOTCs. (B) Newborn neurons (/mm?3) were quantified by identifying DCX* cells. n=7 per group. (C)
Representative confocal microscopy images were taken after staining for DAPI, showing the SGZ+GCL in the mouse
hippocampal hOTCs. (D) Cell death (/mm?3) was quantified by identifying nuclei presenting pyknosis (DNA condensation)
and/or karyorrhexis (nuclear fragmentation), both detected by condensed staining of DAPI. n = 9-12 per group. The scale bar
is 50 um in all the photographs. hOTCs were treated with P2XR antagonist TNP-ATP (50puM) and/or PTX (100puM) from
DIV14 to DIV16 and fixed 7 days afterwards (DIV 23). Data are expressed as mean + SEM and analyzed by Kruskal-Wallis
ANOVA test with Dunn post-hoc correction. * P < 0.05, ** P < 0.01, **** P < 0.0001.
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6.3.2 P2XR Inhibition Preserves Physiological GABAergic Cell Number in
Epileptogenesis

To further confirm the neuroprotective effects of inhibiting P2XR, evaluating GABAergic cell
population resulted a feasible readout. Moreover, it was an interesting approach for evaluating the
general well-being of the slice, this time by focusing on the primary inhibitory neurotransmitter in the
brain, GABA. The number of GABAergic cells was assessed following P2XR inhibition by employing
a marker for GABA in the four conditions (CNT, PTX, TNP and PTX+TNP group). Here, it was
hypothesized that the number of GABAergic cells would preserve physiological levels in
epileptogenesis after TNP-ATP antagonist addition to cultures, which aligned with the observations
following quantification: the GABAergic cell population preserved control conditions after purinergic
receptor inhibition was applied in epileptogenic slices (PTX+TNP group, Fig. 19A, B), keeping with
the neuroprotective properties observed before. However, the toxicity in terms of TNP addition to
healthy slices (TNP group) continued to be evident in the case of GABAergic interneurons, as there
was also an evident 72% decrease in the density of these cells, comparable to the one observed in the

epileptogenic slices (Fig. 19A, B).
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Figure 19. GABAergic cell number preserves control levels in the DG after P2XR inhibition in epileptogenic
hOTCs. (A) Representative confocal microscopy images of PTX-, TNP-, PTX+TNP-treated and non-treated hOTCs from
mouse hippocampus, after staining for GABA (GABAergic interneuron marker) showing the SGZ+GCL. (B) GABAergic
interneurons were quantified by identifying GABA™ cells, showing a significant recovery in P2XR-inhibited epileptogenic
hOTCs (PTX+TNP group). n=4-7 per group. The scale bar is 50 pm in all the photographs. hOTCs were PTX- (100uM)
and/or TNP-ATP- (50uM) treated for 3 days. They were fixed at DIV 23 and 7 days post-treatment. Data are expressed as
mean + SEM and analyzed by 2-way ANOVA with repeated measures test and Holm Sidak post-hoc correction. ** P < 0.01,
*** P <0.001.
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6.3.3 P2XR Inhibition Prevents Aberrant Neurogenesis

With what has been shown so far, it could be affirmed that blocking P2XR by an antagonist
emerges as an effective strategy for preserving the overall health of the slice during epileptogenesis.
However, its effects in terms of aberrant neurogenesis remained to be elucidated. Considering that
newborn neurons are particularly vulnerable to the effects of epileptogenesis, it was of outmost interest
to investigate whether it was possible to preserve their functionality following P2XR inhibition.
Morphological evaluation, employing the 3D-Sholl analysis as in previous experiments, revealed a
significant recovery in the complexity of dendritic arbors of newborn neurons within the radius of
50pm to 170um in the PTX+TNP group compared to hyperexcited newborn neurons (Fig. 20A, B).
This recovery extended to dendritic spine density and features, as analyzed using the SpineJ automatic
tool, demonstrating the preservation of control levels in various parameter, including spine number
(/um) and spine head perimeter (um), minor and major axis of head diameter (um), and head area
(um?) (Fig. 20C-I). Consequently, with the results showing the preservation of the physiological state
in both the morphological complexity and the dendritic spine growth of newborn neurons, it could be
concluded that P2XR inhibition effectively prevents aberrant neurogenesis in this model of
epileptogenic hOTCs.

Conversely, the dramatic effect of the P2XR inhibition in control conditions (TNP group) was
also applied on the complexity of the dendritic arbor in newborn neurons, which was consistent
throughout all the measures that evaluate cell survival, except for neurogenesis. Despite not
diminishing the number of newborn neurons, it reduced the complexity of their dendritic arborization,
even more than the PTX (Fig. 20A, B). As a result, the next question would involve dendritic spines,
which not necessarily need to result in the same kind of patterns. Indeed, spines were also affected
across all the parameters evaluated, exhibiting 28.1% fewer spines (/um) that were larger in size (um)
compared to the control group (13% higher minor and 16.17% higher major axis of head diameter),
along with a 14.63% increase in spine head perimeter (um) and a 30.6% larger area (um?) (Fig. 20C-
). Interestingly, although the impact followed the trend seen in the PT X-treated slices (fewer but larger
spines), the effect was comparatively less significant, indicated by a smaller percentage of change.
Therefore, in alignment with prior assessments of cell survival and newborn neuron development,

P2XR inhibition in healthy newborn neurons negatively influences their development.
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Figure 20. Newborn neuron morphology and dendritic spines are preserved after P2XR inhibition in
epileptogenic hOTCs. (A) Representative confocal microscopy images, showing PTX-, TNP-, PTX+TNP-treated and non-
treated RV-Venus injected and GFP-stained dendrites. (B) Z-stack projections were analyzed and color-coded according to
their 3D-Sholl profile. Quantification of the number of intersections between circles of increasing (1um) radius showed a
statistically significant preservation of the physiological state of the morphological complexity of the PTX+TNP-treated
group. The scale bar is 50 um in all the photographs. Data are expressed as mean + SEM and analyzed by ANOVA repeated
measures test with Bonferroni post-hoc correction. (C,E) Representative confocal microscopy images, with and without
SpineJ processing (in yellow), showing dendritic spines from segments of PTX-, TNP-, PTX+TNP-treated and non-treated
RV-Venus injected and GFP-stained dendrites. (D) Quantification of spine number (/um), which is significantly reduced in
the PTX-treated group and the control conditions are preserved in PTX+TNP-treated group. (F-1) Quantification of spine
head minor axis (um), major axis (um), parameter (um), and area (Um?) respectively. n=8 animals per group, n=4 slices per
animal, n=4 neurons per slice, 32 dendritic segments of 30pum per neuron. A total of 960um of dendrite was analyzed. The
scale bar is 5 pm in all the photographs. hOTCs were PTX- (100uM) and/or TNP- (50uM) treated for 3 days. They were
fixed at DIV 23, 16 days post-RV injection, and 7 days post-treatment. Data are expressed as mean + SEM and analyzed by
Kruskal-Wallis ANOVA test with Dunn post-hoc correction. ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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6.3.4 Time-lapse Imaging of Newborn Neurons after P2XR Inhibition

In order to monitor the functional response of neurons, the live imaging conditions at the 2-photon
microscope were optimized. One week after the RV injection, slices were treated as in previous
experiments with vehicle, PTX and/or P2XR inhibitor (referring to CNT, PTX, TNP and PTX+TNP
groups). Later, 2-photon imaging of newborn neurons was performed in the DG of hOTCs at 8, 15, 22,
and 29 days post-injection (DPI) (which corresponds to waiting a full week between taking each image)
(Fig. 21A).

Initially, the imaging method was configured to precisely locate the same cell (refer to Methods
5.7.1 section for details). Consequently, the initial experiments were performed on control slices, which
began by introducing short intervals between image captures (every 2 days). Here, high-quality images
were obtained highlighting the expansion of dendritic arborization and the formation of dendritic spines
in the cells (Fig. 21B). Once the time-lapse imaging was established under healthy conditions, the
epileptogenic model was introduced into the imaging process. This enabled to compare cell sizes at up
to three distinct time points (15, 22, 29 DPI; Fig. 21C), with 1-week intervals, allowing to capture
images of cells that were nearly 1 month old in some instances. Finally, the actual experiment started
by introducing the treatment: P2XR inhibition by TNP-ATP addition. In this phase, images of groups
of cells were captured rather than isolating individual cells for imaging (Fig. 21D). This strategic
decision was key in avoiding photobleaching that could occur in the remaining neurons while one cell
was being imaged, and it minimized the exposure time outside the incubator. Additionally, this
approach proved valuable in increasing the number of cells imaged, thereby enhancing the reliability

of the results by reducing variability.
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Figure 21. Optimization of newborn neuron time-lapse monitoring by 2-photon microscopy in health,
hyperexcitability, and/or P2XR inhibition in hOTCs. (A) Scheme of the experimental procedure. The hOTCs are extracted
at pd5-7 (DIV 0) and cultured. At DIV 7, slices are injected for the expression of RV-Venus (GFP*). From DIV 14 to DIV
16 they are exposed to GABAA receptor inhibitor PTX (100uM) and/or P2XR antagonist TNP-ATP (50puM), and 2-photon
images are performed at 8 days post-injection (DPI), 15DPI, 22DPI and 29DPI (numbers refer to the same neuron at the
different time-points). (B) Merged 2-photon microscopy images showing the development of a non-treated RV-Venus
injected newborn neuron at 20DIV and 14 days post-injection (DPI) (LUT red), and two days later at DIV 22 and 16DPI
(LUT green). The scale bar is 30um in all the photographs. (C) Overlapped 2-photon microscopy images of a RV-Venus
injected epileptogenic newborn neuron during 3 consecutive weeks: DIV 20, 15 DPI, 6 days post-PTX (DPPTX) (LUT red);
DIV 27,22 DPI, 13 DPPTX (LUT green) and DIV 34, 29 DPI, 20 DPPTX (LUT cyan). Scale bar 100um. (D) Representative
2-photon microscopy images of PTX-, TNP-, PTX+TNP-treated and non-treated RV-Venus labeled twelve newborn neurons
during 3 consecutive weeks: DIV 14, 8 DPI, 1 day in PTX+TNP; DIV 21, 15 DPI, 6 DPPTX+TNP, and DIV 28, 22 DPI, 13
DPPTX+TNP. The scale bar is 100pm in all the photographs.

108



RESULTS

Following this framework and with the images obtained, the morphological changes were
analyzed through the previously used 3D-Sholl analysis of the dendritic arborization on the virally
labeled newborn neurons. It was performed in every cell during the time course established for 3 weeks
in a row: 8, 15 and 22 DPI; 29 DPI was discarded from the analysis as the images at this time point
were obtained just in few cells. The morphological evaluation at different time points was key for
elucidating whether the complexity of newborn neurons in epileptogenesis was aberrant from the first
steps of the neuronal development (during the first week, 8 DPI) or it worsened with time (during the
second and third weeks 15-22 DPI). Additionally, the time-lapse imaging of the same neurons each
week enabled to observe their specific growth at different time points, taking into account the behavior

of the very same cell during its growth and thus, giving more detailed and reliable results.

The assessment of the morphology in healthy newborn neurons (CNT group) led to significant
dendritic arbor growth during their development from the first (8DPI) to the third week (22DPI) of
imaging (Fig. 22A). Although from 8 to 15 DPI there is no significant increase in their dendritic arbor
complexity, within 130 and 300 um of distance from the soma it is possible to observe a more complex
arborization when compared to the third week (8 and 15 DPI compared to 22 DPI) (Fig. 22A, B).
Contrary, it was particularly interesting to note that the newborn neurons in epileptogenic conditions
showed no significant growth (PTX group, Fig. 22C), suggesting they stopped growing after 1 WIV
and thus, kept the same rate of complexity for the next two weeks of developmental stages. However,
after closer examination by radius, differences became apparent between both 8-15 DPI with 22DPI,

with variations primarily within the first 25 pum and beyond 175 um distance from the soma (Fig. 22D).
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Figure 22. Unlike in health conditions, newborn neurons do not significantly grow during epileptogenesis. Z-
stack projections were analyzed and color-coded according to their 3D-Sholl profile, in which the number of intersections
between circles of increasing (1um) radius was quantified for the control and PTX groups at 3 different time points (8 DPI,
1 day in PTX; 15 DPI, 6 DPPTX; and 22 DPI, 13 DPPTX). (A) The comparison between the total number of intersections at
different time points in control conditions showed statistically significant growth of the dendritic arborization between 8 and
22DPI. (B) The changes in morphological complexity in health primarily occur at 130-300 pum distance from the soma. (C)
There were no statistical differences in the total number of intersections between any of the time points in PTX conditions,
suggesting a lack of growth. (D) The changes in morphological complexity during epileptogenesis occur just at 22DPI,
primarily in the first 25 pum and after the 175 um distance from the soma. Data are expressed as mean + SEM and analyzed
by Kruskal-Wallis ANOVA test with Dunn post-hoc correction (A, C) and by ANOVA repeated measures test with
Bonferroni post-hoc correction (B, D). ns= non-significant, * P < 0.05, ** P < 0.01.
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Once the morphological complexity was evaluated by time points comparing newborn neurons of
the same groups (CNT/PTX vs 8 DPI1/15 DPI/22DPI), the next comparison focused on the total number
of intersections between groups (CNT 8 DPI1/15 DP1/22DPI1 vs PTX 8 DPI1/15 DPI/22DPI), starting at
8 DPI. Given that PTX-induced epileptogenesis was applied for just 1 day at this stage, it was rational
not to expect significant changes yet among groups (Fig. 23A, B). The brief exposure to PTX might
not have allowed sufficient time for neurons to manifest noticeable differences in the epileptogenic
group, making any potential impact not yet observable.

In contrast, when newborn neurons were analyzed one week later, after 6 days of exposure to PTX
(15 DPI and 6 days post PTX, or DPPTX, Fig. 23C, D), a markedly less complex dendritic arbor was
evident. This observation indicated that the effect on dendritic growth becomes apparent after 6 days
of PTX exposure, highlighting that a single day in PTX is insufficient for observable changes in
dendritic arbor development. However, the specific timeframe for when these changes become evident
remains uncertain, as examination between the 2 and 5" DPPTX was not conducted. Consequently,
it cannot be claimed that a full 6 days post PTX exposure is required to observe significant changes in

dendritic development.

Furthermore, the significant reduction in newborn neuron morphological complexity at 15 DPI
and 6 DPPTX aligns with earlier studies during the optimization of the hOTCs model in this project
(Fig. 4C). Having established that newborn neuron development is impaired one week after the
completion of a 3-day PTX treatment, the focus now shifts to the impact observed two weeks after the
treatment cessation. Comparing CNT and PTX at 22 DPIl and 13 DPPTX revealed a continued decrease
in newborn neuron morphological complexity (Fig. 23E, F), suggesting that aberrant neurogenesis

persists even after PTX removal from the media.
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Figure 23. The total number of intersections decreases in epileptogenic conditions after 1 week of PTX exposure.
(A, D, F) Representative 2-photon microscopy images showing the development of a PTX- and non-treated RV-Venus
injected newborn neuron at DIV 15, 8 days post-injection (DPI) and 1 day in PTX (LUT red) (A); 1 week later at DIV 22, 15
DPI and 6 days post-PTX (DPPTX) (LUT green) (D); and another week later at DIV 29, 22 DPI and 13DPPTX (LUT cian).
The scale bar is 30um in all the photographs. Z-stack projections were analyzed and color-coded according to their 3D-Sholl
profile, in which the total number of intersections between circles of increasing (1pum) radius was quantified for the control
and PTX groups at the three different time points. (A) The total number of intersections at acute PTX exposure (8 DPI, 1 day
in PTX) showed no significant differences compared to control. (C, E) There is a significant decrease in the dendritic
arborization of newborn neurons at 15 DPI, 6 DPPTX and 22 DPI, 13 DPPTX compared to control. Data are expressed as
mean = SEM and analyzed by non-parametric Mann-Whitney test. ns= non-significant, * P < 0.05, ** P < 0.01.
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After the evaluation of the dendritic growth over time in epileptogenic conditions, the TNP-ATP
antagonist was examined to determine whether the aberrant complexity of newborn neurons during
epileptogenesis could be recovered after inhibiting P2XR during the first two weeks of development
(8 and 15 DPI). These observations revealed a significant increase in the dendritic growth within the
60-130 um range of dendritic length in the CNT group (Fig. 24A), while no growth was observed in
the PTX group, aligning with previous reports.

