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1. Introduction

1.1 Epilepsy and Temporal Lobe Epilepsy: incidence and definition

Epilepsy is a chronic brain disorder characterized by an enduring predisposition to
develop epileptic seizures due to an abnormal neuronal network activity (Fisher et al.,
2014; Fischer, 2015). It is estimated that approximately 70 million people worldwide are
affected by some form of epilepsy, resulting in the second most common cause of
mental disability with a global disease impact similar to the one of breast cancer in
woman or lung cancer in men (Ngugi et al., 2010; Kale, 1997). Since the beginning of
the 20t century, the International League Against Epilepsy (ILAE) aims to advance and
disseminate the knowledge about epilepsy, leading to constant and more accurate
revisions of the classification of epilepsy and seizure types over the years. In the last
update, epilepsies and seizure types have been classified taking into consideration 1)
the types of seizures, 2) the epilepsy types, 3) the syndromic diagnosis and 4) the
etiology (Scheffer et al., 2017; Fisher et al., 2017). With regard to the epileptic locus,
epilepsy can be classified as i) generalized, when seizures affect both cerebral
hemispheres; ii) focal, if seizures develop in a specific area of the brain; or iii) with
unknown onset, when the origin of seizures is not detectable (Fisher et al.,, 2017).
Etiology-wise, it is nowadays accepted that epilepsy can be cause by genetic as well as
environmental factors. Epilepsies with an unclear promoting cause are addressed as
genetic or idiopathic, while epilepsies provoked by external stimuli like stroke, brain
tumors, brain infection or status epilepticus (SE) are defined as acquired or symptomatic
(Shorvon, 2011; Engel, 1996; Bien and Elger, 2007; Bien et al. 2007; Liu et al., 2016;
Pitkanen et al., 2016; Vezzani et al. 2016). Sometimes, genetic mutations do not cause
the occurrence of epilepsy but a predisposition to it by lowering the threshold for
seizures occurrence when in concomitance with external stimuli (Speca et al., 2014).

Despite the fact that the ILAE does not recognize a syndrome called temporal lobe
epilepsy (TLE) and that the classification of epilepsies, based on the anatomical focus of
seizure origin, belongs to previous classifications, TLE is addressed as the most
common form of focal epilepsy with chronic seizures in the temporal lobe of the brain
(Berg et al., 2010; Fisher et al., 2017; Murray et al., 1994). Two subtypes of TLE exist:
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mesial temporal lobe epilepsy (mTLE), where the seizure onset occurs in the mesial
structures of the temporal lobe, mainly in the hippocampus, and neocortical temporal
lobe epilepsy (nNTLE) with seizure onset from lateral structures of the temporal lobe
(Téllez-Zenteno and Hernandez-Ronquillo, 2012). Although mesial temporal lobe
seizures are more common than lateral temporal lobe seizures, it is difficult to
discriminate between mTLE and nTLE, as many symptoms overlap and reciprocal
connections between mesial and lateral structures take place, resulting in a mutual
spread of ictal discharge (Williamson et al., 1997; Gloor et al.,, 1982; Kotagal et al.,
1995). Therefore, in this work, TLE will be referred to without differentiating between
mTLE and nTLE.

1.2 Temporal Lobe Epilepsy

1.2.1 Neuropathological hallmarks

A clinical problem of TLE is given by the fact that one-third of the patients is refractory to
pharmacotherapy and the possibilities to surgically intervene, removing the seizure loci
in order to reduce or even eliminate seizure activity, is often very low for these patients
(Kwan and Sander, 2004; Wiebe et al., 2001; Clusmann et al., 2004; Engel, 2003).

Observations conducted on surgical biopsy specimens have allowed the identification of
two main groups of TLE patients, each of them characterized by their neuropathological
hallmarks. It must be kept in mind that, being the epileptic focus removed in advanced
phases of the disease, the neuronal features are the result of summative pathological
and molecular alterations. Nevertheless, approximately 60 % of the biopsy specimens
from pharmacoresistant patients show hippocampal sclerosis (HS), which is
accompanied by neuronal loss in the CA1 and CA3/CA4 regions and by a dense
fibrillary astrogliosis, resulting in contraction and hardening of the tissue (Majores et al.,
2007; Blimcke et al., 1999; Sloviter et al., 2004). Neuronal loss affects also other brain
regions as the entorhinal cortex layer Ill and the lateral nucleus of the amygdala (Du et
al., 1993; Miller et al., 1994; Pitkanen et al., 1998). Another hallmark of the HS
specimens is aberrant axonal reorganization of the dentate granule cells (Blimcke et al.,
1999). Under physiological conditions, the granule cells receive excitatory input from the

entorhinal cortex and send excitatory output to the CA3 region of the hippocampus
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through the mossy fibers. However, several studies showed that granule cell
neurogenesis endures postnatally and is stimulated by seizures (Altman and Bayer,
1990; Kuhn et al., 1996; Parent et al., 1997). During the development of TLE, the newly
generated granule cells miss the target structures in the CA3 region due to neuronal loss
and create aberrant connections with the remaining neurons (Parent et al., 1997).

The second group of TLE drug-refractory patients is characterized by specimens lacking
HS and harboring focal lesions within the temporal lobe (Majores et al., 2007). In this
case, the biopsies of the resected epileptic focus do not show neuronal loss but a dense
astrogliosis responsible for the generation of low-growing brain tumors, such as the low-
grade glial and glioneuronal neoplasms (Kim et al., 1990; Miller et al., 1994; Majores et
al., 2007).

1.2.2 Epileptogenesis

TLE has a clear acquired “symptomatic” etiology as it develops as a consequence of an
initial precipitating injury (Shorvon, 2011; Pitkdnen and Engel, 2014). These brain insults
trigger structural and functional neuronal alterations that initiate immediately after the
transient brain insult and persist during the establishment of epilepsy (Pitkdnen and
Engel, 2014). Epileptogenesis is accompanied by changes in synaptic and intrinsic
plasticity. Changes in synaptic plasticity primarily implicate changes in network
connectivity, neurotransmitter release and expression of post-synaptic receptors (Becker
et al., 2008). In 1928, Ramén y Cajal was the first to identify changes in network
connectivity after a brain trauma. He investigated axonal sprouting of injured human
neocortical neurons and appointed the phenomenon responsible for the hyperexcitability
of cortical circuits (Cajal, 1913). Later on, many researchers confirmed the axonal
sprouting theory and the formation of new post-injury synapses in many sites of the
central nervous system (CNS) (McNamara, 1999). Particular attention was given to the
“Mossy-fiber sprouting” (MFS) phenomenon which takes place during epileptogenesis.
This event consists of reorganizing the mossy-fiber axons of dentate granule cells into
the inner layer of the dentate gyrus of the hippocampus and of generating numerous
excitatory synapses between dentate granule cells with consequent formation of a
hyperexcitable hippocampal network (Sutula et al., 1988; Represa et al., 1993; Okazaki
et al., 1995; McNamara, 1999). Another process by which the excitation-inhibition



14

balance is shifted towards excitation in TLE is through alteration of the glutamate and
gamma-aminobutyric acid (GABA) signaling during epileptogenesis. GABAa receptor
subunit composition, number and distribution are altered in various animal models of
TLE and several studies reported changes in glutamate receptor expression in the
hippocampus and other brain regions after seizures (Bouilleret et al., 2000; Brooks-
Kayal, 2005; Elliott et al., 2003; Peng et al., 2004; Ransom and Blumenfeld, 2007). For
instance, a reduction of neocortical and hippocampal levels of glutamate AMPA receptor
subunit 2 (GluR2) was observed already a few days after SE in rats (Pollard et al., 1993;
Friedman et al., 1994). While an increase in expression of the metabotropic glutamate
receptor 1 (mGIluR1) was shown in the dentate gyrus (DG) of an animal model of limbic
seizures and also in patients affected by TLE (Blimcke et al., 2000). Epileptogenesis is
also characterized by changes in neuronal intrinsic plasticity. This phenomenon is
caused by long-term changes in the expression and activity of ion channels (Beck and
Yaari, 2008; Graef and Godwin, 2010). Those are pore-forming proteins implicated in ion
homeostasis and in the generation and transmission of neuronal action potentials.
Therefore, changes in intrinsic plasticity correspond to alterations of neuronal electric
properties. Experiments conducted using animal models of epilepsy along with advance
genomics techniques have provided a list of genes which contribute to the alteration of
intrinsic plasticity and epilepsy pathogenesis (Monaghan et al., 2008; Young et al.,
2009; Arnold et al., 2019). Wang and his colleagues (2017) reported around 1000 genes
to be associated with the epilepsies; eighty-four were classified as “real” epilepsy genes,
73 were associated with neurodevelopment disorders, 536 were defined as epilepsy-
related genes and 284 were considered as putative epilepsy genes. In addition, a
numerous amount of those genes were ion-channels genes, including sodium (Na*),
potassium (K*), chloride (CI)) and calcium (Ca?*) channels (Wang et al., 2017). Genes
were reported as susceptible based on observed mutation(s) and/or abnormal
regulation, resulting in changes at the expression level. In the acquired epilepsies, the
molecular mechanisms underlying expressional or functional changes involve
transcriptional and post-transcriptional regulation of gene expression and trafficking. On
the transcriptional level, miRNAs, epigenetic mechanisms and (in)activation of
transcription factors (TFs) can modulate the expression of epilepsy-susceptibility genes
(Catalanotto et al., 2016; Sosanya et al., 2013; Gross et al., 2016; Schuster et al., 2019;



15

Tan et al., 2017; Zhang et al., 2018; Dong et al., 2014; Yao et al., 2016). While on the
post-transcriptional level, (de)phosphorylation, ubiquitylation, sumoylation and subunit
proteolytic cleavages can enable their availability and functionality (Misonou et al., 2004;
Bernard et al., 2004; Martin et al., 2007; Kim et al., 2007).

1.3 lon Channelopathies

Since one third of the genes correlated with epilepsy encode for ion channels, epilepsy
is often addressed as an ion channelopathy disorder (Wallace et al., 1998; Reid et al.,
2009). Two types of ion channels exist: ligand-gated ion channels, which require a
molecular interaction between a neurotransmitter and an orthosteric site in order to be
gated, and voltage-gated ion channels, meaning that they change status in response to
changes of transmembrane voltage (Alexander et al., 2011; Sands et al., 2005).
Examples of epilepsy-associated ligand-gated channels are the excitatory ionotropic
glutamate and nicotinic acetylcholine receptors, and the inhibitory, anion-selective,
GABAareceptors (Lerche et al., 2013; Wei et al., 2017; Wang et al., 2017).

1.3.1 The low-voltage activated Cav3 channel family

One group of epilepsy-associated voltage-gated ion channels are the calcium channels.
Six different calcium channel types exist, i.e. the L-, N-, P-, Q-, R- and T-type calcium
channels (Catterall, 2000). They can be divided in high-voltage (HVA; L, N, P, Q, R.) and
low-voltage (LVA; T.) gated channels, depending on the membrane potential range over
which the channel is open (Catterall, 2011).

The calcium channel subfamily Ca.3 mediates the T-type, low-voltage activated Ca?*
current (lcat) which consists of a fast inactivation current (Transient), a small current
conductance (Tiny) and a current activation at a potential near to the resting membrane
potential (Nilius et al., 1985; Nowycky, et al., 1985). The Cav3 family has three family
members: Cav3.1 (Cacnalg), Cav3.2 (Cacna1h) and Cav3.3 (Cacnail) (Perez-Reyes et
al., 1998; Cribbs et al., 1998; Lee et al., 1999). Interestingly, all three channels have
been reported to be involved in the epilepsies (Kim, 2015; Becker et al., 2008; El Ghaleb
et al., 2021).
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Different splice variants of the three genes can generate different forms of T-type
channels which are expressed in a region-specific manner (Zamponi et al., 2015). In the
brain, Cav3 channels are mainly expressed in the olfactory bulb, amygdala, cerebral
cortex, hippocampus and hypothalamus, with a different distribution within the single
structures. Notably, the granule cells layer of the olfactory bulb and the CA1 and CA3
regions of the hippocampus express all three types of Cav3 channels (Talley et al.,
1999). Besides in the brain, T-type calcium channels are expressed in the spinal cord,
peripheral sensory ganglia, heart, smooth muscle cells and endocrine cells (Talley et al.,
1999; Yunker et al., 2003; McGivern, 2006).

Under physiological conditions, besides the regulation of neuronal excitability through
the low-threshold spike/rebound bursting phenomenon, Cav3 channels are responsible
for neurotransmitter and hormone release, sensory processes, sleep spindles, feeding
behaviors, pacemaker activity in the heart, and control of cell growth and proliferation in
smooth muscles (Lory et al., 2020; Cain and Snutch, 2010; Atlas, 2013; Chen et al.,
1999; Agoston et al., 2004; Krahe and Gabbiani, 2004; Todorovic et al., 2002; Astori et
al., 2011; Uebele et al., 2009; Mangoni et al., 2006).

Their regulation is modulated by several molecules, ions and post-translational
modifications, including phosphorylation, glycosylation and ubiquitination (Hu et al.,
2009; Chemin et al., 2019; Weiss et al., 2013; Garcia-Caballero et al., 2014). Bioactive
lipids such as arachidonic acid, a 20-carbon omega 6 polyunsaturated fatty acid, and
anandamide, one of the endogenous cannabinoid 1 receptor agonist, negatively
regulate T-type Ca?* currents through a direct interaction in a micromolar physiological
range (Schmitt and Meves, 1995; Talavera et al., 2004; Chemin at al., 2014; Chemin et
al., 2007; Chemin et al.,, 2001). Some molecules activate or inhibit T-type channels
depending on the tissue and species. In the majority of cases, neurotransmitters and
hormones inhibit the LVA calcium currents. For instance, dopamine inactivates the
calcium current via the D2 receptor in rat pituitary lactotroph cells or via the D1 receptor
in bass retinal horizontal cells, and acetylcholine induces the same effect via direct
binding to acetylcholine receptors in human ovarian follicular granulosa cells (Lledo et
al., 1990a; Lledo et al., 1990b; Pfeiffer-Linn and Lasater, 1993; Platano et al., 2005).
Among hormones, oxytocin, somatostatin and vasopressin provoke a downregulation of
the Cav3 channels (Liu et al.,, 2005; Agoston et al., 2004; Grazzini et al., 1996).
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Downregulation of Cav3 isoforms occurs also in the presence of divalent cations such as
nickel (Ni?*), cadmium (Cd?*), zinc (Zn?*), copper (Cu?*) and magnesium (Mg?*) (Lee et
al., 1999; Swandulla and Armstrong, 1989; Busselberg et al., 1992; Jeong et al., 2003;
Zamponi et al., 2015). The Cav3.2 subunit presents the highest affinity to the divalent
cations in comparison to the other Ca.3 isoforms: Ni** has a ICso of ~10 uM for the
Ca\3.2 isoform while it has a ICso of above 100 uM for the Cav3.1 and Cav3.3 isoforms
(Lee et al., 1999). In addition, Zn?* shows a ICso of ~0,8 uM for Cav3.2 and a ICso 100-
and 200- fold higher for Cav3.3 and Cav3.1, respectively (Traboulsie et al., 2007). These
cations act as competitive antagonist for the calcium binding site, occluding the pore of
the channel and lowering the channel conductance (McGivern, 2006).

