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ABSTRACT

“Las neuronas son como misteriosas
mariposas del alma”

Santiago Ramén y Cajal






ABSTRACT

Fas apoptotic inhibitory molecule 1 (FAIM1) gene is highly conserved in the evolution,
being expressed even in single-cell choanoflagellates. FAIM protein was firstly
characterized in 1999 in B cells. Two years later, a new isoform codified by alternative
splicing of FAIM1 was discovered in neurons. This isoform contains twenty-two amino
acids more than the previously characterized isoform in B cells (FAIM-S) thus, was
named FAIM-L. Recently, new longer FAIM1 isoforms, FAIM-S_2a and FAIM-L_2a have
been characterized only in humans. FAIM-L and FAIM-L_2a exhibit a neuronal-specific
expression, whereas FAIM-S and FAIM-S_2a are ubiquitously expressed in the

organism.

FAIM-S was firstly characterized as an anti-apoptotic protein in B lymphocytes. The anti-
apoptotic activity of this protein against Fas activation was also demonstrated in different
cells. FAIM-L exerts an anti-apoptotic effect against DR-mediated apoptosis in neurons,

whereas FAIM-L_2a is unable protects neurons against apoptotic cell death.

FAIM-S has been implicated in other functions in the immune system such as the
enhancement of CD40-mediated NF-kB activation in B lymphocytes. Interestingly, FAIM-
S participates in the regulation of Akt signalling. In thymocytes, FAIM-S protects against
TCR-mediated apoptosis inducing changes in Nur77, via regulation of Akt signalling.
Moreover, FAIM-S participates in glucose and lipid metabolism. FAIM-KO mice exhibit
alterations in enzymes implicated in insulin response and lipogenesis. The insulin
pathway alterations observed in Faiml1-deficient hepatocytes, adipocytes and muscle
cells seem to be promoted by an impairment in Akt phosphorylation. Recently, a role of
FAIM-S in protein aggregation and cell death induced by cellular stress has been
reported in HelLa cells and hepatocytes. Likewise, FAIM-S and FAIM-L decrease the AB

and a-synuclein aggregation.

FAIM1 is relevant in different diseases. FAIM-S is deregulated in multiple myeloma and
obesity and FAIM-L is downregulated in Alzheimer’s disease. The relevance of FAIM-L
in Alzheimer is emphasized since this protein is necessary for the protective effect of

TNF-a against AB-induced neuronal death.

The emergence of non-apoptotic functions of apoptotic proteins in the nervous system
open an interesting and fascinating new way in the study of these proteins. In this sense,
FAIM-L acts as a regulator in synaptic transmission, axonal degeneration and synaptic
plasticity process of long-term depression (LTD). Moreover, FAIM-S, FAIM-S_2a and
FAIM-L_2a are implicated in neurite outgrowth.



Twenty years after its discovery, the relevance of FAIM1 in some systems has been
reported. However, many issues about the effect of this protein remain hidden.
Concretely, FAIM1 functions in nervous system are still a high exciting mystery. The
possibility to analyse the Faiml deletion effect in vivo, due to FAIM-KO generation,
opens an important door to unmask the relevance of FAIM1 in the nervous system.
Therefore, we decided to characterize the neuronal phenotype of FAIM-KO to unravel

FAIM1 functions in brain.

Surprisingly, we observed age-dependent induced seizures in FAIM-KO. Owing to that
finding, the work was focused to unravel mechanisms related with seizure susceptibility
in FAIM-KO mice. FAIM-KO mice with seizure showed typical hippocampal cellular and
molecular alterations reported in epilepsy models. These effects have not been observed
in non-convulsive FAIM-KO mice. Although, neuroinflammation and cell death were not
apparent in FAIM-KO mice, these animals exhibit a decrease in glial density in
hippocampus. These mice exhibit slightly changes in expression of synaptic proteins
SNAP25 and vGLUT1, deregulation apoptotic Fas and XIAP and alteration in primary
dendrites of granule cells in hippocampus. Interestingly, FAIM-KO mice are hyperactive,
have impairment in cognitive tasks and in nest construction and exhibit an increase in

social interactions.

These results point to new exciting roles of FAIM1 in central nervous system. However,
the use in this work of FAIM-KO mice derived of mixed background makes the replication
of these experiments in other genetic background necessary for ensuring a role of FAIM1

in seizure susceptibility.









RESUMEN

Fas apoptotic inhibitory molecule 1 (FAIM1) es un gen muy conservado la evolucion, el
cual esta presente desde organismos unicelulares. La proteina FAIM (FAIM-S) se
encontré por primera vez en las células B del sistema inmune. Posteriormente, se
descubrioé en neuronas una isoforma de FAIM1 con 22 aminoacidos mas que FAIM-S,
FAIM-L. En los ultimos afios se han descubierto y caracterizado en humanos dos nuevas
isoformas, FAIM-S_2ay FAIM-L_2a.

FAIM-S protege a los linfocitos B, timocitos y hepatocitos de la muerte celular inducida
por la activacién de la cascada de sefalizacion apoptética de los receptores de muerte,
mientras que FAIM-L ejecuta esta funcidén protectora en neuronas. Estas proteinas
también ejercen otras funciones. Por ejemplo, FAIM-S regula distintas funciones no-
apoptoticas en el sistema inmune y participa en el metabolismo lipidico y glucolitico. El
papel de FAIM-S en la via de sefalizacion de la insulina podria estar relacionado con
modificaciones en el estado de fosforilacibn de Akt. Ademds, recientemente, se ha
postulado el papel modulador de FAIM-S y FAIM-L en la agregacion proteica en
situaciones. De hecho, estas proteinas serian capaces de regular la agregacion del

péptido amiloide y de la a-sinucleina.

La expresién de isoformas de FAIM1 se ha visto alterada en algunas enfermedades, en
concreto la proteina FAIM-L se expresa en menor cantidad en estadios avanzados de
la enfermedad de Alzheimer. De hecho, el tratamiento de TNFa no es capaz de proteger
a las neuronas de la neurotoxicidad causada por los oligdmeros del péptido amiloide en
ausencia de FAIM-L, lo que indica un importante papel de FAIM-L en el desarrollo de la

enfermedad de Alzheimer.

En los dltimos afios ha proliferado el interés por conocer el papel de las proteinas
apoptéticas, entre ellas FAIM1, en la regulacion de otras funciones en el sistema
nervioso. Entre las funciones no apoptéticas reguladas por FAIM1, se ha comprobado
que FAIM-S, FAIM-S_2a y FAIM-L_2a participan en el crecimiento neuritico, mientras
que FAIM-L modula la transmisién y la plasticidad sinaptica y la neurodegeneracion

axonal.

Después de casi 20 afios del descubrimiento de FAIM1, todavia quedan muchas
cuestiones por resolver sobre esta proteina. Los Ultimos hallazgos referentes a las
funciones de FAIM1 en el sistema nervioso suponen una excitante nueva area de
estudio. Ademas, la generacion de ratones carentes del gen de FAIM1 brindan la

oportunidad de estudiar su relevancia en el sistema nervioso. Por ello, decidimos



estudiar el fenotipo neuronal del ratébn FAIM-KO generado en el laboratorio del Dr. Huo

(Singapuir).

Sorprendentemente, los ratones FAIM-KO desarrollaron convulsiones tras ser
expuestos a estimulos sensoriales y/o estresantes y esta predisposicion se iniciaba en
la edad adulta. Por ello, decidimos enfocarnos en estudiar qué alteraciones en los
ratones FAIM-KO podian favorecer el desarrollo de estas crisis convulsivas.
Observamos que los ratones FAIM-KO que convulsionaban presentaban alteraciones
en el hipocampo tipicas de cerebro epilépticos, unos cambios que no aparecian en los
ratones sin convulsiones. Aunque los ratones FAIM-KO no presentaban inflamacion o
muerte celular aparente, observamos que su densidad de células gliales en el
hipocampo era ligeramente menor a los ratones control. Ademas, la expresion de
algunas proteinas sinapticas y apoptéticas, asi como en el nimero de dendritas
primarias de las células granulares también se encontraban alterados en el hipocampo
de los ratones FAIM-KO. En cuanto a su comportamiento, estos ratones eran mas
activos y tenian una mayor predisposicion a interaccionar con otros ratones, mientras

que presentaban deficiencias en sus habilidades cognitivas y de construccion del nido.

Estos resultados revelan interesantes nuevas funciones de FAIM1 en el cerebro. Sin
embargo, la realizacion de este estudio con un modelo de fondo genético mixto (129 y
C57BL/6) puede suponer un problema al querer establecer relaciones causales gen-
fenotipo. Por ello, es conveniente ratificar estos resultados en ratones de distinto fondo

genético para corroborar el papel de FAIM1 en el desarrollo de convulsiones.
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INTRODUCTION

1. APOPTOSIS

A high and strict regulation of cell death and survival is important to avoid an uncontrolled
cell proliferation or massive cell death in the organism, that may underlie different
diseases such as cancer or neurodegenerative diseases (Favaloro et al. 2012; Mcllwain
et al. 2013; Singh et al. 2019). The programmed cell death machinery has been
conserved during the evolution, being similar among metazoans. There are several types
of regulated or programmed cell death that historically have been classified in apoptosis,
necrosis and autophagic death (Fuchs and Steller 2015). Recently, a new classification
of cell death subroutines, based on molecular and essential aspect of this event, has
been published (Galluzzi et al. 2018). The new divisions proposed by Galluzzi et al.
(2018) are: intrinsic apoptosis, extrinsic apoptosis, mitochondrial permeability transition-
driven necrosis, necroptosis, ferroptosis, pyroptosis, parthanatos, entotic cell death,
NETotic cell death, lysosome-dependent cell death, autophagy-dependent cell death,

immunogenic cell death, cellular senescence, and mitotic catastrophe (Figure 1).
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Figure 1. Main cell death subroutines in mammals. Each type of regulated cell death exhibits
a wide spectrum of characteristics, some of them are shared among subroutines. ADCD:
autophagy-dependent cell death; ICD: immunogenic cell death; LDCD: lysosome-dependent cell
death; MPT: mitochondrial permeability transition RCD: regulated cell death. Figure from Galluzzi

et al. (2018).

Focusing in apoptosis, a term coined by Kerr et al. (1972), this event involves

morphological changes such as cell shrinkage, chromatin condensation, DNA
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fragmentation, membrane blebbing and formation of apoptotic bodies that are
phagocyted. These processes differentiate apoptosis from other cellular death types
(Kerr et al. 1972; Kroemer et al. 2009). Apoptosis is important for the development and
maintenance of tissue homeostasis and it is carried out by pro-apoptotic proteins
activation. To ensure a controlled cell death, this process is regulated by anti-apoptotic
proteins, that act as a “stop sign” and limit apoptotic death. Caspases, pro-apoptotic
proteins of B-cell lymphoma-2 (BCL-2) family, cell death receptors (DRs) and their
recruited adapter proteins are pro-apoptotic proteins; whereas inhibitor of apoptosis
proteins (IAPs), cellular-FLICE inhibitory protein (c-FLIP), anti-apoptotic proteins of BCL-
2 family, Fas apoptosis inhibitory proteins (FAIM), A20, Fas associated phosphatase
(FAP-1), phosphoprotein enriched in astrocytes 15 (PEA-15) and Bruton tyrosine kinase
(BTK) belong to the anti-apoptotic proteins (Reich et al. 2008; Taylor et al. 2008; Planells-
Ferrer et al. 2016).

Apoptosis in the nervous system

In the nervous system, apoptosis is meticulously controlled. During embryogenesis,
neuronal cells not only proliferate and differentiate but also suffer apoptosis. The first
studies about the regulation of cells number during brain development are from Levi-
Montalcini (1950), who estimated that about 50% of neurons die during development.
This massive, although controlled, neuronal death during development is due to an
excessive production of neurons, and it is necessary to remove neurons that do not
establish adequate neuronal connections (Oppenheim 1991; Mazarakis et al. 1997; Sun
et al. 2004; Dekkers et al. 2013; Yamaguchi and Miura 2015; Hollville et al. 2019).
Several factors regulate neuronal apoptosis during the neurodevelopment: internal death
timer, neuronal type, transcription factors switching, inductor signals and cell capacity to

evade cell death signals (Yamaguchi and Miura 2015).

Otherwise, neuronal survival during embryogenesis is supported by neurotrophic factors
such as insulin-like growth factor (IGF-1), nerve growth factor (NGF) and brain-derived
neurotrophic factor (BDNF) (McAllister 2001). Interestingly, some of these neurotrophic
factors can exert both apoptotic and survival roles. For example, NGF promotes neuronal
survival in presence of tropomyosin receptor kinase A (TrkA) receptors, but induces
apoptosis in neurons that express the death nerve growth receptor (NGFR or p75NTR)
(Mazarakis et al. 1997). Moreover, DR activation is able to induce neuronal survival
activating non-apoptotic pathways (Cheng et al. 1994; Knight et al. 2010; Hyman and
Yuan 2012). Specifically, neuronal survival-mediated by tumor necrosis factor alpha

(TNFa) is dependent on nuclear factor kappa-light-chain-enhancer of activated B cells
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(NF-kB) activation (Mattson et al. 2000) and could also involve the activation of mitogen-
activated protein kinase (MAPK/ERK) pathway (Marques-Fernandez et al. 2013). In
addition, Fas (also hamed CD95) stimulation does not induce apoptotic cell death in
murine neural stem cells (NSCs) and human neural progenitors cells (NPCs) (Ceccatelli
et al. 2004; Ricci-Vitiani et al. 2004).

In adult brain, in contrast to neurodevelopment, neurons exhibit a restrictive capacity to
die by apoptosis in normal conditions. This is due to adult neuronal apoptosis has a
devasting effect in the brain since most of neurons do not have renewal capacity.
Changes in the expression of apoptotic proteins in mature neurons restrict apoptotic
death and allow neuronal viability throughout all individual life (Madden et al. 2007; Kole
et al. 2013; Annis et al. 2016; Hollville et al. 2019) (Figure 2). However, different insults
can deregulate the balance of apoptotic proteins in adult brain inducing apoptosis and
the development of neurological diseases such as cerebral hypoxia-ischaemia neuronal
injury or neurodegenerative diseases (Sastry and Rao 2000; Chi et al. 2018).

BAX (BCL-2 associated X protein), BAK (BCL-2 associated antagonist), Apaf-1
(Apoptotic protease-activating factor 1), some caspases, BH3-only proteins, anti-
apoptotic BCL-2 family proteins, XIAP (X-linked inhibitory apoptosis protein) and JNK
(Jun N-terminal kinase) are apoptotic proteins that are differentially expressed in
proliferative and mature neurons (Pomepiano et al. 2000; Putcha et al. 2003; Eckelman
et al. 2006; Ghosh et al. 2011; Hollville et al. 2019). Pro-apoptotic proteins BAX, BAK,
Apaf-1, some caspases and BH3-only proteins are highly expressed in proliferative
neurons, exerting a key role in neuronal death during development. However, these pro-
apoptotic proteins are reduced in mature neurons (Kumar et al. 1992; Pompeiano et al.
2000; Hyman and Yuan 2012; Annis et al. 2016; Hollville et al. 2019). Thus, in the adult
brain, an alternative spliced isoform of BAK (N-BAK) is expressed (Uo et al. 2005) and
caspase 8 is detected in low levels in NPCs (Ricci-Vitiani et al. 2004). Conversely, the
levels of anti-apoptotic BCL-2 family proteins are increased in mature neurons, except
MCL-1 that is only expressed during the proliferative stage (Nakamura et al. 2016;
Fogarty et al. 2019; Hollville et al. 2019) (Figure 2).
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Figure 2. BCL-2 family proteins expression in the nervous system. The levels of pro- and
anti-apoptotic proteins of BCL-2 family diverge among neuronal stages. Pro-apoptotic proteins
are expressed mainly in proliferative neurons whereas anti-apoptotic proteins are expressed
robustly in mature neurons, to ensure their survival. Figure from Hollville et al. (2019).

1.1. Apoptotic pathways

Apoptosis can be activated by two pathways: the extrinsic and the intrinsic pathways
(Figure 3). The intrinsic pathway is activated by microenvironmental stress signals
(endoplasmic reticulum stress, DNA damage or growth factor withdrawal), promoting the
translocation of BAX and BAK to the mitochondrial outer membrane (MOM), their
oligomerization and pore formation. These events precipitate the MOM permeabilization.
This permeabilization promotes the release of apoptogenic factors, such as cytochrome
¢, HtrA2 serine peptidase 2 (HTRA2/OMI) and second mitochondria-derived activator of
caspases (SMAC/DIABLO), from the mitochondrial intermembrane space into the

cytosol. The cytosolic cytochrome ¢ binds to apoptosis protease-activating factor-1
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(Apaf-1) inducing its oligomerization and leading to the apoptosome formation. The
apoptosome complex recruits and promotes the activation pro-caspase-9, through
induced caspase-9 homodimerization or through formation of Apaf-1l:caspase-9
heterodimers. The activated caspase-9 is dissociated to the apoptosome and induces
the activation of effector caspases (caspase-7 and -3) by proteolytic cleavage. Cleaved
effector caspases promote the proteolysis of different substrates such as poly-ADP-
ribose polymerase (PARP), precipitating cellular demise (Elmore 2007; Riedl and
Salvesen 2007; Tait and Green 2010; Wu and Bratton 2017).

The extrinsic pathway is activated by extracellular microenvironment stimuli. This
pathway implicates death receptors (Fas, tumor necrosis factor receptor 1 [TNFR1], DR4
and DR5) or dependence receptors (netrin receptor, neurotrophic receptor, sonic
hedgehog receptor patched 1 and others) activation. The DR activation promotes their
oligomerization, recruitment of adaptor proteins with death domain (DD), such as Fas-
associated death domain protein (FADD) and TNFR-associated death domain protein
(TRADD), and death-inducing signalling complex (DISC) formation. The DISC acts as a
platform for pro-caspase-8 recruitment and activation, by oligomerization and
autoproteolytic cleavage. There are two types of cells depending on their requirements
to activate executioner caspases (Scaffidi et al. 1998; Jost et al. 2010). In type | cells,
caspase-8 activation is enough to induce the cleavage of caspase-7 and caspase-3. The
overexpression of anti-apoptotic BCL-2 family proteins or loss of BCL-2 interacting
mediator of cell death (BIM) is not able to inhibit apoptosis in these cells, because type |
cells have low levels of XIAP. However, in the type Il cells, where the majority of neurons
are included, the mitochondrial apoptotic pathway activation is required for activating the
executioner caspases. The amplification of apoptosis signalling is necessary for inducing
apoptosis in these cells due to their high levels of XIAP. In type Il cells, BH3-interacting
domain death agonist (BID) is cleaved by caspase-8 cells, promoting BID activation.
Cleaved-BID (tBID) promotes the recruitment of BAX/BAK to the MOM, leading to MOM
permeabilization. This transient permeabilization in the mitochondria allows the release
of pro-apoptogenic molecules and results in caspase-9 activation. In both types of cells,
the activation of the effector caspases culminates in cleavage of different substrates,
morphological cellular changes and cell death (Elmore 2007; D’Amelio et al. 2010; Tait
and Green 2010; Uren et al. 2017; Pefia-Blanco and Garcia-Saez 2018; Galluzi et al.
2018).
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Figure 1. Intrinsic and extrinsic
pathway of apoptosis. a. The
intrinsic pathway is activated by
intrinsic  signals such as DNA
damage and endoplasmic reticulum
stress. These signals induce the
MOM permeabilization by
dimerization of BAX and BAK in the

MOM. Due to mitochondria
permeabilization, several
apoptogenic  molecules (SMAC,

cytochrome ¢ and HTRA2/OMI) are
released into cytosol, leading the
activation of apoptotic caspase-9
dependent pathway. b. The extrinsic
pathway is activated by death ligands
that bind to DR promoting their
activation by oligomerization. These
DR recruit caspase-8 and adaptor
proteins, leading to caspase-3
activation. In type Il cells, the
cleavage of BH3-only protein BID is
required for Fas-mediated apoptosis.
The activation of BID allows to
amplify the apoptotic signalling by
activation of the mitochondrial
pathway. Figure from Tait and Green
(2010).

These proteins belong to a family of highly specific cysteine-proteases and contain a

catalytic cysteine residue in their active site (Alnemri et al. 1996; Fuentes-Prior and

Salvesen 2004). Caspases are present in their inactive form, pro-caspase or zymogen,

and are activated by dimerization and/or proteolytic cleavage (Taylor et al. 2008). These

proteins regulate cell death and inflammation by cleavage of different substrates.

Caspases in mammals are classified in two categories: (pro-inflammatory caspases-1, -

4 [humans], -5 [humans], -11 [rodents] and -12), and pro-apoptotic caspases (caspases-

2, -3, -6, -7, -8, -9 and -10 [humans]). The pro-apoptotic caspases can be grouped by

their mechanism of action in initiators (caspases-2, -8, -9 and -10 [humans]) and effectors

or executioners (caspases-3, -6 and -7). Moreover, other caspases without an identified

function have also been described (caspases-14, -15, -16 and -17) (Taylor et al. 2008;

Pop and Salvesen 2009; Sakamaki and Satou 2009).
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1.2.2. Death receptors

These proteins belong to the TNF superfamily (Locksley et al. 2001; Hehlgans and
Pfeffer 2005; Kumar et al. 2005) and are implicated in the extrinsic apoptotic pathway
activation (Baker and Reddy 1998; Aggarwal 2003; Lavrik et al. 2005). TNFR1, Fas,
death receptor 3 (DR3), DR4 (also named TNF-related apoptosis-inducing receptor 1,
TRAILR1), DR5 (also named TRAILR2), DR6, NGFR and ectodysplasin A receptor
(EDAR) constitute the death receptor subfamily (Aggarwal 2003;Wajant 2003). These
receptors are type | transmembrane proteins that contain a DD and a death effector
domain (DED) in the intracellular C-terminal region. The activation of DR is induced by
binding of the corresponding death ligands (Kumar et al. 2005; Guicciardi and Gores
2009) (Figure 4). The binding of the ligand to the DR promotes the receptor
oligomerization/trimerization. Moreover, these activated-receptors recruit different
adaptor proteins with DD. Fas, DR4 and DR5 binds to FADD, whereas TNFR1 and DR3
require the recruitment of TRADD to binds FADD. Interestingly, TRADD is capable to
recruit secondary adaptor proteins such as receptor interacting protein 1 (RIP1) and TNF
receptor-associated factor 2 (TRAF2). The adaptor protein RIP1 promotes the activation
of NF-kB, whereas TRAF2 is implicated in the activation of JNK/c-Jun pathway (Kumar
et al. 2005; Dickens et al. 2012; Siegmund et al. 2017). Although the DR are widely
expressed in the organism, the expression of their ligands is restricted to some immune
cells and immune-privileged sites, such as eye and brain (Chen et al. 1998; Kumar et al.
2005).

TNFa MNGF

?

FasL TL1A TRAIL

;T
1A
???H?”

R3 DR4 DR3 EDAR

A

Fas TNFRA1 NGFR

(]

Figure 4. Death receptors and their ligands. The death receptors Fas, DR3, DR4, DR5, EDAR,
DR6, TNFR1 and NGFR and their respective ligands are represented. In blue are represented
the death ligands, in red are represented death domains and in grey are represented cysteine
rich domains. FasL: Fas ligand; TL1A: TNF-like ligand 1A; TRAIL: TNF-related apoptosis-inducing
ligand; EDA: Ectodysplasin A ligand; TNF: tumor necrosis factor; NFG: nerve growth factor.
Figure modified from Hehlgans and Pfeffer (2005).
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1.2.3. Jun N-terminal kinases

These proteins belong to MAPK family and may be activated by cytotoxic-stress, growth
factors and inflammatory cytokines. Three JNK isoforms, differentially expressed in the
organism, are known: JNK1, JNK2 and JNK3. JNK1 and JNK2 are expressed
ubiquitously whereas JNK3 is only expressed in brain, testis and B-pancreatic cells
(Chang and Karin 2001). JNKs participate in extrinsic and intrinsic apoptotic pathway,
stimulating mainly c-Jun activity. In the intrinsic pathway, JNKs contribute to apoptosis
by upregulating BAX expression, through translocation of BAX from the cytosol to the
mitochondria and induction of BIM phosphorylation (Putcha et al. 2003; Dhanasekaran
and Premkumar Reddy 2017).

1.2.4. B-cell lymphoma-2 family
This family is divided into pro-apoptotic, anti-apoptotic and BH3-only proteins. These
proteins are implicated in the MOM permeabilization and resulting mitochondrial

cytochrome c release (Taylor et al. 2008; Youle and Strasser 2008).

The pro-apoptotic BCL-2 proteins are BAX, BAK and BOK (BCL-2 related ovarian killer
protein). These proteins exhibit multi-BCL-2 homology (BH) domains and are implicated
in the pore formation at the MOM. This process is mediated by oligomerization of
BAX/BAK proteins (Youle and Strasser 2008; Singh et al. 2019) (Figure 5).

The BH3-only group includes the pro-apoptotic proteins BID, BAD (BCL-2-associated
agonist of cell death), BIM, BMF (BCL-2 modifier factor), NOXA, PUMA (p53 upregulated
modulator of apoptosis) and HRK (BCL-2 interacting protein). BAD, BMF, HRK, NOXA
and PUMA, named also “sensitizers”, facilitate the formation of mitochondrial BAK/BAX
pore formation inhibiting the pro-survival BCL-2 proteins. BID and BIM, also named
“activators”, induce mitochondrial pore formation by direct binding to BAK and BAX
(Youle and Strasser 2008; Singh et al. 2019) (Figure 5).

The anti-apoptotic BCL-2 proteins are BCL-2, BCL-X. (B-cell lymphoma-extra-large),
BCL-W (B-cell like 2), MCL-1 (myeloid cell leukemia-1) and BFI-1/A1. These proteins are
constituted by multi-BH domains such as pro-apoptotic BCL-2 proteins and are
implicated in the arrest of BH3-only “activators” and the inhibition of pro-apoptotic BCL-
2 proteins (Kale et al. 2018) (Figure 5).
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Figure 5. BCL-2 family proteins and their interactions. Apoptotic stimuli induce different
upstream signalling. These signals can directly active BH3-only proteins and BCL-2 apoptotic
proteins and inhibit BCL-2 anti-apoptotic proteins. Different interactions among BH3-only proteins,
BCL-2 anti-apoptotic and BCL-2 pro-apoptotic proteins regulate the pore formation and MOM
permeabilization. Figure from Sing et al. (2019).

1.2.5. Cellular FLICE inhibitory protein

There are 13 distinct spliced variants of c-FLIP, but only three of them are expressed:
raji (c-FLIPR), short (c-FLIPs) and long (c-FLIP.) isoforms (Safa 2012). These proteins
exert an anti-apoptotic function against DR-induced apoptosis. The binding of c-FLIP to
FADD, through their DED domains, inhibits caspase-8 recruitment into the DISC and its
activation (Irmler et al. 1997; Scaffidi et al. 1999; Yu and Shi 2008; Bagnoli et al. 2010;
Safa 2012). Moreover, it is probably that these proteins also interact with NF-kB essential
modulator (NEMO) or regulatory subunit of IkB kinase complex (IKK-y) inducing NF-kB

activation and non-apoptotic signalling pathways (lvanisenko et al. 2019).

1.2.6. Inhibitor of apoptosis proteins

Among IAPs are included: cellular inhibitor of apoptosis protein 1 and 2 (clAP1 and
clAP2), XIAP, survivin, BIR-containing ubiquitin-conjugating enzyme (BRUCE),
melanoma IAP (ML-IAP), ILP2 (IAP-like-protein-2) and neuronal apoptosis inhibitory
protein (NAIP). These proteins possess N-terminal baculoviral IAP protein repeat (BIR)
domains (Silke and Vaux 2015), that are indispensable for their anti-apoptotic activity
(Birnbaum et al. 1994; Deveraux and Reed 1999), and a really interesting new gene
(RING) domain that confers them E3 ligase activity (non-included in NAIP and ML-1AP)
(Deveraux and Reed, 1999; Silke and Meier 2013). The endogenous antagonist of IAPs
are mainly SMAC/DIABLO, that mediates their ubiquitination and degradation, and
HTRAZ2/OMI, that is implicated in the inactivation of clAP1, clAP2 and XIAP by proteolytic
cleavage (Hegde et al. 2002; Berthelet and Dubrez 2013). clAP1, clAP2 and XIAP are

27



Introduction

the most characterized IAPs and exert redundant functions in the organism (Silke and
Meier 2013; Silke and Vaux 2015).

clAP1 and clAP2 are essential to TNFR1-mediated NF-kB signalling. These proteins
regulate NF-kB activation by binding to TRAF2. Moreover, clAP1 and clAP2 binds to
caspase-3, caspase-7 and caspase-9 through their BIR2 or BIR3 domains, although
clAP1 and clAP2 are not able to inhibit caspase activity (Eckelman and Salvesen 2006;
Silke and Meier 2013). These proteins can inhibit apoptosis by stimulating SMAC
ubiquitination, that lead to its degradation (Hu and Yang 2003). However, XIAP exerts
its anti-apoptotic function by direct inhibition of caspases-3, -7, and/or -9 (Deveraux et
al. 1997; Suzuki et al. 2001; Eckelman et al. 2006). This protein is regulated in different
ways: by autoubiquitylation and degradation, SMAC-mediated inhibition and FAIM-long
(FAIM-L)-mediated stabilization (Miguel Martins et al. 2002; Moubarak et al. 2013).
Moreover, IAPs proteins can also inhibit the ripoptosome formation, another mechanism
to regulate cell death (Silke and Meier 2013; Berthelet and Dubrez 2013).

1.2.7. Fas apoptosis inhibitory molecules

Three FAIM proteins have been characterized so far: FAIM1, FAIM2 and FAIM3. These
anti-apoptotic proteins are structurally different but share their ability to inhibit Fas-
mediated apoptosis. FAIM2 or Lifeguard has an important protective role in the nervous
system whereas FAIM3 or TOSO exerts this effect in the immune system (Somia et al.
1999; Beier et al. 2005; Planells-Ferrer et al. 2016). FAIM2 protects from Fas-induced
apoptosis by direct interaction with Fas and by modulating calcium release through
interaction with BCL-X. (Urresti et al. 2016). This protein has seven transmembrane
domains and belongs to the transmembrane BAX inhibitor motif-containing (TMBIM)
protein family. FAIM3 is also a transmembrane protein and belongs to the
immunoglobulin family (Murakami et al. 2012). This protein exerts a protective function
against Fas-mediated apoptosis by direct interaction with c-FLIP and FADD (Song and
Jacob 2005; Planells-Ferrer et al. 2016). FAIM1 structure and functions are widely

explained in section 2.

1.3. Non-apoptotic functions of apoptotic proteins in nervous system

In the last years, apoptotic proteins have been implicated in other functions, further than
apoptosis, in the nervous system. Among these non-apoptotic functions are: neuronal
proliferation, neurite outgrowth, axonal pruning, dendritic spine remodelling, synaptic

plasticity and transmission (D’Amelio et al. 2010; Hyman and Yuan 2012; Sheng and
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Ertirk 2014; Martinez-Marrmol et al. 2016; Mukherjee and Williams 2017; Siegmund et
al. 2017; Hollville and Deshmukh 2018).

Some members of TNF superfamily are implicated in neurite remodelling in a non-
dependent caspase activation manner (Neumann et al. 2002; Desbarats et al. 2003;
Gavalda et al. 2009; Wheeler et al. 2014). Fas stimulation induces dendrite outgrowth in
dorsal root ganglion cells (Desbarats et al. 2003) and increases the branching in
hippocampal neurons (Zuliani et al. 2006). Otherwise, the treatment with TNFa
decreases neurite outgrowth and branching in hippocampal neurons (Neumann et al.
2002; Wheeler et al, 2014), although a reduction in hippocampal branching has been
observed in TNFa-deficient mice (Golan et al. 2004). Other apoptotic proteins such as
caspase-3 and BCL-2 also regulate neurite growth (Oh et al. 1996; Westphal et al. 2010).

Several TNF superfamily receptors modulate axonal growth in sympathetic and
hippocampal neurons during development (Kisiswa et al. 2013; Osério et al. 2014) and
axonal degeneration (Nikolaev et al. 2009; Gamage et al. 2017). In addition, trophic
factors deprivation-induced axon-specific pruning is promoted by pro-apoptotic caspase-
6, caspase-9, caspase-3, PUMA and BAX (Nikolaev et al. 2009; Simon et al. 2012;
Cusack et al. 2013; Maor-Nof et al. 2016; Simon et al. 2016) and prevented by the anti-
apoptotic proteins BCL-X., BCL-W and XIAP (Cosker et al. 2013; Unsain et al. 2013;
Simon et al. 2016). BCL-2, other anti-apoptotic protein, stimulates growth and

regeneration of ganglion cells axons (Chen et al. 1997).

Interestingly, the apoptotic proteins also regulate synaptic transmission and synaptic
plasticity. TNFa increases the availability of AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptors (AMPAR) on synapses and endocytosis of GABA
(gamma-aminobutyric acid) receptors (Beattie et al. 2002; Stellwagen et al. 2005).
However, the role of TNFa in long-term potentiation (LTP) and long-term depression
(LTD) is controversial (Albensi and Mattson 2000; Pickering et al. 2005; Stellwagen and
Malenka 2006) . JNK signalling also regulates synaptic plasticity (Li et al. 2007; Sherrin
et al. 2011). Otherwise, NMDA (N-Methyl-D-aspartate) receptor-dependent LTD is
modulated by the pro-apoptotic proteins caspase-3, BAX and BAD (Li et al. 2010; Jiao
and Li 2011), and the anti-apoptotic protein XIAP (Gibon et al. 2016). Additionally,
caspases and XIAP regulate local dendritic pruning and spine density during synaptic
plasticity and maturation (Williams et al. 2006; Erturk et al. 2014; Unsain and Barker
2015; Gibon et al. 2016; Guo et al. 2016).

The described role of anti-apoptotic and pro-apoptotic proteins in synaptic plasticity and

transmission links these proteins with learning and memory. In concordance with that,
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XIAP has been implicated in memory acquisition (Gibon et al. 2016) and caspases have
been related with long-term spatial memory formation, attention, avoidance learning and
auditory memory formation (Dash et al. 2000; Lo et al. 2015; Lo et al. 2016; Hollville and
Deshmukh 2018).

2. FAS APOPTOSIS INHIBITORY MOLECULE 1

2.1. FAIM1 and isoforms

FAIM1 is a highly conserved gene in evolution (King et al. 2008; Fairclough et al. 2013;
Kaku and Rothstein) which codifies for at least four isoforms and is localized in the
chromosome 3 (3922.3) in Homo sapiens and in chromosome 9 (9f1) in Mus musculus
(Schneider et al. 1999; Zhong et al. 2001; Coccia et al. 2017). Respect to the promotor,
Kaku and Rothstein (2009) showed a putative Faim1 proximal promoter region in murine
B-cells. The predicted sequence was localized 2 kb upstream of the transcription start
site and contained one SP1 (specific protein 1) binding and three interferon regulatory
factor (IRF) sites. Concretely, IRF4 was implicated in the regulation of Faim1 expression.
Recently, two regions on FAIM1, between -250 >+75 and -900 -+1100, have been
postulated as regulator regions of FAIM1 expression (Neelakantan et al. 2019).

The first described isoform of Faiml was FAIM short (FAIM-S), in Fas-resistant B
lymphocytes (Schneider et al. 1999). This isoform is expressed ubiquitously in the
organism. Two years later, Zhong et al. (2001) described another isoform, formed by
alternative splicing of exon 2b, that contains 22 extra amino acids in the N-terminal
region. This isoform, named FAIM-L, is expressed exclusively in neurons and its
expression is regulated by nSR100 (neural specific SR-related protein of 100 kDa)
(Zhong et al. 2001; Raj et al, 2014; Coccia et al. 2017). Recently, two new isoforms have
been characterized in human cell lines and tissues. These new isoforms present an extra
exon, 2a, and are named FAIM-S 2a and FAIM-L 2a (Figure 6). FAIM-S 2a is
expressed ubiquitously in the organism, whereas FAIM-L_2a contains additionally the
exon 2b and is only expressed in neurons. These two extra longer isoforms are
expressed in lower levels in comparison with the previously described isoforms.
Moreover, FAIM-S_2a and FAIM-L_2a, are expressed in both nucleus and cytosol, in
contrast to FAIM-S and FAIM-L that are only observed in the cytosol (Coccia, et al. 2017).
The four FAIM1 isoforms share the exons 3, 4, 5 and 6, but they have different
transcription start sites (Zhong et al. 2001; Coccia et al. 2017) (Figure 6).
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Figure 2. Schematic representation of FAIM1 isoforms in humans. The genomic structure of
FAIM1 and its characterized transcripts. The transcription start site varies among FAIM1 isoforms.
The start codon is localized in in the exon 3 for FAIM-S, in the exon 2b for FAIM-L and in the exon
2a for FAIM-S_2a and FAIM-L_2b. CDS: coding sequence region; UTR: untranslated regions.
Figure from Coccia et al. (2017).

FAIM-S does not share homology with other known proteins (Schneider et al. 1999; Huo
et al. 2019). Nuclear magnetic resonance spectroscopy study of FAIM-S revealed that
N- and C-regions constitute two distinct domains that can interact with each other
(Hemond et al. 2009). The C-terminal domain shares some topological characteristics
with the “up-and-down barrel” motif of the fatty acid binding protein and with some
domains of the type Il fibronectin. However, it is not probable that FAIM-S shares
functions with these proteins due to the presence of other structural features in FAIM-S.
Although there is not a consensus in which are FAIM-S effector/binding motifs, the
residues Glu38, Arg110 and Asn123 could be important for the interaction between the
C- and N-terminal domains and its anti-apoptotic function (Hemond et al. 2009; Li et al.
2014).

2.2. Anti-apoptotic functions of FAIM

FAIM-S and FAIM-L exert anti-apoptotic functions against cell death in different contexts.
The protective effect of these proteins has mainly studied on TNF- or Fas-induced
apoptosis (Rothstein et al. 2000; Segura et al. 2007; Yu et al. 2008) (Figure 7), but,

recently, anti-apoptotic role of FAIM1 isoforms against other stimuli has been reported.
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FAIM-S protects B cells (Rothstein et al. 2000), thymocytes (Huo et al. 2010), human
embryonic kidney (HEK) 293T cells (Li et al. 2014) and Chinese hamster ovary (CHO)
cells (Wong et al. 2006) from DR-induced apoptosis. In B cells, the anti-apoptotic effect
of FAIM-S against DR-induced cell death is mediated by indirect inhibition of caspase-8
activity (Rothstein et al. 2000). Moreover, FAIM-S is implicated in SIRT1720-mediated
survival against oxidative stress in aged human mesenchymal stem cells (Liu et al.
2017). Recently, a protective effect of FAIM-S against cell death induced by oxidative
stress and/or heat shock on HelLa cells, germinal lines and primary fibroblasts has been
reported. In this case, the protective effect of FAIM-S seems to be caspase-independent

and could be mediated by a decrease in protein aggregation (Kaku and Rothstein 2019).

Otherwise, FAIM-L exerts a protective function in neurons against DR-activation by
binding to Fas receptor and/or XIAP stabilization (Figure 7). The interaction Fas-FAIM-L
inhibits caspase-8 activation (Segura et al. 2007), whereas the interaction of XIAP with
FAIM-L prevents XIAP auto-ubiquitylation and degradation by the proteasome,
stabilizing XIAP (Moubarak et al. 2013). Both caspase-8 inhibition and XIAP stabilization
hamper caspase-3 activation and, consequently, neuronal apoptosis (Segura et al. 2007,
Moubarak et al. 2013). By contrast to FAIM-L, human isoforms FAIM-S_2a and FAIM-
L_2a are not able to protect neurons against DR-mediated neuronal death (Coccia et al.
2017). In the context of AB-induced apoptosis, FAIM-L is required for the neuroprotective
effect of TNFa (Carriba et al. 2015).
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Figure 7. Mechanisms of action of FAIM-S and FAIM-L isoforms to prevent DR-induced
apoptosis. Both isoforms regulate the extrinsic pathway. FAIM-S promotes caspase-8
inactivation in non-neural cells through Fas inhibition. FAIM-L inhibits apoptosis in neurons by
interacting with XIAP, through IAP-binding motif (IBM), or/and with Fas. Figure from Planells-
Ferrer et al. (2016).

2.3. Non-apoptotic functions of FAIM1 in nervous system

Similar to other apoptotic proteins, FAIM1 isoforms regulate relevant non-apoptotic
functions in nervous system such as neurite outgrowth, axonal degeneration, synaptic
transmission and LTD (Sole et al. 2004; Martinez-Marmol et al. 2016; Planells-Ferrer et
al. 2016; Coccia et al, 2017).

FAIM-S, FAIM-S_2a and FAIM-L_2a are implicated in neurite outgrowth (Sole et al.
2004; Coccia et al. 2017). Specifically, FAIM-S mediates this effect by a mechanism
dependent on NF-kB and Ras-ERK activation (Sole et al. 2004).

On the other hand, FAIM-L protects dorsal root ganglion neurons against NGF
withdrawal-induced axonal degeneration (Martinez-Marmol et al. 2016). This long
isoform is also implicated in synaptic transmission and LTD (Figure 4). Thus, FAIM-L
overexpression increase AMPAR-mediated miniature excitatory postsynaptic currents
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(mEPSCs) amplitude and prevents NMDA-induced LTD in hippocampal neurons,
decreasing GIuA2 internalization on synapses. The role of FAIM-L in axonal
degeneration and LTD is dependent on its capacity to stabilize XIAP. Furthermore, this
protein could act as a regulator of AMPAR trafficking in basal conditions. (Martinez-
Marmol et al. 2016).
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Figure 4. Role of pro- and anti-apoptotic proteins in LTD process. LTD requires GIuA2
internalization, the calcium-permeable subunit of AMPAR. This internalization is promoted by
caspase-3 activation. XIAP is stabilized by FAIM-L and regulates NDMA-dependent LTD
inhibiting caspase-3 cleavage. In absence of FAIM-L, LTD is potentiated since XIAP is
autoubiquitinated and degraded in the proteasome, whereas when FAIM-L is overexpressed
XIAP is highly stable and caspase-3 is weakly activated, decreasing GIuA2 internalization. Cytc:
Cytochrome ¢

Recent results postulate a role of FAIM1 main isoforms in B-amyloid and a-synuclein
aggregation in a cell-free system (Kaku and Rothstein 2019), opening an exciting
scenario for other possible non-apoptotic functions of FAIM1 isoforms in neurons and in

neurodegenerative diseases.

2.4. Modulation of FAIM1 levels

FAIM1 levels can be modified by different stimuli. Schneider et al. (1999) observed an
induction of FAIM-S in B cells by B-cell receptor engagement. Oxidative factors induce
a downregulation of FAIM-S expression in mesenchymal stem cells (Liu et al. 2017),

whereas IGF-1 and heat shock upregulate FAIM-S levels in multiple myeloma cells (Huo
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et al. 2013) and splenocytes, respectively (Key et al. 2019). Otherwise, FAIM-L, but not
FAIM-S, is upregulated during neuronal development, stabilizing its levels in early
postnatal stages, and is also upregulated in PC12 treated with NGF (Segura et al. 2007).
Moreover, several microRNAs regulate FAIM1 levels. The miR-133b downregulates
FAIM1 expression in HelLa cells (Patron et al. 2012) and the upregulation of FAIM-S
levels in liver during hyperosmotic stress could be due to the decrease of miR-15a and
MiR-16 (Santosa et al. 2015). Furthermore, recent unpublished studies in our laboratory
have demonstrated that FAIM1 expression is downregulated by miR-133b, miR-1 and

miR-206 in human neuronal cell lines.