In the TNP group, where P2XR are inhibited in control conditions and alterations have been
already noted in prior studies, minimal growth was observed between 8 and 15 DPI (Fig. 24C), showing
a very similar behavior as in the PTX group. This suggests that when P2XR are blocked in a healthy

state, dendritic growth is also stopped, maintaining a consistent level of complexity 1 WIV later.

Finally, in epileptogenic slices with inhibited P2XR (PTX+TNP group), growth during the 2™
WIV was preserved, mainly around the first 80 um (Fig. 24D). Turning attention to the total number
of intersections, each condition was again compared at 8 and 15 DPI. Here, a significant difference
was observed exclusively in epileptogenic slices subjected to P2XR inhibition (Fig. 24E-H), marking
a meaningful discovery as there was no growth even in the case of the control conditions.
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Figure 24. The dendritic arbor growth in newborn neurons is recovered after P2XR inhibition in epileptogenic
hOTCs. Z-stack projections were analyzed and color-coded according to their 3D-Sholl profile, in which the total number of
intersections between circles of increasing (1um) radius was quantified for the PTX-, TNP-, PTX+TNP-treated and non-
treated newborn neurons at two different time points (8 DPI, 1 day in PTX and/or TNP; and 15 DPI, 6 DPPTX and/or TNP).
(A) The quantification of the number of intersections at the different time points in control conditions showed statistically
significant growth of the dendritic arborization in the range of 60-130 um. (B) There was no dendritic arbor growth in
epileptogenic conditions between 8 and 15 DPI. (C) There was almost no dendritic arbor growth in P2XR-inhibited slices
(TNP group). (D) The dendritic arborization was again different after P2XR inhibition in epileptogenic hOTCs in the first 80
pm (PTX+TNP group). Data are expressed as mean + SEM and analyzed by ANOVA repeated measures test with Bonferroni
post-hoc correction. (E-H) The total number of intersections at the different time points showed no significant differences
except for the PTX+TNP group, in which a significant growth was observed. Data are expressed as mean + SEM and analyzed
by non-parametric Mann-Whitney test. ns= non-significant, * P < 0.05, ** P < 0.01.
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Ultimately, the objective was to compare the complexity of the newborn neurons under the
different conditions, aiming to understand how dendritic growth varied over time based on the
treatment. Notably, the differences in total number of intersection numbers at 8 DPI were only evident
between the control and TNP-treated groups (Fig. 25A). This implies that 1 day of exposure to the
P2XR inhibitor is enough for influencing newborn neuron development, unlike PTX, which at this
stage, shows no significant differences compared to the CNT group. Upon a more detailed analysis,
when comparing intersections by radius, both PTX and TNP-treated slices exhibited variations within
the initial 200 um (Fig. 25B) in contrast to control. Interestingly, under epileptogenic conditions with
inhibited P2XR (PTX+TNP group), the observed differences start diminishing, and the reduction in
morphological complexity becomes not noticeable, particularly within 40-70 pum of the dendritic
length.

After a one-week recovery period following the 3-day PTX treatment, at 15 DPI, 6 DPPTX and/or
TNP, despite epileptogenic slices with P2XR blocked (PTX+TNP group) did not show a significant
recovery in morphological complexity compared to PTX-treated neurons, the decrease in complexity
observed at 8 DPI compared to control disappeared (Fig. 25C, D). Indeed, the relevant difference arises
when compared to P2XR inhibition in a healthy state (TNP group). As demonstrated in previous
experiments (Fig. 20B), the dendritic arbor is even less complex than the PTX group. Therefore, the
differences in complexity when treated with TNP become more pronounced, primarily observed
between 90 and 250 pum within the range of dendritic length (Fig. 25D, C).
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Figure 25. The dendritic arbor growth in newborn neurons is recovered after P2XR inhibition in epileptogenic
hOTCs 6 days after PTX-induced epileptogenesis. Z-stack projections were analyzed and color-coded according to their
3D-Sholl profile, in which the total number of intersections between circles of increasing (1pum) radius was quantified for the
PTX-, TNP-, PTX+TNP-treated and non-treated newborn neurons at two different time points (8 DPI, 1 day in PTX and/or
TNP; and 15 DPI, 6 DPPTX and/or TNP). (A) The total number of intersections at 8 DPI, 1 day in PTX and/or TNP after the
Kruskal-Wallis ANOVA test, showed no significant differences except from the control and TNP group. (B) Regarding the
morphological complexity, significant differences were observed in PTX and TNP groups compared to CNT around the first
100 um, although the differences were smaller in the PTX+TNP group (40-70 um). This was analyzed by ANOVA repeated
measures test with Bonferroni post-hoc correction. (C, D) The total number of intersections and morphological complexity
of the newborn neurons at 15 DPI, 6 DPPTX and/or TNP showed a significant recovery of the dendritic arbor growth after
P2XR inhibition during epileptogenesis (PTX+TNP group) compared to TNP group. Data are expressed as mean + SEM and
analyzed by Kruskal-Wallis ANOVA test with Dunn’s correction (C) or by ANOVA repeated measures test with Bonferroni
post-hoc correction (D).* P < 0.05, ** P < 0.01, *** P < 0.001.
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6.3.5 P2XR Inhibition Preserves Neuronal Firing

In light of the results obtained in aberrant neurogenesis after P2XR inhibition in epileptogenic
conditions, it became crucial to evaluate the potential impact of these abnormal features on neural
activity; and if such impact existed, to study the hypothetical recovery facilitated by the P2XR
inhibitor. To achieve this, the experiment required to longitudinally monitor the activity of neural
circuits, for what AAV1.SYN.Gcamp6f. WPRE.SV40 (see Methods 5.3.1; Fig. 26A) was specifically
chosen. This adenoviral vector, under the Syn promoter, specifically labeled neurons, and through the

green fluorescent GCaMPé6f (a genetically encoded calcium indicator), exhibited calcium activity.

The viral injection, performed at DIV 7 (Fig. 26A), allowed for calcium imaging in neurons of
the GCL region (Fig. 26B) at DIV 19, 23 and 26, corresponding to 3, 7 and 10 days following the
application of PTX and/or TNP (Fig. 26A). Here, spontaneous circuit dynamics were simultaneously
monitored in dozens of neurons over a 20-minute period while maintaining the culturing conditions
intact. Following semi-automated cell contour segmentation and detection of calcium spikes, the onsets
of calcium events were extracted from each neuronal trace to reconstruct the dynamics of single neuron
firing properties (Fig. 26C, D). Consequently, an average of 30 neurons per slice were imaged across
all experimental conditions at 3, 7, and 10 days after PTX and/or TNP exposure. The comparison of
single neuron firing frequency between groups was done both on the values of IFs pooled across all
slices and neurons (obtaining one global distribution per group; Fig. 26E-G). After pooling IFs across
all neurons from all slices within the same group and day of recording, the parametric one-way
ANOVA comparison test revealed a significant difference at 3, 7, and 10 days post-PTX and/or TNP
between the epileptogenic condition (PTX group) and all other groups (Fig. 26E-G). This implies that
treating epileptogenic hOTCs with P2XR inhibitor not only prevents aberrant neurogenesis as verified
in previous sections, but is also a valid tool for recovering the normal neural activity of the hippocampal

slice.

Remarkably, the control slices treated with the P2XR inhibitor (TNP group) maintained the
physiological neural activity at every time point (3, 7 and 10 days post PTX and/or TNP treatment).
This suggests that the impact this treatment generates on healthy slices regarding aberrant morphology
and dendritic spine features is not enough to affect the activity of the neural circuits. This is a crucial
observation, indicating that even if blocking P2XR induces some disturbances to newborn neurons in

a health state, the doses and duration of the treatment do not significantly impact the neural network.

117



RESULTS

A B
(@]
NJ
>
n
L
[0
PTX o
TNP
hOTCs PTX+TNP ;
_7//////4— %6_
DIV 0 (pd5-7) 7 14 16 19 23 26 [ESS
©
O
O
c
>
(0p]
S
<
<
C Neural firing activity D dF/F pseudo-color plots
30[ N
zsiﬂf" YA I 1 1 1y ot Y1 o e W g gV
LAAVILJA[A\'I'A.“ %1 Bl L f ‘
) _ : I
g b, - 2Tl |
= A e {
e S | |
] £ ; |
o ‘ru(mmm.nxauhruLquL A = f |
< wor bl 4 { |
= MWW‘M@* f I
5Lu1mf N YW TR rewm o srewmn TP 5 :
OLM_ — o i | L] ]
0 200 400 600 800 1000 1200 0 100 200 200 400 500 g0 €2
E 3 days post PTX F 7 days post PTX G 10 days post PTX
0.8+ 0.8 0.8+
* % % % .
< = % % %k % = * %k % %k
S e L — < —
> *ok ok k * > Kkkk  dokkok 2
) %) %) kkokk  kkokok
S 0ad T I I G 04 I 10 1 % o4d I/
= = | =
i o o
HES TS SRS ST N sVee
L:L OO_.. - YU cee cee . |__|_ 00_ IR <0 PINRRRE. S e Lt 00_ ...............................
1 1 I I 1 1 1 I 1 1 1 1
Control PTX TNP PTX+ Control PTX TNP PTX+ Control PTX TNP PTX+
TNP TNP TNP

Figure 26. Neural firing recovery in the DG after P2XR inhibition in epileptogenic hOTCs. For each cell, the
average inverse of the intervals between consecutive calcium spikes is considered as firing rate. (A) Scheme of the
experimental procedure. The hOTCs are extracted at pd5-7 (DIV 0) and cultured. At DIV 7, slices are injected with the
adenoviral vector AAV1.Syn.GCamp6f.WPRE.SV40 for the expression of GCamp6f. From DIV 14 to DIV 16 they are
exposed to GABAA receptor inhibitor PTX (100uM) and/or P2XR antagonist TNP-ATP (50puM), and imaging is performed
3, 7, and 10 days after (DIV 19, 23, 26). (B) Representative fluorescence microscopy image of the hippocampal DG of
GCamp6f in hOTCs. In bright green, injected cells during calcium release. The scale bar is 50 um. (C, D) An example of the
firing activity and pseudo color plots of 27 calcium-releasing cells (control group, 7 days post-PTX). (E-G) From left to right,
results from slices respectively at 3, 7, and 10 days post-PTX are shown. Neural firing frequency was recovered at every time-
point after P2XR inhibition in epileptogenic hOTCs. n=4 per group. Data are expressed as mean + SEM and analyzed by
Kruskal-Wallis ANOVA test with Dunn post-hoc correction. * P < 0.05, **** P < 0.0001.
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6.3.6 P2XR Inhibition Preserves Newborn Neuron Firing

Having successfully preserved the functional activity of the neural circuit through P2XR
inhibition, the subsequent aim focused on the impact of epileptogenesis on the activity of newborn
neurons, and whether inhibiting P2XR could facilitate their recovery. To address these questions, a
GCaMP6f was again employed, this time through RV injection, which would selectively label dividing
cells allowing for the evaluation of newborn neuron activity. The viral injection was administered at
DIV 7, and one week later, hOTCs underwent PTX and/or TNP treatment. Subsequently, calcium
imaging was conducted in the DG (Fig. 27B) at DIV 23, corresponding to 7 days post-treatment (Fig.
27A).

The neural dynamics were simultaneously monitored for 20 minutes in all the cells labeled
(approximately 10-12 cells per slice), while culturing conditions were again fully preserved. Due to
the limited number of newborn neurons labeled per slice, the experimental procedure required a
considerable number of animals (n=12). Following manual cell contour detection of calcium spikes in
ImageJ, the onsets of calcium events were extracted from the mean intensity over time. After pooling
data from the same group, a significant increase of calcium release in newborn neurons was observed
in PTX-induced hyperexcited hOTCs (Fig. 27C), indicating a hyperexcited state of newborn neurons
during epileptogenesis. Interestingly, when epileptogenic hOTCs were treated with the P2XR inhibitor
(PTX+TNP group), the activity of newborn neurons reverted to a physiological state. This implied that
the treatment not only preserved physiological neural network activity, as observed in the preceding

section (Fig. 26E-G), but also recovered the specific activity of newborn neurons (Fig. 27C).

Additionally, in control slices treated with the P2XR inhibitor (TNP group), a decrease in the
activity was significant compared to the rest of the conditions, including the control. Hence, the TNP
treatment in a healthy state was not inert; rather, it actively diminished the activity of newborn neurons

below physiological levels (Fig. 27C).
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Figure 27. Newborn neuron firing recovery in the DG after P2XR inhibition in epileptogenic hOTCs. (A) Scheme
of the experimental procedure. The hOTCs are extracted at pd5-7 (DIV 0) and cultured. At DIV 7, slices are injected with the
RV-GCamp6f for the expression of GCamp6f in newborn neurons. From DIV 14 to DIV 16 they are exposed to GABAA
receptor inhibitor PTX (100puM) and/or P2XR antagonist TNP-ATP (50uM), and imaging is performed 7 days after (DIV
23). (B) Representative fluorescence microscopy image of the hippocampal DG of RV-GCamp6f labeled newborn neurons
in hOTCs. In bright green, RV-labeled cells during calcium release. The scale bar is 50 um. (C) Calcium release results (mean
intensity, a.u.) showing a significant increase after PTX-induced hyperexcitability. Newborn neurons recover the control
calcium release after P2XR inhibition in epileptogenic hOTCs. n=12 animals per group, n=1 slices per animal was recorded,
n=10-12 newborn neurons per slice. Data are expressed as mean + SEM and analyzed by Kruskal-Wallis ANOVA test with
Dunn post-hoc correction. **** p < 0.0001.

In conclusion, considering ATP as one of the mediators of aberrant neurogenesis, the introduction
of a P2XR inhibitor, such as the TNP-ATP antagonist, effectively reverses the aberrant features
observed in newborn neurons back to those characteristic of control conditions. As depicted in Figure
28, under healthy conditions, newborn neurons present physiological features (Fig. 28.1). However, in
epileptogenic conditions, both morphology and neural activity are adversely affected (Fig. 28.2, 3).
Conversely, the inhibition of P2XR plays a crucial role in preserving the situation in a healthy state,
where all studied features return to a physiological state upon the application of the treatment (Fig.
28.4).
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Figure 28. The differential fate of multipotent adult hippocampal NSCs in health, disease and after treatment
with a P2XR inhibitor in a hOTCs model. In normal conditions, the hippocampal NSCs of the DG, after activating, divide
and differentiate into immature neurons (newborn neurons, (1)), which present a developed dendritic arbor and already show
dendritic spines. However, when epileptogenesis occurs, there is much more cell death (3) and newborn neurons become
aberrant: there is less density, they are less complex and their dendritic spines grow abnormally (2). When purinergic 2X
receptors (P2XR) are inhibited by the TNP-ATP antagonist, these aberrant features are restored to normality (4).
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6.4 ROS Inhibition in hOTCs

6.4.1 ROS Inhibition after ATP Exposure Preserves Neurogenesis and Cell
Survival

After thoroughly assessing aberrant neurogenesis and neural activity during P2XR inhibition,
another focus within the ATP signaling pathway was identified: ROS generation. It was hypothesized
that, if directly blocking P2XR had such an impact on epileptogenic hOTCs and aberrant neurogenesis,
it might be feasible to revert these abnormalities downstream these receptors by directly acting on
ROS. In this context, cerium oxide nanoparticles (CeO2NPs) were chosen to be applied as a treatment,
known for their excellent catalytic activity and their potential as antioxidants towards almost all
noxious intracellular ROS, acting as ROS-scavengers®2.

Prior to studying the impact of ROS inhibition during epileptogenesis, its effects were assessed in
elevated eATP conditions. This investigation was crucial to understand its behavior in the presence of
excessive eATP, as during epileptogenesis, the increase in eATP in the ATP signaling pathway triggers
an inflammatory response leading to ROS generation. Thus, by initially assessing whether ROS
inhibition improves aberrant neurogenesis induced by elevated eATP, it lays a logical foundation for
investigating the reduction of aberrant neurogenesis also during epileptogenesis. Therefore, the next
hypothesis involved reducing ROS potentially reverting the abnormalities associated with excessive
eATP levels.