As a consequence of their physiological roles, the Cav3 channels have been linked to
several pathological conditions including loss of motor coordination, epilepsy,
neuropathic pain and bradycardia (Chang et al., 2011; Beck et al., 1998; Ernst et al.,
2009; Bourinet et al., 2005; Mangoni et al., 2006).

In recent years, knock-out (ko) and transgenic animal models for the T-type calcium
channels have been generated to better understand their specific implications in
diseases. It has been shown that single nucleotide mutations within the Cav3 genes can
lead to neurodevelopmental disorders. A point mutation in CACNA1G causes adult-
onset mild ataxia phenotype, while other gain of function mutations within the same
gene are responsible for childhood cerebral atrophy (Coutelier et al, 2015; Chemin et al.,
2018). In addition, gene mutations in CACNA1/ have been identified as a risk factor for
neuropsychiatric diseases like schizophrenia (Gulsuner et al., 2013; Schizophrenia
Working Group of the Psychiatric Genomics Consortium, 2014). Cav3.2 ko animals are
affected by elevated anxiety and attenuated pain (Chen et al., 2012; Choi et al., 2007).
The attenuated pain confirms a key role of Cav3.2 in nociception.

Both Cav3.1 and Cav3.2 isoforms have been extensively studied in different forms of
epilepsy. Cav3.1 ko animal models are less susceptible to develop tonic seizures
compared to wild type littermates in an electroshock test, while the Cav3.2 T-type
calcium subunit was reported to be involved in the pathogenesis of TLE (Sakkaki et al.,
2016; Becker et al., 2008).
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1.3.2 The Cav3.2 subunit in Temporal Lobe Epilepsy

Sanabria et al. (2001) were the first to observe an increase of intrinsic bursting in CA1
pyramidal neurons within the pilocarpine-induced SE animal model of TLE (an animal
model to study epilepsy-pathogenesis; see below) and to identify a subset of pyramidal
cells (PCs) which act as pacemakers of interictal-like bursting. This subset of neurons
recruits the entire CA1 pyramidal neurons, bursting and not bursting, into a synchronized
discharge (Sanabria et al., 2001). Initially, the above-mentioned phenomenon was
attributed to a de-novo calcium current which in the course of the years has been
revealed to be the T-type calcium current (Sanabria et al., 2001). In fact, electro-
pharmacological studies suggested that the switch from normal firing to a bursting mode
after a single episode of SE was caused by an increase of the Ni?*-sensitive T-type
calcium current density (Su et al., 2002). Molecular investigations confirmed that early
after SE, the Ca\3.2 subunit is transiently, transcriptionally and functionally upregulated
leading to an enhancement of T-type calcium current and intrinsic firing in the
hippocampal CA1 pyramidal neurons (Becker et al., 2008). Congruently, Cav3.2 ko mice
resulted to be less affected by the SE-induced augmentation of the /cat and did not show
any neuropathological hallmarks, such as neuronal loss, typical for the development of
TLE (Becker et al., 2008). All these findings pointed towards a key role of Ca\3.2 in the

process of epileptogenesis and in converting a normal neuronal network hyperexcitable.
1.3.3 Cav3.2 transcriptional regulation

One of the mechanisms responsible for an altered expression, distribution and activity of
ion channels during the process of epileptogenesis includes the differential expression of
transcriptional activators or repressors. Interestingly, the Cacnalh promoter presents
binding sites for several transcription factors which can regulate Cacnalh gene
expression. The Early Growth Response 1 transcription factor (Erg1/Zif268/Krox-24),
which is known to be involved in neuronal activity and in the regulation of synaptic
plasticity, is one of them (Duclot and Kabbaj, 2017). Erg1 binds the Ca\3.2 promoter via
three Cysteine2Histidine2 (C2H2)-type Zn?* finger DNA-binding domains, inducing a
transcriptional upregulation of the channel and increasing lcar. The Erg1-induced

activation of the Cacnath promoter can be antagonized by the repressor element 1-
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silencing transcription factor (REST1), also known as Neuron-Restrictive Silencer Factor
(NRSF) which is a repressor of neuronal gene expression and which is highly expressed
after extended periods of neuronal hyperactivity, typically occurring during seizures (van
Loo et al., 2012). Another transcription factor capable of binding the Cav3.2 promoter
and of regulating the Cav3.2 expression is metal-response element binding transcription
factor-1, also termed metal-regulatory transcription factor 1 or metal-responsive

transcription factor 1 and shortened as Mtf1(van Loo et al., 2015).
1.4 Structure and role of Mtf1

Mtf1 is evolutionarily a well conserved protein, from insects to mammals (Glnther et al.,
2012). The primary structure of the protein consists of six C2H2 type Zn?* finger
domains, three transcriptional activation domains - rich in acidic residues, prolines and
serines/threonines, a nuclear localization signal (NLS) motif, a nuclear export signal
(NES) motif and a homodimerization sequence (Radtke et al., 1993; Seipel et al., 1992;
Radtke et al., 1995; Saydam et al., 2001; Lindert et al., 2009). The amino acids (a.a.)
length of human MTF1 is slightly longer at the C-terminus but nevertheless quite similar
to the mouse Mtf1 protein (753 vs 675 a.a.) (Brugnera et al., 1994) (Fig. 1).

C-terminus in Mtf1 of mouse, rat

Activation domains |
pro-rich Ser/thr-rich675

L K s e

Nuclear import Nuclear export Homodimerization
(NLS) (NES)

NN

a.a.l

Fig. 1: Representation of the domain structure of mammalian Mtf1. The six Zn?* fingers,
the nuclear import and nuclear export motif, the three activation domains and the
homodimerization motif. The different arrows show the Mtf1 C-terminus of different
mammals. Modified from Gunther et al., 2012.

Under physiological conditions, Mtf1 localizes within the nucleus and the cytoplasm, and

can be shuttled out of the nucleus by a protein called Chromosomal Maintenance 1
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(Crm1) (Lindert et al., 2009; Nguyen et al., 2012). Once Mtf1 is activated in response to
heavy metal exposure, such as Zn?* and Cd?*, or forms of stress like hypoxia or
oxidative stress, it accumulates in the nucleus (Saydam et al., 2001). Here, it binds via
its six Zn?* finger domains to Metal Responsive Elements (MREs) sequences generally
located within target gene promoters (Stuart et al., 1984; 1985). Nevertheless, MREs
can also be located downstream of the transcriptional start site (TSS) (Gunther et al.,
2012; Lichten et al., 2011). MREs are DNA-binding consensus 5-TGCRCNC-3’
sequences (with R = A or G and N = any nucleotide) (Wang et al., 2004a). In order to
drive expression of target genes, Mtf1 interacts with other transcription factors and
coactivators, including Sp1 and p300 (Li et al., 2008; Okumura et al., 2011) (Fig. 2). The
activity of Mitf1 can be regulated at the post-translational level, for instance by
phosphorylation or homodimerization, which is fundamental for the recruitment of other
proteins involved in the transcriptional machinery, or can be regulated at the nucleus-

cytoplasmic shuttling level (Gunther et al., 2012).

Cd**
phosphorylation —
dephosphorylation t——

®

. )/MTFl-target gene

o, CAIOCX LY

MRE

Fig. 2: Schematic overview of mammalian Mtf1 regulation. Under normal conditions,
Mtf1 shuttles between the cytosol and nucleus and is carried out of the nucleus via Crm1
interaction. After direct or indirect Zn?* activation, Mtf1 internalizes in the nucleus, binds
to MREs within the promoter region of target genes, recruits other transcription factors
and activators and regulates target gene expression. Modified form Gunther at al., 2012.
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Mtf1 plays a central role in heavy metal homeostasis and detoxification by controlling
expression of genes that directly influence intracellular heavy metal levels or their
availability, with particular regard to Zn?* (Guo et al., 2010; Langmade et al., 2000;
Wimmer et al., 2005; Bellingham et al., 2009; Grzywacz et al., 2015). Zn?* is the second
most abundant transition metal ion and it is needed by all organisms for cell metabolism
and for providing a structural scaffold to many proteins (Choi and Bird, 2014; Vallee and
Auld, 1990; Laity et al., 2001). However, a shortage or excess of the ion causes
diseases like immune dysfunction, growth retardation or sensory and motor
neuropathies (Black, 1998; Andrews, 1992; Afrin, 2010; Hedera et al., 2009). In
mammals, Mtf1 has a relevant role in liver development, as shown by Mtf1 ko mice
which die at embryonic day 14 due to liver degeneration (Gines et al., 1998; Wang et
al., 2004b). The best characterized genes regulated by Mtf1 are the ones encoding for
the metallothioneins-I (MT-I) and Il (MT-II) which are small cysteine-rich proteins able to
bind Zn?*, Cd?* or hydrogen peroxide (H202) produced in oxidative stress conditions
(Radtke et al., 1993; Kagi and Valee, 1960; Andrews, 1992). When intracellular levels of
Zn?* are too high, Mtf1 augments expression of MT genes which then chelate the Zn?* in
excess with consequent protection of the cell from the ions toxicity and inactivation of
Mtf1 (Heuchel et al., 1994). Other well-known mammalian genes that are activated by
Mtf1 are Scl30a71 and Scl30a2, encoding for the Zn?* exporter ZnT-l and ZnT-Il,
Slc39a10 which encodes for the Zn?* importer Zip10, and the Y-glutamate-cysteine-
ligase (Gcl) which encodes for the subunit of glutamate-cysteine ligase, an enzyme that
catalysis the glutathione biosynthesis (Palmiter and Findley, 1995; Guo et al., 2010;
Lichten et al., 2011; Kaler and Prasad, 2007; Glnes et al., 1998).

1.5 The Zn?*-Mtf1-Ca\3.2 cascade of epileptogenesis

As mentioned above, Mtf1 also regulates the transcription of Cacna1h, encoding for the
Cav3.2 channel subunit. Indeed, bioinformatic analyses of the Cav3.2 promoter revealed
MREs located upstream of the Cacnath TSS. This discovery explained the Zn?*-induced
upregulation of Icat observed in an animal model of TLE and sees Mtf1 as a mediator of
a new mechanism of neuronal plasticity (Suh et al., 2001).

On one side, it was already known that Zn?* is released from glutamatergic terminals

during a strong neuronal activity such as SE (Suh et al., 2001) and that it accumulates in
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the somata of CA1 neurons already one day after SE where it remains for one week
(van Loo et al., 2015). In addition, it was demonstrated that Zn?*, although it acutely and
reversibly inhibits Ni?*-sensitive calcium currents, causes a long-term upregulation of
IcaT in hippocampal PCs of intracranially Zn?*-injected mice (Traboulsie et al., 2007; van
Loo et al., 2015). On the other side, Becker et al. (2008) observed that after a single
episode of SE, Cav3.2 expression is augmented in CA1 neurons, with a transient
transcriptional and protein peak respectively 3 and 5 days after SE-induction, and that
Cav3.2 ko animals are less prone to develop seizures after the chemical convulsant
pilocarpine administration. Further experiments pointed out how Mtf1 overexpression in
vitro as well as in vivo provokes an increase of Cav3.2 expression and /cat, similar to the
one induced by Zn?*. In addition, overexpression of a dominant-negative form of Mtf1
(dnMtf1, Mtf1AC) which acts as a competitive antagonist for the MREs, reduces the
Zn?*-induced Ca\3.2 activation and seizure progression (van Loo et al., 2015). These
results indicate a role for Mtf1 in mediating the stimulatory effects of Zn?* on the Cav3.2
promoter. Altogether, these findings allowed the identification of a new mechanism of
neuronal plasticity to which we refer to as the “Zn2*-Mtf1-Ca,3.2 cascade of
epileptogenesis”. Here, the intracellular rise of Zn?* activates Mtf1 which then binds to
the MREs present within the Cacnalh promoter, resulting in a transcriptional and
functional upregulation of the Cav3.2 channel. The enhancement of Cav3.2 channel
expression results in an enlargement of Icar and in the conversion of regular firing CA1
neurons to intrinsic burst firing cells, strengthening the excitability of the hippocampal
network (van Loo et al., 2015) (Fig. 3).

The positive correlation between high levels of MTF1 and Cav3.2 mRNA also in
pharmacoresistant patients affected by TLE with HS would indicate that interfering with
this intracellular cascade could pave the way to halt the development of TLE or

attenuate the progress of the disease (van Loo et al., 2015).
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Fig. 3: Timeline of the Zn?*-Mtf1-Ca\3.2 cascade of epileptogenesis. Zn?* released from
glutamatergic neurons during neuronal activity underlying SE is internalized
postsynaptically and accumulates in pyramidal neurons within 1 day, with a peak at 2-4
days after SE. Zn?* activates Mtf1, and consequently increases Cav3.2 transcription and
channel expression, leading to a robust increase of Icat and hippocampal
hyperexcitability. Image courtesy of Dr. van Loo.