In different diseases, FAIM1 isoforms expression is deregulated. FAIM-S is upregulated
in plasma cells of symptomatic multiple myeloma patients (Huo et al. 2013) and
downregulated in lymphocytes of obese patients (Huo et al. 2016; Li et al. 2017; Xiao et
al. 2019) and hepatocytes of mice fed with a high-fat diet (HFD) (Xiao et al. 2019). In
addition, Faim1 gene is downregulated by withdrawal from chronic ethanol exposure, a
situation that leads to handling-induced convulsions, in hippocampus of DBA/2 mice but
no in C57BL/6 mice (Daniels and Buck 2002). Faim1 downregulation is also observed in
eyes of a Norrie’s disease mouse model (Lenzner et al. 2002). Otherwise, FAIM-L levels
are decreased in hippocampus and entorhinal cortex of AD patients, in AD mouse model
APP/PS1 and in neurons treated with A, pointing to an important role of FAIM-L in AD
(Carriba et al. 2015).

3. Faim1l KNOCKOUT (FAIM-KO) MICE

3.1. Generation of FAIM-KO mice

The first FAIM-KO mouse was generated in 2009 by deletion of the two first exons and
ATG start codon of Faiml, with an initial mixed 129 x C57BL/6J (B6;129) genetic
background (Figure 8). These mice were backcrossed during more than 8 generations
with a C57BL/6J mouse to generate congenic C57BL/6J (B6.129) mice (Huo et al. 2009).
FAIM-KO mice neither express FAIM-S nor FAIM-L isoforms, are viable, born in a

Mendelian ratio and have apparently normal lifespan.
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Figure 8. Generation FAIM-KO mouse. This mutant mouse was generated by homologous
recombination. The two first exon of Faiml1 in 129 cDNA were replaced by a neomycin (Neo)
resistance gene. The restriction sites are showed as E from EcoRlI, H from Hindlll, N from Notl,
Nc from Ncol and X from Xbal. The exons are represented by black boxes. Figure from Huo et
al. (2009).

Recently, Kaku and Rothstein (2019) have generated a new FAIM-KO mouse by
replacement of Faiml coding regions of exon 3-6 (9.58 kb) to an encoding sequence
with eGFP and Neo in a pure C57BL/6N background. These FAIM-KO mice (B6N FAIM-
KO) have also knocked the expression of both FAIM-S and FAIM-L isoforms, are also

viable and have not obvious phenotypic alterations (Kaku and Rothstein 2019).

3.2. Phenotype of FAIM-KO mice

B6.129 FAIM-KO mice, generated by Huo et al. (2009), have normal B and T cell
populations. In contrast, mice with defects in Fas expression, generated by the
lymphoproliferation (Ipr) mutation in Fas gene, show abnormal lymphoid development
(Watanabe-Fukunaga et al. 1992). However, B6.129 Faim1-deficient B cells activated
by anti-CD40 treatment are unsensitive to the protective action of anti-lgM against FasL-
triggered apoptosis. Likewise, B6.129 Faim1-deficient thymocytes are more sensitive to
Fas-induced apoptosis, but not to apoptosis induced by dexamethasone, y-irradiation or
TNFa (Huo et al. 2009). In that sense, Fas stimulation increases caspase-8, caspase-3
and PARP cleavage in B6.129 Faiml-deficient thymocytes compared to controls.
Moreover, in basal conditions, c-FLIP. and c-FLIPr levels are downregulated in
thymocytes and hepatocytes of B6.129 FAIM-KO. The levels of others apoptotic proteins,
such FADD, XIAP and BCL-X. are not altered in these conditions (Huo et al. 2009).
Considering that c-FLIP prevents the Fas-mediated recruitment of procaspase-8 to the
DISC (Scaffidi et al. 1999), these authors suggest that the absence of FAIM boosts DISC

formation. Moreover, the apoptotic effect of Fas in liver is potentiated in B6.129 FAIM-
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KO, promoting and increase in the lethality and liver damage of B6.129 FAIM-KO mice
compared to control mice. However, thymocytes and B-cells of B6N FAIM-KO showed
similar rates of DR-induced apoptosis than control littermates (personal communication

from Rothstein’s lab, Western Michigan University, Ml, USA).

Interestingly, B6.129 FAIM-KO mice develop non-hyperphagic obesity, dyslipidaemia,
hyperglycaemia, hyperinsulinemia and increased lipogenesis (Huo et al. 2016). The
increase in the body weight of B6.129 FAIM-KO mice start at about 14 weeks of age and
becomes more pronounced with increasing age, overtaking more than 30% of wild type
(WT) body weight at 32 weeks old (Figure 9). The increment of body weight is
accompanied by an upregulation in the levels of triglycerides, cholesterol, fatty acids and
glucose in serum (Huo et al. 2016). However, the body weight of both B6N FAIM-KO and
control littermates are similar (personal communication from Rothstein’s lab, Western
Michigan University, Ml, USA).

Likewise, B6.129 FAIM-KO mice at 14 weeks old, before overt obesity, show a reduction
in oxygen consumption, carbon dioxide production and respiratory exchange ratio, but

similar food intake and locomotor activity than WT mice (Huo et al. 2016).
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Figure 9. Obesity in B6.129 FAIM-KO mice. A. Representative images of 32-week-old B6.129
FAIM-KO males and control mice. B. Graph of FAIM-KO and WT males body weight at different
ages. Figure derived from Huo et al. (2016).

B6.129 FAIM-KO mice at 32 weeks old also display an increase in epididymal fat,
enlarged adipocytes, more accumulation of lipid droplets in liver and pancreatic
hyperplasia. Likewise, these mice at 14 weeks old exhibit an upregulation of some
enzymes implicated in lipogenesis (sterol regulatory element binding protein, stearoyl-
CoA desaturase 1, fatty acid synthase and acetyl-CoA carboxylase) in hepatocytes and
an increase of mono and polyunsaturated fatty acid content in liver. Moreover, insulin
receptor B is downregulated in the liver, adipose tissue and skeletal muscle of B6.129

FAIM-KO. Likewise, B6.129 Faiml-deficient hepatocytes show a reduction in insulin
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receptor substrate 1 and 2 (IRS1 and IRS2) and phosphorylation of Akt2 (Huo et al.
2016). The modulatory role of FAIM-S in Akt activation observed in FAIM-KO mice had
been previously reported in different cells in vitro (Huo et al. 2010; Huo et al. 2013).

Recently, Xiao et al. (2019) published an article where studied the effect of
overexpressing or silencing Faiml in obese mice. These authors observed that the
silencing of Faiml by lentivirus intravenous injection (LV-shFAIM) in C57BL/6J mice
exacerbated the HFD-induced obese phenotype. LV-shFAIM mice showed an increase
in body weight, levels of triglycerides, cholesterol and adipose cell size in comparison to
control mice. Moreover, LV-shFAIM mice fed with an HFD also presented a decrease in
enzymes implicated in lipogenesis and proteins of Akt signalling pathway in liver. FAIM1
overexpression was able to revert the obesity induced by HFD in control mice.
Altogether, these data suggest a role of FAIM1 in the maintenance of energy metabolism

and in the regulation of insulin signalling.

In B6N FAIM-KO mice, Kaku and Rothstein (2019) have showed that Faim1-deficient
fibroblasts are more susceptible to oxidative stress-induced cell death than controls.
Moreover, the administration of menadione, an oxidative stress factor, promotes greater
damage and accumulation of ubiquitinated proteins in liver and spleen of B6N FAIM-KO
mice than control littermates. These data suggest a role of FAIM1 in the response to

oxidative stress.

4. PROBLEMS WITH THE USE OF GENETICALLY MODIFIED MICE

Mice are a very useful tool in medical research since they share about 99% genes with
humans. This genomic similarity postulates Mus musculus as good candidate to mimic
biological processes in humans (Capecchi 1994). The development of genetically
modified mice in the eighties (Gordon et al. 1980; Bradley et al. 1984) represented a
great advantage in the scientific studies. Genetic mutations in a single gene could lead
to loss of function (knockouts, knock-ins) or gain of function (transgenics, knock-ins) of
a target gene. Focusing in knockout mice, several strategies to delete the target gene
are currently in use: homologous recombination, conditional mutations, CRISPR-Cas9
and TALEN system (Bradley et al. 1984; Hall et al. 2009; Carroll 2012; Hall et al. 2018).
In the case of knockout mice generated by homologous recombination, embryonic stem
(ES) cells are electroporated with a construct that contains a positive and a negative
drug-selective marker and homologous sequences to the target gene. The ES cells that

have efficiently recombined the target sequence in their genomic DNA are selected and
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injected into the donor mouse blastocytes (Bradley et al. 1984; Seong et al. 2004; Hall
et al. 2009) (Figure 10).
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Figure 10. Knockout mice generation by homologous recombination. In this approximation,
the exon 2 (target gene) is replaced by a neomycin resistance sequence (neo"), that acts as a
positive selection marker in the targeting vector. This neo' is flanked by two homologous arms to
the target gene (exon 1 and 3). The HSV-tk (HSV thymidine kinase) constitutes the negative
selection marker. The ES cells that have correctly integrated the neo” by homologous
recombination are resistant to neomycin treatment and are selected. The HSV-tk is lost only if the
recombinant process occurs, but not if the targeting construct is randomly integrated in the
genome. Therefore, ES cells that have inserted randomly the neo' are discarded by treatment
with ganciclovir, a compound that require phosphorylation by HSV-tk to inhibit DNA synthesis. In
this case, 129 genetic background-ES cells are injected in C57BL/6 (B6) blastocytes. The
“chimera” mouse obtained is crossed to a B6 mouse. The litters generated of this crossing have
a mixed (129 and C57BL/6) genetic background. neo": neomycin resistance gene; HSV-tk: HSV
thymidine kinase. Figure modified from Seong et al. (2004) and Hall et al. (2009).

There are different genetic factors that could mask the effect of a target gene or induce
wrong association gene-function in the studies with genetically modified mice. Some of
these genetic factors are: 1) alterations in the coding sequence of nearby genes after
deletion of interest region; 2) strain used and 3) the effect of flanking genes. Additionally,

environmental factors have also to be considered.
Alterations in the coding sequence after deletion of target region

The deletion of a gene region by homologous recombination can modify the open reading
frame of a nearby gene inducing its silencing, overexpression or expression in a mutated
form (Gingrich and Hen 2000; Hall et al. 2009). This fact was first reported in the FMR4

0/0

knockout mice (Olson et al. 1996) and has been also observed in some Prnp”™ mice. In

two Prnp®® models (Nagaski, RmcO) generated by deletion of full encoding region of
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Prnp (prion protein gene), the observed ataxia and impairment in motor coordination
were firstly related with cerebellar neurodegeneration (Sakaguchi et al. 1996; Moore et
al. 1999). However, later, it was detected that the cerebellar neurodegeneration
observed in these mice was a consequence of Prnd (prion like protein Doppel)
overexpression, a Prnp nearby gene, and was not due to cellular prion protein (PrP€,
protein codified from Prnp) absent. In this case, the deletion of full encoding region of
Prnp had changed the splicing initiator region, promoting Prnd overexpression (Moore et
al. 1999; Moore et al. 2001).

The importance of the strain used

Comparative studies between strains or substrains have been performed to elucidate
phenotypic and genomic differences (Vdikar et al. 2001; Cabib et al. 2002; Wolfer et al.
2002; Chen et al. 2006; Moy et al. 2007; Mayfield et al. 2008; Simon et al. 2013; Scholz
et al. 2016). Interestingly, several studies have reported phenotypic differences in
behavioural (Thomspon 1953; Crawley et al. 1997; Bailey et al. 2006; Crawley 2007; Lad
et al. 2010), electrophysiological characteristics (Bampton et al. 1999; Nguyen et al.
2000), inflammatory response (Becker 2016) seizure susceptibility (Schauwecker and
Steward 1997; Sandberg et al. 2000; Schauwecker 2002; Schauwecker 2011; Ldscher
et al. 2017) and metabolism (Fontaine and Davis 2016) depending on the strain used.
This effect is due to strain-specific genetic factors that may confer greater or lesser

susceptibility to the development of a specific alteration.

These analyses are key to select the most appropriate strain to study the effect of a
specific gene deletion and its translation to humans since one strain could be better to
study a certain pathology than another. Moreover, some strains could be inviable for a
target gene deletion (Rivera and Tessarollo 2008). Caspase-3 knockout mice are an
example of knockout model were the phenotype is strongly dependent on the genetic
background. Caspase-3 lacking mice bred from a pure 129 or a mixed B6;129 genetic
background die perinatally or early postnatally and exhibit several hyperplasias and
alterations in neuronal migration (Kuida et al. 1996; Pompeiano et al. 2000; Leonard et
al. 2002). However, caspase-3 knockout mice in C57BL/6 background are viable and
have a normal brain development (Leonard et al. 2002). This phenomenon could underlie
to caspase-7 activation. High levels of pro-apoptotic caspase-7, accompanied by
apoptotic DNA fragmentation, were observed in caspase-3-deficient C57BL/6 cells but
not in caspase-3 knockout mice with a mixed B6;129 genetic background (Houde et al.
2004). Likewise, the phenotypic severity observed in caspase-9 and Apaf-1 deficient

mice is also strain-dependent (Houde et al. 2004). Other knockout mouse models such
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as Fmrl (Fragile X mental retardation 1) knockout (Paradee et al. 1999; Dobkin et al.
2000; Pietropaolo et al. 2011; Lai et al. 2016), neurokinin-1 receptor knockout
(McCutcheon et al. 2008), p53 knockout (Lozano and Liu 1998) and Prnp®° mice (Carulla
et al. 2015) also exhibit strain-dependent phenotypes. Concretely, in Fmrl knockout
mice, the mosaic of learning alterations observed among strains could be the outcome

of genetic strain differences (Dobkin et al. 2000).
The effect of flanking genes

Historically, knockout mice have been generated by homologous recombination in mixed
B6;129 genetic background. Wild type and knockout mice with a mixed B6;129 genetic
background will segregate alleles of target gene which differ in their parental strain. The
distribution of these segregating genes will normally be independent from the null
mutation, but it could be dependent in nearby genes to the target gene. In these cases,
flanking genes of null mutation locus will be 129-derived alleles whereas in the wild type
locus will be C57BL/6-derived alleles. Therefore, polymorphisms of flanking genes could
differ between both genotypes and could induce different phenotypes, this is the named
“flanking gene effect” (Schauwecker 2002; Wolfer et al. 2002; Schauwecker 2011;
Holmdahl and Malissen 2012; Loscher et al. 2017). Fortunately, this event rarely occurs
due to the low expected number of confounding flanking genes, but it is an important
factor to consider (Wolfer et al. 2002). The flanking gene effect has been reported in
some knockout mice such as Prnp®° mice (Kelly et al. 1998; Bolivar et al. 2001; Nuvolone
et al. 2013). In this animal model, the increase in phagocytosis is promoted by the
presence of 129 genetic background polymorphisms in Sirpa (flanking gene of Prnp) and
not to Prnp deletion (de Almeida et al. 2005; Nuvolone et al. 2013).

Other genetic factors that could influence the phenotype obtained are: genetic drift
(Seong et al. 2004) and the constitutive deletion of a gene (Mansuy et al. 1998; Mishina
and Sakimura 2007). Genetic drift is promoted by the maintenance of mutant and control
lines separately, through continuous inbreeding in homozygosis (Wolfer et al. 2002). The
constitutive deletion of a gene is also a problem since could promote compensatory

mechanisms that hinder the effect of a gene target.

To minimize the confounding effects of genetic background in knockout model originated
by homologous recombination, it is recommendable: 1) to use mutants with well-defined
background; 2) to use appropriate controls; 3) to backcross heterozygotes mice with
mixed B6;129 genetic background to C57BL/6 for more than 10 generations or to use

co-isogenic mice (Figure 11) and 4) to analyse the effect of a gene mutation in various
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genetic backgrounds (Silver 1995; Crawley et al. 1997; Auerbach et al. 2000; Linder
2006; Bailey et al. 2006; Holmdahl and Malissen 2012; Loscher et al. 2017).
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Figure 11. Optimal breeding strategies to maintain targeted mutations in congenic and co-
isogenic lines. To generate C57BL/6 congenic line (B6.129), B6;129 F1 mutants are
backcrossed to inbred C57BL/6 for at least 10 generations, to limit the 129 alleles in the flanking
genes of the mutated chromosome. Littermates from crosses between heterozygous C57BL/6
congenic breeding are used to test. Moreover, it also interesting to test 129 co-isogenic line
generated from 129 germline chimera mouse to 129 inbred mice, due to the confounding effects
of the genetic background. F2 generated from F1 breeding and reverse F1 (RF1), obtained
through backcrossing B6.129 mutants x 129 inbred mice, should also be characterized. Figure
modified from Wolfer et al. (2002).
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5. THE RELEVANCE OF HIPPOCAMPUS IN SEVERAL NEUROLOGICAL
DISEASES

5.1. Development, structure and functions of hippocampus

The hippocampus was already reported in 1587 by the Venetian anatomist Julius Caesar
Aranzi. Its name derives from its similar shape to seahorse (from the Ancient Greek
“hyppokampos”). The hippocampal region is localized in the medial zone of the temporal
lobe in humans. This cerebral region is a part of the limbic system and can be divide in
hippocampal and parahippocampal formation (Scharfman et al. 2000). The hippocampal
formation includes the dentate gyrus (DG), the Ammon’s horn (CA) or hippocampus
proper (CAl, CA3 and CAZ2 fields) and the subiculum. The parahippocampal formation
comprises five areas: the peririrhinal cortex, entorhinal cortex, postrhinal cortex,

presubiculum and parasubiculum (Witter 2012).

Focusing in the hippocampal formation, the DG is constituted by three layers: molecular
layer, granule cell layer, and polymorphic cell layer or hilus (Witter 1993; Amaral and
Lavenex 2007 ; Amaral et al. 2007; Puelles et al. 2008). Moreover, in DG is localized the
subgranular zone (SGZ), an adult neurogenic niche. CA1 and CA3 are divided into:
stratum lacunosum-moleculare, stratum radiatum, pyramidal cell layer and stratum
oriens. CA3 also include an additional layer, the stratum lucidum (Amaral et al. 2007,
Witter 2012) (Figure 12).

Figure 12. Scheme of hippocampus formation in mouse. This region comprises the proper
hippocampus and DG, that present specific cells populations and layers. So: stratum oriens; sp:
pyramidal cell layer; sr: stratum radiatum; sIm: stratum lacunosum-moleculare; sm: stratum
moleculare; gcl: granule cells layer; CA: Cornu Ammonis; DG: dentate gyrus; CC: corpus
callosum. Scale 100 pum.
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Hippocampal network

Ramon y Cajal, 100 years ago, underlined the basic circuitry of the hippocampal
formation (Ramén y Cajal 1911; Andersen 1975). The most important afferents to the
hippocampus are from entorhinal cortex. These projections arrive to dendrites of granule
cells in the DG. This hippocampal circuity is named the perforant pathway (van Groen et
al. 2002; Witter 2007; Frohlich 2016). In addition, efferent fibres from entorhinal cortex
connect with the pyramidal cells of CA3 and CA1. Within the hippocampal formation, the
axons of granule cells (mossy fibres) send information to CA3 field. Axons of CA3
pyramidal neurons connect with the pyramidal neurons of CA1, that send projections to
the subiculum (Figure 13). The activity of the hippocampal internal circuit is regulated by
GABAergic neurons, that limit excessive neuronal excitability (review Li et al. 2009;
Frohlich 2016). Interestingly, the hippocampus receives indirect inputs from some other
cortical regions and sends efferent projections from septal nuclei, hypothalamus, locus
coeruleus and raphe nuclei (Witter 2012).
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Figure 13. Hippocampal network. The main afferents of hippocampus come from entorhinal
cortex and efferent hippocampal fibres provide information mainly to entorhinal cortex,
establishing an important reciprocal communication. Moreover, multiple neuronal connections are
produced within hippocampus regions. DG: dentate gyrus; SUB: subiculum; CA: Cornu Ammonis;
EC: entorhinal cortex. Figure modified from Li et al. (2009).
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Hippocampus development

The generation of neurons during the embryogenesis is induced in the ectoderm by the
underlying notochord at embryonic stage 8 [E8] in mouse. At E10, the neural tube
undergoes morphological changes to originate the different regions of the CNS in mouse
(Sakai 1989; Inoue et al. 2000; Osumi et al. 2008). The neural tube is constituted by a
pseudostratified epithelium, where the neuroepithelial cells are localized. These cells
switch to radial glial cells during neurogenesis and generates neural and glial progenitors
(Campbell and G6tz 2002). The division of NPCs produces the intermediate progenitors
that finally lead to neurons (Bertrand et al. 2002; Kintner 2002; Huttner and Kosodo 2005;
Zhong and Chia 2008; Paridaen and Huttner 2014).

Focusing in the hippocampus, this structure is originated during embryogenesis from
hippocampal and dentate neuroepithelium (ventricular neuroepithelial layer), that are
adjacent to the cortical hem (Nakahira and Yuasa 2005; Frotscher and Seress 2007)
(Figure 14). The pyramidal neurons of hippocampus have a peak of generation between
E17-19, whereas granule cells are formed during different proliferation waves. In fact,
about 80% of dentate granule cells are generated after birth (Angevine 1956; Altman and
Bayer 1990). Concretely, in rodents, the formation of granule cell layer is completed at
postnatal day 30. At that time, some NPCs become established at SGZ. The NPCs
situated in the SGZ are proliferative in the adult stage and are necessary for adult
neurogenesis in this region (Bayer et al. 1982; Altman and Bayer 1990; Gage 2002;
Frostcher and Seress 2007). Different genes such as Wnt3a, Emx2 and Lefl, and
MiRNAs are implicated in the hippocampal development (Li et al. 2011).
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Figure 14. Development of the mouse hippocampus. The different embryonic stages of dorsal
telencephalon until birth are represented. The blue rectangles illustrate an amplified image of the
dorsal telencephalic region that is differentiated during the embryogenesis to hippocampus. At
E12.5, the formation of the Cajal-Retzius cells emerges. At E14.5 the radial glial cells are spread
in the hippocampus to act as scaffold for neuronal migration. The neuronal progenitor cells of DG
are generated from primary (1ry) and secondary (2ry) dentate matrix. At E17.5 the tertiary (3ry)
dentate matrix emerges and pyramidal neurons of CA become mature. The 3ry dentate matrix
forms the deep layer of the DG in postnatal stages. HNE: hippocampal neuroepithelium; DNE:
dentate neuroepithelium; CH: cortical hem; VZ: ventricular zone. Figure modified from Urban and
Guillemot (2014).

Hippocampal functions

The hippocampus is implicated in learning and memory, such as episodic memory
(Neves et al. 2008), and probably in spatial navigation (Ekstrom and Ranganath 2017).
Moreover, it is required to consolidate information from short-term memory to long-term
and spatial memory. In this structure synaptic plasticity events of LTP and LTD arise
(Bear and Malenka 1994, Bliss et al. 2018). In addition, the new neurons generated in
the DG during the adult stage may exert relevant functions. The adult neurogenesis has
been implicated in hippocampal plasticity and in some kinds of hippocampal-dependent
learning and memory, such as contextual and spatial memory (Jessberger et al. 2009;
Deng et al. 2010; Hill et al. 2015; Kempermann et al. 2015; Hollands et al. 2016).
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5.2. GABAergic interneurons in hippocampus

The GABAergic hippocampal interneurons have a subcortical origin and are generated
in the lateral and medial ganglionic eminence (Frostcher and Seress 2007). These
inhibitory hippocampal populations regulate the neuronal excitability of glutamatergic
hippocampal neurons (pyramidal cells in CA and granule cells in DG) (Freund and
Buzséki 1996; Kepecs and Fishell 2014; Pelkey et al. 2017). These populations are very
diverse and could be classified by their morphological, neurochemical and
electrophysiological properties (Figure 15) (McBain and Fisahn 2001; Matyas et al. 2004,
Somogyi and Klausberger 2004; Kepecs and Fishell 2014; Pelkey et al 2017).
Hippocampal interneurons can express one or more of these markers: 1) calcium-binding
proteins, such as parvalbumin (PV), calretinin (CR) and/or calbindin; 2) neuropeptides
such as somatostatin, cholecystokinin and/or vasopressin intestinal peptide (VIP); 3)
enzymes such as nitric oxide synthase; 4) Other molecules such as glutamate
transporters or reelin. PV and/or somatostatin are the most abundant markers. Recently,
Pelkey et al. (2017) performed a detailed classification of the interneuron populations of
CAl according to their morphology, development origin, molecular expression and
electrophysiological characteristics. In this article, the GABAergic interneurons are
divided into: axo-axonic, PV-basket, bistratified, cholecystokinin-expressing basket cells,
dendrite targeting cholecystokinin-expressing interneurons, oriens-lacunosum-
moleculare interneuron, neurogliaform cells, Ivy cells and interneurons selective
interneurons. These populations exhibit a different expression among hippocampal
layers and regions (Somogyi and Klausberger 2004; Jinno and Kosaka 2006; Witter
2012).

Among interneurons, PV-containing cells are one of the most studied in the hippocampus
and the main source of perisomatic inhibition onto excitatory hippocampal pyramidal cells
and granule cells. PV-containing interneurons regulate network synchronization and
oscillatory brain rhythms and could be classified in PV-basket cells, bistratified cells and
axo-axonic cells in CA1 (Buzséki 2002; Bartos et al. 2007; Amilhon et al. 2015; Pelky et
al. 2017). Concretely, fast-spiking PV-basket cells regulate gamma oscillations, inhibiting
granule cells (Bartos et al. 2007; Verret et al. 2012; Zaitsev 2017).

CR-containing interneurons inhibit specific interneurons in CA1 and are important for
interneuron synchronization (Gulyas et al. 1996; Toth and Magloczky 2014). These
interneurons are specialised in the inhibition of other interneurons, establishing a
mechanism of disinhibition (Pelkey et al. 2017). This fact contrasts with the other

interneuron populations, that are mainly implicated in the inhibition of glutamatergic
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neurons. The main targets of CR-containing cells are: calbindin-containing interneurons,

other CR-containing cells and VIP-containing interneurons (Pelkey et al. 2017).

Morphology Connectivity Markers Intrinsic
properties

P —e { Parvalbumin )
- \

f Vasoactive
intestinal
Q. Peptide

& ==
{ Cholecystokinin }

y ™ \
{ Nitric oxide ‘.|
synthase J
4

LoV Ny L
( Reelin /] L,

Figure 15. Scheme of GABAergic interneurons diversity. The interneuron populations can be
classified according to their morphology, connections, markers and intrinsic electrophysiological
properties. Figure derived from Kepecs and Fishell (2014).

5.3. Adult neurogenesis in subgranular zone of dentate gyrus

Adult neurogenesis can develop in non-mammalian vertebrates, like songbirds, and
mammalian vertebrates. In mammals, two regions of adult brain have the capacity to
generate new neurons: the subventricular zone (SVZ) of lateral ventricles and the SGZ
of dentate gyrus (Zhao et al. 2008). In humans, adult neurogenesis has been
corroborated in the SGZ (Eriksson et al. 1998; Boldrini et al. 2018; Kempermann et al.
2018) but not in the SVZ (Bergmann et al. 2012; Aimone et al. 2014).

Focusing in adult neurogenesis in hippocampus, newly generated neurons in the SGZ
are incorporated in the granule cell layer as excitatory granular cells (Benarroch 2013).
In the SGZ, NPCs in different maturation stages coexist. These progenitor cells can be
identified by their molecular markers and morphology (Kempermann et al. 2004; Zhao et

al. 2008). The model of six development milestones for neurogenesis in SGZ proposed
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by Kempermann et al. (2004) continues being accurate (Ming and Song 2011; Aimone
et al. 2014; Zhang and Jiao 2014) (Figure 16):

Stage 1. This stage represents the division of type 1 cells, also named radial glial-like
cells or adult NSCs, a heterogeneous population that express GFAP (glial fibrillar acid
protein), nestin, Blbp (brain lipid-binding protein) and Sox2 (Sex Determining Region Y-
Box 2) and have a radial process that reaches out to granule cells layer and sprouts its
ramifications in the inner molecular layer. Stage 2 to 4. Three successive stages of
amplification of progenitor cells. The progenitor cells are named: Type 2a or non-radial
cells (nestin-positive cells), Type 2b or intermediate progenitors (nestin- and DCX
[doublecortin]-positive cells), that are tangentially oriented in the SGZ, and Type 3 or
neuroblasts (DCX- and PSA-NCAM [Polysialylated-neural cell adhesion molecule]-
positive cells), that are vertically orientated. Stage 5. It is a transitory stage in which the
cells acquire postmitotic features, express DCX, Thr2 (T-box brain protein 2), calretinin
and NeuN (neuronal nuclei protein); and display an apical dendrite. These cells are
named immature neurons. Stage 6. In this stage the newborn neurons acquire a
complete state of differentiation and maturation and express calbindin and NeuN. The

mature stage arises 2-3 weeks after the acquisition of the postmitotic stage.

The newly generated neurons in the adult stage differ to neurons produced during
development in their neuronal excitability during the 2-4 weeks after birth, a critical period
of maturation. These differentiated, but still immature, newborn granule cells are
hyperexcitable and have an enhanced synaptic plasticity, showing lesser sensitivity to
GABAergic signalling and lower threshold to LTP induction than mature neurons. These
features confer a differential role in the processing of electrical signals on newborn
granule cells (Zhao et al. 2008; Deng et al. 2010; Benarroch 2013).

49



Introduction

4 ,

{"Radial glia-like ) WY # New

& (Type | cell) g ki 9 Neunt \[gvm cell

progenitor
Non radial precursor cell (IP) k Interneuron Mature

S (Type Il cell) granule cell
S
4 N e N

Ay

Radial glia-like Tl;::g;f:iltor aalis Neuroblast Immature neuron Mature neuron
J <

Nestin Calretinin

' DCX DCX NeuN Calbindin

= PSA- PSA-NCAM DCX NeuN

; NCAM Tbr2 PSA-NCAM NeuroD
NeuroD NeuroD NeuroD Prox1
Prox1 Prox1 Prox1/Tbr2

s 5 depolarization 4—-—-) hyperpolarization

= : — Synaptic GABA input

n.?i { Synag GA P

g § Tonic GABA activatior /

5’ § +——>depolanzation

Mossy fiber output

Critical period
Survival Survival Enhanced LTP

Figure 16. Adult neurogenesis in SGZ of dentate gyrus in hippocampus. The cellular
markers, critical periods of neurogenesis and changes in the cellular response to GABA
(depolarization/ hyperpolarization) are specified in the different neurogenic stages. Blbp: brain
lipid-binding protein; DCX: doublecortin; GFAP: glial fibrillar acid protein; NeuN: neuronal nuclei
protein; NeuroD: neurogenic differentiation; Prox1: prospero homeobox protein 1; PSA-NCAM:
Polysialylated-neural cell adhesion molecule; Sox2: Sex determining region Y-Box 2; Tbhr2: T-box
brain protein 2; Figure adapted from Ming and Song (2011).

5.3.1. Modulation of adult neurogenesis in SGZ: intrinsic and extrinsic factors
Neurogenesis is an activity-dependent plastic event constituted by three important
processes: cell proliferation, cell differentiation and survival. These events are modulated
by extrinsic signals, intrinsic cell factors and environmental stimuli (Van Praag et al.
2005; Benarroch 2013).

A variety of morphogens (Notch, Shh, BMPs and Wnt) and other signals such as
cytokines, steroid hormones, growth factors, neuropeptides, neurotransmitters,

epigenetic elements, cell cycle regulators and transcription factors are implicated in the
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maintenance, activation and fate of NPCs in the neurogenic niche (Sun et al. 2011; Ming
and Song 2011; Benarroch 2013; Aimone et al. 2014; Alvarez-Buylla and lhrie 2014; Ryu
et al. 2016). Moreover, the signalling molecules released by the neurogenic niche
components (microglia, astrocytes, endothelial cells ependymal cells, mature neurons
and NPCs) and cell-cell contacts within the niche contribute to determine the cellular fate
of NSCs, NPCs and mature neurons (Barkho et al. 2006; Sierra et al. 2010; Aimone et
al. 2014; Falk and G6tz 2017; Knobloch and Jessberger 2017).

Environmental stimuli and physiological factors such as stress, physical exercise,
environmental enrichment (EE), aging, learning, diet and irradiation also modulate
neurogenesis in SGZ (van Praag et al. 2005; Kronenberg et al. 2006; Snyder et al. 2009;
Ming and Song 2011; Miranda et al. 2012; Benarroch 2013; Aimone et al. 2014; Kim et
al. 2015).

5.3.2. Role of apoptotic proteins in neurogenesis

Pro- and anti-apoptotic proteins regulate neuronal death in embryonic and adult
neurogenesis (Ryu et al. 2016). In adult neurogenesis, the extrinsic apoptotic pathway
is non-functional in basal conditions. In this context, Fas stimulation induces stem cells
differentiation and survival in the SGZ, via Src/PI3K/Akt/mTOR signalling pathway, and
increases neurogenesis in the SGZ and SVZ (Corsini et al. 2009). Proteins of the intrinsic
apoptotic pathway, such as BCL-2 family proteins, regulate apoptosis of NSCs in adult
neurogenesis and neuroblasts migration. The role of BCL-2 family in these processes is
observed in different studies. For example, Bax knockout mice show absence of
programmed cell death in NSCs, aberrant localization of newborn neurons and an
increase in the number of hilar ectopic granular cells in hippocampus (Sun et al. 2004;
Kim et al. 2009; Myers et al. 2013). In concordance with that, a deficiency in BIM or
PUMA in mice induces an increase in the survival rate of newborn neurons in DG (Bunk
et al. 2010). Otherwise, the overexpression of MCL-1, an anti-apoptotic protein, reduces
apoptosis of NPCs whereas its deficiency increases apoptosis (Malone et al. 2012).
JNK1 and JNK3 are also implicated in the regulation of hippocampal neurogenesis in
mice (Castro-Torres et al. 2019).

5.4. Hippocampal alterations in neurological diseases

The hippocampal functions can be altered by defects in hippocampal development,
neuronal loss, aberrant activity of GABAergic interneurons and/or glutamatergic neurons

and abnormal adult neurogenesis. These alterations have been observed in several
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neurological diseases such as AD, epilepsy and psychiatric diseases; and could be
associated with the disease development (Dam 1980; Ball et al. 1985; de Lanerolle et
al. 1989; Konradi et al. 2011; Sebe and Baraban 2011; Konradi et al, 2011; Moodley and
Chan 2014; Villette and Dutar 2016; Zaitsev 2017). For example, defects in neuron
generation during development are associated with epilepsy, schizophrenia, autism and
attentional deficits (Austin et al. 2004; Tuchman and Cuccaro 2011; Thapar et al. 2017).
In addition, hippocampal neuronal loss of specific populations in AD patients and
epilepsy is related with the cognitive impairment observed in these diseases (Palop and
Mucke 2016). Neurogenesis is also threatened in neurological, metabolic and psychiatric
disorders such as AD, ischemia, depression, anxiety, schizophrenia, epilepsy and
diabetes (Deng et al. 2010; Kvajo et al. 2011; Cho et al. 2015; Jessberger and Parent
2015; Hill et al. 2015; Kang et al. 2016; Apple et al. 2017). Focusing in AD, alterations in
neurogenesis are related with changes in cell proliferation, differentiation, maturation
and/or survival in AD mouse models. Moreover, neuroinflammation and microglial
activation, may induce a reduction of NPCs proliferation in AD. It is postulated that the
cognitive impairment observed in AD could be due to an impairment of neurogenesis
before cell death onset (Chuang 2010; Wirths 2017). However, there are some
controversial results about the role of neurogenesis in the AD progression since different
studies show increase or decrease in this process, depend on AD mouse models
analysed and techniques used (Mu and Gage 2011).

Regarding epilepsy, in the majority of cases this disease is due to a deregulation in the
balance between excitation and inhibition in hippocampus. This disbalance can be

induced by different mechanisms that are widely explained in the next section.

6. EPILEPSY

6.1. Key concepts related to epilepsy and classification of epilepsies

Epilepsy is one of the most common neurological disease that nearly affects 1% of
population. In one-third of cases this disease is refractory non-controlled by drugs, doing
important the research of epilepsy triggers. Epilepsy is defined by the International
League Against Epilepsy (ILAE) by any of the following conditions: “a) at least two
unprovoked (or reflex) seizures occurring greater than 24 h apart; b) one unprovoked (or
reflex) seizure and a probability of further seizures similar to the general recurrent risk

(at least 60%) after two unprovoked seizures, occurring over the next 10 years and c)
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diagnosis of an epilepsy syndrome” (Fisher et al. 2014). Moreover, epilepsy can be
accompanied by many comorbidities (Keezer et al. 2016) and can manifest as an
epileptic syndrome, such as temporal lobe epilepsy (TLE), metabolic epilepsies and

autoimmune epilepsies (Stafstrom and Carmant 2015; Scheffer et al. 2017).

A seizure is a paroxysmal alteration of neuronal function caused by an imbalance in
excitation and inhibition that leads to an abnormal electrical activity of the brain. The
alteration of the neuronal transmission can occasionally occur in healthy individuals
without implicating epilepsy development (Goldberg and Coulter 2013; Noebels 2015;
Stafstrom and Carmant 2015). The status epilepticus (SE) is considered when
mechanisms of seizure termination fail, and the seizure lasts more than 5 min. If the SE
is prolongated more than 30 min, long-term consequences such as neuronal death occur
(Trinka et al. 2015). This state is usually resistant to anti-epileptic drugs (Falco-Walter
and Bleck 2016).

The process by which the normal brain function is altered and biased towards an
abnormal electrical activity that leads to chronic seizures is epileptogenesis. It may be
induced by several genetic and environmental factors such as: acquired brain alterations,
congenital brain malformations, enhancement or decline in the activity of different
neuronal signaling pathways and defects in neuronal synaptic maturation and plasticity
(Pitkdnen et al. 2007; Bozzi et al. 2012; Goldberg and Coulter 2013). In humans,
mutations in different genes are related with epilepsy (Table 1).
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Gene Protein codified Disorders assocu?ted with this References
mutated mutation
Autosomal dominant nocturnal
De F t al. 2000; Lerche et
CHRNA Nicotinic acetylcholine receptor frontal lobe epilepsy, idiophatic (De Fusco eala 2013) sLerche e
generalized epilepsies '
GABRA1 GABAa receptor al subunit Idiophatic epll'ep5|es and febrile (Galanopoulou 2010)
seizures
GABRG2 GABA receptor y2 subunit Generalized .epllepsy with febrile (Wallace et al. 2001;
seizures plus Galanopoulou 2008)
GRINK2 GIuN2A subunit of NMDA receptors idiophatic epilepsies (Casillas-Espinosa et al. 2012)
SYN1 Synapsin 1 Familiar epilepsy (Garcia et al. 2004)
SNAP25 Synaptosome associated protein of Epilepsy (Rohena et al. 2013)
25kDa
R . Early infantile epilepsy, epileptic (Saitsu et al. 2008; Otsuka et al.
TXBP1 - 1
S Syntaxin-binding protein encephalopathies among others 2010)
SCN1A Voltage-gated sodium channel a Generalized epilepsy with febrile (Lerche et al. 2013; Stafstrom
subunit 1, Nav1.1 seizures plus and Dravet's syndrome and Carmant 2015)
SCN2A Voltage-gated sodium channel a Benign familiar neonatal-infantile | (Lerche et al. 2013; Howell et al.
subunit 2, Nav1.2 seizures and Dravet's syndrome 2015)
. . Epileptic encephalopathy and
SCNSA voltage-gated sodium channel a subunit sudden unexpected death in (Wagnon et al. 2014)
8, Navl.6 .
epilepsy
KCNQ2/K Vol - i h |
¢ N((113/ ¢ ° tagesiztf:inzzt;(s;uzn;?’c anne Benign familiar neonatal epilepsy (Lerche et al. 2013)
KCNA1L voltage-gated potassium channel Sudden unexpected death in (Browne et al. 1994; Gautier
subfamily A member 1, Kv1.1 epilepsy and other kinds of epilepsy and Glasscock 2015)
KCNJ10 Glial Inwardly Rectifying Potassium “EAST/SeSAME” syndrome (Buono et al. 2004; Patel et al.
Channel, Kird.1 (generalized tonic-clonic seizures) 2019)
A | i | |
LGI1 Leucine-rich glioma activated 1 utosoma domm.ant atera (Kalachikov et al. 2002)
temporal epilepsy
TSC1 and
Tscazn Hamartin and tuberin Tuberous sclerosis* (Goldberg and Coulter 2013)
FMR1 Fragile X mental retardation protein, Fragile-X mental syndrome* (Hagerman and Stafstrom 2009)

FMRP

Table 1. Main mutations observed in patients with epilepsy. The most common mutations
affect voltage- or ligand-gated ion channels (“Channelopathies”). * Represent some syndromes
that spread a plethora of pathologies, among them epilepsy, associated with one mutation.
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Classification of seizures and epilepsies

In the last ILAE classification of epileptic seizures, seizures are divided into three
categories according to seizure beginning: focal onset (60% of cases), generalized onset
and unknow onset. Otherwise, epilepsies are classified, according to the kind of seizures
in: focal, generalized, combined (with focal and generalized seizures) and unknown
(Fisher et al. 2017; Scheffer et al. 2017; Falco-Walter et al. 2018) (Figure 17). One of the
most common form of local epilepsy is TLE. In this kind of epilepsy, the epileptic focus
is localized in the temporal lobe and the progress of this pathology exhibits latent period
and spontaneous recurrent seizures. TLE patients display hippocampal neuronal loss,
neuronal hyperexcitability, gliosis, memory impairment and intellectual disability
(Goldberg and Coulter 2013).
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Figure 17. ILAE classification of seizure types and epilepsies. Epilepsies are classified by
their seizures types and can constitute epilepsy syndromes and develop with other pathologies.
Seizure onset can be of different aetiology. Figure modified from Scheffer et al. (2017).

Epilepsy treatment
Antiepileptic drugs are the main treatment for epilepsy. These drugs exert their actions
on: SV2A ligand, drugs as levetiracetam (Klitgaard and Verdru 2007); AMPA receptors

or GABA receptors, drugs as perampanel (Villanueva et al. 2018) and phenobarbital
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(Macdonald and Kelly 1995; Kwan and Brodie 2004), respectively; voltage-gated ion
channels: drugs as carbamazepine, pregabalin, phenytoin and lamotrigine (Macdonald
and Kelly 1995) (Barker-Haliski and White 2015) (Hesselink and Kopsky 2017) or
multiple targets: drugs as valproid acid and topiramate (Faught 2007; Barker-Haliski and
White 2015).

Owing to the fact that about one third of epilepsy patients show antiepileptic drug-
resistant seizures, new treatments such as cannabinoids and ketogenic diet are used to
treat epilepsy (Hess et al. 2016; Katsu-Jiménez et al. 2017; O’Connell et al. 2017; O’
Connell et al, 2017). In addition, there are new therapies in study such as gene therapy
and the direct delivery of molecules in brain by cell based-biodelivery system. These
therapies are encouraging alternatives to treat refractory epilepsies (Falcicchia et al.
2018).