To explore this hypothesis, four experimental groups were designed: a) the control condition
(CNT group): the cultured slices were never exposed to excessive eATP nor ROS inhibition; b) the
ATP group: the cultured slices underwent an additional extracellular presence of ATP (200 uM) from
DIV 14 to DIV 16 (3 days); c) control under inhibited-ROS condition (CeO, group): the cultured slices
were exposed to CeO,NPs (1pg/ml) from DIV 14 to DIV 23 (10 days); and d) elevated eATP and
inhibited-ROS condition (ATP+CeO; group): the cultured slices underwent additional extracellular
presence of ATP (200 uM, 3 days) with simultaneous extracellular application of the ROS-scavenger
CeO2NPs (1ug/ml, 10 days) (Fig. 29A). The slices obtained from each of the animals used were
separated to cover the four different experimental conditions, and imaged on the same DIV (see
Methods 5.2.1).
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As in previous experiments, the evaluation started by staining hOTCs with both the neuroblast
marker DCX and the marker of cell nuclei DAPI. Subsequently, DCX" cells were quantified within the
GCL+SGZ across the four conditions (CNT, ATP, CeO,, and ATP+CeO) for neurogenesis assessment.
Notably, newborn neuron population increased by more than 2-fold following the administration of
CeO:NPs in conditions of excessive eATP (ATP+CeO, group, Fig. 29B, C). This suggests a
neuroprotective behaviour of CeO,NPs in scavenging ROS during elevated eATP, leading to enhanced
survival of newborn neurons. Furthermore, upon identifying pyknotic/karyorrhectic cells through
DAPI-stained nuclei, a corresponding decrease in cell death was observed after the application of
CeO:NPs in conditions of increased eATP (ATP+CeO, group, Fig. 29D, E). This indicates that the
reduction of ROS potentially improves cell survival in the DG of the slice.

Interestingly, the effect of CeO2NPs under control conditions (CeO; group) remained inert in both
the evaluation of newborn neuron population and cell survival, where physiological conditions were
maintained. When comparing the effects of this treatment with the previously used P2XR inhibitor
TNP, which exhibited detrimental effects on aspects such as cell survival, CeO.NPs result an

advantage.
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Figure 29. Newborn neurons and cell death preserve control levels after ROS-inhibition in hOTCs with eATP
excess. (A) Scheme of the experimental procedure. The hOTCs are extracted at pd5-7 (DIV 0) and cultured. After 1 WIV,
the DG is RV-injected (Venus, GFP*), and 1 week after that, slices are exposed to ATP (200uM) and/or ROS-scavenger
CeO2NPs (1ug/mL) for 3 or 10 days. Immunostainings are performed 1 week later, at DIV 23. (B) Representative confocal
microscopy images were taken after staining of the neurogenesis marker DCX, showing the SGZ+GCL in the mouse
hippocampal hOTCs. (C) Newborn neurons (/mm?) were quantified by identifying DCX* cells. (D) Representative confocal
microscopy images were taken after staining for DAPI, showing the SGZ+GCL in the mouse hippocampal hOTCs. (E) Cell
death (/mm?3) was quantified by identifying nuclei presenting pyknosis (DNA condensation) and/or karyorrhexis (nuclear
fragmentation), both detected by condensed staining of DAPI. n = 4 per group. The scale bar is 50 um in all the photographs.
hOTCs were fixed at 16 days post-RV injection and 7 days post-treatment. Data are expressed as mean = SEM and analyzed
by 2-way ANOVA with repeated measures test and Holm Sidak post-hoc correction. * P < 0.05, ** P < 0.01.
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6.4.2 ROS Inhibition after ATP Exposure Prevents Aberrant Neurogenesis

Based on these findings concerning the neuroprotective role of inhibiting ROS in conditions of
eATP, the investigation expanded to assess aberrant neurogenesis, focusing specifically on newborn
neurons. In this context, the dendritic arborization of newborn neurons was evaluated, aiming to
determine whether reducing ROS could have a favorable impact on aberrant neurogenesis. Utilizing
3D-Sholl analysis to evaluate the number of intersections, it was determined that inhibiting ROS in the
presence of eATP excess (ATP+CeO- group, Fig. 30A, B) did not result in a significant recovery of
the complexity of newborn neurons' dendritic arbor. However, despite the lack of a notable increase in

complexity compared to the CNT group, there was a tendency towards a less complex dendritic arbor.

Remarkably, a very interesting aspect laid on the effect of CeO.NPs in control conditions (CeO;
group), which exhibited even greater complexity than the CNT group within the dendritic length
between radius 140 and 230 um (Fig. 30B). This was a noteworthy observation because the increased
size of these dendritic arborizations highlighted significant differences with both the ATP group
(between radius 100 and 230 pum) and, more importantly, with conditions of elevated eATP following
ROS inhibition (ATP+CeO; group, Fig. 30B). In comparison to nanoparticles under control conditions,
the dendritic arbor in the ATP+CeO, group appeared less complex between 125 and 220 pm within
the dendritic length (Fig. 30B), suggesting that the hypothesis of ROS inhibition during eATP excess

preventing aberrant neurogenesis was not accomplished in terms of dendritic arborization complexity.

Hence, it was meaningful to stablish the effect of ROS inhibition during e ATP excess on dendritic
spine growth, recognizing the potential for distinct outcomes. Given that the regulatory pathways for
dendritic arbor development and spine growth might diverge, there was a possibility that while
physiological complexity might not be fully preserved, dendritic spines could exhibit recovery.
Remarkably, the physiological spine number (/um) was effectively preserved after ROS-inhibition in
conditions of enhanced eATP (ATP+CeO, group, Fig. 30C, D). However, when looking at the dendritic
spine head features (Fig. 30E), the minor axis (um) showed an increase of the 11.5% (Fig. 30F). If it
is compared to the increase that ATP alone causes (42.4%), it can be concluded that the nanoparticle
addition reduces this abnormal increase in a 30.9%. In the case of the major axis (um), an increase of
the 16% was observed compared to control (Fig. 30G), when in the case of ATP alone there is a
110.97% of increase, meaning a reduction of the 94.97% due to nanoparticle addition. On the other
hand, the spine head perimeter (um) presented an increase of the 12.59% (Fig. 30H), and in the ATP-
treated hOTCs a 93.87% of increase was observed, which means that nanoparticles reduced the
abnormal spine head growth in an 81.27%. Finally, in the head area (um?) a 21.62% of increase was
obtained (Fig. 30I), when the ATP group had a 168.5% of increase, that thanks to the CeO,NPs it

decreased in a 146.89%. This outcome supported the suspect of different pathways regulating dendritic
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arborization and spines during newborn neuron development, and suggested CeO,NPs as a potential

candidate for preserving normal neurogenesis.

In the study of the dendritic spines in newborn neurons, control nanoparticles (CeO. group)
exhibited an inert behavior in terms of spine density all along the dendritic arbor (Fig. 30 C, D).
However, they generated a slight increase in terms of dendritic spine heads, in which the head minor
axis (um) was an 11.3% larger, the major axis a 10.13%, the head perimeter an 8.73%, and the head
area a 14.19%.
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Figure 30 Newborn neuron morphology is impaired but dendritic spines are preserved in hOTCs with eATP
excess. (A) Representative confocal microscopy images, showing ATP-, CeO2-, ATP+ CeO>-treated and non-treated RV-
Venus labeled and GFP-stained dendrites. (B) Z-stack projections were analyzed and color-coded according to their 3D-Sholl
profile. Quantification of the number of intersections between circles of increasing (1um) radius showed a statistically
significant preservation of the physiological morphological complexity of the ATP+ CeO.-treated group. Data are expressed
as mean + SEM and analyzed by ANOVA repeated measures test with Bonferroni post-hoc correction. The scale bar is 50pum
in all the photographs. (C, E) Representative confocal microscopy images, with and without SpineJ processing (in yellow),
showing dendritic spines from segments of ATP-, CeO2-, ATP+ CeO»-treated and non-treated RV-Venus labeled and GFP-
stained dendrites. (D) Quantification of spine number (/um), which is significantly reduced in the PTX-treated group, and the
control conditions are preserved in the ATP+CeOz-treated group. (F-1) Quantification of spine head minor axis (um), major
axis (um), parameter (um), and area (Um?) respectively. n=4 animals per group, n=4 slices per animal, n=4 neurons per slice,
32 dendritic segments of 30pum per neuron. A total of 960um of dendrite was analyzed. The scale bar is Spum in all the
photographs. hOTCs were ATP- (200uM) and/or CeO2NPs- (1ug/mL) treated for 3 or 10 days respectively. They were fixed
at DIV 23, 16 days post-RV injection, and 7 days post-treatment. Data are expressed as mean + SEM and analyzed by 2-way
ANOVA with repeated measures test and Holm Sidak post-hoc correction. ** P < 0.01, **** P < 0.0001.

6.4.3 ROS Inhibition during Epileptogenesis Preserves Neurogenesis and Cell
Survival

Following the findings of the preceding section, in which the efficacy of CeO,NPs in preventing
aberrant neurogenesis related to eATP excess was proved, the next step was to verify whether these
ROS scavengers could exert a similar beneficial effect in the context of epileptogenesis. For that, four
four experimental groups were again designed: a) the control condition (CNT group): the cultured
slices were never exposed to hyperexcitability induction by PTX nor ROS inhibition; b) epileptogenic
condition (PTX group): the cultured slices underwent suppression of GABAergic transmission in the
extracellular presence of PTX (100 uM) from DIV 14 to DIV 16 (3 days); c) control under inhibited-
ROS condition (CeO; group): the cultured slices were exposed to CeO,NPs (1ug/ml) from DIV 14 to
DIV 23 (10 days); and d) epileptogenic and inhibited-ROS condition (PTX+CeO; group): the cultured
slices underwent suppression of GABAergic transmission as in the PTX group (100 uM, 3 days) with
the simultaneous extracellular application of ROS-scavenger CeO2NPs (1pg/ml, 10 days) (Fig. 32A).
The slices obtained from each of the animals used separated to cover the four different experimental

conditions, and imaged on the same DIV (see Methods 5.2.1).

Initially, despite previous examination when the P2XR inhibitor was used (Fig. 17A, B), the
evident increase in ROS during epileptogenesis was reaffirmed through a DCF assay conducted to test
CeO:NPs effects in these terms. In this evaluation, a rapid and transient 2-fold increase in the DCF
signal of PTX-treated hOTCs was detected compared to untreated slices (Fig. 31A, B), aligning with

previous observations during TNP treatment.
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Upon examining the impact of the ROS scavenger in conjunction with the epileptogenic agent
(PTX+CeO- group), the signal was reduced by half, effectivelly preserving the control scenario (Fig.
31C). This highlights the antioxidant properties of these nanoparticles and their affirmed role in ROS
scavenging, as they successfully reduced the excessive ROS to physiological levels.

Unexpectedly, in the control group under inhibited-ROS production (CeO; group), an increase in
DCF intensity was obtained (Fig. 31C). Despite this unpredicted result contradicted the anticipated
ROS-scavenging properties of nanoceria, it is worth noting that, in some cases, antioxidant properties
offer challenges in accurately measuring ROS2623893% Consequently, it was possible that nanoceria
induced the increase in DCF intensity by oxidizing the probe, even in the absence of ROS. To test the
hypothesis that the increase in DCF intensity in this experiment was due to nanoceria oxidizing the
probe rather than an actual elevation of ROS, a control test was performed without cells.

In this test, the intensity of the probe alone (CNT group) was compared with the probe combined
with CeO2NPs (CeO; group), in which a significant 25% increase in DCF intensity was observed (Fig.
31D). Comparatively, when examining the intensity of DCF in CeO,NPs without the probe, it was
approximately one-third below the control levels, suggesting that nanoceria does not exhibit
autofluorescence. As a positive control, H,O, was introduced at different concentrations (10 uM and
100 uM), which, by oxidizing DCF, led to a 20% increase in intensity compared to the control. As
predicted, when CeO,NPs were added to both concentrations of H.O,, a 20% recovery was obtained
(Fig. 31D). Taken together, these data demonstrate that PTX-induced hyperexcitability triggers ROS
in this epileptogenic hOTCs model, which can be effectively mitigated by CeO,NPs.
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Figure 31. OS assessment in epileptogenic hOTCs where control levels are recovered after ROS-scavenger
addition. DCF probes were used for ROS assessment in hOTCs. (A) Representative images from CLARIOStar Plus Plate
Reader of the insert membranes with PTX-, CeOz, PTX+CeO2- and non-treated mouse hippocampal hOTCs in them,
analyzed and color-coded according to their fluorescence intensity profile, in which warmer hues indicate higher OS. (B, C)
Quantification of ROS reported fluorescence intensity (a.u.) in PTX-, CeO2-, PTX+CeO2- and non-treated mouse
hippocampal hOTCs showing a significant increase in PTX-induced epileptogenic conditions (analyzed by non-parametric
Mann-Whitney test) and preserving of control conditions in PTX+ CeOq-treated hOTCs (analyzed by Kruskal-Wallis
ANOVA test with Dunn post-hoc correction). n=3 per group, containing 4 slices in each. Intensity was measured at DIV 18
and 1 day post-treatment. PTX (100uM) and CeO2NPs (1pg/mL) were added for 3 days. (D) Quantification of fluorescence
intensity (a.u.) without hOTCs, showing CeO2NPs significantly oxidizing the probe compared to CNT (probe alone).
CeO2NPs without probe showed no autofluorescence. H202 was used as a positive control in two different concentrations (10
and 100uM) with and without CeO2NPs, showing a significant decrease when CeO2NPs was added analyzed by 2-way
ANOVA with repeated measures test and Holm Sidak post-hoc correction. Data are expressed as mean + SEM. * P < 0.05,
** P <0.01, **** P <0.0001.

129



RESULTS

The preceding test was key for the subsequent use of nanoceria for preventing aberrant
neurogenesis in the epileptogenic hOTCs model. The verification of these nanoparticles effectively
reducing ROS supported the hypothesis that this reduction is a crucial factor in preventing aberrant

neurogenesis.

Following the established efficacy of nanoceria in reducing ROS, the well-being of the slices was
assessed under the chosen treatment (CeO2NPs) across four conditions (CNT, PTX, CeO,, and PTX+
Ce0y). The initial evaluation involved neurogenesis assessment after DCX staining of the hOTCs.
Upon identifying DCX™ cells in the DG of the epileptogenic slices after ROS inhibition (PTX+CeO,
group Fig. 32B, C), a significant recovery of 70% was observed. This physiological level preservation
indicated a return to the neurogenic physiological state, suggesting neuroprotection. In parallel,
apoptotic cells were quantified through DAPI staining, revealing that cell survival was also reinstated
after the application of CeO;NPs in the context of PTX-induced epileptogenesis (PTX+CeO- group,
Fig. 32D, E), leading to enhanced survival of hippocampal cells. Interestingly, under control conditions
(CeO; group), the effect of CeO.NPs remained inert in both the evaluation of newborn neuron

population and cell survival, maintaining physiological conditions.
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Figure 32. Newborn neurons and cell death preserve control levels in the DG after ROS inhibition in
epileptogenic hOTCs. (A) Scheme of the experimental procedure. The hOTCs are extracted at pd5-7 (DIV 0) and cultured.
At DIV 7, slices are injected for the expression of RV-Venus (GFP*). From DIV 14 to DIV 23 they are exposed to GABAA
receptor inhibitor PTX (100uM) and/or ROS-scavenger CeO2NPs (1pg/mL), and immunostainings and imaging are
performed 7 days after (DIV 23). (B) Representative confocal microscopy images were taken after staining of the
neurogenesis marker DCX, showing the SGZ+GCL in the mouse hippocampal hOTCs. (C) Newborn neurons (/mm?) were
quantified by identifying DCX* cells. (D) Representative confocal microscopy images were taken after staining for DAPI,
showing the SGZ+GCL in the mouse hippocampal hOTCs. (E) Cell death (/mm?3) was quantified by identifying nuclei
presenting pyknosis (DNA condensation) and/or karyorrhexis (nuclear fragmentation), both detected by condensed staining
of DAPI. n=4 per group. The scale bar is 50 um in all the photographs. Data are expressed as mean + SEM and analyzed by
2-way ANOVA with repeated measures test and Holm Sidék post-hoc correction. * P < 0.05, ** P < 0.01, *** P < 0.001,
**%% P < 0.0001.
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6.4.4 ROS Inhibition Preserves GABAergic Cell Number in Epileptogenesis

To further validate the neuroprotective effects associated with inhibiting ROS, and as an
additional measure to assess the well-being of the slices, the GABAergic cell population was examined
next in the context of CeO,NPs under epileptogenic conditions. Substantial evidence suggests that ROS
has the potential to impair GABAergic neurons by disrupting GABAergic signaling and influencing
the function of GABA receptors, resulting in compromised release and uptake of the GABA
neurotransmitter®®13%2, Moreover, ROS can damage mitochondria, which can lead to energy depletion
and ROS increase in GABAergic neurons®%%73%° Thys, the following hypothesis was committed:
ROS inhibition is beneficial for GABAergic cells in epileptogenic hOTCs.