1.6 Animal models of epilepsy

In the last decades, different approaches have been adopted to investigate the process
of epileptogenesis. For example, genetic screenings and transcriptomic approaches,
specifically at the single-cell level, allow us to couple individual-specific expression
differences with genetic variations. As for obvious moral reasons, it is not possible to
obtain brain tissue from epilepsy patients during the earlier phases of epileptogenesis.
To study the early phases of epileptogenesis, and to have a better insight into the
chronic stages, animal models may be useful. For example, the kindling model in
rodents is a well-established method where the animal receives daily electrical or
chemical stimuli in cortical or limbic structures, most commonly in the amygdala, with
gradual development of seizures which increase in severity and duration with ongoing
stimulation. With this animal model is possible to mimate some hallmarks of epilepsy
such as chronic seizures, neuronal damage and cognitive deficits (Loscher, 2017). The
pentylenetetrazol (PTZ) animal model is a chemical kindling model of epilepsy which

reassembles the features of absence seizures or “petite mal” seizures (Dhir, 2012). It is
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the preferred animal model to test antiepileptic medicines by using repeated
administration of the non-competitive antagonist of GABAa receptor PTZ (De Deyn et al.,
1992). Interestingly, although this is a widely used animal model of epilepsy, the
mechanism by which PTZ is capable to trigger seizures is not well understood, as some
anticonvulsant drugs, known to bind to allosteric sites of the GABAa receptor, show
divergent results both in the PTZ-acute and kindled model (Hansen et al., 2004).

Two other animal models in epilepsy research are the systemic application of the
convulsant drugs kainic acid- and pilocarpine to induce the disease. Kainic acid is a
cyclic analog of L-glutamate and an agonist of the kainite sensitive glutamate receptor
while pilocarpine is a natural heterocyclic compound imidazole-derivate, which acts as
an agonist of the muscarinic receptor M3. The approach consists in the induction of an
initial brain injury, namely SE, which is defined as a period of seizure activity persisting
for at least 30 min without full consciousness recovery, followed by a latent phase of 3-4
weeks before the manifestation of spontaneous seizures (Lowenstein et al., 1999; Scott,
2014; Sloviter et al., 2004; Lévesque et al., 2016).

1.6.1 The Pilocarpine-induced SE animal model of Temporal Lobe Epilepsy

The pilocarpine-induced SE model of TLE is a well-established and clinically translatable
model which has allowed to uncover most of the knowledge acquired about TLE
pathogenesis. The model was first described in 1983 by Turski et al., who documented
how intraperitoneally administration of the drug was followed by limbic seizures
culminating with SE. In detail, animals face four different stages before entering SE.
Briefly, in the first stage, animals assume a rigid posture; in the second stage, they
experience repetitive movements like head bobbing; in the third stage, animals develop
severe seizures with rearing without falling, followed by a fourth stage where they have
severe seizures with rearing and falling (Pitsch et al., 2007).

The pilocarpine model has been optimized during the years in order to reduce the high
mortality and low induction rate (Ahmed Juvale and Che Has, 2020). In order to reduce
peripheral muscarinic effects, 20 min before pilocarpine administration, animals receive
a first injection of N-methyl scopolamine, an antagonist of the muscarinic acetylcholine
receptor not able to cross the blood brain barrier. Usually animals recover from SE

within 5-6 hours (h), however, in order to reduce its mortality rate, 40 minutes (min) after
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SE onset, mice receive a subcutaneous administration of the anticonvulsant diazepam,
agonist of the GABAA receptor. The pilocarpine-model induces neuronal loss,
particularly in the dentate gyrus and CA1/CA3 region of the hippocampus, and mossy
fiber sprouting, highly resembling the neuropathological hallmarks found in the surgically
resected hippocampi of pharmacoresistant patients with TLE (Fritsch et al., 2010;
Sharma et al., 2007; Blimcke et al., 1999).

1.7 Aims of the study

Changes in synaptic and intrinsic plasticity are responsible for the process of
epileptogenesis in TLE. Recently, a new mechanism of aberrant intrinsic plasticity has
been discovered, in which Mtf1 plays a key role. This transcription factor, upon Zn?*
activation, is able to convert CA1 hippocampal neurons from regular firing into a mode
with intrinsically increased propensity for burst discharges by specifically inducing the
transcriptional and functional levels of the T-type pore-forming calcium subunit Ca.3.2.
Interfering with this cascade by Cav3.2 deletion or by virus-mediated expression of a
dominant-negative form of Mtf1 attenuates the emergence of spontaneous seizures in
the chronic phase of the pilocarpine-induced SE mouse model. The findings obtained
until now suggest this cascade as a putative new target for pharmacological treatment
aimed to delay the development of the disease.

However, the pathophysiological context of Mtf1 in insult-induced conversion of a
neuronal network from normal function to hyperexcitability goes beyond the ‘Cav3.2’-
cascade but remains largely unknown.

Therefore, the overall goal of this study is to gain new insights in the role of Mitf1 in the
process of epileptogenesis.

The first aim was to identify Mtf1-expressing neurons in mouse brain tissue by
developing a minimal promoter to genetically label Zn?*/Mtf1-positive cells.

The second aim was to determine the involvement of the Zn?*/Mtf1 pathway in TLE
pathogenesis by monitoring Mtf1 activation at different stages of epileptogenesis.

The third aim was to examine to what extent the Zn?*/Mtf1-positive cells overlap with
and contribute to the Cav3.2-expressing cells in the process of epileptogenesis

The fourth aim was to identify comprehensively downstream targets of the Zn2*/Mtf1-

cascade involved in the process of epileptogenesis.
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2. Material and methods

2.1 Oligonucleotides

Oligonucleotides were synthesized by Invitrogen (Karlsruhe, Germany). Lyophilized

oligonucleotides were dissolved in Ampuwa water (Fresenius Kabi, Germany) to a final

concentration of 100 uM.

2.1.1 Cloning primers

Tab. 1: Cloning primers

PCR Direction | Primer sequence (5’ to 3) Enzyme | Plasmid
fragment
Luciferase | Fw cagcttacaaccatgatggaagatgccaa Ncol pAAV-
aaacattaagaagg MREs-
Luciferase
Luciferase | Rv atctcttacttgtacttacacggcgatcttgccgce BsrGl pAAV-
MREs-
Luciferase
LacZ Fw Cagcttacaaccatgatgaccatgattacgg Ncol pAAV-
attcactgg MTI-LacZ
LacZ Rv atctcttacttgtacttatttttgacaccagaccaactggt | BsrGl pAAV-
MTI-LacZ
Cavs.2- Fw gcgacgcgtcagtgaagggaaggggcggcgce BamHI | pAAV-
1020 Cav3.2-
LacZ
Cavs.2- Rv gcggtcgacgtggcggagggecagceac Sall pAAV-
1020 Cav3.2-

LacZ
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Mtf1 Fw ccggggatcctctagaatgggggaacacagtccagac | Xbal pAAV-
hSyn-Mtf1
Mtf1 Rv tgtttcagggtggcagctgcagg pAAV-
hSyn-Mtf1
2A- Fw gccacccgtgaaacagactttgaattttgaccttctcaag pAAV-
SBFP2 hSyn-2A-
SBFP2
2A- Rv tgctcgaggcaagctttcactigtacagctcgtccatge | Hindlll - | pAAV-
SBFP2 hSyn-2A-
SBFP2
MRE-MTI | Fw ctgcggccgecacgcegggtacctgagcetegetagecteg | Miul pAAV-
MTI-
iRFP713
MRE-MTI | Rv ccatggtggctctagggtggctttaccaacagtaccg Xbal pAAV-
MTI-
iRFP713
mRuby3 Fw cagcttacaaccatggtgtctaagggcga Ncol pAAV-
MTI-
mRuby3
mRuby3 Rv atctcttacttgtacttacttgtacagctcgtccatgec BsrGl pAAV-
MTI-

mRuby3
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2.1.2 Sequencing primers

Tab. 2: Sequencing primers

Template Direction Sequence (5’ to 3)
Poly-A Rv ttgccccttgctccatac

hSyn Fw acgcgaggcgcgagatag
Mtf1 Rv ggagggagcaggtggaggag
2a-sbfp2 Fw aagcatcgaaagtggaggag

2.1.3 Quantitative real time RT-PCR primers

Tab. 3: RT-PCR primers

Gene Fw primer (5’ to 3’) Rv primer (5’ to 3’)
Cacnailb cgcctttggggtattgaact agaggcgaaggaagcttagg
Creb1 gcccectggagttgttatgge tcttgctgectecctgttctt
Cplx2 actctgcttggtgtctgactct tttgggaaatgagcccacctgt
Gabra4 ggacccctgatactttcttcagg cgcacttatggtgagtctcattg
Gabrb3 tgaaaaaccgcatgatccge gctgtcgtagtgatcctgage
Gabrd attttatacagcatccgcatcacc catccagtgggtacttggcg
Git1 acagatggctgacagcttgg atggcaagttcctcaaaaagcc
Gria1 tgatggaatccgcaagattggtt cgaggatagtcgtaacgatatag
Grin2b aacggtcagaggtggttgac cgtcagcactgaatggctctaa
Kalrn acacatacctccaccggaga ctccttegtttgettggeag
Kcnh1 caacctgaggaagaggattgtgt tttctgctggcggaaccttt
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Kctd13 cactatgcctcatccccaca agttgtcatctgaagtgctggt
Lrrtm2 agttgtcatctgaagtgctggt gcttctcacagcggceatttag
Nrxn3 tggcaaataccacgttgtgc cgttcattatcagtgttgcctgta
Nitrk2 acctcactgtgcattttgcg tagaaccactgaagcgcagg
Ptprs acccacaccctacaagattcag aaggtgtgtggcttgaggtg
Rims3 aatccctcccagccacctat gcttgctggtacaagggatca
Syn ttcaggactcaacacctcggt cacgaaccataggttgccaac
Unc13a atggttcaaaggcggtcctg ccttccgagactgcaccaat
2.2 Plasmids

2.2.1 Generated plasmids

Tab. 4: Generated plasmids

Name Insert Plasmid

pAAV-pGl4.23-Luciferase

Luciferase (Firefly)

pAAV-pGl4.23-Venus

pAAV-MREd/c-Luciferase

Luciferase (Firefly)

pAAV-MREd/c-Venus

pAAV-MRE3/4-Luciferase

Luciferase (Firefly)

pAAV-MRE3/4-Venus

pAAV-MTI-Luciferase

Luciferase (Firefly)

pAAV-MTI-Venus

pAAV-hSyn-Mtf1-2A-SBFP2

Mtf1-2A-SBFP2

pAAV-hSyn-MCS

pAAV-MTI-LacZ LacZ pAAV-MTI-Venus
pAAV-Cav3.2-LacZ Cav3.2-1020 pAAV-MCS-LacZ
pAAV-MTI-mRuby3 mRuby3 pAAV-MTI-Venus
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pAAV-MTI-iRFP713 MRE-MTI PAAV-hSyn-iRFP713

2.2.2 Plasmids generated prior this study

pAAV-pGl4.23-Venus, pAAV-MREd/c-Venus, pAAV-MRE3/4-Venus, pAAV-MRE-MTI-
Venus, pAAV-Cav3.2-Venus, pAAV-hSyn-GFP, pAAV-hSyn-Mtf1-IRES-Venus, pAAV-
hSyn-dnMtf1-IRES-Venus, pAAV-hSyn-RL-TK.

2.3 Molecular Biology Methods
2.3.1 Polymerase chain reaction

DNA fragments were amplified by polymerase chain reaction (PCR) (Tab. 5). The PCR
reaction mix contained double stranded DNA of the sequence of interest, single
stranded primers, deoxyribonucleotides (dNTP) (Life Technologies) and the required
amount of buffer and water. The Phusion High-Fidelity DNA Polymerase (Thermo Fisher
Scientific) was used to amplify the DNA.

Tab. 5: PCR protocol

PCR reaction mix 50 pl reaction

5X HF buffer 10 pl
Fw primer (10 pmol/pl) 2,5 ul
Rv primer (10 pmol/ pl) 2,5 ul
Template DNA 100 ng
dNTP-Mix (25 mM) 1l

Nuclease-free Water to 50 pl
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The reaction was performed in a Thermal Cycler T100 (Bio-Rad). Different temperature

steps were used to amplify the DNA fragment with 36 cycles of steps 2-4 (Tab. 6)

Tab. 6: PCR program

Step Temperature | Time
1. Initial Denaturation 94 °C 1 min
2. Denaturation 94 °C 10 sec
3. Annealing 55-60 °C 30 sec
4. Extension 72 °C 15-30 sec/kb
5. Final extension 72 °C 10 min
2.3.2 Cloning

For the generation of new plasmids, template DNAs were amplified via PCR with
appropriate primers (all primers including restriction sites recognition sequences are
listed in Tab. 1). Primers were designed using SnapGene and synthesized by Invitrogen
Life Technology. Final vectors and purified PCR amplicons were digested with the
appropriate enzymes for 2 h at 37 °C. Following restriction, vector and amplified DNA
fragments were complemented with 6x loading dye (Life Technologies) and separated
on 1 % agarose (Sigma Aldrich) gels containing 4 % peqGreen RNA/DNA dye (PegLab)
for 30-60 min at 80-150 V. For an estimation of band sizes, GeneRuler 1kB DNA
(Thermo Fisher Scientific) was also loaded on the agarose gels. DNA bands were
visualized by UV-light via Chemidoc (Bio-Rad), cut out the gel for further vector
generation and purified with the NucleoSpin® Gel and PCR Clean-Up kit (Macherey
Nagel). Vectors and PCR fragments were ligated following the manufacturer’s
instructions of the In-Fusion® HD Cloning Kit (Takara Clontech). After ligation, 5 ul of

product were used for chemical transformation of bacteria as described in section 2.3.3.
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2.3.3 Chemical transformation of bacteria with plasmid DNA

To transform or re-transform the plasmid of interest, 50 ul of Stellar competent cells
(Takara Bio) or 5-a E. coli recombinant cells (RC) (New England Bio Labs) were thawed
on ice. For a transformation 5 pl of ligation product, and for a re-transformation 1 g
DNA were added to the bacteria and incubated for 20 min on ice. A heat shock followed
at a temperature of 42 °C for 45 sec. The bacteria were placed on ice for 2 min before
the addition of 150 pl of LB medium (Carl Roth) for RC cells or SOC medium (Takara
Bio) for Stellar cells. Bacteria were incubated for 1 h at 37 °C in a thermo shaker.
Afterwards, bacteria were plated on an agar-plate with ampicillin (Carl Roth) antibiotic as

selection marker (100 ug/ml) and incubated overnight at 37 °C.
2.4 Bacteria Culture

To cultivate bacteria expressing the plasmid of interest, a single colony grown on an
ampicillin agar-plate was incubated in 5 ml of LB medium and 0,1 % of ampicillin
overnight at 37 °C at 180 rpm.