6.2. Possible causes of epileptogenesis

It is widely accepted that an imbalance between excitatory and inhibitory transmission
underlies to the pathophysiology of epilepsy. Alterations in excitatory and inhibitory
receptors, signalling pathways related with modulation of neuronal transmission,
enzymes related with glutamate and GABA synthesis, neurotransmitter transporters,
neurodevelopment and interneurons populations could contribute to break the neuronal
excitatory-inhibitory balance (Olsen and Avoli 1997; Bozzi et al. 2011; Casillas-Espinosa
et al. 2012; Noebels 2015; Zaitsev 2017).

6.2.1. Alterations in brain neurodevelopment

Aberrant neuronal migration or perturbations in hippocampal and cortical circuity
refinement are implicated in epileptogenesis. In humans, mutations in genes that codify
for proteins related with neuronal migration and neurodevelopment such as LIS1
(Lysencephaly 1 protein) and reelin promote epilepsy (Wang and Baraban 2006; Gong
et al. 2007). Moreover, knockout or conditional knockout mice of genes important for
brain development such as Lisl, Dcx, reelin, Dabl (Disabled homolog 1), DIx1
(vertebrate distal-less 1), DIx5/6 or Lgil (Leucine-rich glioma activated 1) show
spontaneous seizures and/or increased seizure susceptibility (Cobos et al. 2005; Patrylo
et al. 2006; Nosten-Bertrand et al. 2008; Zhou et al. 2009; Wang et al. 2010; Bozzi et al.
2011; Teixeira et al. 2012).
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6.2.2. Alterations in GABAergic interneuron populations

GABAergic interneurons in hippocampus regulate information flow through hippocampus
controlling cell firing and excitability (Freund and Buzséki 1996; Palop et al. 2007; Pelkey
et al. 2017). Modifications in the number and/or activity of interneurons populations, such
as PV-, CR-, calbindin-, somatostatin- and NPY-containing interneurons, are related with
epileptogenesis in epilepsy patients and animal models. In addition, deletion of
GABAergic interneurons in hippocampus promotes spontaneous seizures (Spampanato
and Dudek 2017). However, the loss of GABAergic interneurons may also be a
consequence of epilepsy (Sloviter 1987; Sloviter 1989; Buckmaster and Edward Dudek
1997; Colmers and El Bahh 2003; Goldberg and Coulter 2013; Téth and Magloczky
2014; Zaitsev 2017).

The number of CR-, calbindin-, somatostatin-, NPY- and/or PV-containing interneurons
are reduced in KA-induced seizures (Kuruba et al. 2011; Marx et al. 2013), electrical-
induced seizures in rats (Van Vliet et al. 2004), pilocarpine-induced seizures in mice
(Hofmann et al. 2016), GABAs deficient young mice (RUttimann et al. 2004), DIx1
knockout (Cobos et al. 2005) and models of absence epilepsy (Papp et al. 2018).
Likewise, DIx5/6 heterozygous mice show aberrant connectivity of PV-positive
interneurons (Wang et al. 2010). Interestingly, AD mouse models with seizure
susceptibility, such as TJCRND8 and hAPPJ20, show also alterations in interneuron
populations (Verret et al. 2012; Mahar et al. 2017).

6.2.3. Alterations in proteins implicated in neuronal transmission

Mutations in presynaptic proteins (synapsins, SNAP25 and others), ion channels
(voltage-gated sodium or potassium channels) and receptors are related with seizures
development in humans (Table 1) and mouse models (Loup et al. 2000; Galanopoulou
2010; Casillas-Espinosa et al. 2012; Lerche et al. 2013; Fukata and Fukata 2017; Patel
et al. 2019). Moreover, alterations in levels of several synaptic proteins as Homer-1,
synaptophysin, synaptotagmin (Hanaya et al. 2012), synaptic vesicle protein 2A (Van
Vliet et al. 2009; Ohno and Tokudome 2017), vesicular glutamate transporter (vGLUT)
(Schallier et al. 2009; Van Der Hel et al. 2009; Van Liefferinge et al. 2013), AMPAR,
NMDA receptors (Mathern et al. 1998; Postnikova et al. 2017), kainate receptors (Mulle
et al. 1998) metabotropic glutamate receptors (Blimcke et al. 2000; Sansig et al. 2001,
Ure et al. 2006) GABA receptors (Brooks-Kayal et al. 1998; Loup et al, 2000;
Galanopoulou 2008) and GABA and glutamate synthesis enzymes, could be involve in
epilepsy (Casillas-Espinosa et al. 2012; Zhang et al. 2014; Falcon-Moya et al. 2018)
(Figure 18).
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Figure 18. Alterations of synaptic proteins in epilepsy. Mutations and changes in levels of
several proteins implicated in neuronal transmission are associated with epileptogenesis process.
Kcc2: chloride potassium symporter 5; Kvl.1: potassium voltage-gated channel subfamily A
member 1; Navl.2: sodium voltage-gated channel a subunit 2; SNAP25: synaptosomal nerve-
associated protein 25; vGLUT: vesicular glutamate transporter; VGAT: vesicular GABA
transporter. Figure adapted from Noebels (2015).

6.2.4. Hyperactivity of mTOR

The phosphatase and tensin homolog (PTEN)/Akt/ mammalian target of rapamycin
(mTOR) pathway is implicated in neuronal proliferation, survival, growth and synaptic
plasticity (Figure 19). Dysfunctions in this pathway that induce mTOR hyperactivity are
associated with epilepsy (Meng et al. 2013). Likewise, an increase in mTOR activity have
been reported in acquired epilepsy models, human TLE and other types of human
epilepsy (Wong 2011; LaSarge and Danzer 2014). Concretely, loss-of-function
mutations in Tuberous sclerosis 1 (TSC1) and TSC2 in humans, lead to tuberous
sclerosis syndrome (Goldberg and Coulter 2013) (Table 1). The neurological
manifestations of this syndrome include: seizures, mental retardation and autism
(Holmes et al. 2007). Conditional Pten knockout mice also show a high susceptibility to
seizures (Amiri et al. 2012; Pun et al. 2012; LaSarge et al. 2015; Matsushita et al. 2016).

Rapamycin, a drug inhibitor of mTOR activation, is used to treat TSC syndrome
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(Canpolat et al. 2018; Kim and Lee 2019), although there are controversial results about
its anti-epileptic effect in acquired epilepsy models (Huang et al. 2010; Heng et al. 2013).
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Figure 19. The PISK/PTEN/Akt/mTOR signalling pathway and its main downstream effector.
PI3K/Akt signalling promotes mTOR activation. TSC1/2 and/or PTEN regulate the activation of
mTOR to prevent the hyperexcitation of this pathway. Dysfunctions in TSC1, TSC2 or PTEN
promote an aberrant activation of the mTOR. GSK3: Glycogen synthetase kinase 3; mTOR:
mammalian target of rapamycin; PDK1: Pyruvate dehydrogenase kinase 1; PI3K:
phosphoinositide 3-kinase; PTEN: phosphatase and tensin homolog; RTK: Tyrosine kinase
receptor; TSC: tuberous sclerosis complex; Figure derived Yu and Cui (2016).

6.2.5. Other alterations related with seizures development

In the last decade, alterations in levels of adenosine and ATP, important
neuromodulators of neuronal transmission, are related with epilepsy (Boison 2012;
Boison 2016). Moreover, deletion of CD39 ATPase or adenosine kinase overexpression,
proteins implicated in the regulation of adenosine and ATP levels, induces seizures in
mouse models (Boison 2012; Lanser et al. 2017; Weltha et al. 2019).

Alterations in the mitochondria, miRNA levels and astrocytes and epigenetic changes
have awaked the interest of researchers by their increasing role in epileptogenesis (Liang
and Patel 2004; Boison 2016; Kovac et al. 2017; Brennan and Henshall 2018; Hauser et
al. 2018). Alterations in glial cells could contribute to epilepsy development, progression
or both (Bedner et al. 2015; Coulter and Steinh&user 2015). Specifically, alterations of
GABA and glutamate metabolism in astrocytes by downregulation of EEAT1 (excitatory

amino acid transporter 1) and/or EAAT2, transporters implicated in the reuptake of
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glutamate, have been reported in epilepsy patients (Alvestad et al. 2011; Barker-Haliski
and Steve White 2015; Patel et al. 2019). Likewise, deficiency of astrocytic glutamate

transporters in mice can lead to seizures (Meldrum et al. 1999).

6.3. Animals models of epilepsy

These models provide the opportunity to study the mechanisms that underlie to
epileptogenesis and analyse the anti-epileptic effect of different drugs. Seizure models
can be classified in: 1) induced by drugs; 2) induced by physical stimulation; and 3)
induced by mutation or deletion of specific genes (Loscher and Schmidt 1988; Li et al.
2005; Loscher 2009).

Drugs-induced seizures models:

These models are generated by systemic, intraperitoneal, subcutaneous or intracerebral
administration of drugs that promote neuronal hyperexcitability, such as pilocarpine,
kainic acid (KA) or pentylenetetrazol (PTZ) (De Deyn et al. 1992; Loscher 2009; Loscher
2011).

Pilocarpine is an agonist of muscarinic receptors, widely used to reproduce human TLE.
Its administration induces SE and, after a seizure-free latent period, animals develop
spontaneous recurrent seizures and neuronal cell death in hippocampus (Curia et al.
2008; Mdller et al. 2009; Huang et al. 2010; Heng et al. 2013; Schartz et al. 2016).

KA is an agonist of KA receptors used to induce mesial temporal lobe epilepsy and SE
(Ben-Ari et al. 1979; Lévesque et al. 2016; Venceslas and Corinne 2017). KA is the most
employed drug to study seizure susceptible in animal models and to test the anti-epileptic
effect of different drugs (McKhann et al. 2003; McLin and Steward 2006; Kuruba et al.
2011; Carulla et al. 2015).

PTZ is an antagonist of GABAA receptors and can be administrated once, in a convulsive
dose (Naseer et al. 2011; Van Erum et al. 2019) or repeated times, in sub-convulsive
dose (chemical-induced kindling model of epilepsy). This drug is used to evaluate the

effect of seizures in acute and chronic models (Giardina and Gasior 2009; Dhir 2012).

Physically-induced seizures

Some physical stimuli used to induced seizures are: a) high intensity sounds (about 90-
120dB in mice), that induce audiogenic seizures in susceptible mice (Incorpora et al.
2002; De Sarro et al. 2017); b) transcorneal stimulation of high frequency pulses, that

triggers electroconvulsive seizures (Frankel et al. 2001); and c) electrical stimulation of
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low-frequency pulses, used as a kindling seizure model that reproduces some features

of human limbic seizures (Loscher 2011; Kandratavicius et al. 2014).

Genetic mouse models of epilepsy
These models have been generated by deletion or mutation of a gene that has been

related with epileptogenesis or is altered in epilepsy patients.

Among murine models lacking proteins implicated in neurodevelopment, the followings
stand out: a) mice lacking Dcx: these mice show hippocampal lamination, alterations in
cortical interneurons migration, learning deficits, hyperactivity, spontaneous seizures
and an increased susceptible to PTZ- and KA-induced seizures (Nosten-Bertrand et al.
2008); b) reeler mice: these mice show impairments of cortical neurons migration and
lamination, and high susceptibility to develop epileptiform activity (Patrylo et al. 2006;
Haas and Frotscher 2010); and ¢) mice generated by conditional Dabl deletion, an
adaptor protein of reelin-activated signalling pathway: these mutant mice exhibit a low
threshold to pilocarpine-induced seizures, ectopic neuronal migration, hilar basal
dendrites in granule cells and other alterations in adult neurogenesis in SGZ (Teixeira et
al. 2012; Korn et al. 2016).

Other genetic models have been produced by deletion or mutation of synaptic proteins
such as voltage-gated ion channels, synapsins, SNAP25 and glutamate decarboxylase
(Gitler et al. 2004; Watanabe et al. 2015; Sawyer et al. 2016; Qi et al. 2018). Scnla
(Navl.1 protein) heterozygous mouse is a model of Dravet syndrome, a rare epilepsy
syndrome. These mice show spontaneous seizures, reduced threshold to hyperthermia-
induced seizures and a decline in inhibitory transmission (Oakley et al. 2009; Oakley et
al. 2011; Stafstrom and Carmant 2015). Otherwise, mice with non-sense mutation in
Scn2a, a gene that codifies for Navl.2, are used as a model of TLE. These mice exhibit
spontaneous recurrent seizures (Manno et al. 2011). Other interesting models of
epilepsy are mice lacking synapsin 1, synapsin 2 or both proteins. These mice show
early-onset spontaneous seizures, handling-induced seizures (Gitler et al. 2004, Etholm
and Heggelund 2009; Etholm et al. 2012), an imbalance in GABAergic and glutamatergic
transmission (Corradi et al. 2008; Farisello et al. 2013), alterations in synaptic proteins
levels (Chugh et al. 2015), aberrant neurogenesis (Barbieri et al. 2018), deficits in social

behaviour and autism spectrum disorder-like phenotype (Michetti et al. 2017).

Genetically modified mice that exhibit mTOR hyperactivity, as Pten lacking mice, have
also been generated (Amiri et al. 2012; Matsushita et al. 2016). A selective deletion of

Pten in mice lead to abnormal morphology and localization of newborn hippocampal
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granule cells (Amiri et al. 2012; Pun et al. 2012), autistic-like behaviour and alterations

in synaptic proteins (Lugo et al. 2014).

6.4. Consequences of epilepsy

After recurrent or prolonged seizures, a battery of changes arises in the brain such as
alteration in NPY expression, aberrant neurogenesis, neuroinflammation, neuronal loss,
oxidative stress, alterations in adenosine levels and/or mitochondrial dysfunction
(Aronica and Muhlebner 2017). In most of cases, these alterations emerge in
hippocampus, although other regions such as amygdala and cerebral cortex could also
be affected (Ribeiro et al, 2003; Kovac et al. 2012; Vezzani et al. 2013; Noebels 2015;
Stafstrom and Carmant 2015; Kovac et al. 2017; Walker 2018).

6.4.1. Neuronal hyperactivity

In epilepsy, there is an increase of neuronal activity. The main method used to evaluate
this parameter is the quantification of immediate early genes expression, mainly c-fos
(Dragunow and Faull 1989; Abraham et al. 1991). The immediate early genes are good
markers of neuronal activity due to their low levels under basal conditions and their
upregulation in response to different stimuli or stressors that enhance neuronal
excitability. Therefore, c-fos is also an indicator of the epileptic focus in the brain. An
increase in c-fos has been observed in many animal models of seizures in hippocampus
(Herrera and Robertson 1996; Peng and Houser 2005; Bozzi et al. 2011; Barros et al.
2015; Kadiyala et al. 2015; Albright et al. 2017) amygdala and other cerebral regions
(Clark et al. 1991; André et al. 1998; Szyndler et al. 2009; Gautier and Glasscock 2015;
Yang et al. 2019).

6.4.2. Ectopic expression of NPY in hippocampus

NPY is a neuropeptide expressed in the soma, concretely confined in dense core
vesicles, of some GABAergic interneurons. This neuropeptide is released during high
frequency stimulation in different brain regions such as hippocampus, enhancing
inhibitory transmission and damping excitatory synaptic transmission (Danger et al.
1990; Colmers and El Bahh 2003; Baraban and Tallent 2004; Kovac and Walker 2013;
Clynen et al. 2014). NPY regulates food consumption, energy homeostasis, mechanisms
related with stress and anxiety, cognitive processes and neurogenesis (Danger et al.
1990; Ggtzsche and Woldbye 2016).
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In patients with epilepsy, NPY is upregulated in hippocampus (Reibel et al. 2001;
Casillas-Espinosa et al. 2012). Likewise, animal models of epilepsy show an increase of
NPY in acute phase, and ectopic NPY expression in mossy fibres of granule cells in
chronic stages (Kovac and Walker 2013). Changes in hippocampal NPY receptors
expression after chronic seizures have also been reported, postulating NPY as a marker
of epileptic activity (Scharfman and Gray 2006; Clynen et al. 2014). The upregulation of
this neuropeptide in epilepsy may implicate a mechanism to elude a subsequent seizure,
by mediating a depression in mossy fibres transmission (Scharfman and Gray 2006)
and/or to avoid brain damage, by increasing neurogenesis (Vezzani et al. 2002; Geloso
et al. 2015).

6.4.3. Increase in hippocampal adult neurogenesis and mossy sprouting
Seizures alter adult neurogenesis in SVZ and SGZ, modifying the number of newly
generated neurons and their morphological features (Jessberger and Parent 2015). In
epilepsy patients and animal models of epilepsy, an increase of neurogenesis, presence
of basal dendrites in granule cells, axonal sprouting and abnormal localization of
newborn neurons in granule cell layer have been reported (Sutula et al. 1989; Houser
1990; Buckmaster and Edward Dudek 1997; Jessberger et al. 2005; Shapiro et al. 2007;
Jessberger et al. 2007; Haas and Frotscher 2010; Pun et al. 2012; Teixeira et al. 2012;
Chen et al. 2013; Korn et al. 2016; Shtaya et al. 2018). This aberrant adult neurogenesis
is related with cognitive and learning impairment (Cho et al. 2015). Otherwise, alterations
in newborn neurons could contribute to epilepsy since neurogenesis ablation before
pilocarpine-induced seizures reduces chronic seizure frequency and cognitive deficits
(Cho et al. 2015). The role of neurogenesis in epileptogenesis is also supported by the
presence of sprouting mossy fibres before seizure onset in Pten conditional knockout
mice (Matsushita et al. 2016). Although is probable that sprouted mossy fibres do not
constitute functional synapses (Hendricks et al. 2017). Therefore, it is not clear if
alterations in newborn granule cells are consequence of seizures or if they contribute to
epileptogenesis (Parent 2002; Kron et al. 2010; Cho et al. 2015).

6.4.4. Neuroinflammation

Glial activation is another unwanted consequence of epilepsy, that has been well
documented in animal models of seizures and human epileptic brains (Vezzani and
Friedman 2011; Chugh et al. 2015; Loewen et al. 2016). Moreover, overexpression of
inflammatory cytokines (interleukin-1, TNFa and others), proteins of complement system
and high motility group protein B1 have also been observed in epileptogenic tissues (De

Simoni et al. 2000; Vezzani et al. 2013). Indeed, neuroinflammation has been postulated
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as a biomarker of epilepsy. Inflammatory response is a mechanism of protection against
different insults. However, when mechanisms to conclude this response are dropped,
brain undergoes an uncontrolled and prolonged neuroinflammation with devastating
consequences. In epileptic brain, the system that controls the ending of inflammatory
response is unable to restore glia and pro-inflammatory cytokines to basal conditions
following a pro-epileptogenic injury promoting neuroinflammation and brain damage
(Vezzani et al. 2013).

6.4.5. Neuronal cell death

Neuronal loss is another event underlying epilepsy that have been detected in different
brain regions, mainly in CA1 and CA3 (Tasch et al. 1999; Gorter et al. 2003).
Hippocampal neuronal cell death has been reported in patients with long-term seizures,
SE or repeated seizures and in epileptic animal models after SE (de Lanerolle et al.
1989; Tasch et al. 1999; Gorter et al. 2003; Weise et al. 2005; Wang et al. 2008; Lopim
et al. 2016). The mechanism of cell death after prolonged or recurrent seizures is
probably apoptosis (Engel and Henshall 2009). Nonetheless, other authors have
reported absence of hippocampal neurodegeneration in some drug-induced SE mouse
models (Chen et al. 2013; Loewen et al. 2016; Rami and Benz 2017). These differences
among studies that used the same pro-epileptic stimulus are probably due to the
employment of different strains and methods to seizure induction (Schauwecker and
Steward 1997; Schauwecker 2002; Loscher et al. 2017). Otherwise, it is also suggested
that neuronal cell death may contribute to epileptogenesis, promoting reactive gliosis
(Pitkanen 2002; Maroso et al. 2010; Vezzani et al. 2013; Henshall and Engel 2013;
Lopim et al. 2016).

6.5. Relation between metabolic alterations and epilepsy

Metabolism is implicated in neuronal excitability, thus metabolic changes have been
associated to epilepsy (Katsu-Jiménez et al. 2017; McDonald et al. 2018; Masino and
Rho 2019). Alterations in metabolic biomarkers (glucose, ATP and others energetic
substrates) and mitochondrial dysfunction have been observed in epilepsy patients and
animal models of epilepsy (Kudin et al. 2009; Frye 2015; Kovac et al. 2017; Arend et al.
2018). Likewise, some patients with autism and epilepsy show disorders in the
metabolism of creatinine, cholesterol, folate, pyrimidine, purines and phenylalanine (Frye
2015).
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Alterations in glycolysis and tricarboxylic acid cycle have been related with deregulation
in neuronal excitability, pointing to an important role of glucose in epilepsy (Chugani and
Chugani 1999; Federico et al. 2005; Alvestad et al. 2008; Smeland et al. 2013; Tan et
al. 2015; Popova et al. 2017). According to that, epileptic phenotypes have been
detected in patients with glucose transporter 1 (GLUT-1) deficiency, mutations of
glycolytic enzymes and mutations of tricarboxylic acid cycle enzymes (pyruvate
dehydrogenase and fumarase) (Kang et al. 2007; Mullen et al. 2011; Scheffer 2012;
Ezgu et al. 2013; Tan et al. 2015). Likewise, patients with diabetes type 1 often develop
epilepsy as well as the diabetic ob/ob mouse model shows greater seizure susceptibility
than non-diabetic mouse (Erbayat-Altay et al. 2008; Yun and Xuefeng 2013; Chou et al.
2016; Sander et al. 2016).

The source of carbon substrate used for mitochondrial energetic metabolism is also
important to determine seizure susceptibility. Situations that involve preference by
ketogenic bodies as carbon substrate for the mitochondria such as with Bad deletion or
ketogenic diet show higher threshold to develop seizures than situations in that glucose
is the substrate selected (Giménez-Cassina et al. 2012; Giménez-Cassina and Danial
2015; Katsu-Giménez et al, 2017).

6.6. Role apoptotic proteins in epilepsy

Apoptotic proteins are implicated in seizure-induced neuronal death in TLE patients and
animal models (Engel and Henshall 2009). Moreover, relevant non-apoptotic functions
regulated by apoptotic proteins are altered in epilepsy, suggesting a role of these

proteins in epileptogenesis (Okamoto et al. 2010; Henshall and Engel 2013).

In concordance with that, caspase-3 is upregulated after prolonged seizures in some
epilepsy models (Henshall et al. 2000; Narkilahti et al. 2003) and has been involved in
neurogenesis increase, dendritic alterations of hippocampal neurons and gliosis in
epileptic animal models (Tzeng et al. 2013). Moreover, caspase-3 or caspase-8 inhibition
ameliorates seizures-induced cell death (Henshall et al. 2000; Narkilahti et al. 2003a; Li
et al. 2006b). BCL-2 family proteins have been also implicated in epilepsy. Some of these
proteins are upregulated in serum of epilepsy patients (Murphy et al. 2007; Henshall and
Engel 2013). Moreover, loss of pro-apoptotic proteins BIM or PUMA, but not BAK,
protects against SE-induced neuronal death, although this effect is not observed in acute
seizure models (Bunk et al. 2010; Murphy et al. 2010). Besides, Bad or Noxa deletion
reduces seizure susceptibility (Fannjiang et al. 2003; Giménez-Cassina et al. 2012;

Henshall and Engel 2013; Ichikawa et al. 2017). Otherwise, Mcl-1 heterozygous mice
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and Bcl-w knockout mice show epileptic symptoms earlier and greater neuronal loss in
CA3 after convulsant drug administration than controls (Mori et al. 2004; Murphy et al.
2007). Additionally, the overexpression of XIAP protects against KA-induced cell death
(Li et al. 2006a).

DRs also regulate seizure susceptibility (Balosso et al. 2013; Ettcheto et al. 2015). These
proteins are upregulated in serum of epilepsy patients and animal models (El-Hodhod
et al. 2006; Teocchi and D’Souza-Li 2016). TNF signalling may modulate seizures by
regulating AMPAR trafficking, that enhance excitatory synaptic transmission, or by
inhibiting GLUT-1 in astrocytes. The inhibition of GLUT-1 promotes an increase of
NMDA receptors permeability (Beattie et al. 2002; Balosso et al, 2013; Patel et al. 2017).
The role of TNF signalling is corroborated since TNFR1 knockout mice are less
susceptible to seizures after Theiler’'s murine encephalomyelitis virus or KA injection
(Balosso et al. 2005; Kirkman et al. 2010). Otherwise, Fas/FasL signalling mediated KA-
induced neuronal death. Concretely, Ipr (lymphoproliferation spontaneous mutation)
mice show lesser neuronal loss after KA-induced seizures than controls, although these
mice do not exhibit a decline in the number of seizure or glial activation (Ettcheto et al.
2015).

JNK signalling is also related with seizure susceptibility. JNK activity is upregulated in
epileptic animals (Tai et al. 2017). Likewise, the inhibition of INK1 and JNK3 exerts an
anti-epileptic effect (Wang et al. 2015; Auladell et al. 2017; Tai et al. 2017; de Lemos et
al. 2018), whereas Jnk2 deletion increases the susceptibility to KA-induced seizures (de
Lemos et al. 2018). Interestingly, recent studies have shown that JNK1 and JNKS3

regulate neurogenesis during seizures (Castro-Torres et al. 2019).

The levels of other apoptotic proteins such as caspases-7, -8 and -9, IkBa and c-FLIP
are also upregulated after seizures in serum and sclerotic tissue of epilepsy patients and
in epilepsy mouse models (El-Hodhod et al. 2006; Murphy et al. 2007; Bunk et al. 2010;
Henshall and Engel 2013; Teocchi and D’Souza-Li 2016). In addition, the anti-apoptotic
protein XIAP, which is stabilized by FAIM-L, is upregulated after KA-induced seizures in
rat hippocampus (Korhonen et al. 2001).

6.7. Alzheimer’s disease and autism: relationship with epilepsy

Epilepsy is frequently a comorbid disease. Some of the diseases associated or related
with epilepsy are neurodegenerative diseases and autism. In the next lines the most

relevant studies and results in this field are described.
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Alzheimer’s disease is characterized by neuronal loss of specific populations and
cognitive impairment. AD patients have a prevalence of 10% to develop seizures (Vélez
and Selwa 2003; Amatniek et al. 2006; Vossel et al. 2013; Vossel et al. 2017). Moreover,
AD different mouse models (Tg2576, CRND8, hAPP20 and others) exhibit high
susceptibility to drug-induced seizures, epileptiform activity and neuropathological
features observed in epilepsy, such as decrease of interneurons populations, alterations
in synaptic currents, aberrant axonal sprouting and neurogenesis (Del Vecchio et al.
2004; Palop et al. 2007; Westmark et al. 2008; Palop and Mucke 2009; Chin and
Scharfman 2013; Krezymon et al. 2013; Bezzina et al. 2015; Born 2015). Moreover, the
presence of recurrent and prolonged seizures in AD patients and AD animal models
contribute to the memory impairment observed in AD (Holmes 2015; Horvéth et al. 2016;
Tailby et al. 2018).

Autism or autism spectrum disorder (ASD) is a complex developmental disorder
characterized by impairment of social relationships and repetitive behaviours. About 20%
of patients with autism develop epilepsy (Sundelin et al. 2016; Besag 2018). Epilepsy
and ASD coexist in some genetic syndromes such as Tuberous sclerosis syndrome,
SCN2A-related disorders and Fragile X syndrome (Incorpora et al. 2002; Hagerman and
Stafstrom 2009; Lee et al. 2015). Interestingly, some biological pathways implicated in
epileptogenesis are also related with autism, and both ASD and epilepsy share several
comorbidities such as attention deficit hyperactivity, sleep disorder or anxiety (Sundelin
et al. 2016; Besag 2018). In addition, Fmrl knockout and Cntnap2 (contactin associated
protein-like 2) knockout mice reproduce ASD symptoms and present seizures. Fmrl
knockout mice, a model of Fragile X syndrome, show susceptibility to audiogenic-
induced seizures, alterations in dendritic spines, GABAergic system (El Idrissi et al.
2005), hyperactivity (Musumeci et al. 2000; Ding et al. 2014) and aberrant neurogenesis
(Luo et al. 2010). CNTNAPZ2 is a gene related to ASD in humans (Friedman et al. 2008;
Rodenas-Cuadrado et al. 2016). Likewise, mice lacking Cntnap2 show hyperactivity,
ASD-like behaviour, seizures, aberrant dendritic arborization and alterations in excitatory
and inhibitory hippocampal transmission (Pefiagarikano et al. 2011; Anderson et al.
2012).
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Hypothesis and objectives

HYPOTHESIS AND OBJECTIVES

The first Fas apoptosis inhibitory molecule 1, FAIM-S, was discovered in 1999 in B-cells
(Schneider et al. 1999). This protein is codified by FAIM1, a gene highly conserved in
evolution. Afterwards, a new longer protein formed by alternative splicing, FAIM-L,
(Zhong et al. 2001) and other extra-long isoforms (Coccia et al. 2017) have been
identified. Although FAIM-S exerts anti-apoptotic functions in different cells (Schneider
et al. 1999; Huo et al. 2019) and is expressed ubiquitously, FAIM-L is the unique FAIM
isoform able to protect neurons against apoptotic cell death (Segura et al. 2007; Coccia
et al. 2017). The neuroprotective role of FAIM-L against DR-mediated cell death, its
relevance in TNFa-mediated survival of Ap-treated neurons, its role in AR aggregation
and the downregulation of FAIM-L levels in AD (Carriba et al, 2015), point to a relevant

role of this protein in neurodegenerative diseases.

Non-apoptotic roles of apoptotic proteins in the nervous system have emerged in the last
years (D’Amelio et al. 2010; Hyman and Yuan 2012; Sheng and Erttirk 2014; Mukherjee
and Williams 2017; Siegmund et al, 2017; Hollvile and Deshmukh, 2018). In our
laboratory, non-apoptotic functions of FAIM1 isoforms in neurons (neurite outgrowth,
synaptic transmission and LTD) have previously been reported (Sole et al. 2004;
Martinez-Marmol et al. 2016). Hence, FAIM1 isoforms are important proteins in several
functions in the nervous system and could modulate different pathways in neurological

diseases.

Owing to the novel FAIM1 functions described in the nervous system and its deregulation
in AD, the main objective of this thesis is the study of Faiml1 deletion effect in brain to
unravel other roles of these proteins and its implication in neurological diseases. For this
goal, we proposed to carry out an anatomical, cellular and molecular brain study in the
FAIM-KO mouse generated by Huo et al. (2009). In the initial process of characterization,
we observed that FAIM-KO mice showed induced seizures. Considering this preliminary

result, we proposed the following objectives:
Objectives

» To analyse seizures susceptibility in FAIM-KO and the consequences of seizures
in hippocampus.

» To perform an anatomical, molecular and cellular study in hippocampus of FAIM-
KO mice, focusing in changes related with epileptogenesis.

» To study FAIM-KO mice behaviour.
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MATERIALS AND METHODS

1. ANIMALS

The FAIM-KO mice used in this work, that have deleted both FAIM-S and FAIM-L, were
kindly provided by Dr.Huo (Immunology Group, Bioprocessing Technology Institute,
Singapore, Singapore). These FAIM-KO were generated in a mixed B6;129 genetic
background and backcrossed to C57BL/6J for at least 8 generations (B6.129). The
percentage of 129 polymorphisms in these mice is unknown. The received B6.129 FAIM-
KO line was maintained in homozygosis. In 2017, homozygous B6.129 FAIM-KO mice
were backcrossed to inbred C57BL/6JOLaHsd mice for 3 generations to generate Faiml
heterozygotes. Heterozygous Faiml mice were crossed to generate B6.129* FAIM-KO
mice and age-matched wild type (B6.129* WT) littermates. The experiments of this work
were carried out with: 1) B6.129 FAIM-KO maintained in homozygosis and WT of
C57BL/6J strain (B6 WT) (Envigo, Huntingdon, UK) as controls; or 2) B6.129* FAIM-KO
and B6.129* WT generated by heterozygous mating. In each experiment, it is specified

the animals used.

Mice were bred and maintained at the Vall d’Hebron Research Institute and housed in
Tecniplast GM-500 cages (36 x 19 x 13.5 cm), under standard laboratory conditions of
food and water ad libitum, 22 + 2°C, 12 h light/dark cycle, and relative humidity of 50—
60%. These animals were fed with the normal chow diet “Teklad Global 18% Rodent
Diet” (Envigo) (24% calories from protein, 18% from fat and 58% from carbohydrate).
Littermates of heterozygous breeding were identified with a subcutaneous microchip,
implanted at 1 month old. This last year, these mice have been housed separated by

genotypes to evade a possible genotype effect.

Experiments were performed by an experimenter blind to the animal genotype and were
carried out according to European Union Council (2010/63/EU) and Spanish (BOE
34/11370-421, 2013) guidelines for the use of laboratory animals in chronic studies.
Experimental protocols were approved by the Vall d’'Hebron Research Institute (CEEA
20/15 and Generalitat de Catalunya, DARP 8594).
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2. GENOTYPING

For the genetic identification of WT, heterozygous and FAIM-KO, DNA was isolated from
mouse tail. After that, polymerase chain reaction (PCR) (Mullis et al. 1986), with optimal
conditions for primers of interest, was performed. Finally, the PCR samples were run in

an agarose gel to evaluate products obtained in this reaction.

Tails were incubated in 300 pl tail lysis buffer (10 mM Tris-HCI pH 8, 100 mM NacCl, 10
mM EDTA, 0.5 % SDS) plus proteinase K (0.24 units/sample) (Sigma-Aldrich, St Louis,
MO, USA) for 3—4 hr at 55°C with shaking, to facilitate proteins denaturalization and
remove protein-DNA bindings. Then, samples were centrifugated at 1200 rpm for 3 min.
50 ul 3 M potassium acetate pH 5.5 (Invitrogen, Carlsbad, CA, USA) was added to the
supernatant to improve DNA precipitation. The samples were centrifugated at 1200 rpm
for 4 min. After that, supernatants were mixed with isopropanol (Thermo Fisher Scientific,
Waltham, MA, USA) at 4°C to precipitate DNA. Samples were centrifugated at 1200 rpm
(5 min) and pellets were resuspended in 70% ethanol to clean DNA of residual proteins
and carbohydrates. Finally, after centrifugation, dried-pellets were resuspended in TE
buffer (10 mM Tris-HCI pH 8; 1 mM EDTA) and incubated at 65°C with shaking,
facilitating DNA dissolution. DNA was stored at -20°C or -80°C.

For the PCR reaction (Table 2) the primers used were: FAIM-Forward (Fw)1 (5 GAG
ACT GAG ACA GGA GAA GCC 3), FAIM-Fw2 (5° GCT CTT CAG CAA TAT CAC GGG
3’) and FAIM-Reverse (Rv) (5 GCT CAG GTT AAG TGA AGT GCG 3)).

PCR protocol

Reagent Concentration
DNA Buffer 1x
dNTPs 0.2 mM
Primers* 0.05 mM (each primers)
#Maximo Taq DNA polymerase 1U

Table 2. Reagents used for PCR reaction. The reagents were diluted in DNAse/RNAse free
water up to 25 ul and 2 ul genomic DNA was used for the reaction. *FAIM-P1, FAIM-P2 and FAIM-
P3 were used together in the PCR reaction. #Taq polymerase (5U/ul; GenEON, San Antonio, TX,
USA).

FAIM-Fw1 and FAIM-Rv amplify a region between the exon 2 and 3 of Faim. The product
obtained from this amplification (0.65 kb) allows to recognize WT mice. FAIM-Fw2 and
FAIM-Rv amplify the inserted sequence Neo, localized between the exon 2 and 3 of

Faim. The product obtained (0.94 kb) appears only in FAIM-KO mice. Both products are
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obtained in heterozygous Faim mice (Figure 20). In all cases a negative control of

reaction was used. The following PCR settings were repeated for 30 cycles:

» DNA denaturalization at 95°C for 30 s.
» Primers annealing at 57°C for 45 s.
» DNA elongation at 72°C for 90 s

To prepare the gel, agarose (NBS Biologicals, Huntingdon, Cambs, UK) was
resuspended in TAE 1x (40 mM Tris-HCI, 2.5 mM EDTA, 1.142% acetic acid) and
heated. Then, the intercalant dye SYBER Safe (1:1000) (Invitrogen, Carlsbad, CA, USA)
was added. The percentage of agarose used was between 1-1.25%, to separate
correctly the product bands generated. The samples were mixed with 10x DNA gel
loading dye buffer (Thermo Fisher Scientific) and loaded into the wells. The DNA marker
used was 100 bp plus (NBS Biologicals). By means of an electrical field (100 volts)
negatively charged DNA moves through an agarose gel matrix from negative to positive

electrode. The bands obtained were visualized with U.V. light (Figure 20).

00bp L. . .

- ' 0.94 kb
— s 0.65 kb

Figure 20. Products of genotyping PCR of mouse tail. Bands resulting of PCR with FAIM-
Rv1, FAIM-Rv2 and FAIM-Fw are: two bands in heterozygous mice (+/-), one band of 0.65 kb in
wild type mice (+/+) and one band of 0.94 kb in FAIM-KO (-/-) mice.

3. INTRAHIPPOCAMPAL INJECTION OF RETROVIRUS

The specific injection of green fluorescent protein (GFP)-expressing retrovirus in DG is
a technique used to study dendritic arborization (Zhao et al. 2006; Teixeira et al. 2012;
Llorens-Martin et al. 2013). Retroviruses are RNA viruses that insert a copy of their
genome into the DNA of a host cell. This capacity allows them to infect cells in division,
such as proliferative cells in SGZ. Therefore, the injection in DG of a retrovirus with a
fluorescent protein-expressing vector allows visualizing labelled newly generated
neurons, since these neurons have incorporated the retrovirus during their proliferative
stage. This technique is optimal to analyse neuronal morphology because only a few

neurons are infected (Aimone et al. 2014).
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The CAG-GFP retroviruses were kindly given by Soriano’s lab and the injections were
courteously performed by Alba Del Valle Vilchez and Dr. Pascual (Dr. Soriano’s Lab,
Neurobiologia del Desenvolupament i de la Regeneracio Cel-lular, Parc Cientific,
Barcelona) following the protocol of Teixeira et al. (2012) with some modifications. At 8
weeks old, B6.129* WT (n = 5) and B6.129* FAIM-KO (n = 5) female and male mice
were injected with CAG-GFP retrovirus (Zhao et al. 2006; Teixeira et al. 2012). Mice
were anesthetized with isoflurane and placed in the stereotaxic frame. The injection was
performed in dentate gyrus and the coordinates used for it, respect to bregma in the
anteroposterior, mediolateral and dorsoventral planes; were the followings: [-0.2, £0.16,
-0.2]. The volume of retroviral solution (1.5 pl/hippocampus) was infused at 0.2 pl/min
via glass micropipette, leaving the micropipettes in place for 5 min additionally to ensure
diffusion. The two hippocampi of each animal were injected with the retroviral solution.
Eight weeks after retrovirus injection the mice were euthanised with a lethal dose of
ketamine/xylazine and perfused with PFA 4%. The dendrite length, number of primary
dendrites and branches and dendritic complexity, important parameters to study
dendritic arborization (Teixeira et al. 2012; Llorens-Martin et al. 2013; Reid et al. 2014;
Korn et al. 2016), were analysed in 20-30 GFP-positive neurons per mouse.

4. BROMODEOXYURIDINE LABELLING

Bromodeoxyuridine (BrdU), an analogue of thymidine, is used to identify proliferative
cells by its capacity to insert into DNA (Gratzner 1982). This compound was used to
analyse embryonic and adult neurogenesis in nervous system (del Rio and Soriano
1989; Kempermann et al. 1997). Two different experiments were assessed with BrdU
labelling in 8-week-old female and male B6.129* WT and B6.129* FAIM-KO mice to

evaluate neuronal proliferation and immature neurons number of progenitor cells in SGZ.

Experiment 1. Animals were injected intraperitoneally with 50 mg/kg BrdU (Sigma-
Aldrich) twice (with a delay of 4h) for two consecutive days and euthanised 5 days after
the last injection (B6.129* WT n = 3; B6.129* FAIM-KO n = 3). A double BrdU/DCX
immunodetection was performed in brain sections (detailed in section 7). The number of

BrdU/DCX-positive neurons and BrdU-positive neurons in hilus were analysed.

Experiment 2. Animals were injected intraperitoneally with 50 mg/kg BrdU twice (with a
delay of 2h) per day and euthanised 24 h after the first injection (B6.129* WT n = 6;
B6.129* FAIM-KO n = 7). A BrdU immunodetection was performed in brain sections. The
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total number of BrdU-positive neurons in SGZ and BrdU-positive neurons in hilus were

guantified.

5. TISSUE PREPARATION

For immunohistochemistry (IHC) studies, mice were deeply anesthetised by
administrating lethal doses of a solution of 300 pl xylazine (20 mg/ml) (Calier, Barcelona,
Spain) and 1 ml ketamine (50 mg/ml) (Pfizer, New York, NY, USA). A dose of 100 pl
xylazine/ketamine solution was administrated for each 20-30 gr of weight. Deeply
anesthetized mice were transcardially perfused by the help of a perfusion pump (9
ml/min) with PBS 0.1 M for 3 min followed of paraformaldehyde (PFA 4%) (Panreac
Applichem, Barcelona, Spain) for 8 min. After that, brains were submerged in fixation
solution (PFA 4%) overnight at 4°C and cryoprotected in a solution of 30% sucrose
(Sigma-Aldrich) in PBS 0.1 M until settled themselves in the bottom. Freezing was
performed in 2-methylbutane (Sigma-Aldrich) between -55—(-60)°C and brains were
stored at -80°C until use. Coronal brain sections (30-50 um) were carried out using a
freezing microtome. Slices were stored in PBS 0.1 M plus 0.02 % azide at 4°C or in a
cryoprotective solution (30% ethylene glycol, 30% glycerol and 40% PBS 0.1 M) at -
20°C.

For protein levels (Western blot) and mRNA (quantitative PCR) expression analysis, non-
fixed brain tissue was used. Animals were anesthetised with isoflurane plus oxygen (1.5
liter/min) and euthanised by cardiac puncture or cervical dislocation. Hippocampi were

isolated on ice and stored at -80°C.

To study peripheral organs and tissues weight and hormones levels, mice were
euthanized using isoflurane plus oxygen. One ml of blood samples was collected by
heart puncture and centrifuged at 2000 x g 15 min at 20°C. The plasma obtained was
stored at -80°C. Corticosterone and testosterone contents (ng/mL) were analysed using
commercial kits (Corticosterone EIA Immunodiagnostic Systems Ltd, Boldon, UK;
Testosterone EIA, Demeditec Diagnostics GmbH, Kiel, Germany) and ELISA EMS
Reader MF V.29.-0. Different organs were dissected and their weight (mg) and relative

weight (organ weight/body weight) were recorded.
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6. NISSL STAINNING

This method is a nucleic acid staining, classically used on nervous tissues for measuring
the neuronal density and to observe the anatomical structure. The basic dye (cresyl
violet) used binds to negatively charged-nucleic acids and Nissl bodies, the rough
endoplasmic reticulum of neurons. Rostro-caudal brain sections were mounted in
gelatinized-slides® and let to dry overnight. The next day, slides were washed in sterile
water to eliminate possible residues. Staining was performed with Nissl solution for 3-5
min. Slices were visualized in the microscope to avoid overdyed or weak dyed samples.
Sections were dehydrated in graded ethanol (70%, 90% and twice 100%) for 5 min in
each. Clearing of slides was performed in xylene twice (5 min each). Slides was
coverslipped with Eukitt® (O. Kindler, Bobingen, Germany).