In conducting this evaluation, GABA* cells (/mm?) were identified following ROS inhibition after
staining hOTCs with GABA across the four conditions (CNT, PTX, CeO,, and PTX+CeO,). The
GABAergic cell population preserved control conditions after ROS inhibition in epileptogenic slices
(PTX+CeO- group, Fig. 33A, B), aligning with the abovementioned neuroprotective properties. In
terms of CeO;NPs addition in control conditions (CeO, group), their inert behavior persisted for
GABAergic interneurons (Fig. 33B).
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Figure 33. GABAergic cell number preserved control levels in the DG after ROS inhibition in epileptogenic
hOTCs. (A) Representative confocal microscopy images of PTX-, CeOz-, PTX+CeOz-treated and non-treated hOTCs from
mouse hippocampus, after staining for GABA (GABAergic interneuron marker) showing the SGZ+GCL. (B) GABAergic
interneurons were quantified by identifying GABA® cells, showing a significant recovery in ROS-inhibited epileptogenic
hOTCs (PTX+CeOz group). n=4 per group. The scale bar is 50 pm in all the photographs. hOTCs were PTX- (100uM) and/or
CeO2NPs- (1pg/mL) treated for 3 or 10 days respectively. They were fixed at DIV 23 and 7 days post-treatment. Data are
expressed as mean = SEM and analyzed by 2-way ANOVA with repeated measures test and Holm Sidak post-hoc correction.
*P <0.05,**P <0.01.
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6.4.5 ROS Inhibition during Epileptogenesis Preserves Dendritic Spines but
not Dendritic Arborization

Building on the insights gained regarding the neuroprotective impact of ROS inhibition during
epileptogenesis, the study extended its focus to evaluate aberrant neurogenesis, specifically focusing
on the development of newborn neurons. Following the same steps as in previous sections, the dendritic
arbor complexity of the RV-labeled newborn neurons was assessed by 3D-Sholl analysis as previously
described. In this context, the results showed a significant decrease between the radius 70 and 150 um
in the complexity of hyperexcited newborn neurons after nanoceria treatment (PTX+CeO, group, Fig.
34A, B). These nanoparticles in control conditions (CeO- group) had no effect in terms of complexity
compared to control, keeping with their inert behavior (Fig. 34B). Indeed, their similarities with the
CNT group resulted in differences compared to PTX between 145 and 165 pum and also, as of the
decrease produced after nanoparticle treatment during epileptogenesis, an difference is also observed
compared to the PTX+CeO; group, particularly within 90 and 150 um (Fig. 34B).

These results in mind, it was significant to establish the impact of ROS inhibition during
epileptogenesis on dendritic spine growth, acknowledging the potential for varied results as previously
observed in eATP excess conditions. Therefore, basing on the results obtained in the prior investigation
involving nanoparticles and ATP excess, the premise was that, considering the potential divergence in
regulatory pathways for dendritic arbor development and spine growth, it was plausible that while full
preservation of physiological complexity might not occur, there could be a potential recovery in
dendritic spines. In fact, in this context, the physiological dendritic spine features were preserved in
every parameter studied: the spine number (/um), the spine head perimeter (um), the minor and major
axis (um), and the head area (um?) (Fig. 34C-I). This result reinforced the suspicion that distinct
pathways govern dendritic arborization and spines during the development of newborn neurons,

pointing again to CeO2NPs as a promising candidate for preventing aberrant neurogenesis.
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Figure 34. Newborn neuron morphology is impaired but dendritic spines are preserved in the DG after ROS
inhibition in epileptogenic hOTCs. (A) Representative confocal microscopy images, showing PTX-, CeOz-, PTX+CeO2-
treated and non-treated RV-Venus labeled and GFP-stained dendrites. (B) Z-stack projections were analyzed and color-coded
according to their 3D-Sholl profile. Quantification of the number of intersections between circles of increasing (1um) radius
showed a statistically significant impairment in the morphological complexity of the PTX+CeO>-treated group. Data are
expressed as mean = SEM and analyzed by ANOVA repeated measures test with Bonferroni post-hoc correction. The scale
bar is 50 pum in all the photographs. (C, E) Representative confocal microscopy images, with and without SpineJ processing
(in yellow), showing dendritic spines from segments of PTX-, CeO.-, PTX+CeO:-treated and non-treated RV-
mCherry/Venus labeled and DsRed2/GFP-stained dendrites. (D) Quantification of spine number (/um), which is significantly
reduced in the PTX-treated group, and the control conditions are preserved in PTX+CeOz-treated group. (F-1) Quantification
of spine head minor axis (um), major axis (um), parameter (um), and area (um?) respectively. n=4 animals per group, n=4
slices per animal, n=4 neurons per slice, 32 dendritic segments of 30um per neuron. A total of 960pum of dendrite was
analyzed. The scale bar is 5 um in all the photographs. hOTCs were PTX- (100uM) and/or CeO2NPs- (1pg/mL) treated for 3
or 10 days respectively. They were fixed at DIV 23, 16 days post-RV injection, and 7 days post-treatment. Data are expressed
as mean + SEM and analyzed by Kruskal-Wallis ANOVA test with Dunn post-hoc correction. ** P < 0.01, **** P < 0.0001.
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To summarize all the observed in terms of ROS inhibition, it is recommendable to have a look at
Figure 35. Here, the NSCs are observed to have differential fates depending on the experimental
condition. In healthy conditions, the newborn neurons show a complex dendritic arbor and normally
developed dendritic spines (Fig. 35.1). However, epileptogenesis disrupts their regular growth
impairing their morphology, dendritic spines, and neural activity (Fig. 35.2, 3). The inhibition of ROS
by CeO2NPs can recover partially their health state, because although newborn neuron dendritic arbor
does not reach the complexity observed in physiological conditions, normal dendritic spines and neural

activity are preserved (Fig. 35.4).

2. Aberrant
( newborn neurons

n..)/;;/e. Cell
Death

Figure 35. The differential fate of multipotent adult hippocampal NSCs in health, disease and after treatment
with a ROS-scavenger in a hOTCs model. In health, the hippocampal NSCs of the DG, after activating, divide and
differentiate into immature neurons (1), which present a developed dendritic arbor and already show dendritic spines.
However, when epileptogenesis occurs, there is much more cell death (3) and newborn neurons become aberrant: there is less
density, they are less complex and their dendritic spines grow abnormally (2). When CeO2NPs that act as ROS-scavengers
are added as a treatment, these aberrant features are restored to normality as in the case of the purinergic 2X receptor inhibitor
(P2XR) TNP-ATP antagonist, except for the morphological complexity that is not reverted (4).
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6.5 GABAergic Cells in hOTCs

Throughout the progression of this study, GABAergic interneuron quantification has served as a
readout for evaluating the overall health of the slice. Additionally, it functioned as a tool for assessing
the effect of the two different treatments applied in the commitment of the main aim of this whole
project: preventing epilepsy-related aberrant neurogenesis. In both the inhibition of P2XR through the
TNP-ATP antagonist and in the scavenging of ROS by CeO;NPs during epileptogenesis, the

GABAergic interneuron population was successfully rescued.

Furthermore, the assessment of newborn neurons involved co-localization with GABA staining,
highlighting the GABAergic period of some of the studied neuroblasts. This particular experiment
provided clues of the state of the newborn neurons, which, in the present work, were analyzed at 2
weeks old, precisely when these neurons exhibit a GABAergic state. Therefore, taking advantage of
this GABAergic period, different approaches were performed to help optimize the model.

6.5.1 Vesicular GABA Transporter Expression in Newborn Neurons is not
Altered during Epileptogenesis

The initial observation addressed the fact that GABAergic neurons are responsible for producing
and releasing GABA.. These neurons are widely distributed throughout the brain and have been found
to play an important role in the development and progression of epilepsy?2%2%3, A key question arises:
how does GABA transmission occur in GABAergic newborn neurons? The vesicular GABA
transporter (VGAT) plays a relevant role in the release of GABA-containing vesicles, and is considered
essential for GABAergic neurotransmission. Therefore, to investigate whether newborn neurons in a
GABAergic state release GABA and whether this release is affected during PTX-induced
epileptogenesis, the activity of this transporter was examined using a VGAT antibody in both control

and epileptogenic conditions.

By quantifying the puncta surrounding the dendrites and axons of newborn neurons, VGAT
vesicles were identified in these newborn neurons both in control and PTX groups, confirming the
release of GABA in both scenarios. Notably, under epileptogenic conditions, no discernible differences
were observed compared to control (Fig. 36A-C), suggesting that GABA release remains unaltered

during epileptogenesis.

136



RESULTS

A RV-Newborn neurons /

|
3 ° 2 ! !
= ° ’ ° o [ ]
-g ° o ® 3
S _°l.£_ £ b KX
c 50 o%e " S 30 — 7
= Zi: o .i °%e
[ ] [ ]
'<_( L ®e 9 H °
[0
> e O %9
0 T $ 0 T T
Control PTX Control PTX

Figure 36. Vesicular GABA transporter (VGAT) assessment in newborn neuron dendrites and axons of
epileptogenic hOTCs. VGAT was quantified by the use of FIJI plugins (see Methods 5.5.1) after staining of a VGAT marker.
(A) Representative confocal microscopy close-up images of dendrites and axons of RV-Venus marked newborn neurons and
vesicular GABA transporter (VGAT) in non-treated hOTCs from mouse hippocampus, after staining for GFP in green and
VGAT in red showing the plugin based analyzed areas in yellow. (B, C) Quantification of VGAT percentage in dendrites and
axons with inconclusive results. n=12-18 per group. hOTCs were PTX-treated (100uM) for 3 days. They were fixed at DIV
23, 16 days post-RV injection, and 7 days post-treatment. Data are expressed as mean + SEM and analyzed by an unpaired t-
test. ns=non-significant.

6.5.2 Neural Firing Disruption Impairs Interneuron Number in the DG

The next challenge was to find out the underlying cause behind the decrease in GABAergic
newborn neurons during PTX-induced epileptogenesis observed during the optimization of the model
(section 6.1.5). Two different reasons were considered: (a) the newly born GABAergic newborn
neurons may be more susceptible to dying under hyperexcitability conditions, or (b) the GABAergic

developmental period during which these cells express GABA might be altered during epileptogenesis,
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missing it during the assessments. Thus, it could be that PTX avoids the GABA input, preventing
newborn neurons from becoming GABAergic.

Based on this notion, the next hypothesis was that newborn neurons require GABAergic input to
become transiently GABAergic during development. To test this hypothesis, TTX was employed, a
compound that selectively blocks voltage-dependent sodium channels in neurons, thereby preventing
action potential firing. TTX effectively inhibits the firing of all neurons, which includes both inhibitory
and excitatory ones, resulting in much less activity in the slices. Although there is still some synaptic
release through the spontaneous fusion of the synaptic vesicles that release transmitters such as GABA
and glutamate, it does not follow the normal action potential-related release. Consequently, synaptic

signaling persists but is not as robust as under normal conditions.

As in previous experiments, four groups were designed: a) control condition (CNT group): the
cultured slices were never exposed to any kind of firing inhibition; b) epileptogenic condition (PTX
group): the cultured slices underwent suppression of GABAergic transmission in the extracellular
presence of PTX (100 uM) from DIV 14 to DIV 16 (3 days), where GABAergic inhibition is lost on
both inhibitory and excitatory neurons; c) control under TTX-induced neural firing inhibition (TTX
group): the cultured slices were exposed to TTX (50 uM) from DIV 14 to DIV 16 (3 days); and d)
epileptogenic and inhibited neural firing inhibition condition (PTX+TTX group): the cultured slices
underwent suppression of GABAergic transmission as in the PTX group (100 uM, 3 days) with the
simultaneous extracellular application of the neural firing inhibitor TTX (50 uM, 3 days), where slices
underwent suppression of GABAergic transmission with simultaneous neural firing (Fig. 37A). The
slices obtained from each of the animals used were separated to cover the four different experimental

conditions and imaged on the same DIV (see Methods 5.2.1).

The initial objective was to investigate how silencing neural firing during epileptogenesis affects
interneurons, as accumulating evidence in animal models supports the notion that GABA neuron loss
can promote the epileptic state?”3%, In fact, a preferential loss of PV* interneurons has been observed
in the subiculum of TLE patients and animal models of TLE. This has been further tested through
experiments involving the permanent inhibition of GABA release from PV-containing neurons,
suggesting their critical role in epilepsy development?’. Thus, PV-assay was considered the best
validation of the experimental framework for TTX addition to cultures, as it was predicted to see a
critical reduction of these GABAergic cells in neural firing disruption during epileptogenesis. As
predicted, there was a significant decrease of PV* cells by half in the presence of TTX, both in control
(TTX group) and epileptogenic conditions (PTX+TTX group, Fig. 37B-D).
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Figure 37. Interneuron numbers are reduced in the DG of epileptogenic hOTCs after silencing neuronal firing.
(A) Scheme of the experimental procedure. The hOTCs are extracted at pd5-7 (DIV 0) and cultured. At DIV 7, slices are
injected for the expression of RV-Venus (GFP*). From DIV 14 to DIV 16 they are exposed to GABAA receptor inhibitor PTX
(100uM) and/or neural firing disruptor TTX (50pM), and immunostainings and imaging are performed 7 days after (DIV 23).
(B) Representative confocal microscopy images of PTX-, TTX-, PTX+TTX- and non-treated hOTCs from mouse
hippocampus, after staining for DAPI in grey and PV in cyan showing the SGZ+GCL. The scale bar is 50 pm in all the
photographs. (C) Representative fluorescence microscopy images of non-treated hOTCs from mouse hippocampus, after
staining for DAPI in grey, RFP (red fluorescent protein to enhance RV-mCherry labeling) in red, DCX in green, and PV in
cyan, showing the SGZ+GCL in which the DG is highlighted. Images were taken with an air objective of 10x. (D)
Interneurons were quantified by identifying PV* cells (in cyan), showing a significant decrease in TTX-treated epileptogenic
hOTCs. n=5 per group. hOTCs were PTX- (100uM) and/or TTX-treated (10uM) for 3 days. They were fixed at DIV 23, 16
days post-RV injection, and 7 days post-treatment. Data are expressed as mean = SEM and analyzed by 2-way ANOVA with
repeated measures test and Holm Sidak post-hoc correction. * P < 0.05, ** P < 0.01.
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6.5.3 Silencing Neural Firing Increases Cell Death

When epileptogenesis is induced by PTX addition to cultures, GABAergic inhibition is lost on
both inhibitory and excitatory neurons, and signaling is much stronger, even the hyperexcitatory due
to the excess of glutamate. Thus, combining both PTX and TTX, there is a scenario closer to the one
of TTX alone: no action potentials and little activity (while the spontaneous release of GABA may still
occur, it has little effect as the GABAA receptors are blocked).

Because of that, in TTX addition the hypothesis would be to have an almost normal condition in
terms of GABAergic cells, but it is not that easy as there is evidence of TTX causing cell death because
of the prolonged period of activity deprivation®+3%’, This was the reason why it was decided to check
the cell death after TTX addition to the media, so that it could be elucidated if there was a possible
relation between the reduction of the interneuron number and the suppression of the network activity.
As predicted, a 2-fold increase in the number of dead cells was observed both in control (TTX group)
and in epileptogenic conditions (PTX+TTX group) when the neural firing was suppressed (Fig. 38A,
B).
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Figure 38. Cell death assessment after TTX-induced neural firing disruption in epileptogenic hOTCs. (A)
Representative confocal microscopy images after staining for DAPI showing the SGZ+GCL in the hippocampal PTX-, TTX-
, PTX+TTX-, and non-treated hOTCs. (B) Cell death was quantified by identifying nuclei presenting pyknosis (DNA
condensation) and/or karyorrhexis (nuclear fragmentation), both detected by condensed staining of DAPI, in which a dead
cell (/mm3) increase was observed both in TTX and PTX+TTX groups. n=4-6 per group. Data are expressed as mean + SEM
and analyzed by 2-way ANOVA with repeated measures test and Holm Sidak post-hoc correction. ** P < 0.01, *** P <
0.001.
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6.5.4 Newborn Neurons do Not Depend on GABAergic Input to be transiently
GABAergic

To further verify the effect of disrupting neural firing in GABAergic interneurons, the
quantification of the GABA" cell population was performed in the presence of TTX. Surprisingly, the
results differed from previous expectations: blocking general neural firing was detrimental on GABA*
cells in control conditions (TTX group), but during epileptogenesis, it did not significantly affect these
cells (PTX+TTX group, Fig. 39A, C).