2.5 DNA plasmid purification

Purification of DNA plasmids was done using commercial kits (“mini”, “midi” and “maxi”
purification kits (Qiagen, Germany)), following the manufacturer’'s instructions. DNA
concentrations were determined by spectrophotometric analysis. The plasmids obtained
with the mini kit were used for restriction analysis and sequencing of the ligation product.
The plasmids obtained with the midi kit were utilized for digestion, cloning and cell
transfection. Plasmids used for purified virus production and neuron transfection were

obtained with the endotoxin-free maxi kit in order to obtain high quality of DNA.
2.6 Sequencing

The correctness of the plasmid was confirmed by sequencing analyses, 15 ul of plasmid
(~100 ng/pl) with 2 ul of sequencing primer were sent to Eurofins Genomics service

(Germany).
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2.7 Total RNA, messenger RNA (mRNA) isolation and cDNA synthesis

Total RNA was obtained from mouse micro-dissected CA1 hippocampal regions using
the RNeasy Plus Micro Kit (Qiagen). mMRNA was obtained from neuronal cultures in 24
wells-plate (70,000neurons/well) using the Dynabeads® mRNA DIRECT™ Micro
Purification Kit (Life Technologies). First, neurons were washed with phosphate-buffered
saline (PBS) and 50 pl of lysis buffer from the kit was added to the wells. Then, cells
were stored at -80 °C for 10 minutes in order to promote the detachment of neurons
from the bottom of the plate and the disruption of the neuronal membrane. The mRNA
was isolated following the manufacturer’s instructions. cDNA was synthesized from the
purified mRNA by reverse transcription using the RevertAid H Minus First Strand cDNA
Synthesis kit (Thermo Fisher Scientific), following the manufacture’s protocol and ina T3

Thermo Cycler (Biometron). cDNA samples were stored for subsequent analysis at -20
°C.

2.8 Real time PCR
For quantitative real time PCR (RT-PCR), the Maxima SYBR Green/ROX qPCR Master

Mix (ThermoFisher Scientific) was mixed with other components as listed in Tab. 7.

Tab. 7: RT-PCR reaction mix for one replicate

Components Volume
DEPC H20 1,5 ul
Master Mix 3,125 ul

Fw primer (10pmol/ul) | 0,1875 ul
Rv primer (10pmol/ul) | 0,1875 ul

cDNA 1,25 pl

2 6,25 yl
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The Tagman gene expression assay was performed in a C100 Touch Thermal Cycler
CFX84™ Real-Time system (Bio Rad Laboratories) following the protocol showed in
Tab. 8. Steps 3-5 were repeated for 40 cycles and step 7 was added to the normal

protocol in order to obtain a melting curve and consequent product size specificity.

Tab. 8: RT-PCR protocol

Step Temperature Time

1 50 °C 2 min

2 95°C 10 min

3 95 °C 20 sec

4 60 °C 30 sec

5 72 °C 40 sec

6 95 °C 15 sec

7 60 °C 15 sec
0.5 °C increment 15 sec/temperature
95 °C 15 sec

Samples were pipetted in triplicate; one replicate was obtained by pooling together 2
wells of 24 well-plates with 70,000/well neurons. Gene expression measurements were
done on an Abi Prism 7900HT system (PE Applied Biosystem). To analyse the
expression of the gene of interest, synaptophysin was used as reference gene.
Quantification was performed according to the 222Ct method. ACt (Cycle threshold
value) = Ct of gene of interest — Ct of synaptophysin. AACt = ACt (treated samples) —

ACt (untreated samples). Results are expressed as relative mRNA expression.
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2.9 RNA sequencing

MRNA sequencing of resected CA1 hippocampal regions was performed in collaboration
with the Cologne Center for Genomics (CCG), university of Cologne. RNA library
preparation was obtained with the NEBNext® Ultra™ Directional RNA Library Prep Kit for
lllumina® (New England BioLabs) (mRNA input:16 ng) and an RNA sequencing library

was generated from 25 million reads of 100 bp paired ends.
2.10 Bioinformatic analyses

A list of genes involved in the synaptic transmission was obtained from the Synapse GO

annotation database (http://www.informatics.jax.org/vocab/gene ontology/G0O:0007268).

Putative MREs at the promoter region of the synaptic-related genes were detected using

the Jaspar database in the Signal Search Analysis Server (SSA- https://ccg.epfl.ch/cgi-

bin/ssa/findm_form_parser.cgi) and the tool finding motif around functional site (FindM).

As input parameters for the promoter region, we used 1100 bp upstream and 100 bp
downstream from the TSS. As cut-off value we selected genes with a binding sequence
affinity > 98 %.

Bioinformatic analyses for the RNAseq experiment were conducted by our collaborator
Dr. Ashley van Waanderberg, i-Synapse, Queensland, Australia. The following
Bioconductor packages were used to analyze gene expression data: EdgeR, DESeq2
and voom/lomma (Robinson et al., 2010; Ritchie et al., 2015; Love et al., 2014; Law et
al., 2014).

2.11 Cell culture
2.11.1 Human Embryonic Kidney 293 cells

Human Embryonic Kidney 293 (HEK293) cells (Stratagene) were kept in high glucose
Dulbecco’s Modified Eagle Medium (DMEM) (Life Technologies) supplemented with 10
% fetal calf serum (FCS) (Gibco®), 100 units per ml penicillin/streptomycin (Thermo
Fischer Scientific) and 2 mM glutamine (Thermo Fisher Scientific), and incubated at 37
°C and 5 % CO:a. Cells were passaged every 2-3 days at a confluence of 60-80 % and
plated in a dilution 1:10.


http://www.informatics.jax.org/vocab/gene_ontology/GO:0007268
https://ccg.epfl.ch/cgi-bin/ssa/findm_form_parser.cgi
https://ccg.epfl.ch/cgi-bin/ssa/findm_form_parser.cgi
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2.11.2 Transfection of HEK293 cells for Adeno-Associated Virus 12 (rAAV1.2) production

To produce crude AAV1.2 particles, HEK293 cells were seeded with a density of 1.5 x
10% cells/10 cm dish in DMEM medium. The next day, 4 h prior transfection, normal
medium was removed and cells were incubated with Iscove’s Modified Dulbecco’s
Medium (IMDM) (Thermo Fischer Scientific), supplemented with 5 % FCS. The

transfection mixture per 10 cm dish is listed in Tab. 9

Tab. 9: HEK293 transfection mixture for AAV1.2 virus production

Components Amount
H20 1 ml
CaCl2 145 ul; 2.5 M

pFdelta6 — adenoviral helper virus | 11 ug

pH21 — serotype 2 2.64 ug
pNLrep /pRV1 — serotype 1 2.64 ug
AAV plasmid 5.5 ug
2x HeBS 1.2 ml

The helper plasmid pNLrep/pRV1 encodes for the rep gene while the helper plasmid
pH21 encodes the cap gene. The 2X HEBS is composed by 50 mM HEPES (Carl Roth)
with a pH=7.05, 280 mM NaCl (Sigma-Aldrich) and 1.5 mM Na2HPO4 Sigma-Aldrich)
and was added in a drop-wise manner while vortexing. The transfection mixture was
incubated at room temperature (RT) for 2 min to allow complex formation before addition
to the HEK293 cells. The IMDM medium was removed 24 h after the transfection and
replaced with DMEM medium. To harvest the virus, the DMEM medium was collected 48
h after transfection in a falcon together with 1 ml of PBS which was added to the 10 cm
dish in order to scrap the cells off. To disrupt the cells membrane, the suspension was
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frozen at -80 °C and thawed at 37 °C for three times. After that, suspension was
centrifuged for 3 min at 4500 rpm and virus-containing supernatant was stored at 4 °C.
rAAV12 viral particles were purified from the cell lysate by HiTrap heparin column
purification (GE Healthcare), and then concentrated to a final stock volume of 500 ml
using Amicon Ultra Centrifugal Filters (Millipore). Purity of the viruses was validated by
coomassie blue staining of SDS—polyacrylamide gels. Functional titers (transducing
units) of the fluorescent protein vectors were determined by transduction of cultured

primary neurons.
2.11.3 Primary Neurons

Primary hippocampal neurons were prepared from C57BI/-6N mice. Pregnant mice were
sacrificed under deep isoflurane anaesthesia (Piramal Critical Care) and the uterus
containing embryos (embryonic days 14-18) was removed. Hippocampi and cortex were
isolated from the embryos and tissue was washed 3 times with cold Ca?*/Mg?* free
Hanks' Balanced Salt Solution (HBBS) (Gibco®) before being digested with 200 ul 2.5 %
trypsin (10X) (Gibco®) for 20 min at 37 °C. After 3 washing steps with HBSS, medium
was aspirated and 200 yl 1 mg/ml DNase-l (Roche) together with 800 pl 1X basal
medium eagle (BME) (Gibco®) was added. Tissue was mechanically dissociated by
trituration using a 1 ml plastic tip. Neurons were counted, seeded in a 24 wells plate
coated with Poly-D-Lysine (Sigma) and kept at 37 °C, 5 % CO:2 in BME supplemented
with 0.5 % glucose (Sigma-Aldrich), 1 % FCS, 2 % B-27 (Life Technologies) and 0.5 mM

L-glutamine (Gibco®).
2.11.4 Transduction of cultured primary neurons and Zn?* loading

Primary neurons were transduced at DIV1-7 depending on the type of experiment with
viral particle extracts containing ~108 transducing units (rAAV serotype 1/2). On DIV14,
neurons were incubated with 1 yM ZnCl2 for 1 h. Control neurons were treated in the
same way but incubated with normal medium. Transduced neurons were further
cultivated at 37 °C and 5 % COa.
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2.11.5 Luciferase assay on hippocampal neurons

For Luciferase experiments, hippocampal neurons (24 wells plate, 40,000 neurons/well)
were co-transduced on DIV7 with rAAV-MREs-Luciferase, rAAV-TK-Renilla and with
rAAV-hSyn-Mtf1-IRES-Venus viral suspension. On DIV14, neurons were incubated with
1 UM ZnCl2 for 1 h. Luciferase activities were determined after 4 h using the Dual
Luciferase Report Assay System (Promega). Briefly, cells were washed with PBS and
incubated for 15 min with the appropriate amount of Passive Lysis Buffer. After that, 20
pl/well of cell lysate was transferred in a 96 well Lumitrac™ plate (Greiner Bio-one,
Germany) and combined with 100 pl Luciferase Assay Reagent Il (LAR Il) and 100 pl
Stop & Go®. Renilla and firefly luciferase activity were measured using the Glomax
Luminometer (Promega). If not mention elsewhere, results are given as firefly/Renilla

relative light units.
2.12 Stereotactic rAAV1.2 vector injection

Adult male mice (~56 days, > 20 gr) were obtained from Charles River Laboratories
(C57BI/6-N) and housed under a 12 h light/dark cycle, in a temperature (22 + 2 °C) and
humidity (55 + 10 %) controlled environment and with food and water ad libitum. Animals
were allowed of 1 week of adaptation to the animal facility before surgery. Mice were
anesthetized with 0.05 mg kg -1 fentanyl (B. Braun, Germany), 5.0 mg kg -1 midazolam
(Rotexmedica GmH, Germany) and 0.5 mg kg -1 medetomidine (Dorbene, Parsippany,
NJ), intraperitoneal (i.p.). Thirty minutes before the anesthesia, mice received a
subcutaneous (s.c.) injection of 5 mg kg ketoprofen (Rifen, Vetoquinol). Intracerebral
AAV injections in the left and right CA1 hippocampal region were performed
stereotaxically at the coordinates (in mm) -2 posterior, -1.5/1.5 lateral and 1.5 ventral
relative to Bregma. Holes the size of the injection needle were drilled into the skull, and
1 ul of viral suspension was injected through a 10 pyl Hamilton syringe at a rate of 200
nlmin~' using a microprocessor-controlled mini-pump (World Precision Instruments).
One pl of viral suspension contained ~108 transducing units. After injection, the needle
was left for 5 min in place before removal, the incision was closed and mice were
allowed to recover on a heating plate. Mice were monitored twice per day and received a

s.c. analgesic (Ketoprofen, Rifen, Vetoquinol) injection for 3 days post-operation. All
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experiments were performed in accordance with the guidelines of the European Union

and the University of Bonn Medical Center Animal Care Committee.
2.13 Pilocarpine-induced SE

To induce SE, adult C57BI/6-N mice (P~60; >20 g) were injected with a single dose of
muscarinic agonist pilocarpine hydrochloride (335 mg kg', s.c., Sigma). To avoid
peripheral muscarinic effects, scopolamine methyl nitrate (1 mg kg -1, s.c., Sigma) was
administered 20 min before injection of pilocarpine. Forty min after SE onset, the mice
were injected once with diazepam (4 mg kg”'. s.c., Ratiopharm). SE was defined as
steady series of generalized tonic-clonic convulsions (stage V of the previously
described classification of spontaneous seizures according to (Pitsch et al., 2007).
Control mice were given scopolamine methyl nitrate and diazepam, but 0.9 % NaCl
(Fresenius) instead of pilocarpine. After SE, all animals were fed with a 5 % glucose

solution (Fresenius) and soaked rodent food and checked twice per day.
2.14 Near-infrared in vivo imaging

Mice were injected either with rAAV-MTI-IRFP or rAAV-MTI-iRFP combined with rAAV-
hSyn-Mtf1-2A-SBFP2 particles (rAAV-Mtf1) or rAAV-MTI-iRFP combined with rAAV-
hSyn-GFP (rAAV-GFP). Three weeks after injection, mice were anesthetized and basal
iRFP values were measured through the skull. Three days after basal iRFP
measurements, mice underwent pilocarpine-induced SE or sham-treatment. iRFP values
were again determined 2, 10 and 28 days after pilocarpine-induced SE (time points were
selected based on the results described in Kulbida et al. (2015)). The iRFP intensity
signal of animals injected with an overexpression of rAAV-GFP and rAAV-Mtf1 was
measured 2 weeks after injection.