@preparation of gelatinated-slides

Firstly, slides were cleaned with absolute ethanol for 20 min and dried in the heater for
30 min at 60°C. After that, slides were submerged in gelatine solution (2% gold leaf
gelatine and 0.5% Chromium potassium sulphate in sterile water) and let to dry vertically
overnight. This solution is prepared by heating at 40°C in continuous shaking.

7. IMMUNOHISTOCHEMISTRY

This is a method that allows to detect antigens in cells of a tissue by the principle of
specific antibody-antigen union in biological tissues (Coons et al. 1941). This union can
be visualized by different ways (Ramos-Vara 2005; Ramos-Vara and Miller 2014). The
buffers used in IHC studies were the following (Table 3):

Phosphate Buffer Saline 0.1 M (pH 7.4)
Phosphate Buffer 0.4 M (pH 7.4) (PB)

(PBS)
Reagent Concentration Reagent Concentration
NazHPO4 - H20 100 mM PB 0.1 M
Na:HPO4 - 2 H20 300 mM NacCl 150 mM

Table 3. Recipes for phosphate buffer and phosphate buffer saline preparation. These
buffers were used in IHC assays and diluted in distilled water. The pH was regulated by adding
NaOH.

7.1. Chromogenic immunodetection

In this immunodetection the enzyme horseradish peroxidase (HRP) catalyses colour-

production reaction. To amplify the signal, the biotin of secondary antibody biotinylated
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was bound to HRP streptavidin-biotin or to avidin-biotin peroxidase. In both cases HRP
reacted with substrate 3,3 diaminobenzidine tetrachloride (DAB), to yield a coloured

product (Figure 21).

) - Biotin

Streptavidin

Biotinylated secondary

antibody Biotinylated secondary

antibody

Primary antibody Primary antibody

Antigen

Antigen

LSAB method ABC method

Figure 21. Two chromogenic methods wused to amplify the signhal in
immunohistochemistry. In labelled-streptavidin biotin (LSAB) method the biotinylated
secondary antibody binds to streptavidin, due to the capacity of streptavidin to bind biotin. In
avidin-biotin complex (ABC), the biotinylated secondary antibody binds to avidin, another protein
that binds to biotin with high affinity. Each streptavidin or avidin binds four biotins, but avidin forms
more non-specific unions and larger complex.

7.1.1. Labelled-streptavidin biotin method

Free-floating slices (40 um) were washed in PBS 0.1 M three times (10 min each)
followed by incubation with a solution of 3% hydrogen peroxide (H»:O2) and 10%
methanol in PBS 0.1 M for 20 min. This step inhibits endogenous peroxidases, avoiding
non-specific binding. Then, slices were washed in PBS 0.1 M. Antigen retrieval was
performed in a citrate buffer solution (50 mM sodium citrate pH 6) at 80°C for 20 min
(only for DCX and c-fos IHC). This incubation breaks methylene bridges, which cross-
link proteins and mask the epitope of interest, unmasking the antibody-antigen union.
After that, sections were incubated with the avidin-biotin kit (Vector Laboratories,
Burlingame, CA, USA) to block endogenous avidin, biotin and biotin-binding proteins. In
this step, slices were incubated with 0.012% avidin in PBS 0.1 M for 30 min, washed
once in PBS 0.1 M for 10 min and incubated 30 min in 0.012% biotin/PBS 0.1 M. Sections
were washed once in PBS 0.1 M for 10 min. Blocking was performed for 30 min using
5% normal horse serum (NHS) or normal goat serum (NGS) (Sigma-Aldrich) diluted in

0.1 M PBS. This step prevents non-specific unions of residual sites on the tissue to
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secondary antibody. Slices were incubated with the corresponding primary antibody
(Table 4) in a solution of 0.2% Triton X-100 (T) and 0.1% sodium azide in PBS 0.1 M (T-
PBS-azide). After the washings, sections were incubated with the corresponding
biotinylated secondary antibody (1:500, Sigma-Aldrich) (Table 4) diluted in a solution (T-
PBS-azide) for 1h and washed in 0.1 M PBS. Then, slices were incubated with
streptavidin-conjugated HRP (1:2000, Sigma-Aldrich) for 90 min and washed in PBS 0.1
M. To visualize the colored substrate, a solution of 0.05% DAB (Sigma-Aldrich), 0.03%
nickel ammonium sulphate and 0.01% H:O. in PBS 0.1 M was used. The timing of
incubation in this solution depend on the antibody used, conditions of tissue and
environment, that can accelerate or delay the reaction. Therefore, sections were
visualized in the optical microscopy to obtain the optimal intensity. Sections were washed
in PBS 0.1 M. Sections were mounted on gelatine-coated slides and let to dry overnight.
Mounted-sections were washed in water and dehydrated in graded ethanol solutions
(50%, 70%, 96% and 100%, for 10 min in each ethanol) and cleared in xylene for 15 min.
Slides were coverslipped with DPX mounting medium (BDH Laboratories, Mirgab,
Kuwait City, KW). All the steps are performed at room temperature (RT) (except when
the temperature is specified). Serial sections of control and mutant mice were processed
in parallel to minimize variability in immunohistochemical labelling conditions. Antibody
specificity was controlled by omitting the primary antisera. Images were digitized by
Nanozoomer 2.0HT-Hamamatsu. These experiments were performed in Dr. Gutierrez’s
lab (Departamento de Biologia Celular, Genética y Fisiologia, Instituto de Investigacion
Biomédica de Malaga (IBIMA), Universidad de Méalaga, Malaga, Spain). B6.129 FAIM-

KO and B6 WT mice maintained in homozygosis were used in these experiments.
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Primary antibodies

Antibody Reference Dilution Incubation Source Type
GFEAP Dako, 20034 1:10000 RT / overnight rabbit polyclonal
Ibal Wako, 019-19741 1:1000 RT / overnight rabbit polyclonal
c-fos Santa-Cruz, sc166940 1:800 RT/72h mouse | monoclonal
DCX Santa-Cruz, sc8066 1:1000 RT / overnight goat polyclonal
NPY Sigma, N9528 1:5000 RT /48 h rabbit polyclonal
Secondary biotinylated antibodies
Antibody Reference Dilution Incubation Source Type
Anti-rabbit Sigma-Aldrich 1:500 RT/ 1h goat polyclonal
Anti-goat Sigma-Aldrich 1:500 RT/ 1h donkey polyclonal
Anti-mouse Sigma-Aldrich 1:500 RT/ 1h goat polyclonal

Table 4. Primary and secondary antibodies used in IHC performed following LSAB method.
It is specified their working dilution and conditions used in this study. GFAP: glial fibrillar acid
protein; Ibal: ionized calcium binding adaptor molecule 1; DCX: doublecortin; NPY: neuropeptide
Y; RT: room temperature.

7.1.2. Avidin-biotin complex method

To perform PV and calretinin CR IHC, 3-4 sections (30 um) of medial hippocampal
region were chosen. Representative slices of rostro-caudal hippocampus (6—7 slices of
40 um) were chosen for ®BrdU IHC. Free-floating slices were washed in PBS 0.1 M
three times (5 min each) followed by peroxidase inhibition with a solution of 3 % hydrogen
peroxide (H202) and 10% methanol in PBS 0.1 M for 10 min. Slices were permeabilized
in 0.5 % Triton X-100 (T) in PBS 0.1 M (T-PBS) three times (5 min each) and blocked
with 10% NHS or NGS (Thermo Fisher Scientific), 0.2 M Glycine (Panreac), 0.5% T in
0.2% gelatine (Panreac)-PBS 0.1 M for 2h. The incubation with the corresponding
primary antibody (Table 5) was performed in a solution of 5% NGS or NHS, 0.5% T in
0.2% gelatine-PBS 0.1 M, overnight at 4°C (Table 5). The next day, slices were adjusted
to RT for 30 min. Sections were thoroughly washed with T-PBS for 30 min, and incubated
in the corresponding biotinylated secondary antibody (1:200, Vector Laboratories) (Table
5) diluted in a solution 3% NGS or NHS and 0.5% T in 0.2% gelatine-PBS 0.1 M for 2h
and washed with T-PBS for 30 min. After that, slices were incubated with ABC
peroxidase complex [Reagent A (1:100) and B (1:100) diluted in secondary antibody
solution, Vector Laboratories] for 2h or overnight and washed in PBS 0.1M (30 min) and
PB 0.1 M (10 min). To visualize the colored substrate, sections were incubated with
0.03% DAB (Sigma-Aldrich) in PB 0.1 M (DAB solution) for 10 min and 2 pl 3% H>O, / mi
DAB solution were added. Sections were washed in PB 0.1 M and PBS 0.1 M, mounted

onto gelatinized slides and let dry overnight. Mounted-sections were washed in sterile
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water, dehydrated in graded ethanol (70%, 90% and twice 100%, 3-5 min each) and
cleared in xylene twice for 5 min each. Finally, slides were coverslipped with Eukitt®.
®Only for BrdU IHC. Before the step of peroxidases inhibition, slices were incubated in
a solution of HCI 2 M at 45°C for 30 min and washed in PBS 0.1M. The next steps of the
IHC were identical.

The double immunohistochemistry with BrdU and DCX antibodies was performed
following the ABC method. 6—7 slices (40 um) of rostro-caudal hippocampus were used
for this study. The first day, free-floating slices were incubated with both antibodies, BrdU
(1:500; Bio-Rad, Hercules, CA, USA) and DCX (1:500; Santa Cruz Biotechnology),
overnight at 4°C. The second day, sections were incubated with donkey anti-rat
biotinylated antibody (1:200, Vector Laboratories) for 2h, washed with T-PBS and
incubated with ABC peroxidase complex overnight at 4°C. The third day, slices were
incubated with 0.03% DAB, 1% nickel ammonium sulfate (Carlo Erba Reagents,
Barcelona, Spain) and 1% cobalt chloride (Panreac) in PB 0.1 M (DAB-Ni-Co solution)
for 10 min and 2 pl of 3% H2O per ml DAB-Ni-Co solution were added directly in each
well. Sections were washed with PB 0.1 M (10 min each), PBS 0.1 M (15 min) and T-
PBS (15 min) and incubated with the secondary antibody donkey a-goat biotinylated
antibody for 2h. Slices were incubated with avidin-biotin peroxidase complex for 2h and
washed with T-PBS (15 min), PBS 0.1 M (15 min each) and PB 0.1 M (10 min). Then,
sections were incubated with 0.03% DAB in PB 0.1 M for 10 min and 2 ul 3% H>O2/ ml
DAB solution was added. Sections were washed, mounted in gelatinized slides and let
dry overnight. Slides were dehydrated in graded ethanol, cleared in xylene and
coverslipped with Eukitt®. These experiments were performed in Dr. Soriano’s lab
(Neurobiologia del Desenvolupament i de la Regeneracié Cellular, Parc Cientific,
Barcelona, Spain) with the supervision of Dr. Pascual. B6.129 FAIM-KO and B6 WT
maintained in homozygosis were used in these experiments, except to BrdU and DCX
IHC. B6.129* FAIM-KO and control littermates were used to BrdU and DCX IHC.
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Primary antibodies

Antibody Reference Dilution Incubation Source Type
Parvalbumin Swant, PV27 1:3000 4°C / overnight rabbit polyclonal
Calretinin Swant, 7697 1:1000 4°C / overnight rabbit polyclonal
BrdU AbCam, ab6326 1:500 4°C / overnight rat monoclonal
c%i?fed?: Cell Signaling, 9664 | 1:500 4°C / overnight rabbit monoclonal

Secondary biotinylated antibodies

Antibody Reference Dilution Incubation Source Type
Anti-rabbit | Vector Laboratories 1:200 RT/ 2h goat polyclonal
Anti-rat Vector Laboratories 1:200 RT/ 2h donkey polyclonal
Anti-goat Vector Laboratories 1:200 RT/ 2h donkey | polyclonal

Table 5. Primary and secondary antibodies used in IHC performed following ABC method.
It is specified their working dilution and conditions used in this study. BrdU: bromodeoxyuridine;
RT: room temperature.

7.2. Immunofluorescence

In the fluorescent immunodetection a specific antibody, a secondary antibody in our case

(indirect method), is chemically conjugated to a fluorescent dye (Figure 22).

3-4 sections of medial hippocampus (40 um/section) were used to perform DCX
immunofluorescence, whereas 8-10 sections of rostro-caudal hippocampus (50
um/section) were used for the GFP immunofluorescence. B6.129* FAIM-KO and control
littermates were used in these experiments. Slices were washed with PBS 0.1 M three
times (5 min each) and permeabilizated with 0.3% T in PBS 0.1 M (0.3T-PBS) three
times (5 min each). The blocking was performed with 10% NHS and 0.5% T in 0.2%
gelatine-PBS 0.1 M for 2h. The incubation with the primary antibody, GFP (1:1000; Life
Technologies, Carlsbad, CA, USA) or DCX (1:250, Santa Cruz Biotechnology), was
performed in a solution of 5% NHS, 0.5% Triton X-100 in 0.2% gelatine-PBS 0.1 M
overnight at 4°C. Slices were washed with 0.3T-PBS three times (5 min each) and
incubated with Alexa 488 donkey anti-rabbit IgG (Invitrogen, Carlsbad, CA, USA) in a
solution of 5% NHS, 0.3% Triton X-100 in 0.2% gelatine-PBS 0.1 M for 2h, followed by
washings in 0.3T-PBS (15 min) and PBS 0.1 M (10 min). Sections were dyed with
Hoechst 5 nM diluted in PBS 0.1 M for 10 min, washed with PBS 0.1 M (15 min) and
mounted in slides. Dried mounted-sections were coverslipped with Mowiol (Merck,
Darmstadt, Germany). Slides were stored at 4°C overnight and at -80°C for a long period

to avoid losing immunofluorescence. Images of GFP-positive cells or DCX-positive
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neurons were acquired using a FluoView1000 spectral confocal microscope (Olympus,

Tokyo, Japan) as 2 um-thick z-series stacks.

Signal
Fluorescent tag

Labeled secondary antibody

Primary antibody

Protein

Figure 22. Scheme of indirect immunofluorescence. The secondary antibody is chemically

conjugated to a fluorescent dye.

8. QUANTITATIVE IMAGE ANALYSIS

These analyses were performed with ImageJ (Schindelin et al. 2012; Schneider et al.
2012) using images digitalized by Nanozoomer 2.O0HT-Hamamatsu and captured at 5x

with a resolution of 20x, except for fluorescent images.

8.1. Density of PV- and CR-positive interneuron populations

For this study, 3-4 hippocampi of PV and CR stained-slides were analysed per mouse.
Number of PV- and CR-positive interneuron populations in hippocampus was quantified
in delimited areas of CA1 and CA3. Quantification in DG was omitted to avoid
overestimating CR-positive interneurons, because immature neurons also express CR.

The next steps were followed to this analysis:

Change the unit of measure from pixels to um or mm.

Draw the area to analyse and save as a ROI.

Measure the select area.

YV V V VY

Quantify the cells number in an area.
With these data, cellular density percentage was calculated as:

(Cells number) / (area measure (e.g. mm?)) x 100
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8.2. Glial cells loading

To quantify astroglia and microglia density, IHC images obtained for GFAP (marker of
astrocytes) and ionized calcium binding adaptor molecule 1 (Ibal) (marker of microglia)
from 3-4 hippocampi were analysed per mouse. The analysis was only performed in CA1
and CAS3 regions of hippocampus, since NSCs of SGZ also express GFAP. Moreover,
the stratum lacunosum-moleculare was excluded given that this area presents greater
density of astrocytes than other more uniform regions in hippocampus. To quantify the

glial load the next steps were followed:

» Transform colour images into blank and white pictures.

» Draw an area and save as a ROI to analyse

» Choose the optimal threshold to make the analysis. This threshold was the same
for all images analysed and was an average of occupied (dyed) area by these
cells (soma and prolongations) in all the images (specific threshold).

» Calculate the total area and the occupied area of a selected region. The total
area is a measurement of the total drawn area and was calculated selecting the
maximum threshold. The occupied area is a measurement of the area dyed or
occupied by our cells of interest in the drawn area (measured in pixels) and was

estimated selecting the specific threshold.
The percentage of glial density was calculated as:

Measurement of (area limited by specific threshold) / (total area selected) x 100

8.3. Quantification of c-fos

For this study, images obtained of c-fos stained-slides of two hippocampi (DG, CA1 and
CA3) per mouse were analysed. The quantification of c-fos density was performed
following the same steps than “density quantification of glial cells”. We delimited a

specific threshold for all the sections.

8.4. DCX-positive cells quantification

The quantification of DCX-positive neurons was performed in DG (in fluorescent and
optical pictures) and in hilus. Between 5-8 images of DCX-immunofluorescence were
captured (60x, immersion objective) per hippocampus and 4 hippocampi were analysed
per mouse. To quantify the number of DCX-positive cells in SGZ the next steps were

performed:
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» Change the unit of measure from pixels to um or mm.
» Draw a line with the tool “Segmented line” through the SGZ surface where DCX-
positive neurons are localized and measure it.

» Quantify the number of DCX-positive neurons in SGZ with the tool “multipoint”.
The number of DCX-positive neurons was represented as:

Number of DCX-positive neurons/ total surface (mm)

To carry out this quantification, digitalized images DCX stained-slides (5x) obtained for
chromogenic IHC were analysed (2—3 hippocampi per mouse). The cellular density

percentage was measured as:

(Cells number) / (area measured (e.g. mm?)) x 100

The number of DCX-positive cells in hilus was quantified. DCX-positive cells are mainly
localized in SGZ or granule cell layer of DG and the presence of these cells in hilus is a
marker of aberrant neuronal localization (Teixeira et al. 2012).

8.5. Quantification of distance from soma of DCX-positive neurons to SGZ

The DCX-positive cells whose soma was localized more than 10 um from SGZ were
quantified. This counting was performed in all hippocampi processed (4 hippocampi per
mouse) and these neurons were grouped in three divisions: neurons with a distance
between 10-20 um and greater than 20 um to the SGZ. To quantify the distance from

soma to SGZ we followed the next steps:

» Change the unit of measure from pixels to um or mm

» Draw a line from SGZ to the soma onset of DCX-positive neuron.
» Measure the length of drawn line.

8.6. Quantification of dendrite length, primary dendrites and branch number

These parameters were analysed in images of GFP-positive cells. The number of
primary dendrites and branches were analysed by manual quantification. Dendrites that
onset in the soma were considered as primary dendrites and total number of branches
(branches of primary, secondary and tertiary dendrites) in each neuron analysed was

represented as branch number.
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The plugin NeuroJ of Fiji program (Meijering et al. 2004; Schindelin et al. 2012) was used

for dendrite length quantification. This parameter was expressed as the measurement of

all dendrites of a neuron. To this study the followings steps were performed:

>

Change the unit of measure from pixels to um or mm, convert the image colour
picture to blank and white photo and save it.

Open the image in NeuroJ plugin with the tool “Load image/tracing”.

Draw all the dendrites with tool “Add tracings” and save all traces drawn. The
“line or trace” of each neurite started in its onset, and this onset was placed only
in the soma for primary dendrites.

Take a photo of the draw with the tool “Make snapshot” (Figure 23).

Measure lines draw with the tool “Measure tracings”. We check in the pop-up
window “display group measurement”, that give us the sum length of all lines
traced; “display group measurement” that give us the length of each individual

line, and “calibrate measurement”.

Figure 23. Examples of images used to quantify dendrite parameters obtained with NeuroJ
plugin. A. Image in black and white of a GFP-positive neuron of DG. B. Traces of dendritic tree
of neuron in panel A.

8.7. Analysis of dendritic complexity - Sholl method

For this analysis Sholl method was used (Ferreira et al. 2014). Neurite traces previously

drawn with NeuroJ plugin were required. The program draws concentric circles around

the neurite traces, from soma to longest dendrite (Figure 24), and quantifies the times

that these circles “cross” with a trace and the distance of these traces to the soma. To

perform this study 8-bit images and um, as unit measure, are required. Steps performed

were the followings:

» Draw a straight line from soma to the longest dendrite.
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» Select “Analyse” — “Sholl” — “Sholl Analysis”. In the unfold tab radius step size of
10 um, as in Teixeira et al. (2012), was selected. This parameter represents the

distance between two adjacent circles. Rest of data were maintained by default.

LT}

» Select “more”- “copy all data” to obtain the analysis results.

Figure 24. Image obtained with Sholl method analysis. The
dendrite traces of an isolated neuron are encircled in concentric
circles from soma to longest dendrite. A line from soma to longest
dendrite is also represented in the picture.

9. PROTEIN EXTRACTION AND DETECTION

To assess proteins levels of different proteins in hippocampus the next steps were
performed: tissue collection, proteins extraction and quantification, western blot and
immunodetected. These experiments were performed with B6 WT and B6.129 FAIM-
KO.

9.1. Protein extraction and quantification

Protein extraction was carried out under denaturing conditions with SET 1x buffer (10
mM Tris-HCI pH 7.4; 150 mM NaCl; 1 mM EDTA; 1% SDS). Tissues were disaggregated
with a pipette and sonicated twice for 10 s. Then, samples were incubated for 10 min at

95°C and stored at -20°C for long times or maintained at RT for short times.

The protein quantification methods (BCA, Bradford and Lowry) rely on protein-induced
conversion of reagents that can be measured by colorimetric techniques (absorbance).
The modified Lowry-based protein assay (Biorad, Hercules, CA, USA) was used in our
experiments (Lowry et al. 1951). For this assay, 1 ul/well of tissue lysates were loaded
in triplicate on a transparent 96-wells plates. Then, 25 pl/well of Reagent A/S mix and
200 pl of Reagent B were added. The reaction was incubated for 20 min at RT in
darkness and the optical density of samples was measured in a spectrophotometer (630

nm). Protein concentrations were calculated extrapolating optical density values of
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problem samples with optical density values of a bovine serum albumin (BSA) standard

curve of known concentrations.

9.2. Western blot

This technigue allows to separate proteins by electrophoresis using SDS-acrylamide
gels. Proteins lysates (between 10-15 pg of protein) were firstly prepared for loading by
adding Laemmli buffer 1x (40 mM Tris-HCI pH 6.8; 4 mM EDTA; 100 mM dithiothreitol;
2% SDS; 10% glycerol; traces of bromophenol blue) and heated at 95 °C (5 min). This
step facilitates sample loading and protein migration and allows protein denaturalization.

Polyacrylamide gels were prepared according to the following indications (Table 6).
Electrophoresis was performed by running with a current of 30 mA/gel (constant
amperage) through the gels submerged in running buffer (25 mM Tris; 192 mM glycine;
0.1% SDS).

Resolving buffer

Stacking buffer

Reagent Concentration Reagent Concentration
Acrylamide/Bis solution | 10— 12 % (w/v) Acrylamide/Bis solution 5 % (w/v)
Tris-HCI pH 8.8 375 mM Tris-HCI pH 6.8 280 mM
SDS 0.1 % (wiv) SDS 0.1 % (wiv)
APS 0.05 % (wiv) APS 0.05 % (wiv)
TEMED 0.05 % (wiv) TEMED 0.1 % (wiv)

Table 6. Composition of stacking and resolving gels used for western blot. The acrylamide
percentage determinates the grade of proteins separation.

After electrophoresis, proteins were transferred from polyacrylamide gel to
polyvinylidene difluoride (PVDF) Immobilon-P membrane (Millipore, Bedford, MA, USA),
previously activated, and submerged in cold-transfer buffer (25 mM Tris; 192 mM glycine;
20% methanol) with a current of 100 V (constant voltage) for 90 min. Later, proteins

transfer was checked dying the membrane with Ponceau.

Proteins levels was assessed by immunoblotting. Membranes were washed with TBS-T
(20 mm Tris; 150 mm NaCl; 0.1% Tween-20) and blocked with TBST containing 5 %
non-fat dry milk or BSA for 1 h. Then, membranes were washed three times (5 min each
with TBST) and incubated with the primary antibody (Table 7) in a solution of TBST plus
0.02% sodium azide overnight at 4°C. The next day, membranes were washed with
TBST, incubated with the corresponding horseradish peroxidase-labelled secondary
antibody or fluorescent secondary antibody (Table 7) diluted in 5 % non-fat dry milk or

BSA-TBST for 1h and washed before developing. The immunoblotted membranes were
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incubated with the chemiluminescent substrate EZ-ECL (Biological Industries, Kibbutz
Beit Haemek, Israel), a luminol-based method commonly used to detect immobilized
proteins. This step was omitted in membranes incubated with a fluorescent secondary
antibody. All steps were performed a RT except when a specific temperature is reported.
Some of these experiments were performed in Dr. Waites’ lab (Department of Pathology
and Cell Biology, Columbia University Medical Center, NY, USA) and Dr. Vitorica’s lab
(Departamento de Bioquimica y Biologia Molecular, Universidad de Sevilla, Sevilla,

Spain).

Primary antibodies

Antibody (IEAI;/X\) Reference Dilution | Source Type

Synapsin 1 80 Synaptic Systems, 106011 | 1:10000 | mouse | monoclonal

Synaptophysin 1 38 Synaptic Systems, 101002 | 1:1000 rabbit polyclonal

Synaptotagmin 1 48 Synaptic Systems, 105102 | 1:1000 rabbit polyclonal

Syntaxin 1A 33 Synaptic Systems, 110302 | 1:1000 rabbit polyclonal
SNAP25 25 Synaptic Systems, 111002 | 1:2000 rabbit | monoclonal
PSD95 95 Cell Signaling, #3450 1:1000 rabbit | monoclonal
VGAT 60 Synaptic Systems, 131003 | 1:5000 rabbit polyclonal
vGLUT 1 60 Synaptic Systems, 135302 | 1:2000 rabbit polyclonal
Caspase-3 35/19/17 Cell Signalling, #9662 1:1000 rabbit polyclonal
Tubulin 50 Abcam, ab18251 1:10000 rabbit polyclonal
B-Actin 42 Sigma-Aldrich, A5316 1:10000 | mouse | monoclonal
Secondary antibodies
Antibody Reference Dilution | Source Type
HRP-conjugated anti-mouse Dako, 1:10000 rabbit polyclonal
HRP-conjugated anti-rabbit Dako, 1:10000 goat polyclonal
Dylight 800 anti-mouse Thermo Fisher 1:15000 goat polyclonal
Dylight 680 anti-rabbit Thermo Fisher 1:15000 goat polyclonal

Table 7. List of primary and secondary antibodies used and their conditions for western
blot.

10.ANALYSIS OF mRNA EXPRESSION

10.1. RNA extraction and reverse transcription

For RNA extraction, RNeasy Mini Kit (Quiagen, Hilden, Germany) was used according

to the manufacturer’s instructions. Hippocampi were submerged in lysis buffer plus -
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mercaptoethanol and disaggregated using a needle of 25G and then insulin needle. RNA

was stored at -80 °C.

The RNA extracted was converted to single-stranded complementary DNA (cDNA)
through reverse transcription using High Capacity RNA-to-cDNA (Thermo Fisher
Scientific) according to the manufacturer’s instructions. We used between 0.3-1 ug of
RNA (equal amounts among comparative samples) for the reaction. The thermal cycler
conditions used were the followings: 37°C for 60 min to retro-transcribe the RNA; 95°C
for 5 min to stop the reaction; 4°C ~ to preserve samples. The cDNA samples were
stored at -20 °C. B6 WT and B6.129 FAIM-KO were used in these experiments.

10.2. Quantitative PCR

For the analysis of MRNA expression levels, a quantitative PCR (gPCR) was performed
using Syber Green-based protocol (Figure 25).

1. Reaction setup: SYBR Green Dye fluorescens 3. Polymerization: Primers annealing and formation
bound to double-stranded DNA of PCR products during extension step
Fw primer
EXEEE X" * o
[ ] [ ]
° *
<+—
Rv primer
2. Denaturation: When DNA is denatured the dye is 4. Polymerization completed: Dye binds to the
released and the fluorescence is drastically reduced double-stranded product increasing net fluorescence
detected.
o © o o EXEX XX
[
¢ T EEE XX

Figure 25. A description of the theory behind quantitative reverse transcription PCR
method using Syber Green.

In Syber Green assay, 4 pl/well of cDNA samples (5x or 10x diluted) were loaded in
triplicate on 384 wells plate and mixed with 6 pl/well of Syber Green mix [0.25 uM/well
reverse (Rv) and forward (Fw) primers, 5 pl/well Syber Green PCR Master mix (Applied
Biosystems, Foster City, CA, USA) and 0.5 pl/well DNase/RNase free water]. The

primers used were the followings (Table 8):
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Target transcript Sequence Product length_
XIAP Fw 5 GCACGGATCGTTACT TTT GGAACA 3’ 108 bp
XIAP Rv 5 GTG AAAGCACTT CACTTT ATCGCC 3’
Fas Fw 5 GAG AAT TGC TGA AGA CAT GACAAT CC 3 314 bp
Fas Rv 5 GTAGTT TTC ACT CCAGACATT GTCC &’
FasL Fw 5 ATC CCT CTG GAATGG GAAGA 3 246 bp
FasL Rv 5 CCATAT CTG TCC AGT AGT GC 3
B-actin Fw 5 CTAAGG CCAACCGTG AAAG Z 104 bp
B-actin Rv 5 ACC AGA GGC ATACAG GGACA 3

Table 8. Primers, specific for Mus musculus, used in quantitative PCR.

The PCR amplification of the samples was performed using a 7900HT Real-Time PCR
System (Thermo Fisher Scientific) with the following settings:
» Initial denaturation at 95°C for 2 min.
» 40 cycles at 95°C for 15 sec and 60°C for 1 min for DNA denaturation, primer
annealing and DNA elongation.

» Melting curve to corroborate the correct annealing of primers used.

Quantification of MRNA levels was carried out using Ct values. Gene of interest Ct values
were normalized with the Ct values of house-keeping gene B-actin (ACt) and gene levels
were analysed respect to control conditions (relative quantification). The data were

obtained with the next formula (Livak and Schmittgen 2001):

2 - (ACt (sample) — ACt (control sample)) — 2- AACt

11.SEIZURES ANALYSIS

In a first study, seizure activity (incidence, duration and severity) was assessed in 3-, 6-
and 12-month-old male and female B6.129 FAIM-KO mice (N = 8-12 mice per group)
according to Etholm et al. (2009) with minor modifications: 1) Spontaneous seizures:
Animals were observed under resting conditions in their own home-cage for 20 min in
the morning (10-12 a.m.) and afternoon (3-5 p.m.) and recorded by 24h in a cage (39 x

28 x 28 cm), different to their home-cage, without manipulation. 2) Seizures induced by
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cage transference: The home-cage was removed from the rack, placed on a nearby
illuminated table with air flow switch on and the lid was opened. Animals were visualized
for 1 min or until seizure ended. 3) Seizures induced by handling: The mouse was gently
lifted by its tail and placed into an adjacent new home-cage and recorded for 1 min or
until seizure ended. To evaluate seizure severity a modified scale of Racine’s seizure
score (Racine 1972) was used as follows: Stage 0: No seizures; Stage 1: Head nodding
and straub tail; Stage 2: Forelimb clonus, tremors and jerks; Stage 3: Forelimb clonus
and loss of balance; Stage 4: Clonic-tonic seizures with jumping and Stage 5: Clonic-

tonic seizures with jumping.

In the second study, handling-induced seizures were analysed in a greater number of
female and male B6.129 FAIM-KO mice (N = 90 mice). The parameters assessed were:
seizure activity (incidence, duration and severity), seizure latency and recovery period.
Seizure latency was defined as the time in seconds between the manipulation and the
appearance of the first sign of seizure. Recovery period represented the time from

seizure end to presence of normal behavior (grooming).

In the third study, seizure incidence by cage transference or handling was analysed in
B6.129* FAIM-KO mice (N = 30 mice).

The incidence of seizure activity during the behavioral assessment procedures was also

evaluated.

12.PTZ-INDUCED SEIZURES

PTZ is a GABAA. receptor antagonist (Stone 1970) used to induce seizures in rats and
mice (Mandhane et al. 2007; Giardina and Gasior 2009; Luttjohann et al. 2009; Naseer
etal. 2011; Van Erum et al. 2019). Firstly, a curve dose-response to PTZ was performed
to evaluate the optimal concentration to study seizure susceptibility and severity in FAIM-
KO. PTZ was diluted in distilled water (Sigma) and the following doses were
intraperitoneally administered: 25 mg/kg (subconvulsive); 50 mg/kg (convulsive) and 75
mg/kg (lethal) (Cuevas-Olguin et al. 2017) (n = 6 per genotype and dose). To perform
this curve dose-response 3-month-old B6 WT and B6.129 FAIM-KO were used. The
percentage of death after PTZ administration was evaluated. Mice were recorded for 30

min.

The dose of PTZ 50 mg/kg (DeVos et al. 2013; Garcia-Cabrero et al. 2014; Cuevas-

Olguin et al. 2017; Sanchez-Elexpuru et al. 2017) was chosen as the optimal to carry out
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the next studies in 4- month-old B6.129* FAIM-KO and B6.129* WT females and males,
maintained in heterozygosis. The seizure severity and lethality were evaluated (n = 8 per
genotype). Mice were recorded for 30 min. None animals died after 30 min of PTZ
administration. To design the adequate score, different articles were evaluated
(Lattjohann et al. 2009; DeVos et al. 2013; van Erum et al. 2019). DeVos et al. (2013)
score was used to measure seizure severity with some modifications: Stage 1.
Immobility; Stage 2: Spam, tremble or twitch; Stage 3: Tail extension and forelimb clonic;
Stage 4: Generalized clonic-tonic seizures; Stage 5: Jumping or running seizures; Stage
6: Full tonic extension and dead. These experiments were carried out between 9 a.m.

and 2 p.m.

13.BEHAVIOURAL TEST

Behavioral screening of 3-, 6- and 12-month-old B6.129 FAIM-KO compared to 3- and
6-month old B6 WT mice (n = 8 per group) was done using a battery of 8 consecutive
tests in light phase between 9 a.m.— 5 p.m. Locomotion/exploration, emotionality and
anxiety-like behaviours were evaluated under different anxiogenic conditions. Moreover,
learning and memory (Giménez-Llort al. 2007), social interactions and executive
functions (Torres-Lista and Giménez-Llort 2013) were also assessed. The behavioural
tests performed were: corner test (CT), open-field (OF1), repeated open-field (OF2),
object recognition test (OR), T-maze, Actimetry, social interaction test and nesting. CT
was performed the first day and immediately after that mice was placed in the open-field.
The second day, OF1 was repeated, 24h after first open-field. The third and fourth days,
the OR was realized. In the fifth day, working memory was evaluated in T-maze. The
actimetry and social interaction test was performed in the sixth day of behavioural
experiments. The last day, nesting behaviour was analysed. These experiments were
performed in collaboration with Dr. Giménez-Llort (Departament de Psiquiatria i Medicina
Legal, Universitat Autbnoma de Barcelona, Barcelona, Spain). The Annex 1 includes the

data (mean + SEM) of all the parameters analysed in the behavioural studies.

13.1. Corner test

This test is used to measure mild neophobia to a new home-cage. The animal was put
in a new home-cage (36 x 19 x 13.5 cm; Tecniplast GM-500) for 30 s (Baeta-Corral and

Giménez-Llort, 2014). The times that mouse visits corners, number of rearings (to rise
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onto their hind limbs) performed and the latency to rearing were analysed. These

parameters were written down in situ and analysed later.
13.2. Actimetry

In the actimetry, spontaneous activity developed into a new home-cage for 15 min was
evaluated. The number of crossings that mice performed from centre to both home-cage
sides (crossings of 18 cm) were measured. The crossings were analysed in each min of
a total of 5 min. The total number of crossings performed in 5 and 15 min were also
guantified. This test was recorded, and the videos were analysed to measure the

different parameters.

13.3. Open-field test

The open-field test was firstly implemented by Hall and Ballachey (1932). OF1 was used
to evaluate locomotor activity and anxiety (Prut and Belzung 2003; Gould et al. 2009). In
this test, animals were exposed to an anxiogenic situation since the open-field was
carried out in a cage (50 x 40 x 25 cm) different to home-cage for 5 min (Figure 26). The
OF1 allows to register a series of sequential behavioural events or action programs such
as freezing, horizontal (crossings of 10 cm) and vertical (rearing) activity and self-

grooming. The parameters evaluated were the followings:

» The number of crossings performed in each min of this test. This value represents
the times that a mouse moves on a different square.

» The mouse latency to leave the starting point (central point at the centre) and to
enter in the periphery (latency to periphery)

» The time that takes the mouse to perform the first rearing (latency of rearing) and

the first grooming (latency of grooming).

These parameters were written down in situ and analysed later.
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Figure 26. Representative picture of cage used to perform open-field test. Mice were placed
in the centre point (light grey square) of this cage to open field. From this point, animals move to
centre (dark grey squares) and periphery (white squares). Mice lied on the cage for 5 min and the
number of crossings (10 cm) was quantified.

13.4. Repeated open-field test

The open-field was repeated 24h after the first open-field test performed. This OF2 was
used to assess memory. Animals were placed again in the open-field cage (50 x 40 x 25
cm) (Figure 26) and observed for 5 min. The number of crossings in each minute and
the total number of crossings in 5 min were measured. These parameters were written

down in situ and analysed later.

13.5. Object recognition test

The object recognition test is used to analyse learning and memory. This test was
monitored in two 5 min trials with a difference of 24h to evaluate the ability of these
animals to recognize a familiar object and to exhibit preference of a new one never
observed before (Ennaceur and Delacour 1988; Leger et al. 2013) (Figure 27). The first
day, mice were placed in the same cage used in OF1 and OF2 test with an object placed
into the cage. The time that mice spent exploring the unknown object (efficiency of
exploration) was measured. The second day a new object with different shape (unknow
to the mouse) was also put into the cage. The time that mice spent exploring the new
object and the object that these mice have already explored the previous day (familiar

object) were quantified. These parameters were written down in situ and analysed later.
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Figure 27. Object recognition test. The cage used to carry out this test was the same that for
the open-field test (50 x 40 x 25 cm). The familiar and new object used to perform this test differed
in shape. Mice were placed in the centre of open-field and equidistant from new and familiar
objects, in the second day, for analysing their preference.

13.6. T-maze

This test evaluates memory and spatial learning (Deacon and Rawlins 2006). A structure
with T shape (two short arms: 25 x 10 cm each; long arm: 30 x 10 cm) was used for this
study. In T-maze, mice were first placed in the long arm (start arm) and leaving to choose
between walking to the left or right arm. The trial was repeated for 5 min. T-maze
assesses stress strategies and working memory by the tendency of animals to show less
entries in a previously visited arm. The percentage of alternation (number of turns in
each goal arm) and total trial duration are recorded. The parameters measured were:
the latency to intersection of the maze, to measure stress strategies; time elapsed, to
measure exploratory activity; and the number of revisited arms, a measurement of errors

committed. These parameters were written down in situ and analysed later.

13.7. Social interaction test

Social behaviour was measured in intra- and inter-congener contexts by presence of
barbering and social interaction test using dyads age-matched B6.129 FAIM-KO and B6
WT mice. In the social interaction test, each B6 WT mouse was placed in the home-cage
of age-matched B6.129 FAIM-KO mouse. Animals were recorded for 5 min. The facial-
facial, facial-body and facial-anal physical contacts from B6 WT to B6.129 FAIM-KO and

vice versa were analysed.

Barbering is the loss of fur or whiskers due to pluck from an individual mouse to its cage-
mates or itself (Long 1972; Kalueff et al. 2006; Torres-Lista and Giménez-Llort 2019). In

some studies, this characteristic is evaluated as a social behaviour (Kalueff et al. 2006;
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Torres-Lista and Giménez-Llort 2019), whereas other studies consider barbering an
abnormal repetitive or compulsive behaviour, homologous to human compulsive hair
pulling (Garner et al. 2004; Dufour and Garner 2010; Vieira et al. 2017). The presence
or absence of barbering was quantified in B6.129 FAIM-KO and B6 WT mice as a

measure of social interaction.

13.8. Nesting

Nesting is an innate daily life activity that involves executive functions (Torres-Lista and
Giménez-Llort 2013). This test is sensitive to behavioral and psychological-like
symptoms in mice and was evaluated using the protocol of Torres-Lista and Giménez-
Llort (2013). Mice were housed isolated for one night with a piece of paper tissue to
assess their ability to construct the nest. The next day nest construction score was
evaluated using a 5-point scale (Deacon 2006) as follows: 1 = not noticeably touched,
2 = partially torn up, 3 = mostly shredded but often no identifiable site, 4 = identifiable
but flat, 5 = perfect or nearby. Moreover, each mouse was placed in a hew home-cage
with a piece of paper to analyse the timidity to approach to the tissue evaluating time of

freezing and latencies to touch and to walk into.

14. STATISTICAL ANALYSIS

GraphPad Prism 7 software (La Jolla, California, USA) was used for statistical analysis.
Unpaired two-tailed Student’s t-test was used to evaluate differences between
genotypes in mRNA expression levels and proteins, cell number and other
immunohistochemical studies and behavioral test. Moreover, we used this test to assess
the differences between two different ages (same genotype) in seizure score and
duration. One-way ANOVA followed by Tukey’s post-hoc analysis was used to study
differences among FAIM-KO at different ages in behavioral test, among WT and FAIM-
KO at different ages in immunohistochemical assays and number of DCX-positive
neurons and c-fos expression in three different conditions (WT and FAIM-KO without
and with seizures). Latency and recovery of seizures and non-parametric analysis was
evaluated with exact two-tailed Mann-Whitney test. Categorical variable of barbering was
studied with Chi-square test. All data are expressed as the mean or percentage *

standard error of the mean (SEM) in the graphs and tables.
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RESULTS

1. FAIM-KO MICE SHOW SENSORY-INDUCED SEIZURES

Although in B6.129 FAIM-KO mice no gross neuronal alterations had been reported, we
observed that, surprisingly, these mice show seizures. In consequence, we performed a

several studies to elucidate seizure susceptibility in these mice.

In a first study, spontaneous, cage transference- and handling-induced seizures were
analysed in female and male B6.129 FAIM-KO mice at young adulthood (3-month-old),
adulthood (6-month-old) and middle age (12-month-old) (n = 8-12 mice per age). While
3-month-old B6.129 FAIM-KO mice did not show seizure activity in any of the three
studied conditions, a 38.4 -37.5% of 6- and 12-month-old B6.129 FAIM-KO mice
exhibited seizures induced by cage transference or handling (Table 9). No spontaneous
seizures were observed under resting conditions (animal placed in a cage without
manipulation) during any of the 24h recordings. Cage transference and handling elicited
convulsive seizures of increasing severity score according to age. However, seizure
duration was only increased at 12 months old by cage transference. Clonic seizures in
6-month-old mice and clonic-tonic seizures in 12-month old B6.129 FAIM-KO mice were
observed (Table 9). The seizures triggered by handling regularly started by head nodding
and forelimb clonus, occasionally followed by a running phase, and finally progressed to

clonic or clonic-tonic seizures.