For examining the GABAergic newborn neuron population in the context of TTX inhibition of
neural firing, GABA+ cells co-localizing with RV-labeled newborn neurons were identified. Here TTX
addition did not show a significantly damaging effect (TTX group, Fig. 39B, D), even if the tendency
was higher than in the PTX group. On the contrary, the addition of TTX to epileptogenic conditions
(PTX+TTX group) showed a significant recovery of the GABAergic newborn neuron population (Fig.
39D). This finding contradicts the initial hypothesis, indicating that GABAergic neurons do not depend
on GABAergic input.

Accordingly, it appears that blocking GABAA, receptors is not the primary reason for the reduced
GABA expression in newborn neurons. Instead, the hyperexcitatory activity that occurs seems to
disrupt this blocking mechanism, promoting hyperexcitation. In fact, it has been largely tested that the
pathological changes observed in PTX-induced epileptogenic conditions can be prevented by the
simultaneous application of the convulsant (PTX) together with TTX, suggesting that the pathological
features might result from the epileptiform activity itself rather than the direct toxic effect of the

convulsant®4,
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Figure 39. GABAergic newborn neuron numbers are recovered after neural firing disruption in epileptogenic
hOTCs. (A, B) Representative confocal microscopy images of PTX-, TTX-, PTX+TTX- and non-treated hOTCs from mouse
hippocampus, after staining for DAPI in grey, GABA in red, and GFP in green showing the SGZ+GCL. (C, D) GABAergic
cells were quantified by identifying GABA* cells, from which the ones co-localizing with RV-Venus labeled cells were
classified as GABAergic newborn neurons, showing a statistically significant recovery in PTX+TTX-treated hOTCs. n=5-6
per group. The scale bar is 50 um in all the photographs. hOTCs were PTX- (100uM) and/or TTX-treated (10pM) for 3 days.
They were fixed at DIV 23, 16 days post-RV injection, and 7 days post-treatment. Data are expressed as mean + SEM and
analyzed by 2-way ANOVA with repeated measures test and Holm Sidak post-hoc correction. ** P < 0.01, *** P < 0.001.
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6.5.5 GABA Addition Reduces GABAergic Cells during Epileptogenesis

Consequently, the previous results raised the following question: Does the transient GABAergic
period of newborn neurons depend on neuronal activity? And thus, does the GABAergic newborn
neurons need a GABA input to enter the GABAergic transient period? For that, extracellular GABA
was added to the cultures in the next experimental framework: a) control condition (CNT group): the
cultured slices were never exposed to extracellular GABA addition; b) epileptogenic condition (PTX
group): the cultured slices underwent suppression of GABAergic transmission in the extracellular
presence of PTX (100 uM) from DIV 14 to DIV 16 (3 days), where GABAergic inhibition is lost on
both inhibitory and excitatory neurons; c) control under GABA additional input (GABA group): the
cultured slices were exposed to GABA (0.5 uM) from DIV 14 to DIV 16 (3 days); and d) epileptogenic
and GABA additional input (PTX+GABA group): the cultured slices underwent suppression of
GABAEergic transmission as in the PTX group (100 uM, 3 days) with the simultaneous application of
extracellular GABA input GABA (0.5 uM, 3 days), where slices underwent suppression of GABAergic
transmission with simultaneous GABA input (Fig. 40A). The slices obtained from each of the animals
used were separated to cover the four different experimental conditions, and imaged on the same DIV
(see Methods 5.2.1).

Here, inconclusive results were obtained regarding the GABAergic newborn neuron population
in GABA input conditions both in control (GABA group) and epileptogenic scenarios (PTX+GABA
group, Fig. 40B, D), and further research has to be performed.

However, in terms of GABAergic cell population in the DG of epileptogenic hOTCs, results show
a decrease by half in epileptogenic conditions after GABA input (PTX+GABA group, Fig. 40C, E).
This suggests that the decrease in the GABA input is not the reason why the GABA™ cell population is
reduced, but the actual reason cannot be claimed. Interestingly, the GABA input in control conditions
(GABA group) shows similar results as in control conditions (Fig. 40E), suggesting that the GABA
input in a health state does not harm GABAergic interneurons, but it does not increase the population

neither, suggesting that these cells do not need an extra GABA input to express GABA.
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Figure 40. GABAergic newborn neurons are impaired after GABAergic input in epileptogenic hOTCs. (A)

Scheme of the experimental procedure. The hOTCs are extracted at pd5-7 (DIV 0) and cultured. At DIV 7, slices are injected
for the expression of RV-Venus (GFP*). From DIV 14 to DIV 16 they are exposed to GABAA receptor inhibitor PTX (100uM)
and/or inhibitory neurotransmitter GABA (0.5 pM), and immunostainings and imaging are performed 7 days after (DIV 23).
(B, C) Representative confocal microscopy images of PTX-, GABA-, PTX+GABA- and non-treated hOTCs from mouse
hippocampus, after staining for DAPI in grey, GABA in red, and GFP in green showing the SGZ+GCL. (D, E) GABAergic
cells were quantified by identifying GABA* cells, from which the ones co-localizing with RV-Venus labeled cells were
classified as GABAergic newborn neurons, showing a statistically significant decrease in GABAergic cells after TTX
treatment in epileptogenic hOTCs. n=3-5 per group. The scale bar is 50 um in all the photographs. hOTCs were fixed at DIV
23, 16 days post-RV injection and 7 days post-treatment. Data are expressed as mean + SEM and analyzed by 2-way ANOVA
with repeated measures test and Holm Sidak post-hoc correction. * P < 0.05, ** P < 0.01.
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6.5.6 Newborn Neurons are Transiently GABAergic in hOTCs

As aforementioned, the transient GABA expression has been observed to occur in GABAergic
newborn neurons during just the first 2 to 3 weeks of neuronal development. Then, this GABA
expression is supposed to diminish. Therefore, it was interesting to elucidate whether the newborn

neurons in the current model also followed this temporal pattern.

To explore this, the slices were allowed to mature until newborn neurons reached 30 DPI,
equivalent to DIV 37, indicating that the newborn neurons were 1 month old. Subsequently, PTX was
added for 3 days during DIV 21 and 23, one week before analysis. The assessment of GABA expression
was conducted at 7 DPPTX (Fig. 41A). This preliminary experiment utilized a single animal for both
the designed control and PTX groups, with three slices per imaged group. All slices underwent
immunostaining with GABA and DCX antibodies, revealing the presence of GABA* cells in both
cases. However, no co-localization of GABA*-RV-Venus or GABA*-DCX"* newborn neurons was
identified (Fig. 41B).

Further investigation is required for confirmation, but these results suggest that at four weeks of
age, there may be an absence of GABAergic newborn neurons in the DG for both control and
epileptogenic hOTCs, as expected based on existing evidence?®. However, given the hypothesis of this
period being altered in epileptogenic conditions, the presence of immature neurons expressing GABA
could have been predicted. Unless these preliminary results are validated, it is not yet possible to reject
the hypothesis of an altered GABAergic period, but it would allow claim that the period has not been
advanced. Therefore, | suggest a more detailed hypothesis of this period starting earlier during

epileptogenesis.

145



RESULTS

A
hOTCs
DIV 0 (pd5-7) 7 21 23 30

DAPI / RV-Newborn neuron /

CONTROL -

Figure 41. There are no GABAergic one-month-old newborn neurons in the DG of hOTCs. (A) Scheme of the
experimental procedure. The hOTCs are extracted at pd5-7 (DIV 0) and cultured. At DIV 7, slices are injected for the
expression of RV-Venus (GFP*). From DIV 21 to DIV 23 they are exposed to GABAA receptor inhibitor PTX (100puM, 3
days), and immunostainings and imaging are performed 7 days after (DIV 30). (B) Representative confocal microscopy
images of PTX- and non-treated hOTCs from mouse hippocampus, after staining for DAPI in grey, GABA in red, GFP in
green and DCX in blue showing the SGZ+GCL. n=1 per group. The scale bar is 50 um in all the photographs. The hOTCs
were fixed at DIV 37, 30 days post-RV injection, and 7 days post-treatment.
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6.6 Viral Vector Gene Delivery Optimization in hOTCs

6.6.1 Challenges in Viral Vector Selection for Investigating GABA Release in

Newborn Neurons

This is the attempt to find a suitable viral vector for investigating the functional effects of GABA
release in newborn neurons. Indeed, a RV-containing sShRNA targeting GAD1 was aimed to use to
specifically inhibit GABAergic newborn neurons®*® and assess the resulting consequences in the brain
slice. However, this objective resulted challenging as no companies or laboratories that could provide
with the required viral preparation were found, and the resources to produce it in the research center
were lacking. Thus, the viral vector unit at the Universitat Autonoma de Barcelona (Miguel Chillon
group) were contacted for an alternative solution. They suggested to use an adenoviral vector with GFP
for visualization in green, incorporating two promoters (DCX, a gene specifically and transiently active
in neuronal precursors and young neurons®*®4%; and proopiomelanocortin, POMC, present in newly
born granule cells of the DG)*24% to selectively mark newborn neurons in the DG. Additionally,
shRNA-targeting GAD1 would be included to silence its expression.

Once the AAV.GFP was received, it was necessary to confirm its functionality in the hOTCs
model, as it was required to co-localize with DCX for the next steps of the experimental process.
However, when the slices were DCX-immunostained following AAV.GFP viral injection, no co-
localization occurred (Fig. 42A). Therefore, the collaboration for the viral preparation stopped.
Anyhow, the curiosity about the identity of the cells labeled by this virus remained, so different
stainings were performed using markers such as NeuN (neuronal nuclear protein, for post-mitotic
neurons), Prox1 (prospero homeobox protein 1, for intermediate progenitor cells), S100p (S100
calcium-binding protein B, for astrocytes) and GFAP (for astrocytes and stem cells) (Fig. 42B-D).
These stainings revealed co-localizing cells just for some GFAP* and S1003" cells, suggesting that the

AAV predominantly labels astrocytes in the hippocampus.
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Figure 42. Optimization of adenoviral vector AAV.GFP labeling in mouse hOTCs. Representative confocal images
are shown. (A) 7 days after AAV.GFP was injected showing labeled cells in green (GFP, for viral signal enhancing) and DCX
staining in red, with no co-localization observed. (B, C) 14 days after viral injection showing labeled cells in green (GFP*),
NeuN and Prox1 staining in red (white circles showing non-co-localizing cells), and GFAP staining in blue with white arrows
showing co-localization with GFAP. (D) 16 or 30 DPI showing labeled cells in green (GFP*), S100p staining in red, and
GFAP staining in blue with co-localization shown with white arrows in both GFAP and S100p. The scale bar is 50 pm in all
the photographs. hOTCs were made with P5-7 mice and they were fixed at DIV 23-35.
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6.6.2 Interneuron Labeling of a Calcium Indicator Containing DIx Promoter

In the next section a GCaMP was employed, a calcium-dependent fluorescent maker, which
enabled the detection of in vivo neuronal firing activity. The GCaMP was combined with a DIx
promoter, which is expressed in several regions of the brain, including the hippocampus. DIx genes
encode a family of homeodomain transcription factors that control multiple aspects of embryonic
development including neurogenesis®®>*%, Therefore, it is a neuronal marker, which among other

neuronal stages, appears in neuroblasts.

The next aim was to assess specifically the activity of the newborn neurons that are transiently
GABAergic. For that, the expression of AAV.DIx.GCamp6 was first evaluated by immunostaining the
slices one week after the viral injection. Additionally, two different AAVs were tested, as by using
different serotypes different types of cells can be labeled, making the AAV a very useful system for
preferentially transducing specific cell types. In this case, AAV1 and AAV9 were used, as both are
reported to be successfully used in brain tissue. However, AAV9 has been observed to elicit extensive

hippocampal neuronal transduction*®, so it might have greater efficacy in the hOTCs.

Contrary to previous predictions, neither vector labeled DCX™ neuroblasts (Fig. 43A), preventing
the next aim from being carried out. While this virus was no longer suitable for evaluating GABAergic
newborn neuron activity, the curiosity remained regarding the labeled cells being mature neurons.
Thus, NeuN* cells were stained, as they were expected to co-localize with the virally labeled cells, but
found none (Fig. 43B). Ultimately, a staining using the GABA antibody was performed, revealing that
the majority of AAV-labeled cells indeed co-localized, confirming their status as GABAergic
interneurons (Fig. 43C).

This will be a very useful tool for future objectives, as it will enable to assess the activity of
GABAEergic interneurons in the mouse hippocampus and determine whether their firing is impaired in
epileptogenic conditions. Additionally, if such impairment exists, the possible preservation of their

physiological activity can be further studied through ROS or P2XR inhibition.
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/ AAV.DIx. GCamp6 / AAV.DIx. GCamp6

Figure 43. Optimization of AAV.DIX.GCamp6 in mouse hOTCs. Representative confocal images are shown 7 days
after AAV.DIx.GCamp6 (GFP*) was injected, showing virally labeled cells in green and DCX (A) or NeuN (B) staining in
red, with no co-localization observed in either of them. (C) 20 days after viral injection, virally labeled cells are shown in
green and GABA staining in red, with white arrows showing co-localization in some of the cells and white circles in non-co-
localizing ones. The scale bar is 50 pm in all the photographs. hOTCs were made with P5-7 mice and they were fixed at DIV
13-23. Both AAV1 and AAV9 serotypes were used in all cases with similar results.
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7.1 Validation of the hOTCs Epileptogenic Model for Assessing

Aberrant Neurogenesis

This work compares several variables of interest in healthy organotypic slices versus those in
which the development of epileptic-like activity is induced by the transient blocking of GABAa
receptors. The model has been fully characterized recently as a useful model to study epileptogenesis
and implement manipulations®’2. The main characteristic of this model is that seizure-like activity,
defined as hypersynchronous bursts of activity or large groups of neurons, is induced by PTX.
Importantly, these bursts of hypersynchronous activity keep taking place spontaneously after PTX has
been removed and for the duration of the slice. This phenomenon shows that the circuit has been
imprinted to become epileptogenic during the addition of PTX, in a similar fashion to what takes during
epileptogenesis in in vivo models or humans. Associated to this epileptogenic imprinting or even as an
integral part of it, neurons fire with more frequency; more neurons fire in a given period and
neuroinflammation increases, contribution to originate the seizure-like phenotype. To make a clear
distinction with epilepsy and the in vivo models, the terms seizure or epilepsy are consciously avoided

when referring directly to the results and data obtained with the models of hOTCs.

An essential upgrade over the previous work, and which is at the core of this study, is to make
sure that neurogenesis is maintained in hOTCs, in order to study a pathological biological process

associated with epilepsy?*4% and epileptic models?01202407.408 'j e aberrant neurogenesis.

This work is driven by the hypothesis that neuroinflammation contributes to the induction of
aberrant neurogenesis in epileptogenesis. Conversely, the main objective is to preserve normal
neurogenesis by influencing the neuroinflammatory response. The use of hOTCs as a research tool
brings several advantages, as it combines the speed of long-term culture with the preservation of all
the cell types of the brain and its connectivity. This system enables to maintain a complex multicellular
ex vivo environment that closely resembles the complex interactions found within living organisms,
providing a compromise of maintaining essential aspects of neuronal connectivity. Additionally, by
opting for hOTCs and its higher throughput over animal models we are able to significantly reduce the
number of animals, contributing to the ethical principles of the Rs for animal experimentation,

replacement, refinement and reduction.