Near-infrared imaging was performed with a Pearl® Impulse Small Animal Imaging
System (Li-COR Biosciences GmbH, Bad Homburg, Germany). The iRFP signal was
determined using a highly sensitive charged coupled device (CCD) camera. Excitation
and emission wavelengths were fixed at 690 and 710 nm, respectively. Pictures were
analyzed using the Pearl® Impulse Image Studio Software v3.1 (Li-COR Biosciences

GmbH, Bad Homburg, Germany). Fluorescent signals were normalized to background
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levels and quantified by placing two round regions of interest above the hippocampal

region. Fluorescent signals are presented as arbitrary units (a.u.).

2.15 B-Galactosidase staining

Adult male C57BI/6-N mice were injected as described above, either with rAAV-MTI-
LacZ or a combination of rAAV-MTI-LacZ and rAAV-hSyn-Mtf1-2A-SBFP2 (rAAV-Mtf1)
or a combination of rAAV-MTI-LacZ and rAAV-hSyn-GFP (rAAV-GFP). For the Cav3.2-
LacZ experiments, adult male mice C57BI/6-N were injected with rAAV-Ca.3.2-LacZ.
Two weeks after injection, mice were sham- or pilocarpine-SE treated. Three days after
SE, mice were decapitated under deep isoflurane anaesthesia. Brains were rapidly
removed, coronal slices (400 um) were made on a vibratome (Thermo Fisher Scientific)
and B-Galactosidase staining was performed according to the manufacturer’s protocol
(Sigma Aldrich, #GALS_1 kit). Slices were recut in 50 um, coverslipped in Mowiol
mounting medium (Roth, Germany) and acquired using the Zeiss Axion Z1 slide
scanner, provided by the Microscope Core Facility of the University of Bonn. Mice
injected with an overexpression of rAAV-GFP and rAAV-Mtf1 were sacrificed 2 weeks

after injection and LacZ staining was performed as described above.

2.16 Immunofluorescence on paraffine imbedded sections

Adult male C57BI/6-N mice were injected with rAAV-MTI-Venus. Two weeks after
injection, animals experienced sham or pilocarpine-SE treatment. Mice were perfused 1
day after SE with 4 % PFA. This timepoint was selected as Mtf1 and Creb1 showed
significant increased transcript levels already 12 h after SE, therefore we assumed that 1
day after SE the proteins would be expressed. Brains were removed, left overnight in 4
%  paraformaldehyde (PFA) and subsequently embedded in paraffin.
Immunofluorescence was conducted on coronal slices (4 um) made using a microtome
(Thermo Fisher Scientific). Standard staining protocols were used for immunofluorescent
stainings against Venus (indicator for Mtf1-positive neurons) and Creb1. Paraffin
sections were de-paraffinized in xylene (PanReac AppliChem) for 10 min, followed by
incubation in a decreasing EtOH series (100 %, 95 %, 75 %, 50 %) for 1 min at each

concentration. Slices were then rinsed in ddH20 for 2 min. After washing, slices were
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subjected to a citric acid (10 mM, pH=6) antigen retrieval treatment, followed by 5 min
washing step in PBS. Slices were permeabilized with 0.5 % Triton™ X-100 (Merck) in
PBS solution for 30 min at RT, prior being incubated for 2 h at 37 °C in blocking buffer
(10 % normal goat serum (NGS), 1 % bovine serum albumin (BSA), 0.3 % Triton™ X-
100 in PBS) in order to avoid non-specific antibody binding. After blocking slices were
incubated with primary antibody overnight at 4 °C; Venus (Abcam, ab290, 1:1000) and
Creb1 (Invitrogen, MA1083, 1:200) The next day, slices were washed three times for 5
min in PBS and incubated with the respective secondary antibodies (goat anti-rabbit
Alexa Fluor 488 against Venus and goat anti-mouse Alexa Fluor 568 against Creb1) for
2 h at RT. After 3 washing steps for 5 min in PBS, slices were incubated in DAPI
counterstaining 1:100 (Life Technologies). Images (40X) were taken with a Nikon

Eclipse Ti microscope.
2.17 Tissue dissociation and FACS sorting

Two weeks after rAAV-hSyn-tdTomato and rAAV-MTI-Venus injection, C57BI/6-N adult
mice experienced sham- or pilocarpine-induced SE treatment. Three days later, mice
were deeply anesthetized with isoflurane (Piramal Critical Care) and decapitated. The
brain was extracted and the hippocampus isolated on ice and washed with cold PBS.
Cell suspension isolation and debris and red blood cell removal occurred using the Adult
Brain Dissociation Kit (MACS Miltenyl Biotec, Germany) following the manufacturer’s
protocol. The samples were sorted on a BD FACS Aria lll, provided by the Flow
Cytometry Core Facility of the University of Bonn. For the detection of the tdTomato
signal, neurons were excited under a 561 nm laser and detected by a 582/15 filter. For
the detection of the Venus signal, neurons were excited under a 488 nm laser and
detected by a 530/30 filter. DAPI staining was used as a marker for dead cells and
detected by a 450/50 filter. After sorting, cells were spun down at 4 °C for 2 min. The
collection medium (PBS with 1 % heated inactivated and filtered FCS) was aspirated
and tubes were immediately frozen in liquid nitrogen and stored at -80 °C until RNA

extraction.
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2.18 Hippocampal CA1 isolation

For the RNA-seq experiments, animals were divided in five experimental groups: 1)
hSyn-GFP-injected (sham-treated), 2) hSyn-Mtf1-IRES-Venus-injected (sham-treated),
3)  hSyn-dnMtf1-IRES-Venus-injected  (sham-treated), 4) hSyn-GFP-injected
(pilocarpine-SE), 5) hSyn-dnMtf1-IRES-Venus-injected (pilocarpine-SE). Animals were
injected with the corresponding rAAVs two weeks before sham/pilocarpine treatment.
Three days after sham/SE induction, animals were deeply anesthetized with isoflurane
(Piramal Critical Care) before decapitation. Brains were extracted and coronal slices
(300 pm) were made on a vibratome (Leica). The CA1 hippocampal region was
microdissected under a fluorescent light microscope (Nikon) and samples were

immediately frozen in liquid nitrogen.
2.19 Microscopy
2.19.1 Time Lapse Imaging

Hippocampal neurons (24 well plates, 40,000 neurons/well) were transduced on DIV1
with 5 ul rAAV-MTI-Venus viral suspension. Experimental wells were transduced with 5
Ml rAAV-Mtf1-2A-SBFP2 viral suspension on DIV7 and treated for 1 h with 1 yM ZnClz0on
DIV 14. Control wells were treated in the same way without ZnCl2 but incubated with
normal medium. Neurons were monitored and photographed under a fluorescence
microscope (Axio Observer, A.1, Zeiss) in order to observe changes in fluorescence
intensity before Zn?* stimulation. Pictures (20X) were taken under the same conditions
using a Jenoptik ProgRes MF Cool camera. Two hours after Zn?* stimulation, changes in
fluorescence intensity were examined using time-lapse imaging (Nikon Eclipse Ti

microscope) for 15 h. Photographs (40X) were taken using a DS-Qi2 camera (Nikon).
2.19.2 Brain slices images

Adult male C57BI/6-N mice were injected either with a combination of rAAV-MTI-
mRuby3 and rAAV-Cav3.2-Venus, with and without rAAV-hSyn-Mtf1-2A-SBFP2. Three
weeks after injection, animals experienced sham or SE-pilocarpine treatment. Mice were

perfused at 1 and 3 days after SE with 4 % PFA. Brains were removed and left overnight
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in 4 % PFA. Coronal slices (25-50 um) were made using a vibratome (Thermo Fisher
Scientific) and mounted with Mowiol. Images were made with the objective
PlanApochromat 20X using a laser-scanning Visitrone Visiscope confocal provided of
two pco.edge sCMOS cameras, offered by the Microscopy core facility of the University

clinic of Bonn and the VisiView Software.

2.20 Creb1 fluorescence intensity analysis

Immunofluorescence stainings of Venus and Creb1 from mice hippocampi were
acquired using a laser-scanning Nikon A1/Ti confocal microscope with a Plan APO IR
40x W1 objective and the Nikon NIS Elements 4.0 acquisition software. The analysis was
performed in ImagedJ (Schindelin et al., 2012). Venus-expressing neurons were identified
by subtracting a background and then by defining an intensity image threshold equal to
the 10 % of the max intensity image after background subtraction. Regions of interest
(ROIls) were manually detected and overlapped to the Creb1-expressing neurons. The
mean grey value was used as parameter to measure the Creb1 fluorescence intensity in
Mtf1-positive (Mtf1+) and Mtf1-negative (Mtf1-) neurons.

2.21 Human TLE patients and mRNA expression analyses

For the MTF1-target gene and MTF1 mRNA correlation, 2 different cohorts were
analysed. The first cohort is composed by hippocampal biopsy tissue from patients with
HS (N=79) versus patients with lesion-associated (low-grade neoplasms or
dysplasia; N=35) chronic TLE, who underwent surgical treatment in the Epilepsy
Surgery Program at the University of Bonn Medical Center due to pharmacoresistance.
In all patients, presurgical evaluation using a combination of non-invasive and invasive
procedures revealed that seizures originated in the mesial temporal lobe (Kral et al.,
2002). Clinical characteristics per subgroup are described in Tab. 10. In the HS patient
group, no individual was suffering from recurrent seizures at the time of birth but
developed chronic recurrent seizures and HS later in life and many patients in the HS
cohort could recall transient insults during childhood. In contrast, in the lesion-associated
group, TLE is provoked by tumor or malformation in the proximity of the hippocampal

formation. Furthermore, lesion-associated patients do not have clinical histories of initial
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precipitating events/epileptogenesis and the hippocampal formation does not show HS.
Taking into consideration the definition of TLE as an acquired form of epilepsy, Lesion-
associated TLE hippocampi can be assessed as a control group for epileptogenic HS
hippocampi. All procedures were conducted in accordance with the Declaration of
Helsinki and approved by the Ethics Committee of the University of Bonn Medical
Center. Informed written consent was obtained from all patients. mMRNA analyses for
MTF1-target genes and MTF1 were carried out as described in Pernhorst et al. (2013).
RNA from biopsies representing all hippocampal subfields served to generate 750 ng
cRNA used for hybridization on Human HT-12 v3 Expression BeadChips with lllumina
Direct Hybridization Assay Kit (lllumina, San Diego, CA) according to standard
procedures. Data for MTF1-target genes and MTF1 analysed by lllumina’s
GenomeStudio Gene Expression Module and normalized using lllumina BeadStudio
software suite by quantile normalization with background subtraction. The second cohort
consisted of 55 biopsy specimen of HS patients. Patients underwent surgical treatment
in the Epilepsy Surgery Program at the University of Bonn Medical Center due to
pharmacoresistance. Clinical parameters considered were number of seizures before
surgery, age at the surgery, cell loss count in CA1, CA2, CA3 and DG and the drug
therapy followed (LEV-combination, non LEV-combination and monotherapy) (Tab. 11).
Samples’ RNA isolation, cDNA synthesis and RNA-seq were performed in the lab of Dr.

Per Hoffman (Life and Brain, Bonn, Germany).

Tab. 10: Clinical parameters distribution of 114 TLE-affected patients. Parameters as
gender, post-operative outcome and drug therapy are presented in percentuage values.
Age at seizure onset in years, age at epilepsy surgery in years, seizure frequency per
month are presented in mean + SEM values. The post-operative outcome is classified
according Engel classification (class | A: completely seizure free; class IV B. no seizure
reduction) (Engel J., 1993).

Lesion-

Parameters n | HS n
associated

Number of patients 35 79

62.9 % vs. 37.1
Gender (male vs. female) o 35|48.1 % vs. 51.9 % 79
(o]
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Age of seizure onset (years) 125+1.6 29112716 70

Seizure Frequency per month 27.8 £ 8.1 34181+£1.0 79

Drug therapy (sodium-channel | 171 % vs. 34.3

blocker monotherapy vs. LEV | o, s 48.6 % 35 20.3 % vs. 36.7 % -9
combinations vs. non LEV- vs. 43.0 %

combinations

Age at epilepsy surgery (years) 228+ 27 35135017 79

Post-operative outcome (Engel || 55.9 % vs. 44.1
A vs. Engel IV B) %

34 | 61.8 % vs. 38.2 % 76

Tab. 11: Clinical parameters distribution of 55 HS-associated TLE-affected patients.
Parameters as gender, age duration of epilepsy until surgery, seizures per month, drug
therapy, cell loss in CA1,CA2,CA3 and DG are presented in percentuage values. Age at
epilepsy surgery in years.