Spontaneous Inclugse] 37 CEge Induced by handling
transference
Age (months) 3 6 12 |3 6 12 3 6 12
?f/:)ge with seizures | 5 5 g 0 384 375 0 384 375
Seizure score o i « | 28% .
(average + SEM) 16+06 25%05 16 47+05
Duration (s) o . 242+ 50.0 + 300+ 421+
(average + SEM) 10.7 21.2* 14.1 12.2

Table 9. Susceptibility to seizure in B6.129 FAIM-KO mice. Seizure activity was studied by
cage transfer and handling procedures. Seizures were recorded in video and afterwards the
percentage, severity and duration of seizures were measured (see Material and Methods). * p <
0.05. 12-month-old vs. 6-month-old mice (n = 8-12 mice per age).
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After this first study, we decided to study more in detail handling-induced seizures in a
bigger population (N = 90) of B6.129 FAIM-KO mice. In addition to previously analysed
parameters (percentage, severity and duration of seizures), we studied latency of seizure
and recovery after seizure. We noticed, in this enlarged study, a decrease in the
percentage of animals with seizures (24.2-23.1%). Moreover, neither a significant
increase in seizure severity nor duration was observed with age. Respect to the new
parameters analysed, we observed a latency of seizure around 4-6 seconds in the FAIM-
KO mice and fast recovery times, about 15-20 seconds (Table 10). The recovery period
was faster in B6.129 FAIM-KO mice at 12-15 months and the seizure latency is greater
at this range of age than at 6-8 months old. In all cases, after the seizure, mice acquired

a righting position that, in most cases, was followed by self-grooming of hands and

whiskers.
Handling-induced seizures

Age (months) 6-8 12-15
Mice with seizures (%) 24.2 23.1
Seizure score (average £ SEM) 3.1+0.2 3.7+0.3
Duration (s) (average + SEM) 33.2+129 40.3+£8.0

Average + SEM 42+29 8.1+£6.3
Seizure latency (s)

Median — (range) 5[10 (11 - 1)] 727 (28-1)]*

Average + SEM 21.0+x9.3 149+125
Recovery period (s)

Median — (range) 20 [37 (38 — 1)] 13[50 (51 -1)] *

Table 10. Susceptibility to handling-induced seizures in B6.129 FAIM-KO mice. Percentage,
severity, duration, latency and recovery period of seizures were measured using the convulsive
seizures recorded (see Material and Methods). * p < 0.05. 12—-15-month-old vs. 6—-8-month-old
mice.

In a third study we used B6.129* FAIM-KO mice from 6 to 12 months old (N = 30) to

analyse seizure incidence induced by cage transference or handling. We observed that
only 1 out 30 B6.129* FAIM-KO mice (3%) exhibited seizures.
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2. SIMILAR SUSCEPTIBILITY TO PTZ-INDUCED SEIZURES IN BOTH
FAIM-KO AND WT MICE

The effect of convulsant drug PTZ was evaluated in FAIM-KO and WT. Firstly, a curve
dose-response was performed to obtain the optimal dose of PTZ in B6 WT and B6.129
FAIM-KO at 3 months old (Figure 28). The administration of sub-convulsive dose of PTZ
(25 mg/kg) did not induce clonic seizures (stage 3) in any animal. The dose of 50 mg/kg
led to tonic seizures in all animals and tonic-clonic seizures in some of them.
Interestingly, all WT exhibit tonic extension of hindlimbs before dying, whereas
(percentage) FAIM-KO underwent a SE after this tonic extension before dying. This dose
caused lethality in 33 % of B6 WT and 66% of B6.129 FAIM-KO (p = 0.57). Finally, the
administration of 75 mg/kg PTZ was lethal for all animals.
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Figure 28. Dose response curve to PTZ. The lethality induced with different doses of PTZ (25
mg/kg; 50 mg/kg; 75 mg/kg) in B6 WT and B6.129 FAIM-KO at 3 months old (n = 6 per genotype
and dose) is represented as a percentage.

The dose of 50 mg/kg was used as optimal to evaluate seizure score in B6.129* FAIM-
KO and B6.129* WT (n = 8 per genotype). No changes in seizure severity was observed
between B6.129* FAIM-KO and B6.129* WT mice (Figure 29A). The only difference was
that 75% B6.129* FAIM-KO showed trembling of forelimbs and hindlimbs, whereas this
behaviour was not reported in B6.129* WT. Moreover, no changes in lethality to PTZ
was observed between both genotypes, 50% of B6.129* WT and 56% of B6.129* FAIM-
KO died during the experiment (Figure 29B).
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Figure 29. Response to PTZ-evoked seizures in B6.129* FAIM-KO. A. Severity of seizures
observed in B6.129* FAIM-KO and B6.129* WT mice at 4 months old. B. Lethality and survival
after PTZ administration in 4-month-old B6.129* WT and B6.129* FAIM-KO. Dose of PTZ used:
50 mg/kg (n = 8 per genotype).

3. FAIM-KO MICE WITH SEIZURES SHOW ECTOPIC EXPRESSION OF
NPY IN MOSSY FIBRES, NEURONAL ACTIVATION IN HIPPOCAMPUS
AND INCREASE OF NEUROGENESIS

Neuronal activation was assessed by c-fos expression in a set of 6-month-old mice
(Figures 30A and 30B). The c-fos expression was increased ~7-fold in the granule cell
layer of DG of B6.129 FAIM-KO mice with seizures respect to B6 WT (p = 0.03) and
B6.129 FAIM-KO without seizures (p = 0.006). In the pyramidal layer of CA1 the increase
was ~4-fold respect to B6 WT (p = 0.03) and B6.129 FAIM-KO without seizures (p =
0.003). B6.129 FAIM-KO without seizures and B6 WT showed similar levels of c-fos
expression. No significant differences in c-fos expression were observed in CA3 in any

condition (Figure 30B).
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Figure 30. Expression of c-fos in the hippocampus. A. Images of c-fos in hippocampus in B6
WT, B6.129 FAIM-KO without and with seizures at 6 months old. Scale bar 500 um. B.
Quantification of c-fos density in DG, CAl and CA3. Data are expressed as mean + SEM. (*) vs.
WT mice; (#) vs. FAIM-KO without seizures. * p < 0.05; ** p < 0.01; ## p < 0.01. DG: Dentate
gyrus

Moreover, we studied the expression of NPY in the hippocampus of B6 WT and B6.129
FAIM-KO without and with seizures at 6 and 12 months old. This neuropeptide was
expressed in interneurons in CA3, CA1 and DG of B6 WT and B6.129 FAIM-KO mice.
However, in B6.129 FAIM-KO with seizures, we also observed strikingly ectopic NPY
expression in the mossy fibres of granule cells in CA3 and DG. The ectopic expression
of NPY was absent in B6.129 FAIM-KO without seizures as well as in B6 WT animals
(Figure 31).

wWT I FAIM-KO |f FAIM-KO with seizures [

Figure 31. Expression of NPY in the hippocampus. Images of NPY in B6 WT and B6.129
FAIM-KO without and with seizures at 6 months old. Scale bar 500 pm. DG: Dentate gyrus; NPY:
neuropeptide Y.
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To evaluate a possible alteration in neurogenesis in B6.129 FAIM-KO mice, we analyzed
the number of DCX-positive immature neurons in subgranular zone of DG at 6 and 12
months old, in B6.129 FAIM-KO without and with seizures (n = 3-5 per condition) (Figure
32A). We observed an increase in the density of DCX-positive immature neurons in 6-
month-old B6.129 FAIM-KO mice with seizures (p = 0.005, B6.129 FAIM-KO with
seizures vs B6 WT) (Figure 32B) and in 12-month-old FAIM-KO mice with seizures (p =
0.04 vs B6 WT and p = 0.01 vs B6.129 FAIM-KO mice without seizures) (Figure 32C).
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Figure 32. Expression of DCX in the hippocampus. A. Images of DCX-positive neurons in
SGZ of B6 WT and B6.129 FAIM-KO at 6 and 12 months old. Scale bar 250 um. B. Density
quantification of DCX-positive neurons in DG at 6 months old. C. Density quantification of DCX-
positive neurons in DG at 12 months old. Data are expressed as mean + SEM. (*) vs. WT mice;
(#) vs. FAIM-KO mice. * p < 0.05, ** p < 0.01; # p < 0.05. DCX: doublecortin.

4. NORMAL BRAIN STRUCTURE AND NO ABERRANT CELULLAR DEATH
IN FAIM-KO MICE

We studied anatomical brain structure in B6.129 FAIM-KO inbred compared to B6 WT in
young adult (2 months old), adult (8 months old) and old (18 months old) mice with the
widely used Nissl staining. We did not detect any alteration in the morphology and layers

of the different brain regions. Normal hippocampus and cortex were observed in 2-, 8-
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and 18-month-old B6.129 FAIM-KO. Moreover, these mice did not display dyslamination
or aberrant layers in hippocampus and cerebral cortex at any age (Figure 33).

A [ WT (I FAIM-KO |

2 months
A}

/"%:}3 )js
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FAIM-KO with seizures
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2 months

FAIM-KO with seizures

8 months

18 months

Figure 33. Anatomical brain structure. A. Images of Nissl staining in hippocampus in B6 WT,
B6.129 FAIM-KO without seizures and B6.129 FAIM-KO with seizures at 2, 8 and 18 months old.
Scale bar 100 pum. B. Images of Nissl staining in cerebral cortex in B6 WT, B6.129 FAIM-KO
without seizures and B6.129 FAIM-KO with seizures at 2, 8 and 18 months old.

In addition, we studied the expression of cleaved caspase-3 in B6.129 FAIM-KO brains
to evaluate a possible increase in apoptotic cell death in these mice. We did not observe
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changes in the expression of caspase-3 or in its activation at any age analysed (Figure
34). These results indicate the absent of aberrant apoptotic death in B6.129 FAIM-KO
mice.
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Figure 34. Apoptotic cell death in FAIM-KO. A. Images of cleaved caspase-3 expression in DG
at 2-month-old and 18 months old. Cleaved caspase-3-positive cells are indicated by arrows.
Scale bar 50 um. B. Caspase-3 expression in hippocampus at 2 months old. Caspase-3
expression in hippocampus at 12 months.

5. FAIM-KO PRESENT ALTERATIONS IN GLIAL DENSITY IN
HIPPOCAMPUS

We analysed the activation state of astrocytes and microglia by immunohistochemistry
of GFAP and Ibal respectively in B6.129 FAIM-KO compared to B6 WT. We did not
observe glial activation in hippocampus of B6.129 FAIM-KO at 2, 6 or 12 months old (n
= 4-10 per condition) (Figures 35A and 36A). We also studied the density of these
populations in CA1 and CA3 regions of hippocampus to analyse other possible
alterations in glial cells. 12-month-old B6.129 FAIM-KO mice displayed a decrease of
astroglial density in CA1 (p = 0.021 vs 12-month-old WT) and CA3 (p = 0.033 vs 12-
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month-old WT). However, no changes in density of astrocytes were observed in CA3
and CALl at younger ages (2 and 6 months old) (Figures 35B-35D).
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Figure 35. Astrocytes density in hippocampus. A. Images of GFAP IHC in hippocampus
(astrocytes). The inset represents an astrocyte of CA1 region. Scale bar 100 pm. B. Density
guantification of astrocytes (GFAP positive cells) in CAl. C. Density quantification of astrocytes
(GFAP positive cells) in CA3. D. Amplified images of CAL region at 12 months old. E. Amplified
images of CA3 region at 12 months old. Scale bar 100 um. Data are expressed as mean + SEM.

(*) vs. WT mice. * p < 0.05. GFAP: glial fibrillar acidic protein. (n = 4—10 per group).

Besides, 2- and 12-month-old B6.129 FAIM-KO mice showed a decrease in microglial
density in CA1 (p = 0.002 vs 2-month-old B6 WT; p = 0.015 vs 12-month-old B6 WT)
(Figures 36B, 36D and 36E). In this region, 12-month-old B6.129 FAIM-KO displayed a
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statistically significant decrease in Ibal density compared to younger B6.129 FAIM-KO
(p = 0.009 vs 2-month-old FAIM-KO and p = 0.048 vs 6-month-old FAIM-KO) (Figure
36B). However, although we did not observe changes in density of microglia in CA3, a
decrease in microglial density with age among B6 WT (p = 0.0012 [2-month-old vs 6-
month-old] and p = 0.024 [2-month-old vs 12-month-old]) and among B6.129 FAIM-KO
(p < 0.0001 vs 2-month-old) was observed in CA3 (Figure 36C).
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Figure 36. Microglia density in hippocampus. A. Images of Ibal-positive cells in hippocampus
(microglia). The inset represents a microglia cell of CAl region. Scale bar 100 um. B. Density
guantification of microglia (Ibal-positive cells) in CAL. C. Density quantification of microglia (Ibal
positive cells) in CA3. D. Amplified images of CAL region at 2 months old. E. Amplified images of
CALl region at 12 months old. Scale bar 100 um. Data are expressed as mean + SEM. (*) FAIM-
KO vs. WT mice; (#) FAIM-KO vs. FAIM-KO mice; (&) WT vs. 2-month-old WT mice. * p < 0.05;
** p < 0.01; #p < 0.05; ### p < 0.001; & p < 0.05; && p < 0.01. Iba1: lonized calcium binding
adaptor molecule 1. (n = 4-10 per group).
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6. FAIM-KO DISPLAY A DECREASE IN NUMBER OF INTERNEURONS IN
HIPPOCAMPUS

Interneuron populations are very important to regulate neuronal excitability besides to
act as calcium buffer, specifically those express PV or CR proteins. We analysed the
density PV- and CR-containing interneurons in hippocampus of B6.129 FAIM-KO and
B6 WT at 2, 6-8 and 12 months old (n = 4-11 per condition). B6.129 FAIM-KO showed
an alteration in both interneuron populations in hippocampus (Figures 37 and 38). We
detected an increase in number of PV-positive interneurons in CA3 of B6.129 FAIM-KO
at 6 months (p = 0.016 vs. 6-month-old B6 WT) (Figures 37D and 37E). However, no
changes in density of PV-positive interneurons in CA1 and DG were observed at any
age (Figures 37A-37C).

Otherwise, the number of CR-containing interneurons in CA3 declined in 2- and 8-month-
old B6.129 FAIM-KO (p = 0.046 vs 2-month-old B6 WT and p = 0.039 vs 8-month-old B6
WT, respectively) (Figure 38C-38E). However, same as in the case of PV-containing
interneurons, we did not observed changes in CR-containing interneuron density at any
age (Figures 38A and 38B). We did not study the populations of CR-positive cells in DG

because immature neurons also express this marker.

116



Results

A
| WT Il FAIM-KO I
. ; ,
s
g
~
"
£]
c
o
3
q
w N
w
£
c
]
E
o~
-
B
& 601 —
z =9
awT
£ | :
E s | B FAIM-KO
§_ 40 3 20
-
O
3 8
£ £
@ 204 ® 104
3 8
+ +
>
o0 o oL . -
2 months 6-8 months 12 months 2 months 6-8 months 12 months
D E
.‘g 801 o 0wt
E | 1 & ™8 FAIM-KO
3 60
[ WT [ FAIM-KO 1 3%
T L
]
404
: 3
g £
© 2 204
8
+
> 0 T T
2 2 months 6-8 months 12 months

Figure 37. Parvalbumin-positive interneurons in hippocampus. A. Images of PV-positive
cells in hippocampus. Scale bar 100 um. B. Density quantification of PV-positive interneurons in
CALl. C. Density quantification of PV-positive interneurons in DG. C. Amplified image of CA3
region at 8 months old. Scale bar 100 um. D. Density quantification of PV-positive interneurons
in CA3. Data are expressed as mean + SEM. (*) vs. WT mice. * p < 0.05. PV: parvalbumin and
DG: dentate gyrus. (n = 4-11 per group)
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Figure 38. Calretinin-positive interneurons in hippocampus. A. Images of CR-positive cells
in hippocampus. Scale bar 100 um. B. Density quantification of CR-positive interneurons in CA1.
C. Density quantification of CR-positive interneurons in CA3. D. Amplified images of CA3 at 2
months old. E. Amplified images of CA3 at 8 months old. Scale bar 100 um. Data are expressed
as mean + SEM. (*) vs. WT mice. * p < 0.05. CR: calretinin. (n = 2— 8 per group).
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7. FAIM-KO MICE PRESENT ALTERATIONS IN SYNAPTIC PROTEINS

We analysed the expression of different synaptic proteins in hippocampus at 3, 6 and 12
months old in B6.129 FAIM-KO compared to B6 WT (Figures 39, 40 and 41) since FAIM-
L have been implicated in synaptic transmission and LTD and changes in synaptic
proteins have been related with epileptogenesis. We observed an upregulation of vGLUT
in 3-month-old B6.129 (Figure 39B) and SNAP25 in 6-month-old B6.129 FAIM-KO
(Figure 40A) but did not detect changes in the other presynaptic proteins studied
(synapsin 1, synaptotagmin 1, syntaxin 1A and synaptophysin, vesicular GABA
transporter and postsynaptic density protein 95) at 2, 6 or 12 months old. (Figures 39,
40 and 41).
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Figure 39. Expression of synaptic proteins in hippocampus of FAIM-KO mice at 3 months
old. A. WB images and quantification of levels of SNAP25, Syn 1, Syt 1 and Stx 1A. B. WB
images and quantification of levels of PSD95, SYP, vGAT and vGLUT levels in hippocampus.
Data are expressed as mean + SEM. (*) vs. WT mice. ** p < 0.01. SNAP25: synaptosome
associated protein 25, Syn 1: synapsin 1, Syt 1. synaptotagmin 1, Stx 1A: syntaxin 1A, PSD95:
postsynaptic density protein 95, SYP: synaptophysin, VGAT: vesicular GABA transporter and
vGLUT: vesicular glutamate transporter. (n = 4—6 mice per group).
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Figure 40. Expression of synaptic proteins in hippocampus of FAIM-KO mice at 6 months
old. A. WB images and quantification of levels of SNAP25, Syn 1, Syt 1 and Stx 1A. B. WB
images and quantification of levels of PSD95, SYP, vGAT and vGLUT levels in hippocampus.
Data are expressed as mean + SEM. (*) vs. WT mice. * p < 0.05 (n = 4-6 mice per group).
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Figure 41. Expression of synaptic proteins in hippocampus of FAIM-KO mice at 12 months
old. A. WB images and quantification of levels of SNAP25, Syn 1, Syt 1 and Stx 1A. B. WB
images and quantification of levels of PSD95, SYP, vGAT and vGLUT levels in hippocampus.
Data are expressed as mean £ SEM. (n = 4-6 mice per group).

8. FAIM-KO MICE DYSPLAY CHANGES IN mRNA EXPRESSION OF
APOPTOTIC PROTEINS

We assessed the mMRNA levels of apoptotic proteins Fas and FasL and the anti-apoptotic
protein XIAP in hippocampus at 2- and 12-month-old mice (n = 8 animals per group). We
observed an upregulation of Xiap and Fas mRNA levels in B6.129 FAIM-KO at 12
months old. However, we did not detect changes in FasL mRNA levels in B6.129 FAIM-
KO 12 months old and either in Fas, FasL and XIAP mRNA levels in 2-month-old B6.129
FAIM-KO (Figures 42A and 42B).
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Figure 42. mRNA expression of apoptotic proteins in hippocampus of B6.129 FAIM-KO. A.
Fas, FasL and XIAP mRNA expression at 2 months old. B. Fas, FasL and XIAP mRNA expression
at 12 months old. Data are expressed as mean + SEM. (*) vs. WT mice. * p < 0.05; ** p < 0.01.
FasL.: Fas ligand, XIAP: X-linked inhibitor of apoptosis protein. (n = 8 per group)

9. NEUROGENESIS IS NOT ALTERED IN YOUNG FAIM-KO MICE

We studied neurogenesis in SGZ of B6.129* FAIM-KO mice before seizure onset, at 2
months old (asymptomatic mice). With this purpose, we performed two studies: analysis
of number of DCX-positive neurons in SGZ, by a direct DCX-immunodetection (Figure
43); and assessment of cell proliferation and number of neuronally-determined precursor
cells by BrdU injection (Figure 44 and 45).We evaluated the number of DCX-positive
neurons in SGZ and their localization and morphology (n = 10 mice per genotype).
B6.129* FAIM-KO at 2 months old did not present alterations in humber of immature
neurons in SGZ (Figures 43A and 43B). Moreover, these mice did not show presence of

aberrant DCX-positive neurons in hilus (Figure 43C) or aberrant localization of these
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cells in CGL (Figure 43D and 43E) and exhibited normal dendritic length of DCX-positive

neurons (Figure 43F).
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Figure 43. DCX-positive neurons in hippocampus. A. Images of DCX-positive cells in SGZ.
Scale bar 25 um. B. Number of immature neurons in SGZ (cells/mm). C. Number of DCX-positive
cells in hilus. D. Number of DCX-positive neurons whose soma was localized 10-20 um to SGZ.
E. Number of DCX-positive neurons whose soma was localized in a distance greater than 20 um
to SGZ. F. Length of primary dendrite od DCX-positive neurons in SGZ (n = 20-30 cells per
animal). Data are expressed as mean + SEM. DCX: doublecortin and SGZ: subgranular zone. (n
=10 mice per genotype)

123



Results

To evaluate the number of new generated precursor cells with neuronal fate we injected
BrdU intraperitoneally and evaluated double DCX/BrdU-positive neurons a day 8 after
injection (50 mg/kg, twice daily during 2 consecutive days, Figure 44A). We observed
that 2-month-old B6.129* FAIM-KO mice showed similar rate of precursor cells

differentiated to neurons than WT (n = 3 per condition; Figure 44B and 44C).
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Figure 44. Neuronal immature neurons in DG. A. Representative scheme of BrdU treatment.
B. Images of DCX and/or BrdU-positive cells in DG. Scale bar 100 um (upper panels) and 50 um
(lower panels). C. Number of double BrdU/DCX immature neurons in SGZ (cells/mm). D. Number
of BrdU-positive cells in hilus. Data are expressed as mean + SEM. DCX: doublecortin, BrdU:
bromodeoxyuridine, DG: dentate gyrus and SGZ: subgranular zone. (n = 3 mice per genotype).

Moreover, we analysed cell proliferation in 2-month-old B6.129* FAIM-KO mice. For that,
we evaluated BrdU-positive cells in SGZ 24h after BrdU injection (50 mg/kg, twice daily;
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n = 7 per group, Figure 45A). B6.129* FAIM-KO at 2 months old showed a normal
neuronal proliferation in SGZ (Figures 45B and 45D).
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Figure 45. Neuronal proliferation in SGZ. A. Representative scheme of BrdU treatment. B.
Images of BrdU-positive cells in DG. Scale bar 100 um (upper panels) and 50 um (lower panels).
C. Number of double BrdU/DCX immature neurons in SGZ (cells/mm). D. Number of BrdU-
positive cells in hilus. Data are expressed as mean = SEM. DCX: doublecortin, BrdU:
bromodeoxyuridine, DG: dentate gyrus and SGZ: subgranular zone. (n = 5—7 mice per genotype).

Furthermore, we corroborated the absence of aberrant localized precursor neurons in
B6.129* FAIM-KO in these two studies, because we did not observe an increase in BrdU-
positive cells in hilus (Figure 44D and Figure 45D). These data show that young B6.129*
FAIM-KO without seizures do not present alterations in neurogenesis.
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10.YOUNG FAIM-KO PRESENT ALTERATIONS IN DENDRITIC
ARBORIZATION

To evaluate in detail the dendritic arborization and morphology of neurons newly
generated in SGZ of young B6.129* FAIM-KO mice, we injected a GFP-retrovirus in DG
at 2 months old (n = 5 mice per genotype; Figures 46A and 46B). These animals were
evaluated 8 weeks after injection. At this point, neurons which had the retrovirus inserted
in their DNA were completely mature. We analysed primary dendrite length, number of
branches, number of primary dendrites, distance from neuronal soma to SGZ and
dendritic complexity. We observed that B6.129* FAIM-KO mice exhibit a normal primary
dendrite length (Figure 46C), number of branches (Figure 46D), and neuronal
localization (Figures 46A and 46F). However, these mice showed an increase in the
number of primary dendrites (Figure 46E). In addition, we did not observe alterations in

the dendritic tree complexity (Figure 46G and 46H).
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Figure 46. Dendritic arborization of newly generated neurons in DG. A. Representative
scheme of retrovirus intrahippocampal injection experiment. B. Images of GFP-positive cells in
DG. C. Length of primary dendrites in GFP-positive neurons. D. Number of branches in newly
neurons. E. Number of primary dendrites in newborn neurons. F. Distance from soma onset of
GFP-positive neurons to SGZ (um). G. Number of intersections of dendritic tree of neurons
analysed a different distance to the soma. H. Total number of intersections in dendritic
arborization of GFP-positive neurons. Data are expressed as mean + SEM. GFP: green
fluorescent protein. (n = 5 mice per genotype; 20-30 cells per mouse).
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11.FAIM-KO SHOW HYPERACTIVE PATTERNS

It is important to note that in the behavioural tests we noticed convulsions in 12.5% of 6-
month-old and 75% of 12-month-old B6.129 FAIM-KO mice. No seizures were observed
in 3-month-old B6.129 FAIM-KO mice nor all B6 WT showed seizures. In these studies,
B6.129 FAIM-KO and B6 WT were used. The values of 3- and 6-month-old B6 WT were

grouped when non-significant differences were observed between both groups.

We analysed locomotor activity in B6.129 FAIM-KO mice with three activity tests that
involve different anxiogenic conditions: corner test, actimetry and open field test.
Hyperactive patterns in FAIM-KO mice were detected in the three tests performed. In the
CT, a mild neophobia condition, 3- and 6-month-old B6.129 FAIM-KO mice showed an
enhancement in number of visited corners respect to B6 WT (p < 0.001 and p = 0.025
vs. B6 WT, respectively) and 12-month-old B6.129 FAIM-KO (p = 0.014 and p = 0.034,
respectively). Moreover, 3- and 6-month-old B6.129 FAIM-KO exhibited an increase in
the number of rearing performed respect to the oldest FAIM-KO (p =0.043 and p = 0.043
vs.12-month-old FAIM-KO, respectively). Besides, 3-month-old B6.129 FAIM-KO mice
presented a decrease in the latency of rearing (p = 0.027 vs. WT). In 12-month-old
B6.129 FAIM-KO mice, the presence of convulsive seizures compromised the analysis
and covered up possible changes in the number of visited corners, rearing and latency
of rearing (Figure 47A).

Ethogram of events in the OF1 showed that 12-month-old B6.129 FAIM-KO mice had
delayed the latency to exit the center and to arrive to the periphery, although was not
statistically significant. However, self-grooming activity was clearly altered in B6.129
FAIM-KO mice at all ages evaluated (p = 0.019, p < 0.001 and p = 0.006 WT vs. 3-, 6-
and 12-month-old FAIM-KO respectively) (Figure 47B). The larger latency of grooming
observed in 3-, 6- and 12-month-old B6.129 FAIM-KO resulted in a reduction of episodes
of grooming but not in the time that mice spent on grooming (p = 0.005, p = 0.003 and p
< 0.001 3-, 6- and 12-month-old B6.129 FAIM-KO vs B6 WT, respectively) (insert Figure
47B). In the latency of rearing in OF1 we observed similar values in both B6.129 FAIM-
KO and B6 WT mice (Figure 15B).

When we analysed the horizontal motor activity in OF1, a high anxiogenic condition, we
observed an increase in this parameter in B6.129 FAIM-KO mice. 12-month-old B6.129
FAIM-KO showed the strongest increase of activity levels, sustained in all minutes (p =
ns, p=0.002, p=0.002, p =0.007 and p = 0.031 from minute 1 to 5, respectively) (Figure
47C). B6.129 FAIM-KO mice at 3 months old only showed significant increase of
locomotor activity in the minutes 1 (p = 0.021 vs. B6 WT), 3 (p = 0.001 vs. B6 WT) and
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4 (p =0.047 vs. B6 WT) of this test, whereas 6-month-old B6.129 FAIM-KO exhibited an
increased in the number of crossings in the minutes 2 (p < 0.001 vs. WT), 3 (p = 0.026
vs. WT) and 4 (p= 0.045 vs. WT). Moreover, the total number of crossings in the OF1 (5
min) was statistically significant in B6.129 FAIM-KO mice of all ages studied (p = 0.038,
p =0.013 and p = 0.003 WT vs. 3-, 6- and 12-month-old B6.129 FAIM-KO, respectively)
(Figure 47E).

This hyperactive pattern was also observed in the actimetry, a low anxiogenic test, but
this pattern is less pronounced. Here, 12-month-old B6.129 FAIM-KO animals exhibited
an enhancement in their activity, sustained until minute 3 of this test (p = 0.014, p =
0.005, p =0.002 vs. WT from minute 1 to 3) (Figure 47D). At 3 and 6 months old, mutant
mice only showed an increase in number of crossing that performed at specific time
points (p = 0.01 3-month-old B6.129 FAIM-KO vs. B6 WT [minute 2 of ACT] and p =
0.003 6-month-old B6.129 FAIM-KO vs. WT [minute 3 of ACT]). Moreover, the total
number of crossings in the 5 min of ACT is exclusively greater in B6.129 FAIM-KO at 12
months old (p < 0.001 vs. WT). This increase of activity in older B6.129 FAIM-KO
disappeared when we studied the total activity performed for 15 min (habituation phase)
(Figure 47E).
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Fig 47. Evaluation of exploratory activity and anxious-like behaviours in FAIM-KO mice A.
Neophobia in the CT. B. Ethogram of the action-programs in the OF1. Insert: nG and tG patterns.
C. OF1 test: Exploratory activity during 5 min. D. ACT test: Exploratory activity during 5 min. E.
Total number of crossings in OF1 and in ACT during 5- and 15-min. Data are expressed as mean
or percentage + SEM. (*) vs. WT mice and (#) vs. FAIM-KO 12-month-old. *p < 0.05; ** p <0.01;
***p<0.001; # p<0.05 CT: corner test, nG: number of grooming, tG: duration of grooming, OF1:
Open-field and ACT: actimetry.

12. FAIM-KO MICE SHOW AGE-DEPENDENT COGNITIVE DEFICITS

We evaluated learning and memory with three tests: repeated open field (24h after OF1,
OF2), object recognition test (OR) and T-maze. In the OF2, age-dependent alterations
in motor patterns were found, characterized by differences in the activity thresholds at
different times points, in the total counts of crossings executed (Figures 48A an 48B)
and, in the total activity performed by B6.129 FAIM-KO mice, compared to the previous
day (Figure 48C). At all ages, B6.129 FAIM-KO groups displayed an increase in the total
activity carried out (p = 0.037, p = 0.013 and p = 0.004 B6 WT vs. 3-, 6- and 12-month-
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old B6.129 FAIM-KO) (Figure 48B). The enhancement in the number of crossings
performed by B6.129 FAIM-KO mice was mostly noticeable in the first minute of the OF2
in 6- and 12-month-old mice (p = 0.002 and p < 0.001, respectively) (Figure 48A). B6.129
FAIM-KO mice at 3, 6 and 12 months also presented a greater activity than B6 WT at
other times points in this test (p = 0.032 3-month-old B6.129 FAIM-KO vs. B6 WT [minute
5], p = 0.045 6-month-old B6.129 FAIM-KO vs. B6 WT [minute 3] and p = 0.003 12-
month-old FAIM-KO vs. WT [minute 3]). The previous experience to the open field
elicited an increase of activity in 6- and 12-month-old B6.129 FAIM-KO mice (p = 0.015
and p = 0.029 respectively) compared to B6 WT. By contrast, 3-month-old B6.129 FAIM-
KO mice, like control mice, showed a reduction of activity (negative values) in the first
minute of OF2 compared with the number of crossings executed in the last minute of
OF1 (Figure 48C).

In the OR, B6.129 FAIM-KO mice immediately explored the objects and examined them
for a longer period; however, B6 WT mice exceeded the 20 s of exploration assessment
(Annex 1). Owing to B6.129 FAIM-KO groups had similar acquisition times, we assessed
them in the retrieval test compared to control mice. 3-month-old B6.129 FAIM-KO
showed similar exploration times for the familiar and the novel object to B6 WT mice.
However, B6.129 FAIM-KO at 6- and 12-month-old significantly spent more time
exploring both objects (p < 0.001 6-month old FAIM-KO vs. WT [for both objects] and p
= 0.0132 12-month old FAIM-KO vs. WT [for both objects]). In the memory index (OR
index), 6- and 12-month-old B6.129 FAIM-KO mice showed a 50% random chance to
observe a familiar or novel object respect to the 60% preference for the novel object

shown by B6 WT. This change was not statistically significant (Figure 48D).

In the T-maze, the exploratory efficiency did not show significant changes between
genotypes at any group of age (Annex 1). Despite of this observation, B6.129 FAIM-KO
at 3 months old presented an increase in number of errors committed respect to B6 WT
(p = 0.04). However, this change was not significant in comparison with 6- and 12-month-
old B6.129 FAIM-KO mice (Figure 48E).

131



Results

A B &
N 3200-
6707 3
260 =
= $ w 150
= =] w
; 50 -k £
=] I ] .
= 404 WT o 1004 T
2 30- | e 1 FAIM-KO 3 -
s [ i T e -
s20{ = I i I §. -+ FAMKOS® $ 501
5 10+ = ¥ e FaMKO12 E
E e
50 . ; . . . 0 . ,
= 1 - - 3 ) 4 5 2 WT FAIM-KO 3 FAIM-KO 6 FAIM-KO 12
ime (min
c D
30+ B0
i o
S 4 - g I wr I1
[ T & I FAIMKO 3
o e
o 104 @ Bl FAIM-KO 6
£ o 40+
= & B FAIM-KO 12
g o u
: % S :
2 = = T
5w sl
o WT  FAIM-KO 3 FAIM-KO6 FAIM-KO 12 o= w1l .
ool ORnF ORnNN OR index

m

2.07

0.5 T

Number of errors in T-Maze
=1
1

0.0

T T
WT FAIM-KO 3 FAIM-KO 6 FAIM-KO 12

Figure 48. Evaluation of learning and memory in B6.129 FAIM-KO mice. A. OF2 test:
Exploratory activity during 5 min. B. Total number of crossings in OF2. C. Difference in the number
of crossings between the first min of OF2 and the last minute of OF1. D. OR test. E. Number of
errors performed in T-maze. Data are expressed as mean or percentage + SEM. (*) vs. WT mice,
($) vs. FAIM-KO 3-month-old. *p < 0.05; ** p < 0.01; *** p < 0.001; $ p < 0.05. OF2: Repeated
open-field; OR: Object recognition.

13.FAIM-KO MICE EXHIBIT SOCIAL DOMINANT PATTERNS

During the battery of behavioural tests, aggressive interactions were observed in the
home-cages of B6.129 FAIM-KO mice. We analysed barbering, a behaviour that consists
in plucking of whiskers or fur regions from a mouse to itself or to cage-mates (Garner et
al. 2004). This behaviour was absent in B6 WT mice, while B6.129 FAIM-KO mice at all
ages showed barbering in head and body areas (58.33 % of B6.129 FAIM-KO; p = 0.002)

(Figure 49A). Besides, a social interaction test was performed to measure the number
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of physical contacts between B6 WT and B6.129 FAIM-KO in age-matched dyads. In alll
groups, B6.129 FAIM-KO mice performed greater number of face-to-body (p = 0.002 and
p = 0.007 at 3 and 6 months old respectively) and face-to-anal contacts (p < 0.001 and
p = 0.009 at 3 and 6 months old, respectively) compared to their age-matched B6 WT
counterparts (Figure 49B). Both animals of the dyads performed similar number of face-

to-face interactions.
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Figure 49. Barbering and social interaction in B6.129 FAIM-KO mice. A. Number of mice with
or without barbering and a representative image of B6.129 FAIM-KO mouse with barbering in
face and back. B. Number of interactions face-to-face, face-to-body and face-to-anal between
B6.129 FAIM-KO and B6 WT age-matched dyads at 3 and 6 months old. Data are expressed as
mean + SEM. (*) vs. WT mice. ** p <0.01 *** p < 0.001.
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14 NESTING BEHAVIOUR IS IMPAIRED IN FAIM-KO MICE

We also assessed executive behavioural functions in B6.129 FAIM-KO mice. For this,
we studied nesting behaviour by analyzing different parameters: nesting score, latency
to acquire right position, to touch the tissue and to walk on it. B6.129 FAIM-KO mice at
all ages showed similar latency to move and to interact with the tissue than WT mice.
However, the latency to walk on the tissue was delayed in 12-month-old B6.129 FAIM-
KO (p = 0.042 vs. WT) (Figure 50A). The nest construction was analysed 24 hours after
the mice were placed isolated in their home-cage with a piece of paper. Nests of B6.129
FAIM-KO at 3 and 6 months old were worse assembled, simpler and less bitten than B6
WT nests (p < 0.001 in both ages vs. WT). The nesting score of 3- and 6-month-old
B6.129 FAIM-KO ranged from “not noticeably touched” (> 90% intact) or “partially torn
up nests” (50-90% remaining intact) as compared to “mostly shredded but often no
recognizable site” (< 50% of the nest remains intact) WT nests. However, 12-month-old
B6.129 FAIM-KO performed nests with similar complexity to B6 WT (Figures 50B and
50C).
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Fig 50. Nesting behaviour in B6.129 FAIM-KO mice. A. Evaluation of different parameters
related to nesting behaviour B. Nesting score. C. Representative images of nests constructed by
B6 WT and B6.129 FAIM-KO at 3, 6 and 12 months old. Data are expressed as mean + SEM. (*)
vs. WT mice * p <0.05, *** p <0.001.
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15.FAIM-KO MICE HAVE INCREASED INDEX OF EPIDIDYMAL WHITE AND
BROWN ADIPOSE TISSUES

We have corroborated in B6.129 FAIM-KO mice some of metabolic alterations described
by Huo et al. (2016). In B6.129 FAIM-KO mice, weights of epididymal white adipose
tissue (eWAT), mesenteric-perirenal white adipose tissue (mMpWAT), brown adipose
tissue (BAT), liver, spleen and thymus were increased, as well as their body weight
(Table 11). However, when the weight of tissues/organs was referred to the total body
weight, only changes in eWAT and BAT resulted statistically significant, confirming the
previous results obtained by Huo et al. (2016). The analysis of two steroid hormones,
corticosterone and testosterone, indicated normal levels of both hormones in B6.129
FAIM-KO mice compared to B6 WT (Table 11).

WT 3 FAIM-KO 3 WT 6 FAIM-KO 6
CWAT 493.4+50.5 1333.4+184.8%* 394.0+61.3 1711.6+273.6%*
#185+170  #34.7+3.9% #13.8+22  #41.1+4.6%
MPWAT 1748+20.0  250.9+253*  197.4+20.7  301.1+19.0%
#6.5 +0.60 #6.8+0.5 #6.8+0.8 #7.6+0.7
BAT 137.1+240  3852+42.0% 143.6+27.0 475.6 + 85.9*
#50+080  #10.3+0.9%*  #50+0.9 #1154+ 1.6%*
*
Spleen ;é? . gi 122'3 N g'i 84.6+11.7  129.0 + 7.6%
20 820 #3.3+0.1 #3.2+0.2
44.8+0.9 58.1 + 4.2+ 61.6 + 7.6
36.9 + 2.4
Thymus #1.7+0.0 #1.6+0.1 #13+01 #15+0.2
Liver 1423.8+89.4 1567.8+134.0 1448.4+180.3 2008.0 + 135.1*
#53.4 + 4.1 #42.6 + 3.1 #50.9+57  #50.6+ 3.9

Corticosterone 93.3+29.7 85.3+25.4 81.4+22.1 107.6 + 16.5

Testosterone 6.2+2.6 35+20 59+35 3.1+1.6
Body weight 26.7+0.8 37.0 £ 2.2%* 28.7+0.6 40.2 + 2.0%**

Table 11. Measurements of adipose tissues, endocrine and metabolic organs, body weight
and hormones concentration levels. eWAT (epididymal white adipose tissue), mpWAT
(mesenteric and perirenal white adipose tissue), BAT (brown adipose tissue). Tissue and organs
are expressed in mg or mg. tissue/ g. of body weight [the index (#)]. Hormones are expressed in
ng/ml. Data are mean + SEM. * p <0.05 ** p <0.01 *** p <0.001 vs. WT mice.

135



Results

136



DISCUSSION

“If you can’t explain it simply, you don’t
understand it well enough”

Albert Einstein
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DISCUSSION

FAIM1: more than an anti-apoptotic protein

In 1999, FAIM1 was described in B-cells (Schneider et al. 1999). This ubiquitous protein
was named FAIM-S after the discovery of another longer FAIM isoform expressed
exclusively in neurons, FAIM-L (Zhong et al. 2001). Both isoforms, FAIM-S and FAIM-L,
mediate a protective effect against DR-mediated apoptosis in different tissues
(Schneider et al. 1999; Segura et al. 2007). The relevance of these proteins has been
significantly noticed in the last years because of the discovery of FAIM-L’s role in AD
progression (Carriba et al. 2015) and the protective effect of FAIM1 against other
apoptotic stimuli that do not require DR-activation (Liu et al. 2017; Kaku and Rothstein

2019). These studies point to a possible role of FAIM1 in different diseases.
Role of FAIM1 in lipid and glucose metabolism

Pro- and anti-apoptotic proteins are regulators of metabolic homeostasis. Metabolism
includes the chemical catabolic and anabolic reactions in our body that keep ourselves
alive and functional. Alterations in homeostasis of lipid and glucose metabolism are

related with different diseases (Petersen et al. 2017).

Proteins of the apoptotic pathway such as PED/PED-15, caspase-2, c-FLIP, JNK and
BAD have been previously related with metabolic diseases and regulation of lipid and
glucose metabolism (Hatting et al. 2013; Johnson et al. 2013; Pradelli et al. 2014; Wilson
and Kumar 2018). PED/PEA-15, an anti-apoptotic protein highly expressed in the
nervous system, regulates glucose metabolism and is upregulated in type 2 diabetes
patients (Vigliotta et al. 2004; Fiory et al. 2009). Otherwise, Caspase-2 mediates
apoptosis in adipocytes (Machado et al. 2015; Machado et al. 2016) and BAD regulates
glucose and hepatic energy metabolism and gluconeogenesis in a non-apoptotic manner
(Giménez-Cassina et al. 2012; Giménez-Cassina et al. 2014). In addition, the expression
of JINK1 and JNK2 is necessary to induce obesity and insulin resistance, whereas the
expression of JNK3 protects against excessive adiposity (Han et al. 2013; Solinas and
Becattini 2017).

Interestingly, FAIM-S has been recently implicated in glucose and lipid metabolism
regulation in liver (Huo et al. 2016; Xiao et al. 2019). FAIM-S levels are deregulated in
patients with metabolic syndrome and obesity (Xiao et al. 2019) and Faiml1 deletion
promotes an upregulation of lipogenic enzymes and downregulates insulin signalling
pathway proteins (Huo et al. 2016). The changes in Akt activation observed in B6.129
FAIM-KO hepatocytes (Huo et al. 2016) suggest a role of FAIM-S in insulin signalling
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through Akt modulation. The role of FAIM-S as modulator of Akt activation have

previously been reported in other cells (Huo et al. 2010 and Huo et al. 2013).