In more detail, we herein show that slices exhibiting spontaneous epileptiform activity

resembling in vivo MTLE also depict abnormal features found in animal models of MTLE. Similarly
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to what has been previously described in literature°®3724% we used hOTCs as an ex vivo model of
MTLE, which is characterized by the focal origin of seizures in the (unilateral) or very closely related
structures. The model is based on transitorily exposing circuits to PTX (for 3 days) in order to achieve
GABAergic synaptic transmission suppression, thus creating hyperexcitability conditions. We used a
prolonged exposure of 3 days with the GABAergic synaptic blocker PTX, which has been previously
described to have a clear impact on neural dynamics®’2. This disruption leads to an increase in neural
excitability favored by the cytoarchitecture of the hippocampal formation, rich in recurrent circuits,
triggering chronic abnormal patterns of electrical activity resembling those seen in epileptogenic
conditions. This controlled manipulation allows for the study of the underlying mechanisms of
epileptogenesis, focusing in our case on aberrant neurogenesis, and providing insights that may
contribute to a better understanding of epilepsy and potential therapeutic interventions.

7.1.1 Neurogenesis and Survival are Impaired in Epileptogenesis

In the present study, we describe increased overall cell death and decreased neurogenesis. It is
broadly accepted that repeated neuronal hyperexcitation can directly cause neuronal death, and either
animal models or pathology and neuroimaging work in patients have shown that SE causes neuronal
losst8410-412 Byt which could be the intrinsic reason why neuronal death increases during
epileptogenesis? There are several factors influencing cell survival in pathology, starting with the
excessive release of excitatory neurotransmitters, particularly glutamate, which can lead to
overstimulation of neurons. This overstimulation can cause an influx of calcium ions into the cells,
triggering various cellular processes that ultimately result in cell death*, It is the case of NMDA
receptors in the adult DG, which play a crucial role in the survival of newly generated neurons shortly
after birth**, Studies involving single-cell knock-out of NMDA receptors showed that glutamate,
through NMDA signaling, mediates the survival and functional integration of migrating neuroblasts**.
Concurrently, excitotoxicity holds the potential to induce mitochondrial dysfunction, compromising
energy production and leading to the generation of ROS and OS, which intensifies cellular injury.
These conditions may trigger inflammatory responses in the brain, characterized by the release of pro-

inflammatory cytokines and the activation of microglia and astrocytes.

This neuroinflammatory environment can contribute to the disruption of neurotrophic support
systems by interfering with the synthesis, release, or effectiveness of neurotrophic factors, including
critical ones like BDNF. There are studies suggesting BDNF as a possible factor that when altered, can
have an impact in neural death due to its role in regulating neurogenesis, influencing survival,
proliferation, and integration of newly-generated neurons*®, In the context of epilepsy, alterations in
BDNF signaling have been associated with both pro- and anti-epileptic effects, and the impact on cell
death is influenced by various factors. The BDNF/TrkB signaling pathway is implicated in various

aspects of neurogenesis, but its role in the broader context of epileptogenesis remains unclear as a
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consequence of its duality*®4t’. In the chronic phase of epilepsy, BDNF decreases alongside reduced
neurogenesis®!8, indicating a potential link between decreased BDNF and impaired generation of new
neurons. Both BDNF and its receptor TrkB show activation in epilepsy models and patients*®, and
augmenting BDNF-TrkB signaling increases seizure susceptibility, which implies that an
overactivation or dysregulation of this pathway may contribute to the generation or exacerbation of
seizures in epilepsy. Conversely, modulating the activity of the TrkB receptor could have a
neuroprotective role, as inhibiting it offers protective effects against epileptogenesis*®, potentially

mitigating the development or progression of epilepsy.

These findings pertain to overall neuronal death/survival and cannot be extrapolated directly to
the survival of newborn neurons, which can be dictated by intrinsic properties and mechanisms
particular to the neurogenic niche. As much as happens with newborn neurons during development,
survival is promoted by establishment of synaptic contacts*?. This mechanism is however a late
checkpoint and does not account for most of the bulk of cell death of newborn neurons, which takes
place early on, only a few days after neuronal precursors are born and are still undifferentiated and
without synaptic contacts®®. Herein the particular timepoint of cell death that could explain the decrease
in neurogenesis has not been addressed and remains to be elucidated. Nevertheless, because of the
experimental paradigm, much of the loss of neurogenesis should be taking place in earlier stages rather
than later ones. Another important factor to consider is cell proliferation, which alteration can also have
a strong impact on the amount of newborn neurons generated. However, we did not assess it due to the
multitude of factors being addressed during the model optimization. Nevertheless, recognizing its
importance, we may consider studying it using the Ki67 cell proliferation marker or even BrdU, which

allows for lineage tracking and proves to be a valuable tool in such investigations.

However, the general outcome in the case of neurogenesis in each epileptic model is not
consistent. Elevated levels of neurogenesis in the DG and the integration of newly generated neurons
into the epileptogenic hippocampal network are hallmark features observed in the initial stages
following a triggering event like SE*?. Following acute seizures in adult animals, there is a notable
increase in neurogenesis, but this elevation tends to revert to baseline or even fall below it
approximately one month after the initial seizure episode in rats*©’423424 parent showed for the first
time, in the pioneering work on an experimental model of MTLE, that seizures trigger a sharp increase

in neurogenesis®®®, which has been observed on many different occasions later on208:425-428,

Remarkably, contrasting results are observed in the assessment of adult neurogenesis in the
chronic phase. Research by Hattiangady et al. (2004) utilizing DCX as a marker demonstrated a decline
in neurogenesis at 5 months post-KA administration*?®. Similarly, Heinrich and colleagues reported a
gradual decrease in neurogenesis, reaching below baseline levels by 4-6 weeks post-initial seizure
episode®?*, Besides, the chronic phase also manifests a notable reduction in DG neurogenesis*?, as in

cases such as in seizure induction by injection of KA in the amygdala or in the hippocampal DG?8418°,
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where, in the long term, a decrease in neurogenesis is observed. This decline in adult neurogenesis
might be attributed to the potential exhaustion of the NSC pool or alterations in the supportive

neurogenic niche for NSCs!84423429,

Interestingly, neurogenesis in young pups has also been observed to decrease following acute SE,
with only a modest recovery at 2 months after SE*%43L, During the first week of rodent post-natal life,
seizures decrease cell birth in the post-ictal period*®?, which can be considered a reasonable basis for
the diminishing neurogenesis in the present work with P5-7 mouse pup based epileptogenic hOTCs.
This suggests a possibility of the modulation of adult neurogenesis being dependent on the
developmental state of the brain at the time of the initial seizure induction.

And what about the severity of the SE? How does it impact on the survival of newborn neurons?
The initial SE emerges as a key factor influencing both the degree of abnormal adult neurogenesis and
the subsequent development of chronic spontaneous recurrent seizures (SRS). In a hippocampal-
kindling model, the severity of SE was shown to impact the long-term outcome, with animals
experiencing less severe SE states exhibiting greater survival of newborn GCs after 4 weeks compared
to those with fully convulsive SE. Interestingly, the severity of SE did not significantly influence short-
term neurogenesis after 1 week, which could make us think that there is just a subtle relationship

between SE severity and subsequent neurogenic outcomes?104%,

Conversely, in a pilocarpine-induced SE model, the frequency of severe seizures was found to be
a determining factor in seizure-induced damage and aberrant adult neurogenesis observed 10 days after
seizure induction. Fewer severe seizures were associated with enhanced neurogenesis, while more
severe seizures had the opposite effect*®*. Therefore, the dynamic changes in neurogenesis observed
across the course of epileptogenic progression highlight the complex interaction between neural
plasticity and the epileptic state within the hippocampus. While increased neurogenesis in the DG
initially contributes to the response to acute injury, its subsequent decline during the chronic phase or
in a young brain emphasizes the varying nature of epilepsy-associated comorbidities and the difficulties
in the correct diagnosis and treatment*3-43’, The severity and frequency are variables that might play
an important role in determining the particular neurogenic outcome. It is reasonable to argue that a
higher frequency or higher severity will accelerate the depletion of neurogenesis, be it by direct
conversion of NSCs into React-NSCs and then reactive astrocytes or by depleting the pool of NSCs by
neurogenic activation-dependent differentiation®®®4. Indeed, the recent use of human hippocampal
samples from epilepsy patients strongly support this scenario, as longer periods of disease associate

with lower levels of neurogenesis and more astrogliosis®.
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7.1.2 Hyperexcitation Induces Aberrant Neurogenesis in hOTCs

Epileptic seizures have been shown to cause abnormal hippocampal neurogenesis, with altered
progenitor proliferation, aberrant integration, neuronal hypertrophy, and impaired excitability?™,
which may prevent the hippocampus from properly regulating excitatory activity and may prompt
further seizures®®. Thus, the inconsistency between epileptogenic models regarding the number of
immature neurons is not accomplished when it comes to their dystrophic morphology, which has been
persistently observed!8°208:422425-428 - Ahnormal morphology can be interpreted as a decline in their
maturation when dendrites are underdeveloped and the density of dendritic spines is diminished, as is
the case in models of neuroinflammation and neurodegeneration®21%, In the present work, regardless
of the total number of neuroblasts, it is clear that their morphology and dendritic features are abnormal.
The features of aberrant neurogenesis described herein are similar to previous studies®#3-440 in which
seizure activity in early life may initially induce dendrite branch retraction as a precursor of longer-

term growth suppression.

Alterations in dendritic morphology and spine loss mainly in hippocampal neurons have been
reported both in neuropathological investigations of epilepsy animal models and human brain tissues
from patients with epilepsy®®-38. In a recent example of an animal model of pilocarpine-induced acute
seizures in mice, it was observed that regardless of the total number of new neurons, their morphology
is found to be abnormal?®. Dendrites are underdeveloped, and the density of dendritic spines is
diminished, which is observed in models of neuroinflammation and neurodegeneration. In line with
these results in the literature, we have also observed a decrease in the number of dendritic spines in
newborn neurons, together with an anomalous enlargement and widening of these spines that have also
been reported in hOTCs before**, and that suggests a cellular mechanism of recovery for increasing
synaptic contacts. These are common dendritic abnormalities also documented in the neocortical and
hippocampal tissue of epilepsy patients, including changes in dendritic length, shape, and branching
patterns*¥2, Therefore, these findings not only align with previous research but also draw parallels
between animal models and human brain tissue, emphasizing the clinical relevance of these

observations.

7.1.3 Neural Circuit Activity is Preserved after Newborn Neuron Inhibition

The development of an abnormal dendritic tree has been confirmed to be a significant feature of
adult hippocampal neurogenesis, because low synaptic connectivity prevents immature neurons from
responding broadly to cortical activity, potentially contributing to an imbalance between excitation and

inhibition*®. The question now is whether these aberrant features in newborn neurons are related to
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the hyperexcitability occurring during epileptogenesis. As a result of this hypothesis, we have observed
an association between aberrant neurogenesis in the hippocampus and abnormal neural activity. These
abnormalities in the number and morphology of newborn neurons can result in the recruitment of newly
generated neurons into functional hippocampal networks, creating recurrent excitatory circuits*4.
Abnormal neurogenesis in the hippocampus can disrupt its ability to regulate excitatory activity,
potentially leading to the recurrence of seizures. Indeed, there is a big impact of aberrant neurogenesis
on the hippocampal circuitry, as abnormal neurons disrupt the normal wiring of hippocampal circuits,
which can have implications for cognitive functions and seizure generation?®*. As we have seen so far,
there are studies highlighting that epileptic seizures can lead to abnormal neurogenesis in the
hippocampus, including altered proliferation of neural progenitors, improper integration of new
neurons, neuronal hypertrophy, and impaired excitability?22%, Therefore, features of aberrant
neurogenesis align with previous studies and may be a consequence of seizure activity early in life,

which can lead to dendrite branch retraction as a precursor to long-term growth suppression.

Thus, with these experiments we could confirm the impact of aberrant neurogenesis in neural
activity in our hOTCs model, which has been previously observed in animal models. However, the
most interesting finding after ablating newborn neuron activity in slices was the one related to a more
specific study of the hippocampal circuitry in these conditions: high oscillation frequencies in
particular. Oscillation frequencies refer to rhythmic patterns of neural activity in the brain,
characterized by repetitive cycles of electrical or neurochemical events**. In the context of epilepsy,
alterations in neural oscillation frequencies are often observed*44¢, Gamma oscillations play a crucial
role in the coordination of neural activity and information processing, and in epilepsy models,
alterations in these oscillations have been linked to hyperexcitability and network instability!®1"".
Also, abnormal HFOs, particularly fast ripples, are often considered potential biomarkers for
epileptogenic zones, as they are observed in areas of the brain prone to generating seizures®:. There
are studies showing an increase in these oscillation patterns during epileptogenesis'’”**’, which
supported our observation of a strong increase in the PTX-induced epileptogenic hOTCs model.
Additionally, we further discovered that the physiological frequency of these critical oscillations in the
hippocampus was successfully preserved after newborn neuron activity inhibition. This novel outcome
not only enhances our understanding of the consequences of aberrant neurogenesis on network activity,
but also emphasizes that it is not just the overall firing frequency that is preserved; specific oscillations,

like high frequency oscillations, could be directly influenced by aberrant neurogenesis.
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7.2 ATP Induces Aberrant Neurogenesis

7.2.1 Excessive Extracellular ATP Impairs Neurogenesis and Cell Survival

We hypothesized that eATP could be a mediator in the developing newborn neuron conversion to
aberrant, because although under normal conditions ATP is released by neurons and astrocytes as
neurotransmitter/neuromodulator®, during seizures ATP is released in much larger amounts?2%7:2%9:301
due to neuronal excitotoxicity. Also, several studies have demonstrated the presence of purinergic
receptors in developing neurons*® and ATP is known to mediate cell proliferation and reactive
responses in the astrocytes?. Moreover, ATP also mediates neuroinflammation through reactive astro
and microgliosis, therefore, the effect of ATP on newborn neurons could be indirect, direct, or a mix
of both. Indeed, future investigation in the host laboratory is focused on addressing the expression of
the particular P2XR in hippocampal newborn neurons.

In this project, to assess whether ATP was able to induce or at least act as a mediator in aberrant
neurogenesis, we added extracellular ATP to the hOTCs media. We wanted to mimic the amount of
ATP released during the insults by damaged cells, as most P2Rs are sensitive to micromolar
concentrations of eATP*¥, However, P2X7 requires a very high concentration (>100 uM) of ATP for
its activation and is thus, a specific detector of large increases in eATP concentration, such as those
that occur on cell death®®. Thus, the dose used in this work for the study of the effect of ATP is within
the range of ATP released during pathological conditions. The excess of eATP in hOTCs media
induced similar responses than the addition of PTX: an increment in cell death and a decreased
neurogenesis, as well as changes in dendritic arborization and dendritic spine features. These results
strongly suggest that indeed ATP could be a mediator in newborn neuron growth and survival in

pathological hyperexcitation.

It was not a surprise to observe an increase in cell death after high eATP exposure. Following
pathology, higher than normal amounts of ATP released from neurons undergoing excitotoxicity and
necrotic cells have been observed to activate certain P2XR on the surface of both neurons and glial
cells, allowing inward current and an overload of cytosolic calcium levels, triggering pro-
neuroinflammatory signaling cascades plus leading to mitochondrial depolarization, OS, and cell
death®. In vitro, in embryonic NPCs, it has been validated that prolonged eATP exposure results in
membrane disruption and cell death via activation of the P2X7R*2, Hence, it is reasonable to suggest
that excessive eATP levels can escalate cell death; but what about their specific impact on
neurogenesis? Neuronal vulnerability has been closely related to high concentrations of eATP, which
at the same time depend on P2XR expression levels*3, Indeed, activation of specifically P2X7R has

been associated with neuroinflammation and can lead to neurotoxic effects, including inhibition of
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neurogenesis. The direct activation of P2X7R through eATP seems to be a key signal in brain
pathologies, being endowed with the unique capacity to promote and integrate neuroinflammation,

reactive astrogliosis, synaptic dysfunction/loss, and increased susceptibility of neurons to damage?®.

Consequently, the relationship between excessive eATP and hippocampal neurogenesis appears
to depend on factors such as the expression levels of P2XR and the activation of P2X7R associated
with neuroinflammation and neurotoxicity, with evidence suggesting that elevated eATP levels can
have detrimental effects on neuronal health. Neuroinflammation is a strong inhibitor of neurogenesis
while hyperexcitation associates with increased neurogenesis. However, higher levels of neuronal
hyperexcitation, which comprise excitotoxity and cell death, will be ineluctably accompanied by
neuroinflammation. Thus, the balance between these two factors determines the neurogenic
outcome®*, In this case, ATP, in a similar fashion to PTX, impairs neurogenesis, suggesting that ATP-

induced neuroinflammation overpowers the effect of neuronal hyperexcitation on neurogenesis.