Parameters Values

Number of patients 55

Gender (male vs female) 58 % vs 42 %

Age duration of epilepsy until surgery (<

o 0, 0,
10 vs. 11-20 vs. > 20 years) 43 % vs. 30 % vs. 27 %

Age at epilepsy surgery (years)

36.96

Seizures per month (< 5 vs.6-15 vs. >15)

47 % vs.33 % vs.20 %

Drug therapy (sodium-channel blocker
monotherapy vs. LEV combinations vs.

non LEV-combinations)

14.54 % vs. 30.90 % vs.54.56 %

Cell loss CA1 (=50 % vs. > 50 %)

15 % vs. 85 %

Cell loss CA2 (=50 % vs. > 50 %)

63 % vs. 37 %

Cell loss CA3 (< 50% vs. > 50 %)

32.72 % vs.67.28 %

Cell loss CA4 (=50 % vs. > 50 %)

18.18 % vs. 81.82 %

Cell loss DG (< 50 % vs. > 50 %)

80 % vs. 20 %
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2.22 Statistical analyses

Statistical analyses were performed using GraphPad Prism 6.05 software. Tests used to
calculate the statistical significance are mentioned in the corresponding figures. Average

values in figures and tables are expressed as mean * standard error of the mean (SEM).
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3. Results
3.1. Identification of Zn?*-sensitive Mtf1 transcriptional unit in vitro

To characterize Zn?*-inducible Mtf1-positive cells, we first developed a transcriptional
reporter unit that can label cells sensitive for Mtf1 in a Zn?*-dependent manner. The
project was already initiated, prior to my contribution to the project, by the identification
of five different transcriptional units consisting of a minimal promoter, a TATA box and
several potential binding sites for Mtf1 (metal-responsive elements; MREs). The
potential binding sites were selected based on putative Mtf1 binding and named MRE-
d/c, MRE-3/4, MRE-S*4, MRE-Cav and MRE-MTI. MRE-d/c, MR-3/4 and MRE-S*4 were
selected based on proven Mtf1 binding in vitro (Remondelli et al., 1997; LaRochelle et
al., 2008; Stuart et al., 1985). MRE-d/c corresponds to the mouse MTI promoter
sequence spanning from nucleotides -150 to -123 and harbors two copies of MREs,
respectively MREd and MREc (Durnam and Palmiter, 1981). MRE-3/4 corresponds to
the human MTII promoter sequence spanning from nucleotide -149 to -112 and contains
two copies of MREs, MRE3 and MRE4 (Karin et al., 1987). MRE*S 4 consists in 4
identical copies of high affinity MRE sequence of the mouse Mtf1 (Remondelli et al.,
1997). MRE-Cav was selected for its proven Zn?*-induced Mtf1 binding to the Cacnath
promoter (encoding the Cav3.2 protein) in an animal model for TLE and contains 4
copies of the identified MRE (van Loo et al.,, 2015). MRE-MTI was based on the
endogenous MTI mouse promoter region, harboring five binding sites for Mtf1 (Radtke et
al., 1993).

pGl4.23 * minimal promoter, no MREs

- TGCACTC' ITGCGCI‘CI jonei
MRE-d/c | 1 | » MREs from mouse Metallothionein | (MTI) promoter

MRE-3/4 - - * MREs from human Metallothionein Il (MTIl) promoter

MRE-S*4 High-affinity MREs from mouse MTI promoter

MRE-Cav

MREs from Ca, 3.2 promoter

MRE-MTI Endogenous mouse MTI promoter
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Fig. 4: Schematic overview of the transcriptional units. Five potential MREs are
indicated by colored boxes, with each color representing a different MRE consensus
sequence. The pGl4.23 transcriptional unit only harbors a minimal promoter without any
MREs

The five transcriptional units were tested for their Zn?*-inducible transcriptional activity
by performing luciferase assay in neuronal NG108-15 cells. Under basal conditions, a
strong luciferase activity was observed for MRE-S*4 and to a lesser degree for MRE-
MTI. Almost no activity was observed for the MRE-d/c, MRE-3/4 and MRE-Cav
transcriptional units (Fig 5, left panel). Subsequent overexpression of the cells with Mtf1,
combined with an incubation of the cells in Zn?* solution (200 uM for 4 h; van Loo et al.,
2015), resulted in a significant increase in activity for MRE-d/c, MRE-3/4, MRE-Cav and
MRE-MTI, whereas MRE-S*4 did not show a further increase in transcriptional activity
when compared to basal conditions. No increase in transcriptional activity was obtained
when the cells were only incubated in Zn?* solution (Fig 5, right panel). This initial
experiment narrowed the choice for the best transcriptional reporter unit to MRE-d/c,
MRE-3/4, MRE-Cav and MRE-MTI.
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Fig. 5: Increases in Zn?*/Mtf1 activates several MRE-containing transcriptional units in
NG108-15 cells. Under normal conditions, a strong basal luciferase activity is observed
for MRE-S*4 and MRE-MTI transcriptional units. After Zn?*/Mtf1 treatment, a significant
increase in luciferase activity was observed for MRE-d/c, MRE-3/4, MRE-Cav and MRE-
MTI transcriptional units (t-test: ** P < 0.01, *** P <0.001; N = 3).
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3.1.1 MRE-d/c and MRE-MTI transcriptional units respond to Zn2*/Mtf1 challenge in

hippocampal neurons

To identify the best Zn?*/Mtf1-responsive transcriptional unit, the four potentially
Zn?*/Mtf1-sensitive transcriptional units (MRE-d/c, MRE-3/4, MRE-Cav and MRE-MTI)
were tested in primary hippocampal neurons. To that end, primary hippocampal neurons
were transduced at days in vitro (DIV) 7 with AAVs harboring luciferase under control of
the transcriptional units. Application of Zn?*/Mtf1 resulted in a significant increase in
luciferase activity only for the MRE-d/c and MRE-MTI transcriptional units (Fig. 6 A,D).
Since the MRE-MT!] transcriptional unit had a 10-fold stronger activation upon Zn?*/Mtf1-
stimulation (MRE-MTI: 23.4-fold; p < 0.0001) compared to the activation observed for
MRE-d/c (2.5-fold; p = 0.0441), we decided to focus on the MRE-MTI transcriptional unit

in our subsequent experiments.
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Fig. 6: MRE-d/c and MRE-MTI transcriptional units respond to Zn%*/Mtf1 challenge in
hippocampal neurons. Luciferase activity of the MRE-d/c (A), MRE-3/4 (B), MRE-Cav
(C) and MRE-MTI (D) transcriptional units, normalized against the luciferase activity of
the pGl4.23 transcriptional unit. Mouse hippocampal neurons were transduced at DIV7
with the transcriptional units, with and without Mtf1. At DIV14, cells were Zn?*-
challenged (1 uM, 1 h) and luciferase activity was measured 4 h after Zn?*-challenge. A
significant increase after Zn?*/Mtf1-challenge was observed for MRE-d/c (One-way
ANOVA, Tukey’s multiple comparisons test, * P < 0.05, N = 3, n 2 3) and MRE-MTI
(One-way ANOVA, Tukey’s multiple comparisons test, *** P <0.001; N =3, n = 3).
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3.1.2 The mouse metallothionein | promoter functions as a Zn?*-sensitive Mtf1 reporter

unit in hippocampal neurons

To prove unequivocally that the MTI transcriptional unit can be activated by Mtf1 in a
Zn?*-sensitive manner, primary hippocampal neurons were transduced (DIV 1) with
rAAVs harboring the Venus protein under control of the MRE-MTI transcriptional unit,
followed by transduction (DIV 7) with rAAVs harboring an overexpression construct for
Mtf1 (rAAV-hSyn-Mtf1-2A-SBFP2). As expected based on the presence of physiological
Zn?* within the neurons, one day before Zn?* application (DIV 13), a slight increase in
fluorescence intensity was observed for the neurons incubated with Mtf1 (Fig. 7A,
middle and lower panels). Subsequent incubation of the cells in Zn?* solution (DIV 14; 1
UM Zn?*, 1 h) resulted in a robust increase in fluorescence intensity measured at 2 and
7.5 h after Zn?* application, which returned back to starting levels at 15 h after Zn?*
application (Fig. 7A,B). Altogether, these findings thus confirm that MRE-MT]I represents

a transcriptional unit usable for labeling Zn?*/Mtf1-activated cells in vitro.

A 1 uM Zn2*/ 1 h

\L 2 h after Zn2* 7.5 h after Zn2* 15 h after Zn2*
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Fig. 7: The mouse metallothionein | promoter functions as a Zn?*-sensitive Mtf1 reporter
unit in hippocampal neurons. (A) Fluorescence intensity of mouse primary hippocampal
neurons transduced with rAAV-MTI-Venus (DIV 1), rAAV-hSyn-Mtf1-2A-SBFP2 (DIV 7)
and stimulated with Zn?* solution (DIV 14; 1 uM Zn?*for 1 h). Fluorescence intensity was
measured daily from DIV 7 until DIV 13. After Zn?* incubation, fluorescence intensity
was measured 2, 7.5 and 15 h after washing out the Zn?* solution. Under basal
conditions (rAAV-MTI-Venus), no fluorescence signal was detected longitudinally. After
co-transduction with rAAV-hSyn-Mtf1-2A-SBFP2 (Mtf1 panel), fluorescence starts
around DIV 9. Subsequent Zn?* incubation (Mtf1/Zn?* panel) results in a strong
fluorescence intensity already 2 h after incubation. Scale bars, 25 ym. (B) Quantification
of the fluorescence intensity shown in A. Data were normalized against the fluorescence
intensity before Zn2*-application (DIV 13). (One-way ANOVA, Tukey’s multiple
comparisons test, *** P <0.001; N = 3, n = 3).

3.2 Characterization of the MTI-transcriptional unit in the pilocarpine-induced-SE animal
model of TLE

3.2.1 The MTlI-transcriptional unit as a tool to genetically label Mtf1 expressing neurons

in the pilocarpine-SE animal model of TLE

To probe whether the MTI transcriptional unit also reflects the Zn?*/Mtf1-activity in vivo,
rAAVs harboring the LacZ reporter gene under control of the MTI transcriptional unit
(rAAV-MTI-LacZ) were injected into CA1 PCs of adult mice. A strong increase in LacZ
staining was observed after co-transduction with Mtf1 viral particles (Fig. 8 A,C). In
addition, a strong LacZ accumulation was observed three days after pilocarpine-induced
SE for the MTI transcriptional unit (Fig. 8B; upper panel, Fig. 8C), as well as for the
Cav3.2 core promoter (Fig. 8B; lower panel, Fig. 8D), paralleling the “Zn?*-Mtf1-Cay3.2”
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cascade of epileptogenesis (van Loo et al., 2015). These findings indicate that the MTI-
transcriptional unit works also in vivo, in a Zn?*/Mtf1-dependent manner and that it can

be used to characterize the Zn?*/Mtf1 pathway in the process of epileptogenesis in vivo.
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Fig. 8: The MTlI-transcriptional unit as a tool to genetically label Mtf1-expressing
neurons in an animal model for TLE. (A) LacZ staining of the MTI transcriptional unit in
the hippocampal region under basal conditions (rAAV-GFP) and two weeks after rAAV-
hSyn-Mtf1-2A-SBFP2 (rAAV-Mtf1) transduction. A strong accumulation of LacZ staining
was observed in hippocampal CA1 after rAAV-Mtf1 transduction, indicating that the MTI
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transcriptional unit is sensitive for Mtf1 in vivo. Scale bars, 200 ym. (B) LacZ staining of
the MTI transcriptional unit (upper panels) and Cay3.2 core promoter (lower panels) in
sham and pilocarpine-SE mice, three days after pilocarpine-induced SE. Scale bars, 200
pum. (C) Quantification of rAAV-MTI-LacZ expression of sham-, pilocarpine-induced SE-
and Mtf1 treated mice. (One-way ANOVA, Tukey’s multiple comparisons test, *P < 0.05,
**P < 0.01, N = 5 sham, 8 SE, 5 Mif1). (D) Quantification of LacZ expression under the
Cav3.2 core promoter of sham- and pilocarpine-induced SE-injected animals (t-test: *P <
0.05, N = 5 sham, 4 SE)

3.2.2 The MTI transcriptional unit is activated early after pilocarpine-induced SE

To unravel the activation of the MTI transcriptional unit at different time points after
pilocarpine-induced SE, we next performed in vivo imaging using rAAVs harboring the
iRFP under control of the MTI transcriptional unit which were injected in the CA1
hippocampal region of adult mice. Enhancement of MTI transcriptional activity was
observed after transduction with Mtf1 (Fig. 9A,B) and early after pilocarpine-induced SE.
The iRFP signal increased significantly already 2 days after pilocarpine-induced SE (1.7
fold, P < 0.001), slightly decreased but remained significant after 10 days (1.6 fold, P <
0.05), and returned back to starting levels 28 days after SE in comparison with the sham
littermates (Fig. 9C,D). These results were congruent with the monitoring of Cav3.2
promoter activity after SE showed by Kulbida et al. (2015) and confirmed the activation

of the “Zn?*-Mtf1-Cav3.2” cascade during the process of epileptogenesis.
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Fig. 9: The MTI transcriptional unit is activated early after pilocarpine-induced SE. (A)
Near-infrared in vivo imaging. Representative pseudo color visualization of in vivo iRFP
signal of a recorded rAAV-MTI-iIRFP mouse with exposed skull under basal conditions
(rAAV-GFP; left panel) and 14 days after rAAV-Mtf1-2A-SBFP2 transduction (rAAV-Mtf1;
right panel). Regions of interest (ROIls) were defined above the hippocampal region and
the surface radiance was defined in arbitrary units (a.u.). The color bar indicates the total
fluorescence efficiency. (B) Quantification of A (t-test: *** P < 0.001, N = 8 GFP, 5 Mtf1)
(C) Representative examples of a recorded rAAV-MTI-iRFP mouse under basal
conditions and after pilocarpine-induced SE longitudinally. (D) Quantification of iRFP
signals of sham- and pilocarpine-induced SE-injected animals (Two-way ANOVA,
Sidak’s multiple comparisons test, * P <0.05, *** P <0.001, N = 8 sham, 6 SE).

3.2.3 The MTI transcriptional unit co-localizes with Cav3.2 expression

We then investigated whether Mtf1 and Cav3.2 are expressed within the same neuronal
populations. To this end, we injected a combination of rAAV-Ca\3.2-Venus and rAAV-
MTI-mRuby3 particles into the hippocampal CA1 region of mice. After overexpressing
Mtf1 viral particles, an increase of Venus and mRuby3 fluorescence intensity as well as

a strong overlap of the Venus- and mRuby3 positive cells was observed (Fig. 10A). To
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analyse whether the obtained results could be reproduced during early epileptogenesis,
two weeks after rAAV injections, animals were either subjected to pilocarpine-SE or
sham-treatment and sacrificed 3 days thereafter, which is the time point of highest
Cav3.2 mRNA level after SE (Becker et al., 2008). Interestingly, 3 days after SE, an
increase of rAAV-Cav3.2-Venus and rAAV-MTI-mRuby intensity and of overlapping
Venus- and mRuby3- positive cells occurred in pilocarpine-SE animals in comparison
with their sham-treated littermates (Fig. 10B). We next wondered whether the MTI
transcriptional unit and the Cav3.2 promoter would be activated already 1 day after SE,
leading to a rise in Venus and mRuby3 fluorescence intensity and indicating that the
“Zn?*-Mtf1-Ca\3.2” cascade of epileptogenesis is activated directly after a single episode
of SE or brain trauma. To this end, injected animals were sacrificed 1 day after
pilocarpine-induced SE or sham-treatment. Interestingly, already 1 day after SE, a rise in
mRuby3 and Venus signal and overlapping of double positive cells in pilocarpine-SE-
treated animals compared to sham-treated mice was observed (Fig. 10C). These results
indicate that already one day after pilocarpine-induced SE the rise in [Zn?*] is able to
activate Mtf1, which then binds to both the MTI transcriptional unit and the Cav3.2 core

promoter (van Loo et al., 2015).
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Fig. 10: The MTI-transcriptional unit co-localizes with Cav3.2 expression. (A)
Representative image of rAAV-MTI-mRuby3 and rAAV-Ca\3.2-Venus injected animals
under basal conditions (control; upper panel) and 14 days after rAAV-Mtf1-2A-SBFP2
transduction (rAAV-Mtf1; lower panel). Scale bar, 200 um. (B) and (C) Representative
images of rAAV-MTI-mRuby3 and rAAV-Ca\3.2-Venus injected animals 3 days (B) and
1 day (C) after induced-SE. Scale bars, 200 ym.