Alterations in metabolism of glucose and lipids are indirectly related with neurological
diseases such as AD (Sato and Morishita 2015; Zilberter and Zilberter 2017 Butterfield
and Halliwell 2019) and epilepsy (Greene et al. 2001; Tan et al. 2015; Kovac et al. 2017,
Katsu-Jiménez et al. 2017; McDonald et al. 2018; Masino and Rho 2019). Interestingly,
lipid and glucose metabolism control neurogenesis. The metabolism regulates the
cellular energy status, that is relevant to NPCs activity. Depending on energy available
these cells proliferate or remain in a quiescent state. The NPCs activity, inevitably,
affects the generation of newborn neurons (Knobloch and Jessberger 2017). Hence, the
alteration in FAIM-KO metabolism could exert an effect in adult neurogenesis and could

be a trigger in the development of different neurological diseases.
Non-apoptotic roles of FAIM1 in nervous system

In the last decade, the relevance of pro- and anti-apoptotic proteins in non-apoptotic
functions in the nervous system has stood out (D’Amelio et al. 2010; Hyman and Yuan
2012; Sheng and Erturk 2014; Hollville and Deshmukh 2018; Mukherjee and Williams
2017; Siegmund et al, 2017). The most widely studied proteins in this context have been

caspases, Fas, Bcl-2 family proteins and XIAP.

FAIM is one of these anti-apoptotic proteins with described non-apoptotic roles in CNS.
The two more characterized isoforms of FAIM1, FAIM-S and FAIM-L, exert different non-
apoptotic functions in the nervous system. FAIM-S just as FAIM-S_2a and FAIM-L_2a
are implicated in neurite outgrowth (Sole et al. 2004; Coccia et al. 2017). FAIM-L, in
addition to its neuroprotective role in neurons, protects against NGF withdrawal-induced
axonal neurodegeneration and is implicated in synaptic transmission and LTD (Martinez-
Marmol et al. 2016). Interestingly, the non-apoptotic effects of FAIM-L, except the role in
synaptic transmission, are mediated through XIAP stabilization (Moubarak et al. 2013;
Martinez-Marmol et al. 2016). These results opened an exciting new field to study FAIM1
functions. To unravel the effects of FAIM1 in nervous system and delve into its preceding
described functions, the use of deleting Faiml mice points as a good tool. For this
purpose, we decided to perform a neuronal phenotype characterization of FAIM-KO
generated by Huo et al. (2009). We focused our interest in hippocampus, where FAIM-L
is highly expressed (Segura et al. 2007). This cerebral region is also relevant by its
implication in synaptic plasticity, process modulates by FAIM-L (Martinez-Marmol et al.

2016), and memory consolidation.
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The role of pro- and anti-apoptotic proteins in epilepsy

Proteins related with apoptosis (Bcl-2 family proteins, caspases, death receptors and
XIAP) are implicated in non-apoptotic functions that are deregulated in epilepsy:
neurogenesis, synaptic transmission, AMPAR trafficking or glucose metabolism
(Okamoto et al. 2010; Henshall and Engel 2013). In this regard, deletion of pro-apoptotic
Bim or Puma, or caspase-8 inhibition protects against prolonged seizures-induced cell
death (Li et al. 2006b; Bunk et al. 2010; Murphy et al. 2010), whereas Mcl-1 or Bcl-w
deletion exacerbates neuronal loss (Murphy et al. 2007). In addition, BAD and NOXA are
implicated in seizure susceptibility and the absence of these proteins enhances seizure
threshold (Fannjiang et al. 2003; Giménez-Cassina et al. 2012; Ichikawa et al. 2017).
Otherwise, TNF signalling modulates AMPAR trafficking, glucose transport and NMDA
receptors (Beattie et al. 2002; Balosso et al. 2013; Patel et al. 2017) and has been
implicated in seizures susceptibility (Balosso et al. 2005; Balosso et al. 2013).
Furthermore, JNK proteins regulate seizure susceptibility in different ways (Wang et al.
2015; Auladell et al. 2017; Tai et al. 2017; de Lemos et al. 2018).

Concerning to those studies, pro- and anti-apoptotic proteins levels are deregulated in
epilepsy patients and animal models, pointing to a role of these proteins in epilepsy
(Korhonen et al. 2001; Mori et al. 2004; El-Hodhod et al. 2006; Murphy et al. 2007; Bunk
et al. 2010; Henshall and Engel 2013; Teocchi and D’Souza-Li 2016; Tai et al. 2017).

Unexpectedly, we observed that B6.129 FAIM-KO mice exhibit recurrent age-dependent
seizures induced by handling or sensory stimulation, postulating a possible role of FAIM-
S or/and FAM-L in seizure susceptibility. Handling-induced seizures has previously
reported in other animal models with seizure susceptibility, such as synapsin knockout,
MGIuR7 knockout and El mice (Sansig et al. 2001; Liang and Patel 2004; Todorova et
al. 2006; Etholm et al, 2011; Lanser et al, 2017). This method to induce seizures has
some limitations due to environment factors (physical housing, social interaction and

stress) could influence the frequency and severity of seizures (Todorova et al. 2006).

In B6.129 FAIM-KO mice at 6- and 12-month-old we observed that the incidence of
recurrent seizures was similar, whereas seizure severity was higher, but not significantly,
in aged mice. However, 3-month-old B6.129 FAIM-KO did not exhibit seizures, indicating
higher seizure threshold in young adult mice. These results are in concordance with
studies in other models that show the necessity to increase the stimulation to evoke
seizures and hippocampal spikes in young mice with respect aged mice (Kelly 2010).
B6.129 FAIM-KO mice did not present spontaneous convulsions in visual recording at

24h in any of the ages analysed. However, we could not discard that B6.129 FAIM-KO
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mice exhibit epileptiform activity. To resolve this issue, it is required to carry out an
electroencephalogram. The fast recovered, just few seconds, of convulsing B6.129
FAIM-KO after seizure could indicate a quick restoration of normal neurotransmitter
levels. This capacity is related with the neuroprotective effect of adenosine release, an
anticonvulsant endogenous substance (Fedele et al. 2006; Boison 2012; Boison 2016;
Nguyen et al. 2017; Rombo et al. 2018). Hence, high levels of adenosine in B6.129 FAIM-
KO mice could be a suitable explanation for the fast recovery after seizure observed in

these mice. This hypothesis needs further investigation to be confirmed.

The differences in the incidence of handling-induced seizures observed between the Set
1 (n = 8-12 animals per group) and Set 2 (N = 90) (about 40% in the Set 1 and 25% in
the Set 2) could be due to the limitations of this approximation to induce seizures (Sansig
et al. 2001; Todorova et al. 2006) and number of animals used. Owing to the absence of
handling-induced seizures in B6.129* FAIM-KO mice (Set 3; N = 30) we could not discard
an effect of genetic or/and environmental factors on seizure susceptibility in these mice.
For that, we have to be cautious and cannot confirm the implication of FAIM1 in seizure
susceptibility. This issue is widely discussed later, when we summarize the relevance of

strain used and flanking genes in seizure susceptibility.

This new possible link between FAIM1 and epilepsy could be in concordance with
deregulation of the pro- and anti-apoptotic proteins in epilepsy and the effects of these
proteins in epileptogenesis (Fannjiang et al. 2003; Li et al. 2006b; Murphy et al. 2007;
Bunk et al. 2010; Murphy et al. 2010; Giménez-Cassina et al. 2012; Ichikawa et al. 2017).
Among them, XIAP, a protein stabilized by FAIM-L, is upregulated in hippocampus of
KA-induced seizures rat model and exerts neuroprotective action against KA-induced
cell death (Korhonen et al. 2001; Li et al. 2006a). Epileptogenesis is induced by an
increase in neuronal excitability due to a deregulation in excitatory/inhibitory neuronal
transmission. The alterations in this balance could be induced by modifications in
synaptic proteins, interneuron populations, glucose metabolism, mTOR activity and/or
defects in the maturation and migration of neurons (Bozzi et al. 2012; Goldberg and
Coulter 2013; Noebels 2015; Staley 2015; Korn et al. 2016; Persike et al. 2018). As we
have explained above, proteins implicated in apoptosis regulate some of these
processes (Beattie et al. 2002; Giménez-Cassina et al. 2012; Balosso et al. 2013; Tzeng
et al. 2013; Patel et al. 2017). Alterations in non-apoptotic events regulated by FAIM1
such as LTD, synaptic transmission, neurite outgrowth and metabolism (Sole et al. 2004;
Huo et al. 2016; Martinez-Marmol et al. 2016) may contribute to imbalance neuronal
excitability and lead to seizure susceptibility. Hence, FAIM1 could postulate as a good

candidate in regulation seizure susceptibility.
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The influence of genetic and environmental factors in epilepsy models

Genetic and environmental factors could influence the susceptibility to epilepsy (Crusio
2004; Schauwecker 2011; Loscher et al. 2017) (Table 12). Genetic relevant factors in
seizure susceptibility are genetic background, flanking genes and genetic drift. Among
the environment factors that could modulate seizures predisposition are: the housing,
EE, maternal care and stress (Loscher et al. 2017). Moreover, other factors such as

gender and age could also affect seizure susceptibility.

In the last decades, genetic models with mutations in specific genes altered in patients
with epilepsy have been generated. These models provide the opportunity to study and
understand the mechanisms that underlie to epileptogenesis in humans and analyse the
anti-epileptic effect of different drugs (Loscher 2009). However, it is important to be
cautious doing an association gene-disease in these models. To study the effect of a
protein on epilepsy the strain used, the impact of flanking genes and environment factors
have to be considered (Lewis 2004; Yang and Frankel 2004; Todorova et al. 2006;
Manno et al. 2011; Schauwecker 2011; Etholm et al. 2013; Carulla et al. 2015; Sawyer
et al. 2016). Therefore, a carefully study of all variables that could affect seizure
susceptibility is essential to obtain robust and reproducible results in knockout mice
(Schauwecker 2011; Loscher et al. 2017).

Strains

Different response against a same convulsant stimulus have been reported, supporting
the impact of the strain used in susceptibility to drug-induced seizures (Ldscher et al.
2017). For example, inbred strains FVB/NJ and DBA/2J are seizure-sensitive mouse
strains whereas C57BL/6J and BALB/cByJ could be considered seizure-resistant strains
(Ferraro 2009). Differences among sublines have also to be considered (Mckhann et al.
2003; Carulla et al. 2015). Mdller et al. (2009) reported that C57BL/6JOla, 6NHsd and
6NCrl substrain exhibited different response to pilocarpine administration. C57BL/6JOla
and 6NHsd mice had low seizure response to pilocarpine but high mortality (Mdller et al.
2009). These authors also observed differences in the epileptic response in same strain
of different suppliers, postulating “the animal supplier” as other factor to consider in this
kind of studies (Muller et al. 2009). Furthermore, Schauwecker (2011) demonstrated that

C57BL/6 are more susceptible to pilocarpine-induced cell death than 129sv.

Changes in the seizure susceptibility and hippocampal cell death among strains have
also been reported in KA-induced seizure models (Schauwecker and Steward 1997,
Cantallops and Routtenberg 2000; Schauwecker 2002; Mckhann et al. 2003; McLin and

143



Discussion

Steward 2006). Mckhann et al. (2003) observed that C57BL/6 strain exhibits higher
mortality and is more sensitive to develop long and severe seizures than 129sv strain
after KA administration. However, this strain is less susceptible to neuronal loss and
fibres sprouting than 129sv strain. This study also reported that mixed background
B6;129 mice exhibit a combined response of both parental strains (Mckhann et al. 2003).
In other study, performed by Almeida Silva et al. (2016), less severe seizures but higher
mortality was observed in 129/P than in C57BL/6 mice subject to intraamygdala KA-
induced SE. This strain-dependent effect in seizure susceptibility is also observed in
knockout mice. Prnp®° are susceptible to KA-induced seizures and seizure-induced
neurotoxicity (Carulla et al. 2015). However, the strength of these effects is strain-
dependent (Carulla et al. 2015). In Scnla * mice, the strains used is relevant in the
seizure development. Scnla *" mice in mixed B6;129 develop severe seizures, whereas
seizures are not observed in pure 129sv Scnla " mice. This strain-dependent epileptic
phenotype could be explained by differences in sodium current density between Scnla
* 'mice and their control littermates in the mixed background but not in 129v (Mistry et
al. 2014). Likewise, differences in occurrence of spike wave discharges have also been
reported in different strains (Letts et al. 2014). 9 out of 27 strains analysed by Letts et al.
(2014) showed synchronous 6-8Hz spike wave discharges, indicating the presence of
epileptic activity. Among the strains that did not exhibit spike wave discharges were the
C5BL/6 and 129sv mice (Letts et al. 2014).

Theoretically, B6.129 FAIM-KO and B6.129* FAIM-KO are the same strain. However,
the backcrossed with C57BL/6JOlaHsd could be induce changes in the seizure
susceptibility in these mice due to differences in the subline and supplier between B6
mice used in these backcrossing and B6 used to generate B6.129 FAIM-KO. This fact
could explain the absence of induced seizures in B6.129* FAIM-KO. Thus, a stimulus
that induces seizures in B6.129 FAIM-KO mice could be not enough to promote this
alteration in B6.129* FAIM-KO.

Flanking genes

Knockout mice can exhibit a phenotype that is not induce by the target gene, but it is
owing to the effect of flanking genes (Crusio 2004; Schauwecker 2011). Moreover, these
nearby genes could also mask a phenotype in mutant mice. There are several cases
where flanking genes induce a phenotype that is not promoted by the deleted protein
(Crusio 2004; Nuvolone et al. 2013). This phenomenon is observed in genetically
modified mice generated through a mixed genetic background, such as B6;129. In the

case of B6;129, this implicates that mutant mice present genes of 129 genetic
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background in flanking region of target gene whereas control mice do not. Although
backcrossing with C57BL/6 mouse for 10 generations considerably decreases the
percentage of 129 background, some 129 polymorphisms are already present (Carulla
et al. 2015). However, polymorphism observed in these flanking genes are not usually
relevant (Wolfer et al. 2002). In Prnp®® mouse the effect of flanking gene has been
reported (Nuvolone et al, 2013). This mouse was generated in a mixed B6.129 genetic
background. Consequently, Prnp-flanking genes exhibit different SNPs between Prnp*’*
and Prnp®°. Nuvolone et al. (2013) observed that polymorphism of 129 genetic
background in the flanking gene Sirpa was implicated in the inhibition of macrophage
phagocytosis of apoptotic cells observed in Prnp®°, therefore that phenotype did not
resulted from a direct effect of cellular prion protein (de Almedia et al. 2005; Nuvolone et
al. 2013).

FAIM-KO were generated through 129 ES cells injected in a blastocyte. The chimera
resulting was backcrossed with a C57BL/6J, generating mice of mixed B6;129 genetic
background. Although these mice were backcrossed for at least 8 generations with
C57BL/6J mice, B6.129 FAIM-KO could remain a percentage of 129 polymorphisms in
nearby genes of mutated allele. The presence of 129 polymorphism in Faim1-flanking
genes could indeed induces an epileptic phenotype in FAIM-KO. Therefore, it is
important to determine this percentage through an SNPs analysis in these mice. One
interesting approach to evade the possible effect of flanking genes could be the use co-
isogenic C57BL/6J FAIM-KO.

Environmental factors

Additionally, environmental factors may influence seizure susceptibility (Lévesque et al.
2016). The housing, EE, maternal care and stress, among others, are elements that may
modulate seizure onset (Loscher et al. 2017). In organism with predisposition to epilepsy,
the seizure occurrence could rise by early-life stress and traumatic events.
Environmental stressors facilitate both epilepsy development and recurrent seizures
(Temkin and Davis 1984; van Campen et al. 2014). In this regard, early-life stress has
an important impact in hippocampus development, promoting molecular and cellular
alterations that lead to seizure onset (Huang 2014; van Campen et al. 2014). The
increase of corticotropin-releasing factor, a hormone related with stress, has been also

associated with seizure induction (Ehlers et al, 1983).

An EE modulates seizures incidence (Kotloski and Sutula 2015). The exposition to an
EE during the initial months of life decreases seizure susceptibility in the epileptic (El)
mouse (Korbey et al. 2008), a model of multifactorial TLE (King and LaMotte 1989). The
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effect of an EE in seizure susceptible has also been observed in Scn2a transgenic
mouse (Manno et al. 2011), in Bassoon knockout (Morelli et al. 2014) and in drug- and
physical-induced seizure models (Young et al. 1999; Auvergne et al. 2002). Moreover,
an EE ameliorates the exploratory and spatial learning impairment and hippocampal

apoptosis promoted by KA administration (Young et al. 1999; Koh et al. 2005).

In relation with changes in environment and seizure susceptibility, Sansig et al. (2001)
observed variations in the percentage of animals with handling-induced seizures in mice
lacking mGIuR7 in different sets. Likewise, in El mice, environmental factors contribute
to seizure susceptibility. EI mice have been widely used to analyse variables that could
affect seizures onset such as age, handling history and grouped-housed (Todorova et
al. 1999; Korbey et al. 2008). This strain is susceptible to handling-induced seizures,
exhibiting modulation in seizure onset based on the handling that mice receive during
their life (Todovora et al. 1999; Leussis and Heinrichs 2006; Orefice and Heinrichs 2008).
Therefore, different environmental conditions may explain the changes in handling-
induced seizure percentage and severity observed in B6.129 FAIM-KO and 129.B6*
FAIM-KO. These studies, together with the low percentage of seizure observed in Sod2
(superoxide dismutase) heterozygous (Liang and Patel 2004) are in correlation with low
penetrance of epileptic phenotype, induced by handling, observed in our knockout
model, B6.129 FAIM-KO mouse.

Gender and age also influence in the response to KA (McCord et al. 2008; Lévesque
and Avoli 2013), PTZ (Klioueva et al. 2001; Medina et al. 2001) or pilocarpine (Curia et
al. 2008). Likewise, Liang and Patel (2004) observed age-dependent handling-induced
seizures, that start about 10 months and have a penetrance of 50% in Sod2
heterozygous mice. These results are in concordance with the age-dependent seizure
susceptibility observed in B6.129 FAIM-KO, in which handling-induced seizures were
only observed from 6 months old. Adult and aged B6.129 FAIM-KO mice could be unable
to hamper alterations in neuronal excitability and this fact could promote the induction of

seizures in stressful contexts.
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VARIABLE COMMENT
Environmental These are factors in the environment that are recognized as having a significant influence on the outcome of seizure
tests in rodents
Housing Rodents should be group-housed to the extent possible. Group sizes should be similar between experimental and
control animals. Experimental and control animals should be housed in identical caging and maintained in the
same room.
Enrichment Cage enrichments should be the same between experimental and control animals.

Food/water

The compaosition and source of food should be identical between experimental and control rodents, as should the
source of water. Access to food and water should be identical as well.

Litter size Animals selected to populate experimental and control groups should come from litters that have been culled to the
same number of pups.
Experimental These are parameters of seizures that can be quantified as endpoints to compare experimental and control animals

and need to be carefully defined for each study.

Seizure frequency

This endpoint parameter may be defined as the number of discrete seizure events per unit of time. Seizure events
may be defined behaviorally or electrographically.

Seizure duration

This endpoint parameter may be defined as the length of a single discrete seizure. Average seizure duration may be
calculated for individual animals or groups.

Seizure threshold

This endpoint parameter may be calculated based upon stimulus intensity. Intensity is defined as a function of
stimulus such as chemoconvulsant dose or electrical current level.

Biologic These parameters include factors that are intrinsic to each organism.

Age Susceptibility to seizures and epilepsy varies over the life cycle for rodents and it is imperative that experimental
and control animals be closely matched for age.

Sex Susceptibility to seizures and epilepsy differs between males and females. Ideally, sexes should be tested
separately. Alternatively, experimental and control groups should contain the same number of each sex although
this latter design may mask sex differences. All female rodents should be tested at the same time in their estrous
cycle.

Genetic Naturally-occurring genetic polymorphisms between rodents may impact responses in tests of seizures and

epilepsy.

Genetic background | DNA polymorphisms, both characterized and uncharacterized, exist between different rodent lines and strains.
Study designs should include a breeding strategy to insure that experimental and control groups share the same

genetic background.

Genetic drift New mutations may be introduced naturally into a rodent line or strain at any generation. Colony management
should include a breeding strategy to maintain the integrity of the genetic background of all rodent lines and

strains.

Table 12. Variables that should be controlled to reproduce the experiments efficiently and robustly
and minimize number of replicates in rodent studies of seizures and epilepsy (Loscher et al. 2017)

In summary, strain, flanking genes and environment could influence changes in seizure
susceptibility observed between B6.129 FAIM-KO and B6.129* FAIM-KO. We could not
discard any of these factors, for that, more studies are necessary to accept or refuse the

suggested role of FAIM1 in seizure susceptibility.

Brain alterations associated with seizures

Seizures, mainly recurrent and prolonged, could lead to molecular and cellular alterations
in brain (Peng and Houser 2005; Kovac and Walker 2013; Jessberger and Parent 2015;
Aronica and Mihlebner 2017). Some of them are: neuronal activation, ectopic NPY
expression, neurogenesis increase, neuroinflammation and neuronal loss. We decided
to analyse c-fos, NPY expression and neurogenesis in hippocampus. The hippocampus
is one of the principal areas where seizures discharges arise. Specifically, DG is a critical

gatekeeper for the generation of seizures in the hippocampus and associated structures.
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Moreover, an increment in granule cell excitability may be associated with changes in
inhibitory synaptic input, alterations of synaptic proteins and mossy fibres sprouting
(Parent et al. 1997; Ventruti et al. 2011).

We observed an increase in c-fos expression in the hippocampus of B6.129 FAIM-KO
mice with seizures but not in B6.129 FAIM-KO mice without seizures. This enhancement
in c-fos levels indicates a high neuronal activity in this area, postulating the hippocampus
as the epileptic focus in these mice. The c-fos upregulation after seizures (30-90 min)
has been previously observed in other models in the epileptic focus in acute situations
(Kaczmarek and Nikolajew 1990; Herrera and Roberston 1996; Peng and Houser 2005;
Bozzi et al. 2011; Albright et al. 2017; Gautier and Glasscock 2015; Yang et al. 2019).
To evaluate c-fos expression it is important to take into account the strain and species
used, seizure severity, period after convulsion and age (Szyndler et al. 2009; Chawla et
al. 2013). Differences in temporal expression of c-fos between primates and rats (Barros
et al. 2015), different mouse strains (Kadiyala et al. 2015) and in premature ages (André

et al. 1998) have been reported.

B6.129 FAIM-KO mice with seizures also showed an ectopic NPY expression in mossy
fibores of DG. This aberrant NPY expression has been reported in animals with
spontaneous and induced seizures and patients with epilepsy (Danger et al. 1990;
Parent et al. 1997; Reibel et al. 2001; Baraban and Tallent 2004; Casillas-Espinosa et
al. 2012). It has been hypothesized that NPY upregulation could be a mechanism to
elude a subsequent seizure, mediating a depression in mossy fibres transmission
(Scharfman and Gray 2006). In addition, the increase of neurogenesis promoted by NPY
upregulation may be a compensatory mechanism after seizures to avoid brain damage
(Vezzani et al. 2002; Howell et al. 2003; Geloso et al. 2015).

Regarding neurogenesis, B6.129 FAIM-KO mice with seizures exhibited an increase in
immature neurons. Neurogenesis alteration in SVZ and SGZ promoted by seizures is a
fact widely observed in different models (Parent et al. 1997; Parent 2002; Kron et al.
2010; Cho et al. 2015; Jessberg and Parent 2015). However, the increase in newly
generated granule cells can disappear in later states of epilepsy due to depletion of NSC
pool (Pineda and Encinas 2016). On the other hand, alteration in neurogenesis may
contribute to epileptogenesis process (Cho et al. 2015; Matsushita et al. 2016). Aberrant
adult neurogenesis has been related with memory and learning alterations (Ming and
Song 2011). Therefore, B6.129 FAIM-KO mice with seizures could exhibit cognitive

impairment.
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In addition to the enhancement in newborn neurons number, seizures can also induce
alterations in the localization, dendritic arborization and morphology of newborn neurons
(Sutula et al. 1989; Houser 1990; Buckmaster et al. 1997; Jessberger et al. 2005;
Jessberger et al. 2007; Haas and Frotscher 2010; Pun et al. 2012; Teixeira et al. 2012;
Korn et al. 2016; Shtaya et al. 2018). These parameters could be analysed in B6.129
FAIM-KO mice with seizures.

In summary, we observed c-fos activation, ectopic NPY expression and an increase of
neurogenesis in hippocampus of B6.129 FAIM-KO mice with seizures. However, these
alterations were absent in B6.129 FAIM-KO mice without seizures and B6 WT. The
presence of these neuronal markers of seizures development in B6.129 FAIM-KO mice
with reported convulsions corroborate the presence of seizures in these mice, although

do not elucidate if FAIM1 is implicated in the develop of seizures in these mice.

Drug-induced seizure susceptibility

The first approximation to induce seizures in animals was through administration of
convulsant drug, KA (Ben-Ari and Lagowska 1978). Currently, KA, PTZ and pilocarpine
are convulsant drugs widely used to analyse the susceptibility to seizures and to induce
cell death in different knockout models. As we have discussed in previous sections,
mouse strain, flanking genes, age, gender and environment factors can influence in
drugs-induced seizures susceptibility in knockout mice (Barnwell et al. 2009; Léscher et
al, 2017). In drug-induced seizures other parameters have also to be meticulously
evaluated: the via of drug administration, the dose and treatment duration (McLin and
Steward 2006; Miiller et al. 2009; Almeida Silva et al. 2016).

PTZ-induced seizure susceptibility is increased in malin and laforin knockout mice
(Garcia-Cabrero et al. 2014), Dcx knockout (Nosten-Bertrand et al. 2008), heterozygous
vGLUT2 (Schallier et al. 2009), mGIuR7 knockout (Sansig et al. 2001), transgenic mouse
with increased interleukin-6 signalling (Cuevas-Olguin et al. 2017), Gabrb2 knockout
(Yeung et al. 2018), ob/ob mice (Erbayat-Altay et al. 2008), Oxtr knockout (Sala et al.
2011) and AD models (Bezzina et al. 2015; Reyes-Marin and Nufiez 2017). However,
other mouse models such as mice with reduced Tau levels, Tau knockout and Bad
knockout, show protection against PTZ-induced seizures (Roberson et al. 2007; Ittnher et
al. 2010; Giménez-Cassina et al. 2012; DeVos et al. 2013).

Owing to the low penetrance of handling-induced seizures in B6.129 FAIM-KO and the
possible high effect of environmental factors (stressful stimuli) in handling-induced

seizures, we decided to analyse if and male and female FAIM-KO mice show an
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exacerbate response to PTZ. We hypothesized that PTZ could we a good drug to use in
these experiments because the deletion of a pro-apoptotic protein BAD protects against
PTZ-induced seizures (Giménez-Cassina et al. 2012). We did not observe differences in
the seizure severity and mortality seizure induced by PTZ between B6.129* FAIM-KO
compared to control littermates at 4 months old. Although the dose administrated, 50
mg/kg, was previously used in other studies with C57BL/6 or mixed 129:C57BL/6
background (deVos et al. 2013; Garcia-Cabrero et al. 2014; Cuevas-Olguin et al. 2017,
Sanchez-Elexpuru et al. 2017), we observed a high percentage of death in both FAIM-
KO and WT, since nearly 50% of mice died in this experiment. This high mortality may
mask changes in severity of seizures induced by PTZ between B6.129* FAIM-KO and
their control littermates. Interestingly, we observed in B6.129* FAIM-KO mice continuous
tremble of forelimbs and hindlimbs during seizures but no in WT littermates, suggesting

that Faim1 deletion could influence in some parameters.

In this study it is also important to note that B6.129* FAIM-KO mice could already exhibit
microsatellites resulting from 129sv background. Moreover, these studies have been
performed in females and males, and gender is factor that could influence seizure
susceptibility since oestrus affects in synaptic excitability (Scharfman et al. 2003).
Indeed, changes in susceptibility to PTZ-induced seizures have been observed (Medina
et al. 2001).

To reject a role of FAIM1 in PTZ-induced seizures susceptibility some possible
approaches are: 1) evaluation of SNPs percentage derived of 129 genetic background
in our generated B6J FAIM-KO; 2) to repeat the drug-induced seizure study with low
dose of PTZ; 3) to carry out this study using repeated low doses of KA (Carulla et al.
2015); and 4) to analyse only males or to perform comparative study between both

females and males.

Apoptotic proteins in neuroinflammatory response and neurodegeneration

Microglia and astrocytes are the main glial cells involved in the innate inflammatory
response in the CNS. Many diseases in nervous system such as neurodegenerative
diseases arise with neuroinflammation and apoptosis (Smale et al. 1995; Amor et al.
2014; Heppner et al. 2015; Stephenson et al. 2018).

Glial cells also regulate other processes in nervous system. In healthy brain, microglia
are implicated in phagocytosis of apoptotic debris, synapsis refinement, plasticity and
transmission but, under pathological conditions, these cells could activate and promote
neuronal death (Roumier et al. 2008; Tremblay et al. 2011; Shen et al. 2018). Although
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astrocytes are mainly implicated in brain homeostasis of ions, neurotransmitters and
metabolites, these cells exert a relevant role in synaptic transmission. In pathological
conditions, astrocytes may reactivate or degenerate, altering neuronal homeostasis
(Verkhratsky and Nedergaard 2018).

Fas and TNFa signalling also exhibit different functions in normal and pathological brain.
In normal conditions, Fas and TNFa do not activate apoptotic cascade in neurons and
are present in low levels in brain (Bechmann et al. 1999; Desbarats et al. 2003, Choi and
Benveniste 2004; Zuliani et al. 2006). TNFR engagement by TNFa modulates non-
apoptotic functions in neurons and mediates neuroprotection against neurotoxins
molecules such as AB (Barger et al. 1995; Carriba et al. 2015). An acute increase in pro-
inflammatory molecules levels, owing to a punctual insult or brain injury, exerts protective
effect. In chronic diseases such as neurodegenerative diseases the upregulation of these
molecules is maintained over time and could lead to neuronal loss (Kempuraj et al.
2016).

In neurodegenerative diseases, an upregulation in TNFa/TNFR1 and Fas/FasL systems
and glial activation occurs (Ethell and Buhler 2003; Choi and Benveniste 2004; Fischer
and Maier 2015). The release of TNFa could have a dual effect in these diseases. TNFa
binding to TNFR1 mediates activation of the NF-kB pathway, leading to production of
pro-inflammatory cytokines and reactive oxidative species. Moreover, TNFR1 activation
could promote neuronal death by several mechanisms: 1) indirectly, activating glial cells
and oxidative stress; 2) directly, promoting caspase-8 activation that leads to apoptotic
cell death; 3) directly, activating RIP and inducing necroptosis (Fischer and Maier 2015)
(Figure 51). In addition, TNFa binding to TNFR2 mediates neuroprotection through NF-
KB activation (Fischer et al. 2011; Fischer and Maier 2015; Orti-Casaf et al. 2019).
However, the response to TNFa depends on the cellular type, TNFa levels and kind of
insult (Viel et al. 2001; Fischer et al. 2011). Otherwise, Fas supresses immune status in
normal brain (Choi and Benveniste 2004). Cells of nervous system also exhibit a different
susceptibility to Fas-induced cell death. Astrocytes display high resistance to Fas-
induced cell death and Fas/FasL signalling promotes production of pro-inflammatory

cytokines, whereas microglia and neurons are sensitive to this cell death.
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Figure 51. Schematic illustration of the major TNFR1-mediated signalling pathways. The
TNFR1 engagement by TNFa can mediate: 1) the activation of NF-kB modulating the cellular
inflammatory response; 2) the recruitment of apoptosis proteins and the consequently activation
of the apoptotic caspase, inducing apoptotic cell death; 3) the union of RIP1 and RIP3, activating
necroptotic pathway. Figure derived from Fisher and Maier (2015).

Caspases-8, -7 and -3 also regulate microglial activation (Burguillos et al. 2011a; Venero
et al. 2013; Shen et al. 2018) and contribute to astrogliosis (Aras et al. 2012), postulating
a role of these apoptotic proteins in neuroinflammation. The anti-apoptotic protein clAP2
also regulates inflammatory response in microglia, controlling the switch between pro-
inflammatory activation and microglial death (Kavanagh et al. 2014). Interestingly, the
inhibition of caspase-3 in a murine model that reproduces Parkinson’s disease,
decreases microglial activation and neurotoxic-dopaminergic cell death (Burguillos et al.
2011b).

FAIM-L is implicated in TNFa/Fas signalling regulation in CNS and is downregulated in
AD, a neurodegenerative disease (Segura et al. 2007; Carriba et al. 2015). Moreover,
Faiml deletion in mice induces obesity, hyperlipidaemia and hyperglycaemia,
postulating a role of FAIM1 as a regulator of glucose and lipid metabolism (Huo et al.
2016; Xiao et al. 2019). Obesity and diabetes are risk factors for the development of
neuroinflammatory processes and neurodegenerative diseases (Tucsek et al. 2014;

Castanon et al. 2015; Valcarcel-Ares et al. 2019). These data suggest a possible role of
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FAIM1 in neuroinflammation, cytokines modulation and neurodegeneration. For that, we
decided to evaluate glial activation and apoptotic neuronal death in B6.129 FAIM-KO

mice.

We observed that B6.129 FAIM-KO mice did not show microglia or astrocyte activation,
in hippocampus in young, middle-aged or aged mice. However, aged FAIM-KO mice
exhibited a decrease in hippocampal glial density. The decrease in glial density observed
in B6.129 FAIM-KO may due to cell loss or a decrease in glial processes. Interestingly
changes in glial density could contribute to synaptic abnormalities (Glantz et al. 2006).
Microglia density could be modulated by some proteins, such as colony stimulating factor
1 receptor, and is decreased in some pathologies such as Huntington’s disease (Ma et
al. 2003) and AD (Sanchez-Mejias et al. 2016; Navarro et al. 2018). Number of
astrocytes is decreased in hippocampus in Gabrb2 knockout mice (Yeung et al. 2018),
after SE (Kang et al. 2006; Kim et al. 2008; Lopim et al. 2016) and in psychiatric diseases
such as schizophrenia (Johnston-Wilson et al. 2000; Stark et al. 2004) depression and
post-traumatic stress (Rajkowska 2000; Han et al. 2015; Cobb et al. 2016; Saur et al.
2016). The decline in microglia and astrocytes density in B6.129 FAIM-KO mice may
affect processes in which these cells are implicated such as synaptic maturation, activity-
dependent synaptic pruning and neurotransmitter homeostasis (Bilimoria and Stevens
2015). Moreover, these mice could have the response to neuroinflammatory stimuli
altered, due to the decrease of glial cells, key elements in the protection against acute
brain insults. Owing to these experiments were performed using B6.129 FAIM-KO and
B6 WT, could be interesting corroborate the decline in microglia and astrocyte density in

B6.129* FAIM-KO compared to control littermates and in another strain.

Neurodegeneration is another important process that we hypothesize may occur in
FAIM-KO mice, given the known role of FAIM-L in protection against DR-activating
induced-cell death (Segura et al. 2007). Likewise, the unveiling of FAIM-L decrease in
AD patients and AD mouse models and its requirement for TNFa protection against AB-
induced apoptosis in neurons (Carriba et al. 2015) suggest an important role of FAIM-L
in neurodegeneration. However, Faiml-lacking B6.129 mice do not show apparently
hippocampal neuronal death or upregulation in total and cleaved caspase-3 levels. In
addition, B6.129 FAIM-KO with seizures neither presented neuronal loss. Thus, B6.129
FAIM-KO did not exhibit neuroanatomical alterations in brain. The absence of neuronal
death under basal conditions has been previously observed in other models that have
anti-apoptotic proteins deleted such as Xiap, clAP1 and clAP2 knockout mice (Harlin et
al. 2001;Silke and Vaux 2015). In correlation with that, caspase-deficient mice do not

show significant defect in neuronal cell death, possibly due to the presence of caspase-

153



Discussion

independent neuronal death pathways (Oppenheim et al. 2001; Leonard et al. 2002;
Hyman and Yuan 2012). On the other hand, we observed a reduction in Xiap and Fas
MRNA levels in middle-aged B6.129 FAIM-KO mice, postulating a deregulation in
apoptotic machinery. Changes in levels of pro- and anti-apoptotic proteins could be a
compensatory mechanism to prevent cellular damage in B6.129 FAIM-KO mice. Levels
of Xiap and Fas were analysed in B6.129 FAIM-KO and B6 WT mice, therefore, it could
be proper to repeat these experiments in B6.129 FAIM-KO and control littermates to
corroborate these results. Moreover, the analysis of the expression of other apoptotic
proteins, such as TNFR1 and clAP, could provide more information about deregulation

in apoptotic pathway in FAIM-KO mice.

Interneurons populations: vulnerability to cell death and key role in excitation/

inhibition neuronal balance

Interneurons are inhibitory or GABAergic cell populations that modulate neuronal
excitability (Freund and Buzsaki 1996; Kepecs and Fishell 2014; Pelkey et al. 2017). In
some neurological pathologies such as AD, epilepsy and psychiatric diseases; the
inhibitory transmission in brain, mainly in hippocampus and cortex, is decreased (Konradi
et al. 2011; Sebe and Baraban 2011; Villete and Dutar 2016; Zaistev 2017). This decline
in inhibitory transmission could be due to alterations in the activity and/or number of
inhibitory interneurons. Moreover, alterations in normal activity of GABAergic neurons
are also related with cognitive deficits (Palop and Mucke 2016). Among these
interneurons, PV-containing populations stand out. These cells exert an essential role in
the synchronization of pyramidal neurons and granule cells, hippocampal gamma-
oscillations and in cognitive processes (Freund and Buzsaki 1996; Buzsaki and Draguhn
2004; Bartos et al. 2007; Sohal et al. 2009; Verret et al. 2012; Amilhon et al. 2015; Pelky
etal. 2017). Alterations in PV-positive cells are linked to hyperexcitability in hippocampus
(Freund and Buzsaki 1996; Palop et al. 2007; Verret et al. 2012). Thus, a decrease in
PV-containing interneurons and alterations in their oscillatory network activity have been
described in epilepsy, AD (Palop and Mucke 2009; Verret et al. 2012) and psychiatric
diseases (Hermann and Demiralp 2005; Konradi et al. 2011;Heckers and Konradi 2015).
Altogether, the study of PV-containing interneurons in hippocampus could be interesting

in FAIM-KO to unravel factors that boost seizure development in FAIM-KO.

B6.129 FAIM-KO contained a similar number of PV-positive interneurons in
hippocampus than B6 WT, except in CA3 at 6 months. At this age, an increase in this

interneuron population was observed. This rise may be a compensatory inhibitory
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mechanism to regulate neuronal overexcitation or loss of inhibition (Palop et al. 2007).
The absence of PV-containing interneurons loss in B6.129 FAIM-KO with seizures could
be due to the lack of prolonged seizures in these mice (Dingledine et al. 2014; Zaistev
2017). Interestingly, an increase in hippocampal PV-positive interneurons has also been

reported in autism (Lawrence et al. 2010).

Calretinin-positive interneurons are another relevant population to evaluate in B6.129
FAIM-KO hippocampus. This GABAergic population connects mainly with calbindin- and
VIP containing interneurons (Gulyds et al. 1996) and is highly sensitive to die by
excitotoxic insults (Freund and Magloczky 1993; T6th and Magléczky 2014). In B6.129
FAIM-KO mice, we observed a decrease of CR-positive interneurons in CA3 at 2 and 8
months old. This result is in concordance with the decrease of this population observed
in neurodegenerative diseases (Palop and Mucke 2016; Zallo et al. 2018) and epilepsy
(Toth et al. 2010; Téth and Magloczky 2014; Zaistev et al 2017). The decline in CR-
positive interneurons in FAIM-KO mice may contribute to their seizure susceptibility.

The study of PV- and CR-containing interneurons density in hippocampus was
performed with B6.129 FAIM-KO and B6 WT. Therefore, it could be convenient to

corroborate these results with control littermates and in other strain.

Role of FAIM1 in synaptic proteins regulation in hippocampus

Apoptotic proteins have a relevant role in synaptic transmission and plasticity, pointing
to a possible function in the regulation of synaptic proteins (Hyman and Yuan 2012;
Sheng and Ertirk 2014; Unsain and Barker 2015; Hollvile and Deshmukh 2018;
Mukherjee and Williams 2017). Thus, caspase-3, XIAP and FAIM-L modulate, indirectly,
GIuA2 internalization during LTD process (Li et al. 2010; Jiao and Li 2011; Gibon et al.
2016; Martinez-Marmol et al. 2016) and apoptotic proteins contribute to synaptic
refinement in neuronal processes (Mattson and Duan 1999; Glantz et al. 2006; Williams
et al. 2006; Erturk et al. 2014; Unsain and Baker 2015; Gibon et al. 2016; Guo et al.
2016). Caspases are implicated in AMPAR degradation during trophic factor withdrawal
(Glazner et al. 2000) and the increase in caspase-3 levels is related with memory
impairment, decrease in synaptic density and alteration in synaptic transmission
(D’Amelio et al. 2010). Indeed, apoptotic machinery is implicated in synaptic dysfunction
(Mattson and Duan 1999).

Otherwise, alterations in synaptic proteins are related with seizure onset (Noebels 2015;
Fukata and Fukata 2017; Patel et al. 2019). Mutations in synaptic proteins such as

voltage-gated ion channels, GABA receptors and some presynaptic proteins, among
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others have been described in epilepsy patients (Galanopoulou 2010; Casillas-Espinosa
et al. 2012; Van Liefferinge et al. 2013; Stafstrom and Carmant 2015). Likewise, deletion
or mutation in Syn (Gitler et al. 2004; Etholm et al. 2012), Scnla (Yu et al. 2006) or
Scn2a (Manno et al. 2011) in mice leads to epilepsy.

Owing to this background, we considered relevant to analyse possible changes in
hippocampal levels of some synaptic proteins in young (3 months old), adulthood (6
months old) and middle-aged (12 months old) B6.129 FAIM-KO mice. B6 WT and B6.129
FAIM-KO mice did not exhibit significant differences in most proteins analysed. However,
vGLUT1 at 3 months old, and SNAP25 at 6 months old were significantly upregulated in
B6.129 FAIM-KO mice.

SNAP25 is a presynaptic protein involved in SNARE formation, thus this protein
participates in vesicular exocytosis process and neurotransmitter release (Oyler et al.
1989; Seagar and Takahashi 1998; Tafoya et al. 2006). This protein is also required for
LTP (Roberts et al. 1998; Irfan et al. 2019) and dendritic refiniment and axonal growth
(Grosse et al. 1999). Moreover, SNAP25 has been associated with cognitive ability
(Gosso et al. 2006), and alterations in its expression and post-translational modifications
have been reported in several neurological diseases (Noor and Zahid 2017).
Interestingly, mutations in SNAP25 have been observed in patients with epilepsy
(Rohena et al. 2013) and heterozygous SNAP25 mice are more susceptible to KA-
induced seizures and exhibit epileptiform discharges (Corradini et al. 2014). In
correlation with that, rats injected with KA (Zhang et al. 2014) or genetically susceptible
to audiogenic seizures (Chernigovskaya et al. 2015) have decreased SNAP25
expression. However, this protein is upregulated in schizophrenia (Thompson et al. 1998;
Barakauskas et al. 2016; Noor and Zahid 2017) and in a model of infantile seizures
(Wang et al. 2014). The increase in SNAP25 levels is related with the enhancement of
glutamatergic transmission and has been observed during LTP (Roberts et al. 1998).
Owing to the role of SNAP25, its upregulation in 6-month-old B6.129 FAIM-KO may
implicate alterations in glutamatergic transmission, LTP, and memory. Moreover, this
alteration may promote neuronal hyperexcitability, contributing to seizure susceptibility
in B6.129 FAIM-KO at this age.

VvGLUTSs, are involved in the reuptake of cytosol glutamate into synaptic vesicles. There
are three types of these vesicular transporters: vGLUT1, vGLUT2 and vGLUT3. These
proteins are implicated in in modulation of glutamatergic neurotransmission efficiency
and presynaptic plasticity (Fremeau et al. 2004; Wilson et al. 2005; Takamori 2006).