7.2.2 Excessive Extracellular ATP induces alterations in The Dendritic Arbor

of Newborn Neurons

As we have previously mentioned, a high eATP level not only affects cell survival in our hOTCs
model but also specifically impairs newborn neuron dendritic arborization and alters dendritic spine
features. Indeed, it is of fundamental importance to maintain adequate control of eATP levels in the
CNS interstitium, as different aspects of the general brain health such as neuronal physiology, synaptic
activity, dendrite arborization or astrocyte and microglia function have been observed to be affected*.
But what is the mechanism related to the impairment of neural dendritic arborization in excessive eATP
conditions? Certainly, it was not an unexpected outcome as it is known that there is a regulatory role
associated with the eATP, which takes part in the dynamic interplay between glial cells and neurons*®.
It shows that ATP can induce the recruitment of microglial protrusions to sites of neuronal activity,
particularly at synapses, contributing to the downmodulation of neuronal firing. This process is focused
on the activation of microglial purinergic receptors and the subsequent production of adenosine by
microglia, which acts on neuronal adenosine Al receptors, effectively suppressing neuronal
firing*®47, In a healthy brain, microglial processes are in constant communication with synaptic
connections situated along neuronal dendrites*®. These interactions between microglia and dendrites
play a vital role in the early developmental phase, where they engage in a process called synaptic
pruning. This pruning effectively removes inactive, abnormal, or surplus synapses through what is
known as en passant phagocytosis®, a very important activity for sculpting neuronal groups and
promoting neuroplasticity®. Interactions between microglia and dendrites are finely tuned by neuronal
activity: when neuronal firing intensifies, it leads to a higher frequency and more extensive connections

between microglial processes and synapses®. In this broader context, microglia emerges as a central
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regulator of synaptic activity, with its ability to prune excessive dendritic branches and eliminate
damaged or surplus synapses through phagocytosis. Thus, in epileptogenic conditions, when neuronal
firing increases, the role of microglia as a regulator of synaptic activity could activate a compensatory
mechanism by pruning dendritic branches and thus, suppress the dendritic arbor growth as we have
seen in our epileptogenic hOTCs model. It is crucial to mention that, the majority of synaptic pruning
is associated with the refinement of neural circuits during early development, and that, the extent and
significance of synaptic pruning during postnatal neurogenesis are not as pronounced as during earlier

developmental stages.

Accordingly, the alterations we have observed in dendritic spine morphophysiology could also be
induced by microglia-associated immune responses, as in animal models of neurodegenerative
disorders, microglial cell proliferation has been already related to increased levels of proinflammatory
cytokines and alterations in dendritic spine morphology and density**®. By modulating synaptogenesis,
microglia are most specifically involved in restoring neuronal connectivity in pathology. These cells
release immune mediators, such as cytokines, in the brain parenchyma that are closely linked to plastic
morphophysiological changes in neuronal dendritic spines, as they modulate synaptic transmission and
alter the number and morphology of dendritic spines during the inflammatory process following

injury*,

In summary, we could demonstrate that elevated eATP levels in hOTCs impact not only cell
survival but also hinder newborn neuron dendritic arborization and spine features, which are associated

with microglial responses and their regulatory role in synaptic activity.
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7.3 Neurogenesis is Preserved after P2XR Inhibition

7.3.1 Recovering Neurogenesis and Survival by Targeting P2XR

Excessive inflammation caused by high concentrations of ATP may be counterproductive to
attempts to repair the acute damage, as the cytotoxic effects of these modulators impact healthy tissue
and exacerbate the initial injury®®l. As a result of these high concentrations of ATP, a pore allowing
macromolecule exchange is known to be opened in the activation of the P2X7R, leading to cell death®®2,
Consequently, this purinergic receptor was in the first place described as the “cell death” receptor, as
its activation during prolonged ATP exposure results in membrane disruption®®?, P2X7R expression
was also found to be increased on neuronal progenitor cells following SE induced via systemic KA in
mice®, potentially impacting SE-induced aberrant neurogenesis. Therefore, there is evidence showing
that antagonizing P2XR brings neuroprotection3464 and they have been proven to be safe during
clinical trials*®. Further, in a nerve crush model, pharmacological inhibitors of the P2X7R improved
the morphology of regenerating nerves*®. The use of P2XR antagonists has demonstrated a reduced
number of seizures during treatment in mouse epileptic models, with a persisting effect one week after
the drug-washout period, suggesting disease-modifying potential“®’. Interestingly, we have been able
to confirm this effect in our model regarding aberrant neurogenesis, in which the TNP-ATP antagonist
was used for inhibiting P2XR, as physiological features were observed to be preserved during

epileptogenesis one week after the treatment with the TNP-ATP antagonist was removed.

It has been largely observed that targeting P2XR promotes neuroprotection in brain-related
pathologies such as PD, AD, HD, and ischemic stroke*63468-470 Eyrthermore, in the specific case of the
TNP-ATP P2XR antagonist, it has been also found to be neuroprotective against ischemic cell death*'?,
similar to what we have observed in the present hOTCs model. When it comes to neuron survival, by
inhibiting P2XR we were able to preserve neurogenesis. This is a common outcome when a P2XR is
blocked during brain insult, as it has been demonstrated that the number of neurons undergoing
apoptotic cell death is reduced and an increase in the survival of neurons in the injured area and adjacent
regions is also observed*’247, This reduction in neuroinflammatory responses and the consequent
protection of neurons from damage also includes GABAergic interneurons. Certainly, as
aforementioned, activation of P2XR can lead to increased neuronal excitability, which may have
adverse effects on GABAergic interneurons' function, and also in their survival*’*. Inhibiting these
receptors can help preserve the balance of neuronal excitability, supporting the proper functioning of
inhibitory circuits. Overall, our findings show that in our epileptogenic hOTCs model, targeting P2XR
with TNP-ATP preserved neurogenesis, reducing apoptotic cell death and enhancing neuron survival,

including GABAergic interneurons.
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7.3.2 P2XR Inhibition is Key in Dendritic Arbor Feature Preservation

The previous approach demonstrates that P2XR antagonists hold potential as a therapeutic
strategy for mitigating neuroinflammatory responses and promoting neuronal protection, but what
about the effect of P2XR inhibition in neuronal outgrowth particularly? To elucidate this, we performed
a Sholl analysis of dendritic branches on newborn neurons in the DG of our hOTCs model, observing
a recovery of the abnormal reduction on the dendritic branching during epileptogenesis. As previously
explained, this is a hallmark of certain neurodevelopmental disorders, not only in epilepsy but also in
other pathologies such as schizophrenia, in which neurons in some regions of the brain also show

reduced dendritic length?™,

It has been already seen that the overactivation of the P2XR compromises the dendritic outgrowth,
which might contribute to developmental and functional deficits*’®. Thus, as we hypothesized, the
inhibition of P2XR counteracted the effect and preserved the physiological growth of the dendritic
arbor. This outcome can be related to the involvement of these receptors in triggering
neuroinflammatory responses in the brain*’’, as therefore, their inhibition may help reduce the harmful
effects of that neuroinflammation, which could disrupt their growth and connectivity. The role of P2XR
in influencing the excitability of neurons*’®47 could also be key in the subsequent effect after blocking
them, as it could help regulate the balance of neuronal activity, preventing excessive excitability that

could lead to abnormal dendritic growth.

Moreover, inhibiting these receptors contributes to the stability of the synaptic connections,
ensuring that they function correctly and support the growth of not only dendritic arbors but also
spines®. Indeed, the physiological dendritic spine density and features were preserved in the present
epileptogenic hOTCs model after P2XR inhibition, which supports what has been observed in animal
models with a P2XR knock-out mouse model, in which the dendritic spine plasticity was also preserved
together with a reduction in the dendritic spine loss*®. It is however important to mention that, in
health, the inhibition of P2XR with the TNP-ATP antagonist in our hOTCs model impairs both the
dendritic arbor and the spine growth. This shows that it is just in excessive activation of these receptors
that their inhibition is neuroprotective, as in health, when their expression is not massive, the inhibition
of P2XR is detrimental for normal neuronal growth, suggesting that higher transient expression of these
receptors is necessary for normal dendritic outgrowth during neuronal development, proliferation, and

maturation.

Indeed, the TNP-ATP antagonist is not specific for a P2XR in particular, and despite in the
experiments performed we successfully preserved neurogenesis, the use of a specific P2X7R inhibitor
would have been noteworthy. Indeed, the use of the TNP-treatment offered promising results in terms

of epileptogenesis, but in a healthy state, it was damaging in many aspects such as cell survival and
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newborn neuron dendritic arborization. This could have been expected due to the fact of non-
specifically inhibiting P2XR, as their functionality might be necessary for the normal development of
the neurogenic processes. Thus, for future research, the use of a specific P2X7R-inhibitor could be key
for avoiding this damage in physiological conditions, as this receptor is only activated in increased

extracellular ATP conditions, as it occurs during epileptogenesis.

Our model has been primarily performed in a determined period of the development of newborn
neurons. Indeed, most findings to date focused on targeting ATP signaling pathways are based on
similar rodent models of TLE, and just a few studies are showing antiepileptic effects in mouse and rat
pups subjected to hypoxia- or intra-amygdala KA-induced seizures®®4® suggesting that
anticonvulsive effects are independent of developmental stage. Therefore, we considered it important
to investigate whether these mechanisms implicated in TLE and its development apply at different
developmental stages. For that, we implemented a 2-photon-based time-lapse imaging protocol in
which we imaged the same newborn neurons for 3 weeks. It was a very interesting point for evaluating
the growing process of the newborn neurons, as the reduction in the dendritic arbor of epileptogenic
newborn neurons could have been a matter of the determined period we were studying. However, with
this approach, we could observe a disruption of newborn neuron development after the first week in an
epileptogenic environment, which was maintained for at least a week more. When it came to P2XR
inhibition, the dendritic arbor growth was preserved in its physiological developmental state as

expected.

Meanwhile, GABAergic cells were also observed to be related to P2XR, the reason why we
evaluated them in our framework. In fact, neuronal P2XR have been reported to influence the release
of GABA and glutamate32484 and there is evidence suggesting that blocking P2XR increases the
number of GABAergic cells, indicating a regulatory influence in their formation; which supports our
findings. Moreover, this blockage could modulate neurotransmitter release and prevent synchronous
network firing, reducing the number and duration of spontaneous seizures*®’. These results emphasize
the relevance of exploring the developmental stage-specific effects of ATP-related mechanisms in the
context of epilepsy and highlight the potential for interventions that can preserve normal neuronal

development, irrespective of the stage at which they are applied.

7.3.3 Blocking P2XR leads to the Preservation of Network Activity and Firing

in Newborn Neurons

At this point, we already know a lot about P2XR and their important role in neuron health.
However, their impact on brain circuitry during pathology is yet to be explored in the present work. As

important neurotransmitters and components of signaling pathways, purines, and their receptors
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participate in the transmission of information in the peripheral and CNS, regulate the physiological
activities of nerve cells, and promote the regeneration of the nervous system*®. Thus, we successfully
measured neural activity in our hOTCs model during epileptogenesis to elucidate how the network
would react to P2XR inhibition, although all the previous research in aberrant neurogenesis recovery
gave us clues on the results we were going to obtain. Indeed, it was easy to hypothesize the preservation
of the physiological neural activity in the slices following the same arguments that P2XR, when
activated, can increase neuronal excitability, leading to abnormal network activity or hyperactivity.
Blocking P2XR in hOTCs helped reduce this excess of excitability, allowing the network to return to
a more balanced state, but the mechanism through which this was performed is yet a matter of

discussion.

As previously argued, this could be mediated by microglia, as it can regulate neural activity in the
brain. Microglia can sense and respond to neuronal activation and can also produce negative feedback
against excessive neuronal activity*®. This novel microglia-mediated neuroregulatory mechanism
plays an important role in protecting the brain from disease. ATP is released upon neuronal activation,
microglia then sense it and drive themselves toward active neurons. There they metabolize ATP to
adenosine, which then inhibits the activity and the overactivation of neurons by acting on adenosine
Al receptors expressed in the neurons. P2XR affect neuronal activity and mediate microglial and
neuron-glial interactions in the pathophysiological processes involved in CNS diseases*®, while the
preservation of physiological network activity by blocking P2XR suggests that these receptors are

involved in regulating the excitability and connectivity of neural circuits.

Therefore, after observing that the physiological neural circuit activity was preserved when P2XR
are blocked, it was of great interest to explore the impact of this inhibition on the functional activity of
specifically newborn neurons during epileptogenesis. Through real-time tracking of neural dynamics,
we monitored the activity of these neurons by calcium imaging. Following the imaging, we observed
a significant increase in calcium release within the newborn neurons in the PTX-induced hyperexcited
hOTCs compared to control conditions. This observation suggests that epileptogenic conditions led to
heightened activity levels in these immature neurons. Indeed, it is already known that during
epileptogenesis, neurons, including immature ones, can become hyperexcitable, leading to heightened
electrical activity*®”. Moreover, epileptogenic conditions can trigger neuroplasticity, and immature
neurons are particularly susceptible to these changes*®. Therefore, they may undergo alterations in
dendritic branching, synaptic connectivity, and excitability as a response to the abnormal neural
activity associated with epilepsy. When targeting P2XR, newborn neuron activity preserves normality,
which could be explained by their previously mentioned regulatory properties, indicating that P2XR
play a role in modulating neural activity and excitability. This finding provides valuable insights into
the impact of epileptogenesis on the functional activity of newborn neurons and demonstrates that
P2XR inhibition, through the use of TNP-ATP, may play a beneficial role in preserving or normalizing

the activity of these neurons.
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All these interactions are relevant because in this study we cannot differentiate the direct
mechanisms of ATP on newborn neurons versus those indirect mediated through glia. Indeed, we are
in the process of confirming the expression of P2XR in newborn neurons, supporting the direct action,
despite this option would not rule out the indirect action, which in itself is a whole new venue of
research. Even though we could assume that cytokines released by glia could be altering newborn
neurons, these effects have not been addressed mechanistically. One pathway of interest in this regard,
as we will see next, is the generation of ROS.
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7.4 ROS Inhibition Preserves Newborn Neuron Features

7.4.1 CeO,NP-mediated ROS Scavenging Enhances Cell Viability and Newborn

Neuron Dendritic Features in High Extracellular ATP Conditions

In excess, ROS can damage cellular components due to their high reactivity and, by reducing its
levels, cells are better protected against OS. Focused on this aim, we used CeO;NPs that, thanks to
their catalytic antioxidant scavenging activity towards ROS, we hypothesized that would diminish the
neurological changes related to OS. Moreover, it is necessary to point out that at homeostatic ROS
levels, nanoparticles are inactive due to the several free radicals that have to be simultaneously
absorbed onto their surface to be recombined into non-radical adducts, a condition that only happens
for high ROS concentrations®®2. Certainly, it has been observed that the catalase-like activity safely
downregulates OS by scavenging the excess of ROS in diseases*®, with better performance than other

antioxidant substances in both efficacy and efficiency, as it becomes active at high ROS concentrations.