3.3 FACS analysis confirms increased Mtf1-expression in a subpopulation of

hippocampal neurons after Pilocarpine-induced SE

Whole genome next-generation RNA-seq of CA1 PCs pronounced transcriptional
heterogeneity between single CA1 PCs, indicating the existence of defined neuronal
populations and shedding a light on the existence of specific neuronal networks
(Cembrowski et al., 2016; Foldy et al., 2016). In order to determine the transcriptome of
Zn?*/Mtf1-positive neurons, we aimed to perform RNA-seq of Mtf1-positive and Mtf1-
negative neuronal populations isolated by FACS. For this, hippocampal CA1 regions of
adult mice were virally transduced with rAAV-MTI-Venus and rAAV-hSyn-tdTomato and
sham-or pilocarpine-SE treated two weeks after injection. Cells activated by the
Zn?*/Mtf1-cascade were then labelled in yellow, whereas cells that were negative for the
Zn?*/Mtf1-cascade were labelled in red. Animals were sacrificed 3 days after SE, when
Zn?* levels were strongly increased in hippocampal CA1 and with a prior accumulation
of Mtf1 mRNA levels. Mtf1-positive and Mtf1-negative neuronal populations were
separated by FACS (Fig. 11A) and more Mtf1-positive cells were observed after
pilocarpine-SE treatment (t-test, **P < 0.01) (Fig. 11B). However, the RNA obtained
from the different cell populations, especially from the pilocarpine-treated groups, did not

satisfy the quality control requirement of a RIN® value > 7 indicating that the RNA
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integrity needed for successful sequencing was not reached. Although different
strategies were tried, we unfortunately did not succeed with this experiment and we
decided to adopt another approach in order to identify of the molecular profiles of Mtf1-

expressing cells (see paragraph 3.4).
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Fig. 11: FACS-sorted Mtf1-positive and Mtf1-negative hippocampal neurons. (A) FACS-
sorted Mtf1-positive (rAAV-MTI-Venus and rAAV-hSyn-tdTOMATO fluorescence) and
Mtf1-negative (only rAAV-hSyn-tdTOMATO fluorescence) neuronal populations of
control (left panel) and three days after pilocarpine-induced SE (right panel) mouse
hippocampi. (B) Quantification of Mtf1-positive neuronal populations in control and three
days after SE (t-test, ** P <0.01, N =7 sham, 10 SE).

3.4 Mtf1 regulates the transcription of a broader set of plasticity-related genes
3.4.1 Identification of plasticity-related genes transcriptionally regulated by Mtf1 in vitro

Given the lack of success with the FACS sorting experiment to identify the molecular
behaviour of Mtf1-positive cells, and the still open question to better understand the role
of Mtf1 in converting regular neurons in intrinsic firing bursters, we next pursued a
bioinformatics approach in order to identify additional genes whose transcriptional

expression is regulated by Mtf1 in a Zn?*-dependent manner.
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For this, genes with Mtf1 binding sequences within their promoter region were selected
and their transcription levels after Zn2*/Mtf1-challenge were measured by performing
Tagman assays in primary hippocampal neurons. First, we bioinformatically identified
genes with an Mtf1 binding site located within their promoter region (Fig. 12A) using the

single search Analysis server (https://ccq.epfl.ch/cgi-bin/ssa/findm_form_parser.cgi) and

the Jaspar database (Sandelin et al., 2004). Genes within the range of a binding affinity
between 98.0 % and 99.5 % were selected, and resulted in 2208 genes with potential
Mtf1 binding sites (Fig. 12A, B). Next, we checked whether those genes were
associated with the GO term Synapse using the Synapse GO annotation website

(http://www.informatics.jax.org/vocab/gene ontology/G0O:0007268). Of the 2208 genes,

100 were annotated within the Synapse GO database, and from these, 18 genes were
selected for subsequent in-vitro experiments according to their known relevance in
synaptic plasticity. (Fig. 12C).

To test whether the selected genes were regulated in a Zn?*/Mtf1-manner, primary
hippocampal neurons were transduced (DIV 7) with a control rAAV (rAAV-hSyn-GFP) or
an overexpression construct for Mtf1 (rAAV-hSyn-Mtf1-IRES-Venus). Subsequent
incubation of neurons in Zn?* solution (DIV 14, 1 uM, 1 h) led to an increased gene
expression for Kalrn, Cplx2, Creb1, Rims3, Gria1l, Gabra4, Kcnh1 and Unc13a in the
Zn?*/Mtf1-challenged samples compared to transduction with control rAAVs (Fig. 12D;
left panel, genes with higher binding affinity; right panel, genes with lower binding
affinity). To prove unequivocally that the transcriptional expression of the above
identified genes is Mtf1-dependent, primary hippocampal neurons were transduced (DIV
7) with GFP (rAAV-hSyn-GFP), Mtf1 (rAAV-hSyn-Mtf1-IRES-Venus) and dnMtf1 (rAAV-
hSyn-dnMtf1-IRES-Venus). Incubation of neurons in Zn?* solution (DIV 14, 1 uM, 1 h)
resulted in a Mtf1-dependent enhanced gene expression for Creb1, Rims3, Gabra4,
Gabrd and Unc13a, whereas no augmentation for those genes was observed when
treating neurons overexpressing the dominant negative variant of Mtf1 with Zn?* solution
(Fig. 12E).


https://ccg.epfl.ch/cgi-bin/ssa/findm_form_parser.cgi
http://www.informatics.jax.org/vocab/gene_ontology/GO:0007268
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2) Cpix2 Complexin-2 TGAGCACACGGCAC
3) Cacnatb Calcium voltage-gated channel Subunita 1 B TGTGCTCACGGTGC
4) Creb1 cAMP responsive element binding protein 1 TGCGCACTCGGCAC
5) Git1 GIT ArfGAP 1 GGTGCACACAACAC
6) Ntrk2 Neurotrophic tyrosine kinase receptor, type 2 TGCGCACTCGGCAC
7) Rims3 Regulating synaptic membrane exocytosis 3 TTTGCACCCGGCGG
8) Griat Glutamate ionotropic receptor, AMPA Type Subunit 1 TGTGCACACATCTC
9) Gabra4 GABA A receptor, subunit a 4 TGTGCGCACGCCGC / CCGGCGCACGTGTG
10) Gabrb3 GABA A receptor, subunit § 3 TTTGCAGACAGTTC
11) Gabrd GABA A receptor, subunit & TTTGCAGACAGCAA
12) Grin2b Glutamate ionotropic receptor, NMDA Type Subunit 2B GTTGCACTCTGCAC
13) Kenh1 Potassium voltage-gated channel, subfamily H member 1 ACGACAAACGTCTC
14) Kctd13 Potassium channel tetramerisation domain containing 13 TTTGCACCCGCCTT
15) Lritm2 Leucine rich repeat transmembrane neuronal 2 CTATCACACGTTTA
16) Nrxn3 Neurexin 11l TTTGCACACTTCTT
17) Ptprs Protein tyrosine phosphatase, receptor type, S CCGGCGCGCGTGTG
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Fig. 12: Identification of plasticity-related genes transcriptionally regulated by Mtf1 in
vitro. (A) Table showing the number of genes with Mtf1 binding sites, separated per
different cut-offs, from the highest (cut-off 99.5) to the lowest (cut-off 98.0) binding
affinity values. (B) Mtf1 consensus binding sequence obtained from Jaspar database.
(C) List of the selected Mtf1-candidate genes with higher (1-9) and lower (10-18) Mtf1
binding affinities and their respective MREs. Core consensus sequence are given in bold
whereas nucleotides that do not match the binding sequence are given in red (D)
Quantitative RT-PCR for Mtf1 candidate target genes in hippocampal neurons
stimulated with Mtf1 and Zn?*. mRNA expression levels were measured 4 h after Zn?*
incubation, with synaptophysin as reference gene (t-test, * P < 0.05, ** P < 0.01, ** P <
0.001; N = 3) (E) mRNA expression for Kalrn, Cpix2, Creb1, Rims3, Gria1, Gabra4,
Gabrd, Kecnh1 and Unc13a in hippocampal neurons stimulated with Mtf1+Zn2* or
dnMtf1+Zn?*. mRNA levels were measured 4 h after Zn?* incubation, with synaptophysin
as reference gene (One-way ANOVA, Tukey’s multiple comparisons test, * P < 0.05, **
P <0.01, N =23).

3.4.2 CREB1 and MTF1 expressions positively correlate in 2 human TLE cohorts

To evaluate whether the correlation between Mtf1 and the in vitro identified synaptic-
related Mtf1-target genes more broadly represents a phenomenon also in human TLE,
we next analyzed the hippocampal expression of MTF1 and the in vitro identified genes
in 2 independent human epilepsy cohorts. In the first cohort, we measured the
hippocampal transcript levels of MTF1, KALRN, RIMS3, CREB1, GRIA1, GABRA4 and
UNC13A in pharmacoresistant TLE patients with HS versus patients with “lesion-
associated” TLE. For some genes (KALRN, CREB1 and UNC13A) different lllumina
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probes were analyzed. Interestingly, a strong positive correlation was observed for
CREB1 and MTFA1, specifically in the HS group, indicating that higher MTF1 levels lead
to higher CREB1 expression levels in patients affected by HS (Fig. 13). This correlation

was also confirmed in a second cohort consisting of 55 pharmacoresistant patients
suffering from HS, where transcript levels of MTF1, KALRN, CPLX2 CREB1, GABRD,
KCNH1 and UNC13A were measured (Fig. 14).
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Fig. 13: CREB1 and MTF1 hippocampal expressions correlate in a human cohort of 114
patients affected by TLE. (A-F) Regression analyses of MTF1 mRNA versus KALRN
mRNA (A), UNC13A mRNA (B), CREB1 mRNA (C), RIMS3 mRNA(D), GRIA1 mRNA
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(E) and GABRA4 mRNA (F) in a human cohort composed of 114 patients affected by
pharmacoresistant TLE; 79 patients with HS and 35 patients with lesion-associated TLE.
Different probes were used for measuring KALRN, UNC13A and CREB1 transcripts. A
positive correlation is observed for MTF1 and CREB1 transcript levels in TLE patients
affected by HS (Linear regression, **** P < 0.0001, N = 79 HS, 35 lesion-associated

TLE).
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Fig. 14: CREB1 and MTF1 hippocampal expressions correlate in a second human
epilepsy cohort. (A-l) Regression analyses of MTF1 transcript and KALRN (A), CPLX2
(B), CREB1 (C), RIMS3 (D), GRIA1 (E), GABRA4 (F), GABDRD (G), KCNH1 (H),
UNC13A (1) transcript in 55 patients affected by TLE with HS. A positive correlation is
observed only for MTF1 and CREB1 (Linear regression, ** P< 0.01, N = 55).
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3.4.3 Correlation of CREB1 mRNA expression and hippocampal neuronal loss confirms
the involvement of CREB1 in human TLE

As our previous results indicated CREB1 as a new potential target of the Zn**/MTF1
pathway in TLE pathogenesis, we decided to focus on this gene and its correlation with
TLE. One of the clear pathological hallmarks of TLE is neuronal loss in the hippocampal
region (Peixoto-Santos et al., 2015; Babb et al., 1984). We next investigated whether
CREB1 gene expression correlates with hippocampal neuronal loss. Intriguingly, higher
CREB1 transcript levels were observed in resected CA1, CA2, CA3 and CA4
hippocampal subregions affected by severe cellular loss (> 50 % of cell loss), compared
to subregions less affected by neuronal loss (< 50 % of cell loss). In contrast, no
differences in CREB1 levels were observed in resected DG subregions affected by
higher or lower neuronal loss (Fig. 15A). Another remarkable finding was the
significantly higher CREB1 expression in patients that were operated at a younger age
(below 25 years) compared to patients that were operated at a later stage (Fig. 15B).
Altogether these findings support the theory of CREB1 involvement in the development
of TLE.
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Fig. 15: Correlation between CREB1 mRNA expression and clinical parameters in a
human TLE cohort. (A) CREB1 mRNA levels in CA1, CA2, CA3, CA4 and DG of 55
surgical biopsy specimens associated with lower (< 50 %) or higher (> 50 %) neuronal
loss (t-test,” P < 0.05,*** P < 0.001; CA1, N = 8 cell loss < 50 %, 36 cell loss > 50 %;
CA2, N = 35 cell loss < 50 %, 20 cell loss > 50 %; CA3, N = 18 cell loss < 50 %,37 cell
loss > 50 %; CA4, N = 10 cell loss < 50 %,45 cell loss > 50 %; DG, N = 44 cell loss < 50
%,11 cell loss < 50 %).(B) CREB1 gene expression in patients who underwent surgery
at an age < 25 years vs. patients who had surgery at an age = 26 years (t-test, * P <
0.05, N = 14 patients < 25 years, 41 patients = 26 years)
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3.4.3 Creb1 mRNA increase correlates with Mtf1 mRNA augmentation in the pilocarpine-
SE model