Some studies have shown a deregulation in the levels of vGLUTSs in hippocampus of
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TLE patients (Alonso-Nanclares and DeFelipe 2005; Van Der Hel et al. 2009), whereas
Van Liefferinge et al. (2013) did not observe changes in these vesicular transporters.
Although deletion of vGLUT2 is related with seizure susceptibility (Schallier et al. 2009;
Van Liefferinge et al. 2013), an increase in its expression has been reported in rats
genetically prone to audiogenic seizures (Chernigovskaya et al. 2015). Interestingly,
vGLUTL1 is upregulated in response to subtoxic levels of NMDA (Ni et al. 1994; Fremeau
et al. 2004). The upregulation of vGLUT1 in 3-month-old B6.129 FAIM-KO mice could
modify the excitatory signalling.

The levels of these synaptic proteins have been evaluated in B6.129 FAIM-KO mice
compared to B6 WT. As we have indicated in previous experiments, to corroborate our
results it would be recommended to repeat them in FAIM-KO mice with another genetic

background and compare with suitable control littermates.

Role of apoptotic proteins in adult neurogenesis in SGZ and dendritic arborization

of granule hippocampal cells

The expression of several apoptotic proteins is modulated during neurodevelopment
(Hyman and Yuan 2012; Annis et al. 2016; Hollville et al. 2019). FAIM-L expression is
also modulated during CNS development (Segura et al. 2007) suggesting a hypothetical
role of this protein in neuronal development during, at least, pre- and postnatal stages.
Moreover, FAIM-S is implicated in neurite outgrowth (Sole et al. 2004; Coccia et al.
2017). Other apoptotic proteins such as Bcl-2 (Oh et al, 1996; Zhang et al, 1996), TNF
(Gavalda et al. 2009), Fas (Desbarats et al. 2003; Zuliani et al. 2006) and caspase-3
(Westhpal et al. 2010) are also involved in neurite remodelling. It is interesting to note
that some pro- and anti-apoptotic proteins such as Fas, Bcl-2 family proteins and JNK
regulate adult neurogenesis, modulating apoptosis of different populations (NSCs,
neuroblasts and mature neurons) and remedying neuronal migration (Corsini et al. 2009;
Sun et al. 2004; Kim et al. 2009; Bunk et al. 2010; Malone et al. 2012; Myers et al. 2013).
Different knockout or transgenic models of apoptotic proteins such as Jnk and Bax
knockout exhibit alterations in hippocampal neurogenesis and dendritic arborization (Sun
et al. 2004; Myers et al. 2013; Castro-Torres et al. 2019). Furthermore, as it has
previously noticed, apoptotic machinery is implicated in synaptic and dendritic loss
(Glantz et al. 2006; Ertirk et al. 2014; Unsain and Baker 2015). Altogether, these studies
involve apoptotic proteins in neurogenesis and dendritic refinement in adult and

neurodevelopmental stages.
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Alterations in hippocampal neurogenesis and dendritic arborization could be a trigger of
seizure development (Parent 2002; Kron et al. 2010; Cho et al. 2015). Aberrant
neurogenesis has been observed in genetic seizure models such as Syn knockout
(Barbieri et al. 2018) and Pten mutant mice (Kwon et al. 2006; Amiri et al. 2012; Pun et
al. 2012); previously to seizure onset. Moreover, Dab1l deletion leads to ectopic immature
neurons localization and hilar dendrites formation (Teixeira et al. 2012; Korn et al. 2016).
Moreover, Cntnp2 knockout mice, an autism model with seizures, present neuronal
migration abnormalities before seizures onset (Pefiagarikano et al. 2011; Anderson et
al. 2012). Likewise, aberrant neurogenesis is related with cognitive and learning
impairment and has been observed in neurodegenerative diseases such as AD,
psychiatric disorders and diabetes (Kvajo et al. 2011; Ming and Song 2011; Cho et al.
2015; Kang et al. 2016; Apple et al. 2017).

We hypothesized that B6.129* FAIM-KO mice at 2 months old could show changes in
hippocampal neurogenesis and in dendritic tree. B6.129* FAIM-KO did not show
alterations in hippocampal neurogenesis. We neither observed changes in dendrite
complexity, dendrite length of immature neurons and localization of immature neurons in
SGZ in 2-month-old B6.129* FAIM-KO, compared with their age-matched control
littermates. However, these mice exhibited greater number of primary dendrites, but not
in total branches, in mature granule cells of DG. These results suggest a role of FAIM1
in regulation of some aspects of dendritic arborization. Unfortunately, alterations in
neurogenesis seem not be the unleashing factor of seizure susceptibility in FAIM-KO.
For that, more studies are necessary to identify the possible causes of seizure
susceptibility in these mice. The study of neurogenesis during development could also

be interesting in FAIM-KO mice.

Behavioural alterations in FAIM-KO

Understanding of the behavioural phenotype of the strain in which the knockout mouse
was generated and the use of adequate controls is key to avoid overinterpretation of the
mutant phenotype, owing to changes in behaviour have been observed among strains
and substrains (Thompson 1953; Crawley et al. 1997; Bouwknecht and Paylor 2002;
Cook et al. 2002; Kalueff and Tuohimaa 2004; Lad et al. 2010; Matsuo et al. 2010). The
most widely strains used 129sv and C57BL/6 exhibit differences in anxiety, locomotion
and memory in some tasks. Different studies have shown that 129sv mice are hypoactive
and more anxious compared to C57BL/6 mice (Crawley et al. 1997; Homanics et al.
1999; Bouwknecht and Paylor 2002; Rodgers et al. 2002; Kalueff and Tuohimaa 2004).
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The environment is a other relevant element in behavioural studies (Crabbe et al. 1999;
Lad et al. 2010). Prenatal, postnatal, preweaning, nutritional, husbandry and physical
environment factors influence mouse behaviour (Crawley et al. 1997; Gingrich and Hen
2000; Meer and Raber 2005; Iso et al. 2007). Likewise, aggressivity is facilitated by the
presence of an adult mouse in the cage of a postnatal mice (Maxson and Canastar 2003).
Learning and memory are also modulated by environmental factors. The cognitive
functions are improved in animals exposed to an EE in the postnatal period respect to

those mice housed in an impoverished environment (Iso et al. 2007).

Age is also a factor to consider in this kind of studies (Ingram and Jucker 1999). Several
studies have observed age-dependent changes in locomotion, memory and social
interaction in C57BL/6 (Barreto et al. 2010; Shoji et al. 2016; Shoji and Miyakawa 2019).
These age-dependent changes have mainly been reported between young (2-3 months
old) and aged (more than 18 months old) mice (Barreto et al. 2010; Shoji and Miyakawa
2019). Otherwise, Boyer et al. 2019 did not observe changes in locomotion, memory
tasks and nesting behaviour between 3-month-old and 9-month-old C57BL/6 mice. In
concordance with that, we observed similar behaviour of 3-month-old and 6-month-old
B6 WT mice in most tests performed. Owing to that, both ages were grouped in some

behavioural tasks.

Behavioural alterations in different tasks have been observed in neurological diseases
and genetic mouse models. We evaluated the physical, emotional and cognitive
dimensions, that allowed us to distinguish genotype- and age-dependent effects. Thus,
even in 3-month-old B6.129 FAIM-KO animals, we observed an altered behavioral. The
hyperactivity observed in 3-month-old B6.129 FAIM-KO mice, with exacerbation of both
horizontal and vertical activities, was also observed at 6- and 12-month-old B6.129
FAIM-KO, being more pronounced in middle-aged animals. This increased activity in
B6.129 FAIM-KO mice suggests a possible role of FAIM1 in locomotor activity regulation.
Alterations in locomotor activity have been related with aberrant dopaminergic signaling
(Accili et al. 1996; Giros et al. 1996; Cabib et al. 2002; Takeda et al. 2016). Hyperactivity
has also been observed in different animal models with seizure susceptibility (Mulle et
al. 1998; Pefiagarikano et al. 2011; Kiselycznyk et al. 2012; Zhang et al. 2014). Although
the B6.129 FAIM-KO mice probably have a remains percentage of 129 genetic
background compared to inbred C57BL/6 controls, 129 mice exhibit less active than
C57BL/6 (Bouwknecht and Paylor 2002; Rodgers et al. 2002). Therefore, the increase
of locomotor activity observed in B6.129 FAIM-KO mice is probably associated with

Faim1 deletion and not with differences in genetic background between both genotypes.
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Moreover, B6.129 FAIM-KO of all ages presented a delayed grooming, a behavior
intrinsically related to emotional reactivity and locomotor activity (Kalueff et al. 2016).
This decrease in grooming events have been observed in AD mouse models but, in these
cases, it is accompanied by a low motor activity (Kalueff et al, 2016). We have to be
cautious in associating the absence of FAIM1 with changes in grooming, because a
shorter latency of grooming onset has been reported in C57BL/6 mice compared to 129
mice (Kalueff and Tuohimaa 2004). However, Kalueff and Tuohimaa (2004) did not
evaluated the grooming in the OF test conditions. Hence, we cannot discard the
alteration in grooming observed in the B6.129 FAIM-KO mouse could be attributable to
its percentage of 129 genetic background, compared with B6 WT mice, and not a

consequence of Faim1 deletion.

The cognitive tests confirmed the hyperactivity patterns and, most importantly, changes
in the intensity of behaviour, which have been closely correlated to hippocampal theta
activity (Lat 1973). At older ages, B6.129 FAIM-KO mice showed low habituation rates
and perseverance of hyperactivity in the repeated OF and OR test. Moreover, B6.129
FAIM-KO mice at 6 and 12 months old showed learning and memory impairment,
cognitive alterations that have also been observed in patients with epilepsy (Arend et al.
2018) and epileptic animal models (Rutten et al. 2002). However, convulsions were not
observed in all 6-month-old and 12-month-old B6.129 FAIM-KO mice analysed, therefore
cognitive alterations observed in B6.129 FAIM-KO mice are probably not related with the
epileptic phenotype. Epigenetic effects, synaptic remodeling and metabolic factors, have
also been postulated to, indirectly, contribute to cognitive dysfunctions (Bell et al. 2011,
Valcarcel-Ares et al. 2019). Moreover, the Fas deletion in hippocampus impairs working
memory (Corsini et al. 2009). In this sense, metabolic alterations observed in B6.129
FAIM-KO (Huo et al. 2016) could promote hippocampus dysfunctions that may underlie
to these cognitive deficits. Cognitive alterations observed in B6.129 FAIM-KO mice may
be due to differences in genetic background between B6.129 FAIM-KO and B6 WT mice.
However, owing that strain-dependent changes in learning and memory have been
observed only in some tests such as Morris water maze (Wehner and Silva 1996;
Crawley et al. 1997; Rivera and Tessarollo 2008), and have not been described in OR
and OF test, it is possible that the tasks performed in this test are not strain-dependent.
Moreover, FAIM-L regulates synaptic transmission and participates in LTD (Martinez-
Marmol et al. 2016), a process related with memory consolidation. Therefore, we cannot

discard a role of FAIML1 in cognitive processes.

Social behavior is an important process in survival and healthiness. In different

neurological diseases such as autism, social interactions are altered (Kennedy and
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Adolphs 2012). At 3 months of age, B6.129 FAIM-KO mice already showed alterations
in social behaviour. These mice exhibited an increase of social contacts in dyads with
age-matched B6 WT mice. The increase in the social interactions performed by B6.129
FAIM-KO is maintained at 6 months old. Aberrant social behaviour has been observed
in other animal models with seizures, such as Fmrl knockout (Spencer et al. 2005; Ding
et al. 2014), conditional deleting MeCP2 mouse (Chao et al. 2010), caspase-3 knockout
(Lo et al. 2015; Lo et al. 2016) Oxtr knockout (Sala et al. 2011) and Syn knockout
(Michetti et al. 2017) mice. B6.129 FAIM-KO mice also showed barbering-induced
alopecia, an abnormal behaviour only observed in laboratory conditions that has been
hypothesized in control mice to be a result of alteration in cortico-striatal loop induced by
the unnatural environment (Garner et al. 2004; Dufour and Garner 2010). Other authors
suggest that dominant mouse trim fur or whiskers of the recipient mouse (the Dalila
effect) (Sarna et al. 2000; Kalueff et al. 2006; Torres-Lista and Giménez-Llort 2019). An
increase in hair-plucking behaviour has been also reported in Hoxb8 knockout mice
(Greer and Capecchi 2002; Dufour and Garner 2010). The absence of whiskers in mice
by barbering has been reported to modify the C57BL/6N mouse response in some
behaviour tests (Tur and Belozertseva 2018). Therefore, if we repeat these batteries of
tests it could be convenient to discard animals without whiskers to ensure that the effect
observed is due to Faiml deletion. These results support a role of FAIM1 in social

behaviour.

Nesting behavior, an innate ethological behavior that involves executive functions, was
found impaired in B6.129 FAIM-KO mice, in greater manner at 3 and 6 months old. The
impairment in nest-building has been observed in animal models of epilepsy (Kwon et
al. 2006) AD (Torres-Lista and Giménez-Llort 2013) and autism (Pefiagarikano et al.
2011). This behaviour is a relevant parameter to home-cage behaviour and could be
mediated by dopaminergic signalling in mice (Szczypka et al. 2001; Eban-Rothschild et
al. 2016). Moreover, hippocampal malfunctions and memory impairment are related with
nesting impairment, suggesting a role of hippocampus in nesting behaviour (Wesson
and Wilson 2011; Jirkof 2014). This region could be implicated in nest building by its role
in spatial memory, orientation and nest-like structures recognition (Deacon et al. 2002;
Jirkof 2014). Alterations in hippocampus or dopaminergic neurons may be related with
the nesting impairment in B6.129 FAIM-KO. These issues are prone to further study in
FAIM-KO mice.

Interestingly, GIuR6 knockout mice, MeCP2 mutant mice and Fmrl knockout mice,
models which show an epileptic phenotype, exhibit similar behavioural alterations than
FAIM-KO mice (Mulle et al. 1998; Peier et al. 2000; Chao et al. 2010). GIuR6 knockout
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mice, a model with seizure susceptibility, are also more active in multiple tests and exhibit
less anxious-like behaviour and aggressiveness (Mulle et al. 1998). The conditional
deletion of MeCP2 in X-chromosome in mouse is used as a model of Rett syndrome,
that is characterized by autistic behaviour, seizures and motor alterations. Several
conditional MeCP2 mice have been generated. These mice show cognitive impairment
(Adachi et al. 2009; Chao et al. 2010), an increase in social interactions (Gemelli et al.
2006; Chao et al. 2010), same as we have reported here in B6.129 FAIM-KO mice.
However, conditional deleting MeCP2 mice exhibit anxiety-like behaviours (Gemelli et al.
2006; Adachi et al, 2009). Another noteworthy model is Fmr1 knockout mice. These mice
exhibit hyperactivity, increase exploratory activity and non-anxiogenic behaviour in the
OF (Peier et al. 2000; Spencer et al. 2005; Santos et al. 2014) and cognitive deficits in
Barnes maze and radial arm maze (Guo et al. 2012; Santos et al. 2014). Moreover, Fmrl
knockout mice are more prone to interact than their controls (Spencer et al. 2005; Ding
et al. 2014).

Altogether, B6.129 FAIM-KO mice exhibited alterations in locomotor activity, cognitive
functions, nesting behaviour and social interactions and these changes are more
pronounced at 12 months old. This suggests a low capacity of 12-month-old B6.129
FAIM-KO mice to hamper brain alterations. Apparently, motor responses, social
interaction and executive functions may be more sensitive to Faim1 deletion, whereas
limbic-dependent emotional and cognitive functions are apparently age-related. We have
to evaluate with caution these results, owing to absence of 12-month-old control mice.
We could also be cautious doing correlations between a specific behavioural and FAIM1
absence, due to B6.129 FAIM-KO and B6 WT were not littermates and it is possible that
both genotypes exhibit behavioural differences due to their background.

In summary, FAIM-KO mice show sensory-induced seizure susceptibility that is age-
dependent, but with a low and variable penetrance, and deficits is some behavioural
tasks. FAIM-KO mice with seizures exhibit typical molecular and histological alterations
observed in epileptic brains. However, FAIM-KO do not exhibit neuroinflammation and,
apparently, do not have cell death or relevant anatomical alterations. Although we have
observed alterations in some synaptic proteins, number of primary dendrites,
interneurons populations and glial cells in FAIM-KO mice; these changes are subtle, and
it is possible that are not enough to explain the epileptic phenotype in FAIM-KO mice. To
unravel the functions of FAIM1 in the central nervous system and the hidden

mechanisms implicated in the suggested role in seizure susceptibility, new experiments
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focalized in FAIM1 functions in synaptic transmission will be necessary. Moreover,
studies with appropriated controls and pure background are necessary to corroborate
some of the findings exposed in this work and to clearly unmask FAIM1 functions in
brain. Finally, if the suggested role of Faiml deletion in seizure susceptibility is
confirmed, FAIM-KO mice could postulate as a new interesting model to study the down-
stream bases of recurrent seizures and the development of preventive and/or therapeutic

strategies against this neurological disease.
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Future perspectives

The absence of robust anatomical and molecular alterations in FAIM-KO mice may be a
result of compensatory mechanisms that underlie to constitutive Faiml deletion.
Specifically, XIAP, a potent anti-apoptotic protein, may compensate Faiml deletion. In
fact, we know that FAIM-L effects in nervous system are mediated by stabilization of
XIAP. Moreover, other knockout murine models of anti-apoptotic proteins such as Xiap,
clapl and clap2 knockout do not show exacerbated anatomical or histological brain
alterations in basal conditions (Silke and Vaux 2015). A model of conditional Faiml1
deletion could provide relevant information about FAIM1 functions and evade the
possible compensatory mechanisms. Moreover, a specific knockout mouse for FAIM-L
could be an interesting approach due to the exclusively neuronal expression of FAIM-L
in brain. In this sense, we are generated FAIM-L-silencing and overexpression adeno-
associated virus (AAV), that are an attractive tool to evaluate, specifically and temporally,
FAIM-L function in brain.

FAIM-L was related with the response to TNFa in brain. FAIM-L-deficient neurons show
TNFa-induced apoptosis (Segura et al. 2007). Moreover, AR downregulates FAIM-L
expression (Carriba et al. 2015). The exposure of FAIM-KO mice TNFa or AB, insults
that modulate the inflammatory response, could provide more information about the
effect of FAIM1 on TNFa and A signaling. In these models, we will expect to observe
an increase of inflammation and/or neuronal death, based on the functions of FAIM-L
(Segura et al. 2007; Carriba et al. 2015) and the recent described role of FAIM-S and
FAIM-L as modulators of protein aggregation (Kaku and Rothstein 2019). FAIM-L is also
implicated in neuronal transmission and synaptic plasticity (Martinez-Marmol et al. 2016)
and TNFa and A are also modulators of these functions (Beattie et al, 2002; Palop and
Mucke 2009) therefore, the absence of FAIM1 could modulate the effect of TNFa in
synaptic transmission and aggravates AB-induced impairments. Other noteworthy
approach could be silencing FAIM-L expression in APP/PS1 or APP mice, AD models in
which FAIM-L levels are downregulated in later stages, through FAIM-L-silencing AAV
injection or crossing with FAIM-KO. Moreover, to corroborate the role of FAIM-L in AD
pathology (Carriba et al. 2015), FAIM-L could be overexpressed in APP or APP/PS1
mice to evaluate if the recovery of normal FAIM-L levels is able to prevent cell death and

other alterations observed in these mice.

We have suggested in this work that FAIM-KO show induced seizures susceptibility.
Epileptogenesis is due to a disbalance in inhibitory/ excitatory and different factors have

been postulated to promote it (Bozzi et al. 2012; Goldberg and Coulter 2013; Noebels
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2015; Staley 2015; Korn et al. 2016; Persike et al. 2018). The deregulation on
excitation/inhibition by apoptotic proteins could be triggered through alterations of AMPA
and NMDA receptors trafficking, GLUT-1 activity, neurogenesis, dendritic arborization,
metabolism of glucose or neuroinflammation (Beattie et al. 2002; Giménez-Cassina et
al. 2012; Balosso et al. 2013; Tzeng et al. 2013; Patel et al. 2017).

In the nervous system, the isoform FAIM-S is implicated in neurite outgrowth (Sole et al.
2004), although our studies suggest that FAIM-KO exhibit a normal dendrite
development in hippocampal granule cells. It could be interesting to evaluate dendritic
arborization in other time points after injection of retroviral vector, since we only
evaluated this parameter 8 weeks after injection and other authors have showed
changes in dendritic complexity 2- and/or 4 weeks after the retrovirus injection (Guo et
al, 2012; Teixeira et al. 2012). Additionally, it could be interesting to analyse alterations
in dendritic arborization of other neurons such as pyramidal neurons in hippocampus or
cortex. Although we have not observed alterations in neurogenesis in non-epileptic
FAIM-KO mice, could be interesting to evaluate these parameters exhaustively in other
ages, such as postnatal period and aged mice, and to study neurons in different stages
of differentiation. Concerning to that, Guo et al. (2012) observed that although Fmrl
knockout do not show changes in newly generated cells, they exhibit an increase in
NSCs differentiation to astrocytes, in detriment to neurons. In that context, the study of

BrdU/NeuN positive cells in FAIM-KO mice could be interesting.

Owing to FAIM-L is implicated in synaptic transmission and NMDA-dependent LTD
(Martinez-Marmol et al. 2016), these processes could be altered in FAIM-KO. To unravel
these questions, LTD and basal transmission could be evaluated in neuronal primary
culture of deficient-FAIM1 neurons and in FAIM-KO in hippocampal slices or in vivo.
Moreover, other electrophysiological studies could be performed. In some animal models
that exhibit seizures, changes in mIPSCs currents (Corradi et al. 2008; Olmos-Serrano
et al. 2010), and not only in mEPSCs, have been reported. Therefore, inhibitory
transmission could be also be analysed in FAIM-KO. Moreover, although we have not
observed non-spontaneous convulsions in FAIM-KO, EEG recordings could be

performed to evaluate non-convulsive epileptiform activity in these mice.

To evaluate a possible alteration in balance excitatory and inhibitory in FAIM-KO mice,
we could analyse VGAT and vGLUT ratio in hippocampal neurons. These proteins are
GABA and glutamate transporters, respectively, and their deregulation could be used as
a marker of GABAergic and glutamatergic synapses. The ratio in inhibitory/excitatory

synapses was founded deregulated in Oxtr knockout mice (Sala et al. 2011). Even
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though, we have evaluated in this work a wide battery of synaptic proteins, the levels of
other important synaptic proteins could be analysed such as AMPA, NMDA or GABA
receptors.

To analyse seizure susceptibility in FAIM-KO mice could be convenient use other
procedure less influenced by environment factors than handling. Drugs-induced seizures
could be a good approach. We have considered to evaluate seizure susceptibility in

these mice using consecutives dose of KA (8 mg/kg) or lower dose of PTZ (30-40 mg/kg).

FAIM-S also regulates the glucose metabolism and insulin signalling (Huo et al. 2016;
Xiao et al. 2019). Alterations in glucose transporters are related with epileptogenesis and
deletion of Bad, a pro-apoptotic protein that is also implicated in metabolism, induces
seizures susceptibility (Giménez-Cassina et al. 2012). In addition, insulin pathways are
related with memory and learning and are relevant in hippocampal functions. Therefore,
studies in expression of glucose transporters and insulin signalling in FAIM-KO brain

could provide interesting data.

Epilepsy is associated with other pathologies such as autism (Sundelin et al. 2016;
Besag 2018), AD (Vélez and Selwa 2003; Mucke and Palop 2009; Vossel et al. 2013;
Vossel et al. 2017) and attention deficit hyperactivity disorder (Chou et al. 2013). Related
to AD, our lab described that levels of FAIM-L are modulated by the AB oligomers and
are reduced during the progression of AD (Carriba et al. 2015), suggesting a potential
role of FAIM-L in this pathology. As we have discussed above, different approaches
could be performed in that direction. Regarding autism, Fmrl knockout and Cntnp2
knockout mice, models that reproduce ASD symptoms, exhibit features in common with
FAIM-KO mice such as epileptic seizures and hyperactivity (Musumeci et al. 2000; El
Idrissi et al. 2005; Westmark et al, 2008; Pefiagarikano et al. 2011; Anderson et al. 2012;
Ding et al. 2014). The analysis of molecular and behavioural alterations observed in mice
models of autism in FAIM-KO mice could be interesting to resolve some guestions about
FAIM1 functions. Otherwise, FAIM-KO mice show hyperactivity, a characteristic
observed in mouse model of attention deficit hyperactivity disorder. Specific behavioural

studies could be performed to study possible attentional deficits in FAIM-KO mice.

Based on the results of this thesis, FAIM-KO may exhibit alterations in some behaviours,
remarkably, these mice may show cognitive impairment. The analysis in depth of
learning and memory tasks using other approximations such as Barnes maze or Morris
water maze, in addition to object recognition test and open field, could report other

relevant data about FAIM1 functions.
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Deletion of Faim1, and more specifically of the long isoform, in other genetic background
could elucidate some confounding effects observed in this thesis. The Rothstein’s lab
has generated the FAIM-KO in a the substrain C57BL/6N. Therefore, it could be
attractive to carry out a neuronal characterization in those mice either. Moreover, our
laboratory is now focused in the generation of a FAIM-L knockout mice with the
CRISPR/Cas9 system. This model will provide a tool to study the specific effect of FAIM-
L in the nervous system. We have concentrated in this isoform because we hypothesize
that it could have a more relevant role in neuronal functions due to its higher expression
compared to FAIM-S in neurons, its interaction with XIAP and the important brain
functions in which has been implicated in previous studies carried out in our laboratory
(Segura et al. 2007; Moubarak et al. 2013; Carriba et al. 2015; Martinez-Marmol et al.
2016).

Other relevant experiment could be a RNA-Seq or whole transcriptome shotgun
sequencing analysis of FAIM-KO mice vs. WT littermates. This tool could provide us
information about changes in the expression of different genes, allowing to perform more
selective studies. In addition, a detail study of FAIM-L expression in heuronal populations

could be useful to analyse alterations in specific neurons and cerebral regions.

Exciting experiments related with FAIM1 function and its role in different neurological
diseases could be performed. If the outcomes of this work are corroborated,
accompanied to the previous studies, FAIM1 could be postulated as a promising protein

in the normal and pathological brain functioning.
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10.

11.

B6.129 Mice lacking Faim are susceptible to cage transference- and handling-
induced seizures in age-dependent manner and show fast recovery after convulsive

seizures

B6.129* FAIM-KO mice seem to be less sensitive to seizure induction than B6.129

FAIM-KO mice, after handling or home-cage moving.

The percentage of 129 genetic background of the strain used, the genetic drift, the
effect of flanking genes and/or environmental factors could explain the changes in
seizures susceptibility between B6.129 and B6.129* FAIM-KO.

B6.129 FAIM-KO mice with seizures show some hippocampal alterations associated
with epilepsy, such as increase of c-fos expression in hippocampal granular and

pyramidal layers, ectopic NPY and neurogenesis increase.

The seizure severity and mortality in response to intraperitoneal administration of
PTZ in a dose of 50 mg/kg seem not to be exacerbated by Faim deletion (B6.129*
FAIM-KO).

B6.129 FAIM-KO have normal brain morphology and do not show apparent neuronal
death.

B6.129 FAIM-KO do not show neuroinflammation but have less glial cells density in

hippocampus

The mRNA expression of XIAP, an anti-apoptotic protein, and Fas, a pro-apoptotic
protein, are downregulated in the hippocampus of B6.129 middle-aged FAIM-KO

mice.

The levels of SNAP25 and vGLUT1 are upregulated in the hippocampus of B6.129
FAIM-KO mice, but not in all ages.

B6.129 FAIM-KO mice exhibit behavioural alterations such as hyperactivity, cognitive

impairment, more social interactions, barbering and impairment in nesting behaviour.

The role of FAIM1 in seizure susceptible, behavioural alterations and cellular and
molecular changes in FAIM-KO mice needs to be confirmed in a pure genetic

background and with suitable littermate controls.
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ANNEX 1. Data of behavioural test

WT FAIM-KO 3 FAIM-KO 6 FAIM-KO 12
Corner test (CT)
Total number of (n)
- Corners 9.3+4.0 17.0 £ 4.7 # x> 15.5+10.0 #* 52+7.1
- Rearings 31+46 42+29% 42+25% 1.1+16
Latency of rearing (s) 21.1+8.5 11.7+10.5* 15.6 + 9.9 24.1 + 3.3
Open field 1 (OF1)
Latency of an event (s)
- Exit to centre 19+15 2413 7.6+11.2 22.4 + 48.6
- Entrance to periphery 3.7+27 5.2+33 9.1+115 26.2 +£50.2
- Rearing 46.8 £ 66.0 58.2+49.5 27.4+149 61.5+90.3
- Grooming 153.7 £ 65.6 229.3+758* 264.4 £ 63.0 ** 251.1 £ 90.7***
Number of crossings (n)
Min 1 35.0+11.1 494+17.1 455+ 255 50.5+51.2
Min 2 19.1+8.4 30.2 £ 16.8* 445 £ 12.4 *** 45,5 £ 21.8 ***
Min 3 18.5+6.7 37.5 + 14.6%** 35.5 + 20.4** 51.5 + 25.3 ***
Min 4 23.1+95 322+11.0* 33.2+13.7* 48.2 + 23.4 **
Min 5 25974 30.2+155 29.6 +18.3 42.5 + 20.6**
Total in the 5 min 121.7 + 26.3 179.6 + 64.5 ** 188.4 + 66.6** 238.3 + 95.1 ***
Actimetry
Number of crossings (n)
Min 1 8.3+28 8.2+34 11.0+6.1 12.0 £ 3.58%*
Min 2 31+1.2 59+2.6* 47+28 54 +23*
Min 3 19+1.0 3.7£29* 4.7 £2.8* 5.1+22%**
Min 4 24+15 3.9+£37 47+3.1* 28+18
Min 5 24+13 39+23 41+31 27+1.2
Total in the 5 min 18.2+4.3 256 +12.7* 29.4 +13.8 ** 28.1 + 7.9%**
Total in the 15 min 45.1 + 10.2 44.4 + 24.3 55.5+22.5 42.6 +17.7
Repeated open-field (OF2)
Number of crossings (n)
Min 1 17.2+10.5 245+8.6 39.9+£20.2* 53.9 + 27.4 # %
Min 2 100+7.4 13.0+6.8 16.1+15.8 26.4+223*
Min 3 11.6£6.7 155+11.2 179+6.7* 25.6 +£13.9 **
Min 4 15.4+85 18.7+16.1 17.9+14.2 26.7+21.4
Min 5 12.7+8.2 20.4+6.3* 17.6 +13.5 21.4+10.6*
Total in the 5 min 62.7 + 28.9 92.1+34.0* 109.4 + 56.8 * 154.0 £ 77.0 ***
Object recognition (OR)
Latency of exploration (s) 54.1 +£90.0 57+5.4 39+54 48+3.2
Exploratory efficiency (s) 5.1+3.0 18.0 £ 8.4 *** 14.0 £ 7.1 ** 15.6 £ 9.5 ***
Familiar object (s) 26+26 42+35 11.6 £ 5.6 3+ 9.7 £ 6.2 ***
New object (s) 39+4.0 6.7+4.7 11.0 £ 4.7 *** 11.2 £9.5*
ORi (%) 64.1 + 23.9 62.6 + 11.8 48.6 + 12.5 51.8 + 10.2
T-maze
Latency to position (s) 28+1.1 19+11 1.4+0.9 27+3.0
Latency to intersection (s) 53+25 40+2.6 34+1.6 7.1+£6.0
Exploratory efficiency (s) 21.4+10.5 26.2+8.4 326+32.1 31.4+26.7
Number of errors (n) 0.4+0.8 14+13* 0.9+0.8 09+1.6
Nesting
Latency of an event (s)
- To acquire right position 18+12 15+14 21+1.9 15+13
- To touch the tissue 44+25 6.0£3.5 40+1.9 36+21
- To walk on the tissue 7.1+3.6 8.6+3.5 75+5.0 40+24*
Nesting score 27+04 1.6 £0.7 *** 1.0 £ 0.0 *** 20+£1.1%*

Table 13. Behavioural correlations between WT and FAIM-KO mice. Dates of average and
SEM of all parameters analysed in the different behavioural test performed. Ori: Object
recognition index (*) vs WT, (¥) vs FAIM-KO 12, (¥) vs FAIM-KO 3 and (%) vs FAIM-KO 6. * p-value
< 0.05, ** p-value < 0.01 and *** p-value < 0.001; # p-value < 0.05; ¢ p-value < 0.05, & p-value <

0.05
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ANNEX 2. Electrophysiological studies in FAIM-KO mice

These studies were kindly performed by the laboratory of Dr. Delgado-Garcia and Dr.

Gruart (Division of Neurosciences, Pablo de Olavide University, Seville, Spain).
MATERIALS AND METHODS

Animals. B6.129 FAIM-KO and B6 WT at 7 months old were used (n = 8-18 mice per

experiment and genotype)

Surgery for electrode implantation. Animals were anesthetized with 0.8-3% halothane
delivered from a calibrated Fluotec 5 (Fluotec-Ohmeda, Tewksbury, MA, USA) vaporizer.
Bipolar stimulating electrodes were implanted at right dorsal Schaffer collaterals (2 mm
lateral and 1.5 mm posterior to bregma; depth from brain surface, 1.0-1.5 mm) whereas
the recording electrode was implanted at the ipsilateral CA1 area (1.2 mm lateral and
2.2 mm posterior to bregma; depth from brain surface, 1.0-1.5 mm) in these mice.
Electrodes were made of 50 um, Teflon-coated tungsten wire (Advent Research
Materials Ltd., Eynsham, England) (Gruart et al. 2006).

Recording stimulation and procedures. For input/output curves, mice were stimulated
at the CA3-CA1 synapse with single pulses at increasing intensities (0.02-0.4 mA). We
also checked the effects of paired pulses at different inter-pulse intervals (10, 20, 40,
100, 200, and 500 ms) while using intensities corresponding to ~ 40% of the amount
necessary to evoke a saturating response. Pair of pulses of a given intensity were
repeated > 10 times with time intervals > 30 s, to avoid interferences with slower short-

term potentiation (augmentation) or depression processes (Zucker and Regehr 2002).

For evoking long-term potentiation (LTP) in awake mice the procedures previously
described by Gruart et al. (2015) were followed. Field excitatory postsynaptic potential
(fEPSP) baseline values were collected 15 min prior to LTP induction using single 100
Ms, square, biphasic pulses. Pulse intensity was set at ~ 40% of the amount necessary
to evoke a maximum fEPSP response (0.15—-0.25 mA). For LTP induction, animals were
presented with a high frequency stimulation (HFS) protocol consisting of five 200 Hz,
100 ms trains of pulses at a rate of 1/s, repeated six times, at intervals of 1 min. Thus, a
total of 600 pulses were presented during the HFS session. To avoid evoking a large
population of spikes and/or the appearance of EEG seizures, the stimulus intensity
during HFS was set at the same value as that used for generating baseline recordings.
After each HFS session, the same single stimulus was presented every 20 s for 60
additional min and for 30 min the followings five days. fEPSPs and 1-volt rectangular

pulses were stored digitally on a computer through an analog/digital converter (CED
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1401 Plus, Cambridge, England). Data were analyzed off-line for quantification of fEPSP
recordings with the Spike 2 (CED) program. The slope of evoked fEPSPs was computed
as the first derivative (volts/s) of fEPSP recordings (volts). Five successive fEPSPs were

averaged, and the mean value of the slope during the rise-time period was determined.

RESULTS

FAIM-KO mice present lower activity-dependent synaptic strengths

First, we analysed in 7-month-old B6 WT and B6.129 FAIM-KO mice the response of
pyramidal CA1 neurons to pulses of increasing intensity (0.02-0.4 mA), presented to
ipsilateral Schaffer collaterals. B6 WT and B6.129 FAIM-KO mice showed sigmoid-like
increase in the slope of fEPSP evoked at the CA3-CAL synapse, suggesting a normal
functioning of this synapse in both groups. Although B6.129 FAIM-KO mice presented
slightly lower fEPSP values to intensities >0.2 mA than B6 WT mice, no significant
differences were observed between both genotypes (Figure 52A). In the analysis of
paired-pulse B6.129 FAIM-KO mice also presented a lower facilitation to paired pulses
than B6 WT animals at short (40 ms) inter-pulse intervals, albeit differences did not reach

statistical significance (Figure 52B).

The input/output curves and paired-pulse facilitation are an indirect measurement of
changes in the probability of neurotransmitter release at the presynaptic terminal (Gruart
et a, 2006; Gruart et al, 2015a; Gruart et al, 2015b; Lerma et al, 2015). The absence of
significant differences in these parameters between B6 WT and B6.129 FAIM-KO mice
suggests that B6.129 FAIM-KO mice do not display alteration in neurotransmitter

release, but other studies are necessary to elucidate it.

240



Annex

Reac &

Ground

Sch. \
— o3
w
A
129 o wr
@ FAIM-KO

fEPSP slope (mV/s)
(=]
-]
1

0.4 <
0.2
0.0 - : 1
0 0.1 0.2 0.3 0.4
Intensity (mA)
B S~
owr —+ / —Hh /
S 3007 7/ AN
s St1 stz | |
]
s 250 _
g = h lfff
a 200 Py
n
< 1507 .
=1
o,
= 100 0.5 m\.-']
% —
S0 M1 T 1 10
; 10 100 200 500 N
0-

Inter-stimulus interval (ms)

Figure 52. Input/output pulse and Paired pulse facilitation in B6.129 FAIM-KO mice. A.
Curve paired-pulse facilitation in B6.129 FAIM-KO and B6 WT. B. Curve input/output with two
stimuli of same intensity administrated in different intervals.

FAIM-KO mice slightly larger curves in LTP than WT

Finally, we carried out an in vivo LTP study in the two groups of mice. For baseline
values, animals were stimulated every 20 s for > 15 min at Schaffer collaterals. Animals
were presented then with the HFS protocol. Following HFS, the same single stimulus
used to generate baseline records was presented at the initial rate (3/min) for another 60
min. Recording sessions were repeated for four additional days (30 min each). Using this
HFS and recording protocols, the two groups of mice presented a significant LTP with
comparison to baseline values. In addition, the B6.129 FAIM-KO mice showed larger
LTP values than the B6 WT mice at selected moments during the first three post-HFS

recording sessions (Figure 53). The study of electrophysiological properties of
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hippocampal pyramidal synapses in B6.129 FAIM-KO animals showed larger values in

evoked LTP. These results suggest a better adaptability of hippocampal synapses to

activity-dependent changes in synaptic strength in 7-month-old B6.129 FAIM-KO mice

(Gruart et a, 2006; Gruart et al, 2015a). Moreover, we have studied
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Abstract

Fas Apoptosis Inhibitory Molecule (FAIM) is an evolutionarily highly conserved death recep-
tor antagonist, widely expressed and known to participate in physiological and pathological
processes. Two FAIM transcriptvariants have been characterized to date, namely FAIM
short (FAIM-S) and FAIM long (FAIM-L). FAIM-S is ubiquitously expressed and serves as
an anti-apoptotic protein in the immune system. Furthermore, in neurons, this isoform pro-
motes NGF-induced neurite outgrowth through NF-kB and ERK signaling. In contrast FAIM-
L is found only in neurons, where it exerts anti-apoptotic activity against several stimuli. In
addition to these two variants, in silico studies point to the existence of two additional iso-
forms, neither of which have been characterized to date. In this regard, here we confirm the
presence of these two additional FAIM isoforms in human fetal brain, fetal and adult testes,
and placenta tissues. We named them FAIM-S_2a and FAIM-L_2a since they have the
same sequence as FAIM-S and FAIM-L, but include exon 2a. PCR and western blot
revealed that FAIM-S_2a shows ubiquitous expression in all the tissues and cellular models
tested, while FAIM-L_2a is expressed exclusively in tissues of the nervous system. In addi-
tion, we found that, when overexpressed in non-neuronal cells, the splicing factor nSR100
induces the expression of the neuronal isoforms, thus identifying it as responsible for the
generation of FAIM-L and FAIM-L_2a. Functionally, FAIM-S_2a and FAIM-L_2a increased
neurite outgrowth in response to NGF stimulation in a neuronal model. This observation
thus, supports the notion that these two isoforms are involved in neuronal differentiation.
Furthermore, subcellular fractionation experiments revealed that, in contrast to FAIM-S and
FAIM-L, FAIM-S_2a and FAIM-L_2a are able to localize to the nucleus, where they may
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have additional functions. In summary, here we report on two novel FAIM isoforms that may
have relevant roles in the physiology and pathology of the nervous system.

Introduction

The homeostasis of tissues, organs, and the whole organism is maintained by a tine and con-
tinuous balance between cell growth, ditferentiation, and death. Cell death is, therefore, a tun-
damental process of life. In this regard, genomes contain several sophisticated cell death-
inducing machineries. The regulation of cell death and survival is critical for controlling the
number of cells in an organism. Deregulation of these processes can result in pathologies such
as neurodegeneration and cancer, conditions characterized by excess of cell death or prolifera-
tion, respectively. During development, the removal of excess cells through programmed cell
death (PCD) is essential for the establishment and maintenance of the nervous system. Similar
regulatory mechanisms that control PCD during development also appear to control PCD in
the adult brain[1]. Various proteins regulate these processes and they are organized into two
main pathways. The intrinsic pathway is activated by intrinsic signals, such as DNA damage
and growth tactor starvation. These signals induce the permeabilization of the mitochondrial
outer membrane by activating Bcl-2 homology domain 3 (BH3)-only proteins, thus triggering
the caspase-9-dependent cascade(2]. In contrast, the extrinsic pathway is activated by death
ligands, which bind and activate Death Receptors (DRs) on the cytoplasmic membrane,
thereby inducing the recruitment of caspase-8 and/or -10. These initiator caspases trigger apo-
ptosis by activating eftector caspases[3]. Various endogenous proteins such as c-FLIP, cIAPs,
XIAP, Lifeguard and FAIM are able to inhibit DR-induced apoptosis[4-7].

FAIM molecules are a recently discovered tamily of evolutionarily conserved proteins struc-
turally unrelated to other DR-induced apoptosis inhibitors[8]. Human FAIM1 is located in the
long arm of chromosome 3 (3g22.3), and it contains six exons and three putative translational
start sites in exon 3. To date, two protein products namely FAIM-L and FAIM-S, generated by
alternative splicing (AS) have been described[9].

In 1999, FAIM-S was isolated from Fas-resistant B lymphocytes and described as a 20 kDa
soluble protein that is ubiquitously expressed and capable of inhibiting Fas-induced cell death
[10]. Later, FAIM-S was reported to promote neuronal differentiation and branching through
activation of the ERK and NF-kB pathways upon stimulation of nerve growth factor (NGF)[5].
Studies using mouse knock-out of FAIM-L and FAIM-S revealed a phenotype of spontaneous
non-hyperphagic obesity accompanied by hepatosteatosis, adipocyte hypertrophy, dyslipidae-
mia, hyperglycaemia and hyperinsulinaemia[11].