In the present work, for 10 days, we continually exposed the slices in excessive eATP conditions
to CeO2NPs, which successfully preserved both cell survival and neurogenesis in the DG. This was not
a surprising outcome, as the increment in eATP is related to an excessive neuroinflammatory response
in which overmuch ROS is generated*®®#, This is often associated with conditions where cellular
energy demands are elevated, such as during periods of intense physical activity or in situations of
cellular stress as in the case of neurodegenerative diseases*®. This is because the process of oxidative
phosphorylation in the mitochondria, which produces ATP, also generates ROS as a natural byproduct,
and when there is an excess of ATP production, it can lead to an imbalance in the electron transport
chain, increasing the production of ROS*. In these conditions, it could be that mitochondria become
overwhelmed and produce more ROS than the cell can efficiently neutralize, which can contribute to
OS leading to cellular damage®’. ROS-induced damage can, not only harm organelles but also cellular
structures, thus, when ROS levels are reduced, cells are more likely to maintain the integrity of their
membranes. Cell membranes can be wvulnerable to radical damage because they contain
polyunsaturated fatty acids, that when interact with oxygen-derived free radicals, an oxidizing agent
generated by ROS, lead to the formation of highly reactive electrophilic aldehydes as part of the lipid
peroxidation process*®4%, By reducing ROS levels and neutralizing the radicals involved in lipid
peroxidation, antioxidants effectively terminate the lipid peroxidation chain reaction. This prevents the
continuous generation of lipid peroxides and stops the propagation of oxidative damage to cellular

membranes, ensuring that the cell's structural and functional integrity is preserved?54%,
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ATP plays a critical role in providing energy for various cellular processes, including those
involved in cellular repair and structural maintenance*®’, thus, adequate ATP levels are essential for
the energy-intensive processes required for dendritic growth, maintenance, and synaptic connectivity.
When the eATP increases excessively, the processes mentioned can be impaired due to the increased
OS to which newborn neurons are specifically vulnerable. Certainly, the damage that the OS can induce
to the dendritic structures and spines in these cells leads to structural abnormalities, such as reduced
arbor branching and complexity, or loss and deterioration of dendritic spines*®®. Because of that, the
ROS scavenging properties of CeO,NPs were thought as a very promising tool for the preservation of
the morphology, and after testing them, they offered a complete preservation in terms of dendritic
spines. It makes sense as with lower ROS, there is less oxidative damage to the proteins and lipids
within dendritic spines, and creates a more favorable environment for dendritic spine regeneration and
stabilization. However, the dendritic complexity was worsened when these nanoparticles were added
to the hOTCs, suggesting a differentiated pathway in terms of the development and growth of the
dendrites and spines. Indeed, ROS, including free radicals like superoxide radicals and hydroxyl
radicals, can play a role in the regulation of dendritic growth and branching*®. Under normal
conditions, a certain level of OS may promote dendritic development as a response to environmental
cues and synaptic activity, which in excessive OS conditions can be detrimental. By reducing ROS
levels, the excessive stimulation of dendritic growth and branching may be mitigated, leading to a
decrease in complexity. However, these are just possible answers to the results obtained, but the
specific impact on newborn neuron dendrite arborization depends on various factors and the overall

cellular context so it needs to be further studied.

7.4.2 Inhibiting ROS using CeO,NPs during Epileptogenesis Reduces ROS and

Preserves both Neurogenesis and Cell Survival

Keeping in mind the observed results with CeO2NPs in excessive eATP conditions, we applied
the same treatment in the context of epileptogenic hOTCs, expecting to ameliorate the effect of the
increased ROS and preserved neural morphology. Although the increase in ROS in epileptic conditions
is broadly accepted®®>°®, we wanted to validate it in our hOTCs model as well as test the viability of
CeO2NPs as ROS scavengers in this system. Here we observed a ROS reduction in epileptogenic
conditions after nanoceria application in the media, in line with the hypothesis aforementioned.
Unexpectedly, the control CeO2NPs generated an increase in ROS levels, which challenges the initial
assumption and interpretation of nanoceria as an ROS scavenger. However, it is already studied that
the measurement of ROS can be challenging due to the antioxidant properties of nanoceria, as in some

cases, these properties may interfere with accurate ROS measurements3623893% The hypothesis was
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then presented that the increase in DCF intensity might be a result of nanoceria oxidizing the DCF
probe itself, even in the absence of actual ROS. To test this hypothesis, a control test without cells was
conducted, exposing the DCF probe to CeO2NPs in the absence of cellular components. It was then
observed that the increase in DCF intensity observed in the inhibited-ROS production group was
indeed linked to nanoceria's interaction with the probe rather than a genuine elevation of ROS levels.
This experimental design and control test was crucial for ensuring the validity and reliability of the
results. Nonetheless, opting for an alternative probe could have been a more prudent decision to
guarantee optimal ROS measurement, even in the presence of CeO,NPs added to hOTCs. Currently,
we lack knowledge about which specific ROS measurement method would avoid this issue, given the

previously mentioned challenges associated with accurate measurements.

The use of CeO;NPs consequently gave rise to the preservation of cell survival and a
neuroprotective effect regarding neurogenesis. This was an anticipated elucidation due to the already
known vulnerability of neurons to the OS, which arises from several factors, including the high
metabolic rate of neurons, their abundant lipid content, and their dependence on oxygen for energy
production?®, Actually, the oxidative modifications of macromolecules in the epileptogenic
environment turn on a variety of defensive mechanisms, including the activation of antioxidant
enzymes (e.g., superoxide dismutase, catalase, glutathione peroxidase) and the upregulation of
molecular pathways involved in cell survival and repair that compromise neural homeostasis, leading

to damage and/or death?%05°,

Linked to this, increased OS has recently been observed to lead to GABAergic interneuron
damage in the developing brain®°25% supporting our hypothesis of its decrease in epileptogenic
conditions and its subsequent preservation when reducing ROS with CeO;NPs treatment. Thus, since
neuronal loss appears as one of the major neurobiological abnormalities in the epileptic brain, the
capability of antioxidants to attenuate epileptogenic features further supports their important role of

having a recognized antiepileptic potential.

7.4.3 ROS Inhibition Preserves the Dendritic Spine Features while the

Dendritic Arborization is Impaired during Epileptogenesis

However, regarding aberrant neurogenesis in terms of the morphological complexity of newborn
neurons, the dendritic arborization was diminished after CeO,NPs-induced ROS inhibition. It is well-
known that the plasticity of dendritic arbors is utilized by neurons to compensate for changes in the
synaptic input, which requires ROS for activity-regulated plasticity®®. Moreover, ROS signaling has
recently emerged as a necessary positive regulator for dendritic structural remodeling to occur in motor

neurons in Drosophila®®, and its inhibition has been observed to disrupt the timing of neuronal
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polarization of cultured hippocampal neurons from rat embryos3¥°%, Therefore, it may be justified
that there is a reduction in the number of intersections of newborn neurons in the present epileptogenic
hOTCs model when ROS is inhibited with nanoceria, although the understanding of the mechanisms
for physiological regulation by ROS will be key to revealing the interplay between OS and dendritic

arborization.

Regardless of the dendritic arbor depletion in newborn neurons of ROS-inhibited epileptogenic
hOTCs, it was yet interesting to look further into detail by analyzing the status of dendritic spines in
these conditions. It has been previously addressed how chronic unpredictable stress reveals new
dendritic spine formation decrease and pre-existing spine loss increase®®’, suggesting that stress
deprivation may bring the control situation back, as occurred in the present model. Nevertheless, it is
not only the density but also the structure of dendritic spines that are important factors in synaptic
functions, dynamic changes in the shapes and sizes of dendritic spines can also affect spine stability
and synaptic strength. Increased OS and neuroinflammation are some of the main causes of these
changes in dendritic spine structure*®®, and they have been observed to change the rate between thin
and mushroom spines in neurons in the DG and CAL in young adult mice, which suggests a potential
change in synaptic activity®®. Even though we have not assessed the type of dendritic spines, their size
and structure have been thoroughly measured after ROS inhibition, showing how large dendritic spines
in hyperexcited newborn neurons recovered their physiological size. The fact that the spine density
decreases and average spine head volume increases suggests a homeostatic balance between spine head
volume and spine density, which could imply that epileptogenesis is accompanied by an abnormality
in the mechanisms that control synapse growth and maturity. Besides, the mechanisms driving the

recovery of these abnormalities after CeO.NPs-induced ROS inhibition remain to be fully explored.
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7.5 Epileptogenesis Affects GABAergic Interneurons

7.5.1 GABAergic Neurons are Impaired in Hyperexcitatory Conditions

Its role in regulating a wide range of brain functions®! through the modulation of the inhibitory-
excitatory balance necessary for proper brain function, and thus, its implication in several neurological
disorders when in a dysfunctional state, makes GABA a key factor in this study. Furthermore, in our
epileptogenic hOTCs model, we observed a decrease in number of interneurons, both GABA™ and PV*
ones, supporting the dramatic effect that hyperexcitation induces on the previously mentioned neural
network functioning. In animal models of epilepsy, PV* interneurons have been shown to be
particularly susceptible to cell death or dysfunction®2-3 and loss of PV* interneurons has been
observed in human patients with epilepsy®®, which is thought to contribute to the development of
hyperexcitability and seizures?®”-?%, However, elucidating what was going on with GABA* newborn
neurons within our framework was of utmost interest due to the controversy in terms of their

GABAergic/glutamatergic nature.

The GCs residing within the DG, which serve as the point of origin for the MFs, have long been
characterized as primarily glutamatergic in nature®®. Nonetheless, emerging data from various
experimental methodologies in recent years have initiated a debate, calling for a redefinition of their
phenotypic identity. While there is no denying their capacity to release glutamate for rapid
neurotransmission, evidence has unveiled a surprising twist in their functional profile suggesting that
these traditionally glutamatergic cells also exhibit the expression of GABAergic markers, opening up
a previously unexplored feature in our understanding of these neurons. These markers include GABA-
synthesizing enzymes and GABA transporters, which are typically associated with inhibitory
neurons®*51 This co-expression of glutamatergic and GABAergic markers challenges the
conventional classification of these cells as purely excitatory, suggesting that they may play a
multifaceted role in hippocampal circuitry, potentially participating in both excitatory and inhibitory

signaling pathways.

Indeed, the GABAergic phenotype of these cells appears to show age-dependent shifts in its
functional effects. Early in life, during a critical period spanning approximately 1.5 to 4 weeks post-
mitosis, GABA paradoxically acts as an excitatory neurotransmitter within the DG?°. This unique
phenomenon has significant implications for the development and operation of the hippocampal
network. During this specific developmental window, GABAergic signaling takes on an excitatory role
in young GCs within the DG. Unlike the typical inhibitory action of GABA observed in mature
neurons, GABA at this stage plays a pivotal role in promoting spike initiation and enhancing neuronal

excitability within the hippocampal network. This means that, in these young GCs, GABAergic
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transmission leads to the generation of action potentials and supports the overall network activity,

particularly during periods of moderate neural activity®'2,

This reduced period is the exact time at which we studied the developmental changes of newborn
neurons during epileptogenesis in hOTCs. This is the reason why we wondered if there could be an
effect on the GABAergic phenotype during the development of the disease. Thus, our hypothesis was
directly formulated by thinking of the GABAergic period being altered, and it was confirmed when we
observed the reduction in GABAergic interneurons in the DG. Moreover, we also assessed the
percentage of GABAergic newborn neurons in this area, obtaining the same results. The alteration of
this period raised intriguing questions about the functional significance of the dual identity within the
DG granule cells. Could these cells be involved in fine-tuning the balance between excitatory and
inhibitory neurotransmission within the hippocampus? Might they play a critical role in regulating the
overall network dynamics and information processing in this crucial brain region? Answering this kind
of questions was not an easy approach, so we started with the hypothesis of GABAergic neurons
needing GABAergic input to be GABAergic.

In this study, we aimed to investigate the impact of disrupting neural firing, specifically in
GABAergic interneurons, by using TTX, in order to elucidate whether these neurons needed
GABAergic input to be GABAergic. Surprisingly, the study did not yield the expected results, as
blocking general neural firing was found to be detrimental for GABA™ cells in control but not in the
case of the slices with epileptiform activity. These unexpected results led to the rejection of the initial
hypothesis that GABAergic neurons depend on GABAergic input for their functioning, suggesting that
blocking GABAA receptors is not the reason for the decreased expression of GABA in newborn
neurons. This outcome highlights a crucial point: the observed pathological changes in conditions
resembling epilepsy (induced by PTX, a convulsant) are prevented when TTX (a sodium channel
blocker) is simultaneously applied. This suggests that the pathological features associated with epilepsy
may result from the epileptiform activity itself, rather than being a direct toxic effect of the convulsant.
These findings have significant implications for our understanding of epileptogenesis and the role of
GABAergic neurons, as they suggest that the changes in GABAergic cell function during
epileptogenesis are not solely due to disruptions in GABAergic signaling but may be influenced by the

overall neural activity and network dynamics associated with epilepsy.
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Briefly summarizing what we have observed in this work, the PTX-induced hyperexcitability
model in hOTCs proves valuable for studying aberrant neurogenesis during epileptogenesis. This
model demonstrates the suitability of healthy hOTCs for long-term studies while revealing that PTX-
induced epileptogenesis disrupts neurogenesis, dendritic morphology, and synaptic plasticity.
Excessive eATP and OS play crucial roles in this process, and their inhibition through P2XR and ROS
modulation preserves neurogenesis and neural function. Furthermore, GABAergic interneurons are
significantly impaired during epileptogenesis, shedding light on their intricate role in the neural
circuitry. Overall, these findings contribute to our understanding of epileptogenic mechanisms and

suggest potential therapeutic avenues for epilepsy treatment.
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CONCLUSIONS

1. PTX-induced Hyperexcitability in hOTCs Results in a Suitable Model for

Assessing Aberrant Neurogenesis During Epileptogenesis

VI.

Serum-free based cultured healthy hOTCs maintain the DG structure after ~3-4 weeks in vitro,
as well as persisting neurogenesis in the DG.

The blocking of GABAA receptors with PTX to induce epileptogenesis reduces neurogenesis
and increases cell death.

The identity of retrovirally-labeled newborn neurons is confirmed by DCX expression,
confirming their neuroblast state.

PTX-induced epileptogenesis in hOTCs causes a decrease in the morphological complexity of
the dendritic arbor of the differentiating newborn neurons.

Alterations in dendritic spine density and growth are observed in epileptogenic conditions,
showing a reduced number of spines but with larger heads.

Single neuron firing, pair-wise firing correlation, and circuit synchronizations increase during

PTX-induced epileptogenesis, confirming the epileptogenic state of the model.

2. Inhibiting Newborn Neuron Activity during Epileptogenesis Confirms the

Implication of Aberrant Neurogenesis in the Brain Circuitry

Neuronal firing and network synchronization are recovered after inhibiting newborn neuron

activity, suggesting the occurrence of aberrant neurogenesis a key factor in the dysfunction of the

neural circuit.

Newborn neuron activity inactivation shows a tendency for the preservation of high frequency

oscillation patterns in epileptogenic hOTCs.
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3. ATP Acts as a Mediator in the Induction of Aberrant Neurogenesis

Excessive extracellular ATP reduces neurogenesis and increases cell death as in epileptogenic
conditions.

The morphological complexity of newborn neurons is also reduced when there is an excess of
extracellular ATP.

Addition of ATP also alters dendritic spines in newborn neurons, decreasing their number and
increasing their head size.

4. P2XR Inhibition Preserves Neurogenesis

Epilepsy-induced ROS generation is reduced after blocking P2XR with the antagonist TNP-ATP.
P2XR blockage with TNP-ATP during epileptogenesis recovers the control levels of
neurogenesis and cell death, as well as dendritic arborization complexity and dendritic spine
density and shape.

The time-lapse assessment of the morphological complexity of newborn neurons suggests an
impairment in the growth of the dendritic arbor during the first weeks of their differentiation in
epileptogenic conditions, which is recovered after P2XR inhibition.

Blocking P2XR recovers the neuronal firing in the DG of epileptogenic hOTCs, as well as the
activity of newborn neurons.

The number of GABAergic cells number is preserved in control levels when P2XR are inhibited

in epileptogenic conditions.

5. ROS Inhibition Preserves Neurogenesis

CeO2NPs-induced ROS inhibition during excessive extracellular ATP preserve the control level
of cell death, neurogenesis and dendritic spine density and head features. Cell morphological
complexity is, however, worsened.

ROS generation is increased in PTX-induced epileptogenic hOTCs, and can be reduced thanks to

the ROS scavenging properties of CeO2NPs.
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ROS reduction by CeO2NPs in epileptogenesis preserves neurogenesis and cell death levels, as
well as the dendritic spine density and head features, while the dendritic arbor complexity
decreases.

Decrease of ROS generation by CeO2NPs preserves the number of GABAergic cells in hOTCs.

6. GABAergic Interneurons are Impaired during Epileptogenesis

177

There is a loss of inhibitory neurons in epileptogenic hOTCs, as well as a specific reduction in the
number of newborn neurons in GABAergic phase.

Blocking GABAergic release, thus disrupting interneuronal firing, dramatically impairs
interneuron survival.

GABAergic newborn neuron survival does not depend on GABAergic input alone, but rather on
the balance between glutamatergic and GABAergic input.

Excessive extracellular GABA reduces the number of GABAergic cells.

Newborn neurons are transiently GABAergic in hOTCs, as it occurs in in vivo.
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