With 66 more nucleotides than FAIM-S, FAIM-L is generated by the inclusion of exon 2b
and is expressed exclusively in neurons[9]. Also, FAIM-L has a cytosolic distribution and
exerts protection against TNFo- and Fas-induced apoptosis, thereby preventing the activation
of caspase 8[12], and/or by interacting with and stabilizing the anti-apoptotic protein XIAP
[13]. FAIM-L also acts as a regulator in two neuronal processes that require caspase-3 activa-
tion, namely: axon-selective pruning and long-term depression. By stabilizing of XIAP levels
and consequent caspase-3 inhibition, FAIM-L prevents these two processes in models of neu-
ronal cells in vitro[ 14]. It has been proposed that loss of FAIM-L function is involved in neuro-
degenerative diseases such as Alzheimer’s disease (AD). In this regard, FAIM-L levels are
reduced in the hippocampus of mouse models of AD (APP/PS1; APP) and in post-mortem
human tissue samples and they play a key role in determining the fate of neurons when these
cells are exposed to molecules with pro- and anti-inflammatory ettects[15].
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In silico gene expression analysis of human FAIMI pointed to the existence of two transcript
splice variants of FAIM-S and FAIM-L that include an additional exon. To address this ques-
tion, here we validate the existence of two new isoforms at the mRNA (both) and protein level
(FAIM-S_2a) and show their capacity to modulate neurite outgrowth. Our findings thus, sup-
port the notion that these two new variants participate in neuronal difterentiation. They also
show that FAIM-L and FAIM-L_2a are expressed exclusively in tissues of the nervous system
and are regulated by the splicing factor nSR100.

Materials and methods
Reagents

Recombinant human sFasL (superFasL, Enzo Life Sciences) and NGF (Sigma- Aldrich, Saint
Louis; MO, USA) were used at a concentration ot 100 ng/ml. All biochemical reagents were
purchased from ThermoFisher Scientific™ (Waltham, MA, USA).

Human tissue samples

Frozen human samples of tetal brain, tetal and adult testes and placenta were obtained from
aborted tetuses at the Pediatric Neurology Unit of the Hospital Universitari Vall d Hebron.

Ethics statement

The use of tissues from aborted fetuses was approved by the Ethics Committee of the Hospital
Universitari Vall d'Hebron.

Cell culture

All cell lines were obtained from the American Type Culture Collection (ATCC, Rockville,
MD). Rat pheochromocytoma PC12 cells were grown on collagen-coated 100-mm tissue cul-
ture plates (Falcon Discovery Labware; BD Bioscience) in DMEM supplemented with 6%
heat-inactivated fetal bovine serum (iFBS) and 6% heat-inactivated horse serum (iHS), 10mM
HEPES, 20U/ml penicillin, and 20pg/ml streptomycin. Human embryonic kidney cells
(HEK293T), human neuroblastoma cells (SK-N-AS) and kidney epithelial Vero cells (kindly
provided by Dr. Albert Pol; IDIBAPS, Hospital Clinic, Barcelona, Spain) were maintained in
DMEM supplemented with 10% iFBS, 20U/ml penicillin, and 20pg/ml streptomycin. Human
neuroblastoma (SH-SY5Y) cells were grown in DMEM supplemented with 15% iFBS, 20U/ml
penicillin, and 20pg/ml streptomycin. Cultures were maintained at 37°C in a humidified atmo-
sphere of 95% air and 5% CO,.

Generation of plasmid constructs

pLDPuro-hsnSR100N lentiviral vector was obtained from Addgene (plasmid #35172) [16].
FAIM-S_2a and FAIM-L_2a expressing vectors were constructed using the coding sequence ot
human FAIM-S_2a (GenBank™" accession NM_001033030.1) and FAIM-L_2a (GenBank™
accession XM_011512950.2). These sequences were tlanked by BamHI/Xhol restriction sites.
They were synthesized using the GeneArt system (Thermo Fisher Scientific™), cloned into
the pMT4 vector, and subcloned into pcDNA3 containing 3x-FLAG or GFP.
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Cell transfection

HEK293T, PC12, Vero, and SK-N-AS cells at 80% confluence were transfected with the
desired expression plasmids using Lipofectamine 2000& (Thermo Fisher Scientific™') in
Opti-MEM (Gibco), tollowing the manufacturer’s instructions.

SH-SY5Y cells were transfected using the Amaxa™ 4D-Nucleotector ™ (Lonza, Basilea,
Switzerland) system. Cell lines were transtected with FAIM isoforms subcloned into pcDNA3-
containing 3x-FLAG or GFP.

™

RNA extraction and RT-PCR

Total RNA was isolated from human cell lines and tissues using the RNeasy Mini Kit (Qiagen)
and following the manufacturer s instructions. Equal amounts of RNA (1 pg) were converted
to single-stranded cDNA using the High Capacity RNA-to-cDNA Kit (Applied Biosystems),
following the manutfacturer’s instructions.

One pl of the resulting cDNA was amplitied by PCR using the primers described in Table 1
(Sigma Aldrich).The tollowing PCR conditions were used: 94°C for 3 min, 40 cycles of 94°C
for 455, 58°C or 55°C tor 30 s, 72°C for 1 min and 72°C for 10 min. The ribosomal protein
127 was used as internal control. Experiments were repeated at least three times with indepen-
dent samples.

Western blot analysis

Total protein from the human cell lines was lysed using SET butter (10 mM Tris-HCI pH 7.4,
150 mM NaCl, 1 mM EDTA and 1% SDS) supplemented with EDTA-free complete protease
inhibitor mixture (Roche). Protein trom the human tissues was extracted with RIPA butter (50
mM Tris-HCl pH 7.4-8, 150 mM NaCl, 0.1% SDS, 1% Nonidet P-40 and 0.25% deoxycholic
acid), plus 1x complete EDTA-free protease inhibitor (Roche). The suspension was then cen-
trituged at 16,000 x g at 4°C for 30 min, and the supernatants were collected. Protein concen-
tration was quantified by a moditied Lowry assay (DC protein assay; Bio- Rad, Hercules, CA).
Samples were heat-denatured in loading butter, resolved by SDS-PAGE and transterred onto
polyvinylidene difluoride (PDVF) Immobilon-P membranes (Millipore, Bedford, MA). Atter
blocking with Tris-buttered saline with 0.1% Tween-20 containing 5% non-fat dry milk for 1 h
at room temperature, membranes were incubated overnight at 4°C with the tollowing primary
antibodies: anti-FAIM (in house antibody [5];1:2000); anti-2b FAIM (in house antibody [5]
1:2000); anti-FLAG (Sigma,1:20000); anti-a-tubulin (Sigma; 1:20000) and anti-nSR100 (kindly
provided by Benjamin Blencowe (Donnelly Centre, University of Toronto, Toronto, ON M5S
3E1, Canada[17]), 1:5000). Horseradish peroxidase-labeled goat anti-rabbit (Sigma, 1:20000)
and rabbit anti- mouse IgG (Sigma, 1:20000) were used as secondary antibodies. The following
primary antibodies were used for subcellular fractionation: anti-FLAG (Sigma; 1:20000); anti-
calnexin (Cell Signaling; 1:1000); anti-actin-HRP (Santa Cruz Biotechnology; 1:1000) and
anti-tri-methyl-H3 (Cell Signaling; 1:1000).

Afterwards the membranes were incubated with the chemiluminescent substrate EZ-ECL
(Biological Industries, Kibbutz Beit Haemek, Israel). Experiments were repeated three times
with independent samples.

Protein stability assay

PC12 cells were transfected with pcDNA3-FLAG (empty vector), pcDNA3-FLAG-FAIM-L,
pcDNA3-FLAG-FAIM-S, pcDNA3-FLAG-FAIM-L-2a or pcDNA3-FLAG-FAIM-S-2a. Four
hours after transtection cells were treated with MG-132 (2.5 uM) for 48 h. Cell extracts were
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Table 1. List of specific primers for each exon used for RT-PCR.

Primer Name Region Amplified | Direction Sequence5->3

1aF Faimexon 1a F CTTCGGCTAAGGCAGAGGA

1bF1 Faimexon 1b F GACTACGTCGTGGGEATCG

1bF2 Faimexon 1b F TGEETGAAACCTACCCCAGAG
2aF Faimexon 2a F TGEGECCCATTCTATCCTATGE
2bF Faim exon 2b F GCATCTGEAGATGACAGTCC
2aR Faim exon 2a R GCAGAGTCCGGAGATACCAR
2a3R Faim 2a - 3junction R TAGGCTGTAAGGAGGGCTCA
2bR Faim exon 2b R CCATGGTTGGCARARACAGTCTCA
3R Faimexon 3 R TGCCTGATGTAGTCCCATGT

6R Faim exon 6 R TTCCGCTTCCCACTACTGAC
nSR100F NSR100 F ATTGTCGCCAGTATCACGGT
nSR100R NSR100 R TTTCTTGTSCCTCTTCTCATCTC
L27F RPL27 F AGCTGTCATCGTGARGAR

L27R RPLZ27 R CTTGGCGATCTTCTTCTTGCC

F: Forward; R: Reverse.

hitps://doi.org/10.1371/journal.pone. 0185327 1001

lysed using SET butter and then analyzed by western blot using an anti-FLAG antibody (dilu-
tion 1:20000). Anti-tubulin was used as a loading control.

Subcellular protein fractionation

Subcellular fractionation was pertormed as previously described[18] with minor moditica-
tions. Vero cells were plated at a density of 30,000 cells/cm” and transfected with pcDNA3-
FLAG (empty vector), pcDNA3-FLAG-FAIM-L, pcDNA3-FLAG-FAIM-S, pcDNA3-FLAG-
FAIM-L-2a or pcDNA3-FLAG-FAIM-S-2a. Cells were homogenized in 10mM HEPES, pH
7.4, 2mM EDTA, 0.32M sucrose and EDTA-free complete protease inhibitor (Roche). Cell
homogenates were centrifuged at 600 x g for 10 min to remove nuclei (n), then at 3000 x g
for 10 min to pellet the plasma membrane and heavy intracellular membranes (HM), and
finally at 15,000 x g for 15 min to yield the light membranes (LM) in the pellet and the
microsomal and cytosolic (Cyt) fractions in the supernatant. Supernatants were centrifuged
twice at each speed, and pellets were washed twice by resuspension in homogenization
butter and then centrituged. Pellets were lysed in SET bufter. Protein concentration was
quantified by a modified Lowry assay (DC protein assay; Bio- Rad, Hercules, CA). Samples
were heat-denatured in Laemmli butter and subjected to SDS-PAGE. The experiment was
repeated twice.

Immunofluorescence

Vero cells were plated on tissue culture plates (15,000 cells/em?) and transtected with pcDNA3-
FAIM-L-2a-GFP or pcDNA3-FAIM-S-2a-GFP. Twenty-four hours later, they were rinsed with
PBS 1x at room temperature and fixed with paratormaldehyde 4% for 30 min at room tempera-
ture. They were washed then twice with PBS 1x and blocked using 5% bovine serum albumin
(Sigma) in PBS1x- 0.1% Triton X-100 for 90 min at room temperature. Cells were incubated
overnight at 4°C with anti-calnexin (Abcam; 1:50). Alexa Fluor 594 (ThermoFisher Scientific™;
1:300) was used as a secondary antibody. Mitotracker (ThermoFisher Scientific™'; 100nM) was
used tollowing the manufacturer’s instructions. Cells were rinsed three times with PBS 1x
and incubated with the secondary antibody 1h at room temperature, protected from light. An
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incubation of 1h at room temperature with a PBS solution containing Hoechst 33258 (Sigma;
0.05 pg/ml) was used for nucleic acid stain. Confocal micrographs were obtained using a
FluoView1000 spectral confocal microscope (Olympus). The observations were made in two
independent experiments and at least 10 cells per condition were analyzed.

mRNA stability and real time PCR

SH-SY5Y cells were treated with Actinomycin D (5 pg/ml) tor various times (3, 6, 9 and 12 h),
to block mRNA synthesis. Total RNA was isolated using the RNeasy Mini Kit (Qiagen) and
RT-PCR was performed. Real time PCR (qPCR) amplifications were pertormed using Sybr-
Green PCR Master Mix (Applied Biosystems). Samples were run in an ABI Prism 7900HT
sequence detector (Applied Biosystems) under the conditions indicated by the manufacturer.
Triplicate determinations were averaged at each data-point. 185 amplification was used as an
internal control.

Cell death assays

SK-N-AS cells were plated in 24-well tissue culture plates and transtected with pcDNA3-
FLAG (empty vector), pcDNA3-FLAG-FAIM-L, pcDNA3-FLAG-FAIM-S, pcDNA3-FLAG-
FAIM-L-2a or pcDNA3-FLAG-FAIM-S-2a. Twenty hours later, they were treated with super-
FasL. Apoptotic cell death was measured 24 h atter treatment. Apoptotic nuclei (condensed or
tfragmented) were counted after Hoechst 33258 (0.05 pg/ml) staining (1h at room tempera-
ture). Experiments were repeated at least three times, and minimum of 500 cells were counted
per condition.

Measurement of neurite outgrowth

PC12 cells were plated in poly-D-Lysine coated tissue culture plates and transtected with
pcDNA3-FLAG, pcDNA3-FLAG-FAIM-L, pcDNA3-FLAG-FAIM-S pcDNA3-FLAG-
FAIM-L-2a or pcDNA3-FLAG-FAIM-S-2a. Twenty-four hours later, they were treated with
NGF (100 ng/ml) for 24h. They were then fixed with 4% paraformaldehyde and photographs
of random fields were taken using an inverted microscope (Olympus). Neurite outgrowth was
assessed by measuring neurite pixels using the Adobe Photoshop 6.0 software (Adobe Systems,
San Jose, CA). Three independent experiments were pertormed, considering 100 cells per
condition.

In silico analyses
GenBank was used to identity the transcripts produced by human FAIMI. To predict the sec-
ondary structure of FAIM mRNA, we used the Mtold program (version 3.2) http://www.

bioinfo.rpi.edu/applications/mfold/ [19] and RNAStructure [20]. Optimal secondary struc-
tures for both sequences were obtained in dot-bracket notation with minimum tree energy.

Statistical analysis

Data were analyzed with GraphPad Prism 5 sottware (GraphPad Software, Inc., La Jolla, CA,
USA). Ditterences in distribution were tested using the t-test or one-way ANOVA. A p value
less than 0.05 was considered significant.
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Results

FAIM-S_2a and FAIM-L_2a are novel human FAIM isoforms that include
exon 2a

In silico analysis pointed to the existence of alternative and uncharacterized FAIM isoforms
(GenBank-m accession numbers: NM_001033030.1 and XM_0111512950.2). These isoforms
would be generated by the inclusion of exon 2a in the previously described FAIM-5 and
FAIM-L isoforms (Fig 1).

We sought to tirst confirm the existence of these additional transcripts at the mRNA level.
To this end, we designed specific primers tor each FAIMI exon using the sequences reported
in GenBank (Fig 2A) in order to perform RT-PCR using cDNA isolated tfrom human neuronal
and non-neuronal cells (SH-SY5Y, SK-N-AS, and HEK293T) and human tissue samples.
While FAIM-S_2a was detected in all the human cell lines, FAIM-L_2a was detected only in
the neuronal cell line SH-SY5Y (Fig 2B). The SK-N-AS cell line was included as a control ot
neuronal-lineage but with no detectable expression of FAIM-L. Moreover, tissue samples anal-
yses showed that FAIM-L_2a mRNA was present only in the fetal cortex, while FAIM-S_2a
was detected in all the tissues tested (Fig 2C).

Both exon 1a and 1b are present in FAIM isoforms. The GenBank sequences of the four
isoforms (NM_001033032.1, NM_001033031.1, NM_001033030 and XM _0011512950.2)
shared exon 1b. However in silico tools, predicted the FAIM-L_2a sequence to contain 91 addi-
tional nucleotides at the 5UTR (exon 1a, light gray square in FAIM-L_2a in Fig 1). To ascer-
tain the structure of exon 1 in the isoforms, we mapped it by RT-PCR. We used specitic
primers to amplify exon 1a and exon 1b (Fig 2A and Table 1) in human cell lines. Exon 1b was
detected in the four isoforms (Fig 2D). FAIM-S and FAIM-S_2a were amplified in all the cell
lines with products of 277 bp tor FAIM-S and 470 bp for FAIM-S-2a. FAIM-L (337 bps) and

5 5
1.7 87 16 08 67 ig
Introns (kbp) J l p I I I ;:’I | J?, ._
1alb 2a h 2b 3 4 5 6
FAIM-S [ | ) ) 1T 0 I m
(NM_D01033032.1)
FAIM-L - T o
(NM_DO1033031,1) t I l . l -
FAMS 2a o ™ T 1T m

(NM_D01033030.1)

FAML2a W o I T S

(XM_011512050.2)

B cos N UTR

Fig 1. Schematic representation of FAIM isoforms. The genomic structure of FAIMT gene is shown. Coding
sequences are shown in black boxes (CDS), and non-coding alternative exons in dark gray boxes (UTR), and
alternative exons not described in NCBI in white boxes. Intron length is indicated above (kilobase). The new
exons described are named following the HUGO nomenclature. The figure shows all transcripts of FAIM1. The
following four transcripts are represented: FAIM-S (GenBank accession number NM_001033032.1), FAIM-L
(GenBank accession number NM_001033031.1), FAIM-S_2a (GenBank accession number NM_001033030.1)
and FAIM-L_2a (GenBank accession number XM_011512950.2). CDS: coding sequence; UTR: untranslated
region.

https://doi.org/10.1371/joumnal pone.0185327.g001
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Fig 2. FAIM-S_2a and FAIM-L_2a are expressed in human cell lines and human tissues. A: Schematic
representation of the primers used for RT-PCR and the localization in each exon. The 5" and 3'UTRs are
represented in gray, and CDS regions in black. Length of exons is indicated in base pairs (bp). TSS:
Transcriptional start site, TSS1: TSS of FAIM-S_2a and FAIM-L_2a; TSS2: TSS of FAIM-L; TSS3: TSS of
FAIM-S. B: RT-PCR analysis of exon 2a in human cell lines using a 2aF/6R primer combination (the 2aF
primer is common to exon 2a in FAIM-L_2a and FAIM-S_2a). Bands of 657 and 597 bp were detected in the
neuroblastoma cell line (SH-SY5Y) corresponding to the predicted size of FAIM-L_2a and FAIM-S_2a,
respectively. In non-neuronal derived cell lines, namely HEK293T and SK-N-AS, only one band of FAIM-S_2a
was detected. C: RT-PCR analysis of all the four isoforms in the fetal cortex, fetal and adult testes and
placenta using specific primers for exon 2a (2aF/6R) and 1b (1bF/3R). D: RT-PCR analysis of exon 1bin
HEK293T, SH-SY5Y and SK-N-AS cell lines. Primers used: 1bF/3R or 1bF/2aR. Only one band was
observed in SH-SYS5Y cells, but FAIM-L_2a and FAIM-S_2a were estimated to have a band of 470 bp. E:
mRNA amplification of FAIM-S, FAIM-S_2a and FAIM-L_2a using a primer in the region of exon 1a (1aF/3R;
1aF/2a-3R; 1aF/2bR). Negative control (C(-)) was performed with water instead of cDNA. 100 bp DNA Ladder
Plus was used to determine the size of each DNA band. L27 was used as an internal control. The primers

used are indicated below the agarose gel.

https://doi.org/10.1371/journal.pone.0185327.g002

FAIM-L_2a (470 bps) were amplified only in SH-SY5Y cells. Primers used in the exon 1b
region were unable to distinguish between FAIM-S_2a and FAIM-L_2a since they showed the
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same sequence length. The inclusion of exon 1b in the two isoforms was contirmed by product
size using another primer combination. These results suggest that the 5"UTR of all the iso-
forms contain exon 1b thereby contirming what is reported in GenBank (Fig 2A and 2D).

We then pertormed RT-PCR analysis using specific primers for exon la in order to deter-
mine the presence of this region in the sequences of the isotorms (Table 1). Three of the four
transcripts were amplified using a forward primer in exon la (1aF). We found that FAIM-S
(expressed in all cell lines) with the expected size 371 bp, FAIM-S_2a (only detected in
SK-N-AS) with the expected size 714 bp, and FAIM-L_2a (expressed in SH-SY5Y) with the
expected size 717 bp contained exon 1a in the 5'UTR (Fig 2E).

Similar mRNA stability in FAIM isoforms

To better understand the mRNA structure of these isoforms, we studied mRNA stability.
SH-SY5Y cells were treated with the inhibitor of transcription Actinomycin D (5 pg/ml) for 3,
6,9 and 12h. At different time points, RNA was isolated and qPCR was performed. mRNA
half-life was calculated as the time needed to reduce transcript levels to halt (50%, discontinu-
ous line) of their initial abundance at time 0. The halt-life ot all the isoforms was around 165—
180 min (Fig 3A). Following the study, ditferences in the abundance of mRNA transcripts in
SH-SY5Y cells were found. The number of cycles to amplity (similar in size product) FAIM-S,
FAIM-L, FAIM-S_2a and FAIM-L_2a by gPCR was ditterent for each isoform, thereby indi-
cating differences in its abundance in SH-SY5Y cells. FAIM isoforms were detected at 24 cycles
for FAIM-S, 25 cycles for FAIM-L, 27 and 31 cycles for FAIM-S_2 and FAIM-L_2a respec-
tively. These tindings reveal a higher presence of FAIM-S mRNA and lower levels of
FAIM-L_2a (Fig 3B).

FAIM-S_2a is consistently translated to protein

We next examined whether FAIM-5_2a and FAIM-L_2a are expressed at the protein level in
human cell lines and human tissues. Using the ProtParam tool available at expasy.org, we pre-
dicted the molecular weight of each isotorm, indicated in Fig 4A. Western blot analysis of
HEK293T, SH-SY5Y and SK-N-AS cell lines showed a band ot 20 kDa corresponding to
FAIM-S and a band of 24 kDa compatible with the apparent and predicted molecular weight
ot FAIM-S_2a in all cell lines. This tinding suggested that FAIM-S_2a is expressed ubiqui-
tously, similarly to FAIM-S. A band of 23 kDa compatible with the predicted molecular weight
of FAIM-L was detected only in the neuronal SH-SY5Y cell line, but FAIM-L_2a expression
was not detected. When the analysis was performed in human tissues, only FAIM-S_2a was
detected in fetal cortex, fetal and adult testes and placenta (Fig 4C). FAIM-L_2a was not
detected in any sample, suggesting that this isoform was either below detectable levels or not
translated to protein.

Furthermore, we observed that FAIM-L_2a and FAIM-S_2a showed only slight overexpres-
sion in comparison with overexpression of the shorter isoforms (i.e. FAIM-L and FAIM-S).
Given the lack of detectable endogenous FAIM-L_2a protein and the low levels of endogenous
FAIM-S_2a, we sought to characterize the two proteins in transient transtection conditions, in
order to have a consistent amount of both proteins. Atter transtection, the expression of the
extra-long isoforms dropped drastically compared to the transfected forms of FAIM-L and
FAIM-S, which both maintained their expression over several days in cell culture (Fig 5A).
Experiments using the proteasome inhibitor MG-132 (Fig 5B) showed accumulation of
FAIM-L_2a and FAIM-S_2a atter 48h of culture, thereby suggesting that these proteins were
partially and rapidly degraded via the proteasome. When FAIM-L_2a and FAIM-S_2a were
overexpressed, we also observed an increase in the shorter corresponding isoforms of FAIM-L
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Fig 3. Treatment with Actinomycin D (ActD). SH-SY5Y cells were treated with ActD for a range of times (3,
6, 9 and 12 h). A: The half-life of mRNA was measured by treating cells with ActD (5 pg/ml) and collecting total
RMA at the times shown, whereupon the levels of FAIMmRBNA and 185 mRNA (a stable, housekeeping
control mMRNA) were measured by RT—gPCR analysis. mRNA half-life was calculated as the time needed to
reduce transcript levels to half (50%, discontinuous line) of their initial abundance at time 0. B: Number of
cycles needed to detect similar size product of FAIM-S, FAIM-L, FAIM-S_2a and FAIM-L_2a by gPCR
(SybrGreen) using the following pairs of primers: (1bF2/3R for FAIM-S; 2bF/3R for FAIM-L; 2aF/2a3R for
FAIM-S_2a and 2aF/2bR for FAIM-L_2a).

https://doi.org/10.1371/journal pone.0185327.g003

and FAIM-S, respectively. Using an antibody specific tor the neuronal exon 2b, we found that
FAIM-L was detectable in HEK293T cells when FAIM-L_2a was overexpressed (Fig 5C). This
result suggests that the translational start site of FAIM-S and FAIM-L is preferential or that the
longer forms give rise to the shorter ones through proteolysis. Using a dot blot technique, we
discarded the proteolytic hypothesis, since the FLAG at the N-terminal of FAIM-L_2a was not
present in the lysate. (S1 Fig).

FAIM-S_2a and FAIM-L_2a mRNA secondary structures have lower
levels of thermodynamic stability

To better understand the absence of FAIM-L_2a protein expression, we analyzed the 5'UTR
in FAIM1I. It is known that a widespread mechanism modulating mRNA translational etti-
ciency depends on short upstream open reading frames (uORFs) encoded in sequence of this
region[21]. uORFs tend to reduce the translation efficiency of downstream protein-coding
ORFs[22-24]. uORFs are found in up to 50% of mammalian genes and their utilization is fre-
quently regulated by alternative splicing[25,26].
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representation of predicted protein structure of each isoform. FAIM-S (GenBank: NP_001028204.1) has a
predicted molecular weight of 20.2 kDa and 179 amino acids (aa). FAIM-L (GenBank: NP_001028203.1) has an
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22 aa of FAIM-L plus 32 aa (GenBank: XP_011511252.1). B: Western blot analysis of the human cell lines
(HEK293T, SH-SY5Y and SK-N-AS) using anti-FAIM antibody (dilution 1:2000). Two different exposures of the
film are shown in order to facilitate observation of the bands of all isoforms. Anti-tubulin was used as a loading
control. C: Westem blot analysis of fetal cortex, fetal and adult testes, and placenta. An anti-FAIM antibody was
used to detect FAIM expression in human tissues. Naphtol blue staining was used as a loading control.

https://doi.org/10.1371/journal.pone.0185327.g004

The transcriptional start site (TSS) for FAIM-L_2a and FAIM-S_2a is located in exon 2a,
for FAIM-L in the exon 2b and for FAIM-S in the exon 3. To study the differential regulation
of translation, we used bioinformatics tools to study the sequence of the 5 UTRs of these iso-
forms to identify potential regulatory elements, such as uAUGs, mRNA secondary structures
and G/C rich sequences that may impede translation. The 5’'UTR sequences of FAIM-S_2a
and FAIM-L_2a included exons 1a, 1b and the sequence of exon 2a that precedes the TSS. The
two extra-long isoforms theretore share the same 5’'UTR sequence of 683 nucleotides. On the
other hand, FAIM-S and FAIM-L have shorter 5’'UTR sequences, with 329 nucleotides
(FAIM-S 5’UTR includes exon 1a, 1b and the exon 3 sequence that precedes its TSS) and 238
nucleotides (FAIM-L 5’'UTR includes exon 1b and the exon 2b sequence that precedes the
TSS), respectively. Using ORFfinder (www.ncbi.nlm.nih.gov/orttinder/), we observed that
FAIM-S_2a and FAIM-L_2a contain 3 uAUGs in the sequence of exon 2a included in the
5'UTR, thereby pointing to a more complex regulation of these longer isoforms.

Another decisive element in the regulation of mRNA translation is the secondary structure
of the 5"'UTR[19]. We used the MFold and RNAStructure web servers to predict and analyze
5"UTR structure of the four isoforms. A higher level of thermodynamic stability and a higher

PLOS ONE | https://doi.org/10.1371/journal.pone.0185327 October5, 2017 11/21

253



Annex

@PLOS ‘ ONE

Identification and characterization of new isoforms of human fas apoptotic inhibitory molecule (FAIM)

c———— &
1 2 3 4 $ ¥
FAIM-S FAIM-S
=3 34
-
L -
FAIM-L — FAIM-L
g =
FAIM-S_2a FAIM-S_2a
. - -
FAIM-L_2a FAIM-L_2a
C
oo
\\odd gg\’. ~ P &

P

S
S & & &

FAIM-L_2a-FLAG
FAIM-L-FLAG anti- 2b FAIM
FAIM-L
FAIM-S_2a-FLAG
FAIM-S B

- FANS2A

Fig 5. Isoforms expression in cell lines. A: SH-SY5Y cells were transfected with the pPCDNA3-FLAG-FAIM-
S, pCDNA3-FLAG-FAIM-S_2a, pCDNA3-FLAG-FAIM-L or pPCDNA3-FLAG-FAIM-L_2a vector. At a range of
time points, cells were harvested and protein expression was d by tem blot using an anti-FLAG
antibody (dilution 1:20000). B: PC12 cells were transfected with the isoform vectors (above mentioned) and
treated with MG-132 (2.5 pM). Cell extracts were then resolved by western blot analysis, and FAIM expression
was measured using an anti-FLAG antibody (dilution 1:20000). C: HEK293T cells transfected with pcDNA3-
FLAG-FAIM-L, pcDNA3-FLAG-FAIM-S, pcDNA3-FLAG-FAIM-L-2a or pcDNA3-FLAG-FAIM-S-2a vector were
lysed, and protein extracts were analyzed by westem biot. An anti-FAIM-L (anti-2b FAIM, specific for neuronal
exon 2b) and anti-FAIM (that recognizes the common part of the isoforms) were used. Anti-tubulin was used as
a loading control. Two different exposures of the film are shown in order to facilitate observation of the bands of
allisoforms. DIV: days in vitro (n = 3).

https://doi.org/10.1371/journal.pone.0185327.g005
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anti-FAIM
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presence of Guanine/Cytosine-rich sequences (G/C) for the secondary structure of FAIM-S_2a
(dG =-279.4 Kcal/mol, with 45.9% G/C) and FAIM-L_2a (dG = -279.4 Kcal/mol, with 45.8%
G/C) was detected compared to FAIM-S (dG = -156.9 Kcal/mol, with 43.7% G/C) or FAIM-L
(dG =-110.9 Kcal/mol, with 41.8% G/C) respectively (Table 2) (Fig 6). A lower Gibb’s free
energy (dG) indicates stronger secondary RNA structure formation and a lower probability of
translation. Therefore, the ditference in dG values may explain the increased complexity of the
translation of these two extra-long isoforms and their lower expression levels.
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Table 2. Thermodynamic stability of the secondary structure of the 5'UTR.

Gene Region dG 5°'UTR Length % G/C
(Kcal/mol) [
FAIM-S_2a 5'UTR | -279.4 | 683 nt [ 459
FAIM-L_2a 5'UTR -279.4 683 nt 4538
FAIM-L 5'UTR -110.9 238 nt 418
FAIM-S 5 UTR -156.9 320t 437

hitps://doi.org/10.1371/journal.pone.0185327 1002

Undetectable levels of FAIM-L_2a in human tissues may also be due to a different temporal
regulation. Here we analyzed the expression of FAIM-L_2a protein only in the fetal cortex and
therefore we cannot rule out the possibility that this isoform is expressed in adult brain or
under pathological conditions.

Alternative splicing of exon 2b is regulated by nSR100 in FAIM-L and
FAIM-L_2a

The reason why FAIM-L isoforms are restricted to neuronal tissues is unknown. A recent
study reported that neuron-specific splicing isoforms are regulated by the 100-kDa Neural-
Specitic Serine/Arginine Repetitive Splicing Factor (nSR100)[27,28]. To confirm the role of
nSR100 in the expression of FAIM-L isoforms, we examined its expression in various cell lines
(HEK293T, SH-SY5Y and SK-N-AS). nSR100 was expressed only in the human neuronal
SH-SY5Y cell line, where it showed the same expression pattern as that of FAIM-L (Fig 7A).
To confirm the regulation of FAIM-L and FAIM-L_2a by nSR100, we ectopically expressed
nSR100 in the non-neuronal HEK293T cell line and analyzed FAIM-L isoforms expression by
RT-PCR. nSR100 overexpression in HEK293T cells induced mRNA expression of FAIM-L
and FAIM-L_2a (Fig 7B). When protein levels were analyzed in the same conditions, only a
band of 23 kDa, corresponding to FAIM-L, was detected (Fig 7C). Expression of FAIM-L_2a
remained below detection levels. These results indicate that nSR100 promotes the expression
of the two FAIM-L isoforms through the inclusion of exon 2b.

FAIM-S_2a and FAIM-L_2a have a cytosolic and nuclear distribution
pattern

FAIM-L and FAIM-S are reported to be cytosolic soluble proteins showing a dittuse cytosolic
pattern that excluded the nucleus[10,12]. To study the localization of the new isoforms, we
performed subcellular protein fractionation in cells ectopically expressing FAIM-S_2a and
FAIM-L_2a. Unexpectedly, these two isotorms were detected in the nuclear and cytosolic frac-
tions (Fig 8A), thereby suggesting that they serve a potential role in the nucleus. Imnmunocyto-
chemical analysis confirmed the presence of FAIM-S_2a and FAIM-L_2a in the nucleus and
in the cytosol (Fig 8B).

FAIM-S_2a and FAIM-L_2a increase neurite length in NGF-stimulated
PC12cells

To assess an initial tunctional role of these new isoforms, we compared the function of
FAIM-L_2a and FAIM-S_2a in cell diterentiation and resistance to DR-induced cell death,
properties previously attributed to FAIM-S and FAIM-L respectively (reviewed in[8]). We
transtected the FLAG-tagged torms of FAIM-L, FAIM-S, FAIM-L-2a, and FAIM-S-2a into
neuroblastoma derived cells and stimulated these cells with soluble Fas Ligand (sFasL).
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Fig 6. mRNA secondary structure. 5'UTR sequences of FAIM isoforms structures as shown by the output
of the RNAStructure web server (http://ma.urmc.rochester.edwRNAstructureWeb/Servers/Predict1/Predicti.
html). The optimal secondary prediction for all the sequences was obtained in dot-bracket notation with the
lowest free energy structure for the input sequence. Colour annotation of the structures provides information

about the confidence in the prediction of a specific pair (base paired or unpaired nucleotides). The highest
probabilities are red and the lowest are purple.

https://doi.org/10.1371/journal.pone.0185327.9006
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Fig 7. Overexpression of nSR100 induce FAIM-L_2a and FAIM-L in HEK293T cells. A: nSR100 transcript
was amplified by RT-PCR. In SH-SY5Y cells, a band of 420 bp was detected. B: RT-PCR in HEK293T cells
after transient transfection with nSR100 using Lipofectamine 2000®. Transcripts of FAIM-L and FAIM-L_2a
were observed at 732 bp and 657 bp bands. L27 was used as an internal control in all PCRs. C: Western blot
analysis using anti-FAIM in HEK293T cells after transfection with nSR100 vector (pLD_hsnSR100). A band of
23 kDa (FAIM-L) was detected in nSR100 transfection conditions. As a negative control, we used an empty
vector (n=3).

hitps//doi.org/10.1371/journal.pone.0185327.g007

FAIM-L was the only protein that reduced FasL-induced apoptosis (Fig 9A). Next, we studied
the modulation of neurite outgrowth after NGF stimulation. All isoforms, except FAIM-L,
increased the neurite length of neuronal cells stimulated with NGF (Fig 9B). This result sug-
gests that FAIM-S-2a and FAIM-L_2a participate in neurite outgrowth rather than in the pre-
vention of DR-induced cell death.

Discussion

In recent years, the application of genome-wide profiling technologies, coupled to biointor-
matics approaches has revealed that more than 90% of human genes undergo alternative splic-
ing[29,30]. This process is crucial for regulating the levels and tissue specificity of gene
expression, and any disruption of this mechanism can lead to disease[30,31]. Eukaryotic gene
expression is regulated at the level of mRNA translation and stability, in which regulation of
the 5'UTR plays a fundamental role[32]. In the present study, we tocused on the characteriza-
tion of splicing products of the human FAIMI, a death receptor antagonist known to partici-
pate in neuronal ditferentiation, DR-induced apoptosis, obesity and hyperinsulinaemia[11].
The two isoforms of FAIM1 first described were FAIM-S and FAIM-L. In this regard, FAIM-S
was first reported in 1999 as an antagonist of Fas in lymphocytes[10]. It promotes neuronal
difterentiation by NGF activating ERK and NF-«B pathways(5]. FAIM-L, a longer splice vari-
ant that contains 22 additional amino acids at the N-terminal end of the protein was identitied
in 2001[9]. This isoform protects neurons from DR-induced cell death by either binding to the
Fas receptor and preventing the activation of caspase-8, thereby inhibiting the apoptotic cas-
cade at initiator caspase level[12], or by stabilizing the antiapoptotic protein XIAP[13]. In
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Fig 8. FAIM-S_2a and FAIM-L_2a are localized in the cytoplasm and nucleus. A: Western blot analysis
using anti-FLAG to detect the presence of FAIM-S, FAIM-L, FAIM-S_2a and FAIM-L_2a in the distinct cellular
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cells 24 h after transfection with pcDNA3-GFP containing the extra-long isoforms. Anti-calnexin (reticular
protein), Mitotracker (mitochondrial marker) and Hoechst (nuclei staining) were used to examine the co-
localization of FAIM isoforms. Scale bars 10 pm.
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Fig 9. FAIM-S_2a and FAIM-L_2a increase NGF induced neurite outgrowth in PC12 cells. A: Cell death
was measured in SK-N-AS cells by counting condensed nuclei after Hoechst 33258 (0.05 pg/mi) staining.
Cells were transfected with empty vector (pcDNA3-FLAG) or pcDNA3-FLAG-containing all the isoforms and
then treated or not with FasL (100 ng/ml). Graph represents the percentage of apoptotic nuclei of a minimum
of 500 cells per condition. Experiments were repeated at least three times. Statistical significance was
determined by one-way ANOVA. ns: no significant and *p<0.05;**p<0.01. B: Neurite length was measured in
PCA12 cells treated with NGF (100ng/mi) or left untreated after transfection of the isoform vectors. At least
three independent experiments were performed. Statistical significance was determined by one-way ANOVA,
*¥#*p=0.001. C: Representative images of neurite outgrowth in the different conditions. UT: untreated; NGF:
nerve growth factor (100 ng/mil) (n= 3 per experiment).

https/doi.org/10.1371/journal.pone.0185327.g009

addition to these two previously known isotorms, two longer splicing isoforms (FAIM-S_2a
and FAIM-L_2a) are reported in databases; however, this is the first study to provide details of
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their expression and function. Here we characterized FAIM-S_2a and FAIM-L_2a and the role
of these isoforms in neurite outgrowth and cell death.

Studies by Zhong and col. suggested that FAIM-S and FAIM-L isoforms are generated by
AS|[9].This process is crucial in the evolution of increased proteomic and functional complex-
ity and is especially relevant in the nervous system[33]. FAIM-L mRNA expression increases
during development, while that ot FAIM-S remains unaltered[12].

AS has played a major role in the evolutionary expansion of the proteomic and functional
complexity underlying many cellular processes and is especially prevalent in the vertebrate
nervous system[34,35). The mechanisms that control neural-specific AS are poorly under-
stood. AS is regulated by a member of a large class of proteins harboring Ser/Arg (SR)-repeti-
tive regions[36]. The vertebrate- and neural-specitic SR-related protein of 100 kDa (nSR100/
SRRM4) regulates a network of brain-specific alternative exons concentrated in genes involved
in various aspects of neurogenesis[16,27]. nSR100 is required for neural cell ditferentiation in
vivo. Knockdown of nSR100 disrupts the inclusion of a large set of nervous system specitic
alternative exons[27]. In fact, our results show that the ectopic expression of nSR100 in non-
neuronal cells (i.e. HEK293T) induced the formation of the neuronal-specific splice variants
FAIM-L and FAIM-L_2a. Concurring with our observation, FAIM-L also appeared in a list of
genes modulated by nSR100 in HEK293T cells[28]. The expression of this protein may be the
factor that regulates the inclusion of exon 2b, and theretore the nervous system specitic expres-
sion pattern of FAIM-L and FAIM-L_2a. In fact, there is a putative nSR100 binding site before
the start of exon 2b (-41 GCTGC/GCTGCT -13).

All the isoforms examined contained exon 1b (238 nucleotides). In this study, we confirm
that exon 1a (91 nucleotides) is also present in FAIM-L_2a, FAIM-S_2a and FAIM-S, thereby
indicating that the previous annotated sequences for FAIM-S (NM_001033032.1) and
FAIM-S_2a (NM_001033030.1) are not accurate. In summary, all the FAIM isoforms exam-
ined except FAIM-L included exon la.

While we detected FAIM-L_2a mRNA in human cell lines and tissues, we were unable to
detect its protein expression. Fig 5C and 51 Fig show that, in presence of FAIM-L_2a overex-
pression, most overexpressed mRNA is translated to FAIM-L, as retlected by an induction in
FAIM-L expression. Since the TSS of FAIM-L and FAIM-S are conserved in the mRNA
sequences of the longer isoforms (Fig 2A), we hypothesise that the increase in FAIM-L expres-
sion is attributable to the TSS of FAIM-L being preterential.

Moreover, as we show in Fig 6 and Table 2, the thermodynamic stability of the 5UTR sec-
ondary structure of FAIM-L_2a is lower than that of FAIM-L, thereby indicating ditterences
in mRNA stability. The secondary structure complexity of FAIM-L_2a mRNA may hinder the
binding of the ribosomal complex and theretore its translation into protein.

FAIM-S_2a was less expressed in fetal tissues and placenta; we should theretore consider
that the low levels of the isoforms may be due to differential temporal expression. The presence
of CpG islets in the 5'UTR of FAIMI may point out to a role in the adult, since it has been
demonstrated that such regions can define differential pre- or postnatal expression.

The analysis of protein localization shows that FAIM-L_2a and FAIM-S_2a overexpression
localized in the cytoplasm and nucleus. In contrast, FAIM-L and FAIM-S were located only in
the cytoplasm. Supporting the localization of both isoforms (FAIM-L_2a and FAIM-S_2a) in
the nucleus, we tound the presence of a nuclear export signal (NES), in the amino acid
sequence encoded by exon 2a. NESs are usually found in proteins with nuclear functions and
they facilitate active transport through the nuclear membrane[37]. The role of these isoforms
in the nucleus is unclear and turther experiments are required to elucidate this question.

While FAIM-S_2a has similar functions to FAIM-S in promoting neurite outgrowth,
FAIM-L_2a was not capable of recapitulating FAIM-L tunction in preventing DR-induced cell
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death. One possible explanation may be that the first 22 amino acids of FAIM-L are essential
for interaction with XIAP[13]. Since the FAIM-L_2a sequence has 26 additional amino acids
at the N-terminal of the protein, the known interactions with FAIM-L partners could be lost.

In summary, here we provide the first evidence of FAIM-S_2a and FAIM-L_2a expression
in human cell lines and tissues suggesting that these two isoforms could play a significant role
in the nervous system.

Supporting information

S1 Fig. FAIM-S_2a and FAIM-L_2a mRNA can be processed to FAIM-S and FAIM-L.
HEK293T cells were transiently transtected with the four FLAG-tagged isoforms (Fig 5C).
2.5ug of lysate was spotted on a Nitrocellulose membrane (LiteScience). The membrane was
blocked with 5% BSA in TBS-T for 1h at room temperature, and in order to evaluate a possible
processing at the protein level, it was incubated with FLAG antibody (1:20000) 1h at room
temperature. After incubation with Horseradish peroxidase conjugated anti-Mouse IgG, mem-
brane was developed using the EZ-ECL chemiluminescence detection kit. Naphtol blue stain-
ing was used to verify equal loading.
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