As Creb1 resulted to be regulated in a Zn?*/Mtf1-dependent manner in vitro and was
found to correlate with MTF1 expression in human TLE, we decided to focus on Creb1 in
our subsequent experiments. We next investigated whether Creb1 would also be a
potential target for the Mtf1-Zn?* cascade in the pilocarpine-induced SE animal model.
Previously, we have shown that Mtf1 mRNA is significantly increased early after
pilocarpine-induced SE (6 and 12 h after pilocarpine-induced SE) in hippocampal CA1
(Fig. 16A, van Loo et al., 2015). If Mtf1 regulates Creb1 transcriptional expression, the
mRNA expression of Creb1 should increase after pilocarpine-induced SE, and its
changes should follow those of Mtf1 mMRNA expression. We therefore analysed the time
course of Mtf1 and Creb1 expression in the early phases of epileptogenesis after
pilocarpine-induced SE. Mice were pilocarpine-SE or sham treated and were sacrificed
6, 12, 24, 36 and 72 h after SE-induction. Next, hippocampi were micro-dissected (CA1,
CA3 and DG subregions) and Mtf1 and Creb1 mRNA expressions levels were
measured. Besides the hippocampal CA1 increase 6 and 12 h after SE, we found Mtf1
MRNAs to be increased also in the CA3 subregion, at 6 (p < 0.05), 12 (p < 0.0001), 24
(p =0.001) and 36 (p =< 0.0001) h after SE (Fig. 16C) and in the DG, at 12, 24 and 36 (p
<0.05) h after SE (Fig 16E). Creb1 mRNAs were significantly augmented in
hippocampal CA1 at 12, 24 (p £0.05) and 72 (p < 0.0001) h after SE (Fig. 16B), in CA3
at 12 (p = 0.0001), 24 (p = 0.001), 36 (p =< 0.0001) and 72 (p < 0.05) h after SE (Fig.
16D) and in DG at 36 (p < 0.05) h after SE (Fig. 16F). Interestingly, when comparing the
changes of Creb1 mRNA levels to those of Mtf1 mRNA levels, the increase of Mtf1
preceded Creb1 augmentation clearly in CA1 (Fig. 16A,B) and CA3 (Fig. 16C,D), and
for one time point also in the DG subregion (Fig. 16E,F). Altogether these data
strengthen our hypothesis that Mtf1 could be responsible for the Creb1 augmentation
observed after pilocarpine-induced SE.
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Fig. 16: Mtf1 and Creb1 expression levels in the early phases of epileptogenesis after
pilocarpine-induced SE. (A) Mtf1 mRNA expression of hippocampal CA1 area at
different time points after pilocarpine-induced SE in mice (van Loo et al., 2015). (B,D,F)
Creb1 mRNA expression of hippocampal CA1 (B), CA3 (D) and DG (F) areas 6, 12, 24,
36 and 72 h after pilocarpine-induced SE in mice. (C,E) Mtf1 mRNA expression of
hippocampal CA3 (C) and DG (E) subregions 6, 12, 24, 36, 72 h after SE. Quantification
was performed with synaptophysin as reference gene. (Two-way ANOVA, Sidak’s
multiple comparisons test, * P < 0.05, *** P <0.001, **** P <0.0001 N =4 sham, 4 SE)
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3.4.4 Zn?*-activated Mtf1 colocalizes with Creb1 and increases Creb1 fluorescence

intensity 1 day after pilocarpine-induced SE

To strengthen our hypothesis that Creb1 expression could be regulated by Mtf1, we next
questioned whether Mtf1 and Creb1 are expressed in the same neuronal populations.
For this, we carried out immunofluorescence staining against Venus (indicator of Mtf1)
and Creb1 in hippocampal section slices of mice. Since we specifically wanted to
visualize the Zn?*-activated nuclear Mtf1 expression and not cytoplasmic Mtf1, we used
the above identified transcriptional reporter unit to label Mtf1-expressing neurons. Adult
C57BI6/N mice were injected with rAAV-MTI-Venus and after 2 weeks they were
subjected to sham or pilocarpine-SE treatment. Animals were scarified one day after SE
induction. This time point was selected based on the experiment described in paragraph
3.2.3 (Fig. 10C) and the time course of Mtf1 and Creb1 mRNAs expression (Fig. 16).
We observed that Venus, and thereby nuclear Mtf1, colocalizes with Creb1, although
Creb1 is expressed in a broader spectrum of cells than Mtf1 (Fig. 17A). Nevertheless, if
Mtf1 regulates Creb1 expression, Creb1 protein levels should be higher in Mtf1-positive
neurons of pilocarpine-SE animals compared to those of Mtf1-negative neurons in
pilocarpine-SE animals and to those of sham-treated animals. Therefore, we next
quantified the Creb1 fluorescence intensity of Mtf1-positive and Mtf1-negative neurons in
sham and pilocarpine-treated animals. Indeed, we found that the Creb1 fluorescence
intensity signal in Mtf1-positive expressing neurons of pilocarpine-SE treated animals is
stronger than the once of Mtf1-negative neurons and of sham-treated animals (Fig.

17B). Altogether these results indicate Creb1 as a new target gene of Mif1.
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Fig. 17: Mtf1 colocalizes with Creb1 and increases Creb1 fluorescence intensity in
pilocarpine-SE treated animals compared to sham-treated animals. (A) Representative
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image of a sham (upper panel) and a pilocarpine-SE treated (lower panel) mouse
hippocampi injected with rAAV-MTI-Venus and stained against Creb1 (red) and Venus
(green) 1 day after SE. Scale bar, 100 um (left images). Right panels show
magnification images of white square from the overview images. Scale bar, 25 ym. (B)
Semiquantitative analysis of Creb1 fluorescence intensity signal in Mtf1-poasitive and
Mtf1-negative neurons of sham- and pilocarpine-SE treated animals 1 day after
pilocarpine-induced SE. One way-ANOVA, Tukey’s multiple comparison test, * P < 0.05,
** P <0.01, ** P <0.0001; N = 3. Fluorescence intensity was defined in arbitrary units
(a.u.).

3.4.5 Transcriptomic spectrum of Mtf1-modulated neuronal populations
3.4.5.1 Establishment of several Mtf1-related RNA-seq libraries

As stated above, in order to identify new downstream targets of the Zn?*/Mtf1 pathway,
we carried out two independent approaches. The first one, more “biased”, was based on
bioinformatic analysis aimed to identify synaptic-genes with MRE binding sites within
their promoter regions (Fig 12). The second one, an “unbiased” approach, was based on
RNA-seq of hippocampi of sham- and pilocarpine-SE treated animals which were
intracranially injected either with a control (GFP), or Mtf1 or dnMtf1 virus. More in detail,
we analyzed 5 experimental conditions: animals injected with rAAV-hSyn-GFP and
subsequently sham or pilocarpine-SE treated (GFP_Sham and GFP_Pilo-SE,
respectively), animals injected with rAAV-hSyn-Mtf1-IRES-Venus and sham treated
(Mtf1_Sham), and animals injected with rAAV-hSyn-dnMtf1-IRES-Venus and then sham
or pilocarpine-SE treated (dnMtf1_Sham and dnMtf1_Pilo-SE, respectively). Three days
after induction of SE, mice were sacrificed and hippocampi were isolated.

Quiality control and initial bioinformatic analyses of the RNAseq libraries were performed
by our collaborator Dr. Ashley van Waardenberg (Queesland, Australia). Principal
component analysis (PCA) revealed a clear separation between sham groups (black,
green and turquois dots) and pilocarpine-SE treated groups (red and blue dots) (Fig.
18A). In addition, within the pilocarpine-SE groups, a separation between the GFP- (blue
dots) and the dnMtf1- (red dots) groups was observed. However, for the sham-treated
groups (GFP and Mtf1 overexpression), all the samples clustered together (Fig. 18A).
As a consequence, we asked ourselves whether a good viral transduction efficiency was

achieved during the experimental procedure. To this end, we checked the mapped read



68

counts of Mtf1 and dnMtf1 in each experimental condition. As stated before, dnMtf1 is a
truncated variant of Mtf1, missing its transactivation domains and therefore lacking the
C-terminal part of Mtf1. When aligning the N-terminal sequence of Mtf1 in our dataset, a
higher percentage of mapped reads was observed for the dnMtf1-sham, dnMtf1 pilo-SE
and for the Mtf1-sham groups (Fig. 17B, left panel). Likewise, when aligning the C-
terminal sequence of Mtf1 with the cDNA of our samples, a higher percentage of
mapped reads was detected only for the Mtf1-sham group (Fig. 17B, right panel). These
results indicate that neurons were transduced with a sufficient amount of rAAV particles.
We next analyzed the differentially expressed (DE) genes by combining the results
obtained from the EdgeR, DESeq2 and voom/limma algorithms. When comparing the
transcripts of GFP-injected and sham-treated animals with the expression levels of the
transcripts of Mtf1-injected and sham-treated animals, no statistically significant DE
genes were detectable (Fig. 18C, left panel). When comparing the transcripts of GFP-
injected sham- versus pilocarpine-SE treated animals, 5419 genes were significantly
differentially expressed (** P < 0.01, DE = 3831; * P < 0.05, DE = 1588; Fig.18C, middle
panel). Finally, when comparing the GFP_Pilo-SE condition with the dnMtf1_Pilo-SE
condition, 32 genes were significantly differentially expressed (Fig. 18C, right panel).
The fact that numerous genes were differentially expressed in the GFP_Sham versus
GFP_Pilo-SE condition, whereas none or only a few genes were differentially expressed
when comparing the transcriptome of GFP_Sham versus Mtf1_Sham and GFP_Pilo-SE
versus dnMtf1_Pilo-SE condition, suggests a minimal effect of Mtf1 overexpression on

the transcriptome under these experimental settings.
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Fig. 18: Quality control of Mtf1 RNA-sequencing library. (A) PCA plot of 5 biological
replicates/each experimental condition separates sham treated (black, green and
turquoise dots) from Pilocarpine-SE treated (blue and red dots) samples and, within the
pilocarpine-SE condition, separated the dnMtf1-injected animals (red dots) from the
GFP-injected animals (blue dots). (B) Assessment of Mtf1 and dnMtf1 viral transduction
efficiency. The percentage of mapped read counts of the N-terminal and the C-terminal
sequence of Mtf1 in each experimental condition are given (N = 5). (C) Volcano plots
representing 0 DE genes in GFP_sham samples compared to Mtf1_Sham samples (left
panel), 5419 DE genes in GFP_Sham samples compared to GFP_Pilo-SE samples
(middle panel) and 32 DE genes in GFP_Pilo-SE samples compared to dnMtf1_Pilo-SE
samples (right panel). Each gene is colored based on -logio adjusted P-value. (** P <
0.01: blue dots, * P < 0.05: green dots, P > 0.05: black dots. Size of dots based on
variability of Log2FoldChange (Log2FC) estimated by 3 RNA-seq algorithms).
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3.4.5.2 Mtf1 is involved in synaptic plasticity-related biological processes

Previously, it has been shown that Mtf1 plays a key role in regulating intracellular Zn?*
homeostasis and oxidative stress conditions (Grzywacz et al., 2015). Furthermore, it has
been shown how Mtf1 plays a role also in intrinsic plasticity by regulating Cav3.2
expression (van Loo et al., 2015). However, its function with regard to synaptic plasticity
processes is still unclear. To get a better insight into the contribution of the Mtf1 pathway
in additional biological processes, we performed GO enrichment analysis with a focus on
two comparisons of our RNAseq libraries, i.e. the GFP_Sham versus Mtf1_Sham
condition and the GFP_Pilo-SE versus dnMtf1_Pilo-SE condition. GO enrichment
analysis based on the first 500 DE genes in GFP_Sham versus Mtf1_Sham samples
revealed many GO terms associated with immunological terms (Fig.19). Besides the
immunological terms, over-represented biological processes were related to cellular
responses to Zn?* ions, reflecting the role of Mtf1 in cellular heavy metal homeostasis, to
stress responses, to synapse pruning and to serotonin secretion (Fig. 20, left panel)
(Andrews, 1992; Bahadorani et al, 2010). GO enrichment analysis based on the first
500 DE genes in dnMtf1_Pilo-SE versus GFP_Pilo-SE samples revealed GO terms
associated with regulation of trans-synaptic signalling, chemical synaptic transmission
modulation, potassium ion import and positive regulation of gamma-aminobutyric acid
secretion (Fig. 20, right panel). Altogether these terms indicate the involvement of Mtf1
in plasticity-related biological processes, specifically in synapse morphology,

neurotransmitters release and ions regulation.
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Fig. 19: Mtf1 immuno-related Gene Ontology (GO) terms. Some of the over-represented
immune-related terms based on the first 500 DE genes from Mtf1-sham compared to
GFP-sham samples.
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Fig. 20: Mtf1 Gene Ontology (GO) terms. Left panel, over-represented terms based on
the first 500 DE genes from Mtf1-sham compared to GFP-sham samples. Right panel,
GO biological processes based on first 500 DE genes from dnMtf1_Pilo-SE compared to
GFP_Pilo-SE samples.

3.4.5.3 Identification of Mtf1-responsive target genes using RNA-seq libraries

We next investigated whether our Mtf1-associated RNAseq libraries would reveal

additional Mtf1-responsive target genes. To this end, we analysed the above described
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RNAseq dataset at the single gene level, notifying the changes in read counts of
possible genes of interest among the five experimental conditions (Fig. 18A). The
criteria used to select possible Mtf1 target genes were: 1) they should be statistically
differently expressed for at least one algorithm used to normalise the read counts
(edgeR_adj_p or DESeq2_adj p < 0.05. The voom/limma algorithm has not been
considered as parameter because it is susceptible to high p-values (low significance) for
lower replicates and for lower depth); 2) the mapped read counts of the putative genes
should be increased in the Mtf1 overexpression condition compared to the GFP-sham
condition; 3) the mapped read counts of the putative genes should be increased in
GFP_Pilo-SE condition compared to GFP_sham condition; 4) the mapped read counts
of the putative genes should be decreased in dnMTF1_Pilo-SE condition compared to
GFP_Pilo-SE condition; 5) finally, if the gene fulfilled the above described criteria 1-4,
the gene should harbour MREs within their promoter regions.

Using this strategy, we identified three possible Mtf1-associated target genes: 1)
Immunoglobulin Heavy Constant Gamma 1 (/ghg1); 2) 5-Hydroxytryptamine Receptor
2A (htr2a) and 3) Dopamine Receptor D2 (drd2). Ighg1 expression strongly but not
significantly, increases after Mtf1 overexpression (OE) and after pilocarpine-treatment
and was significantly decreased after dnMtf1-pilocarpine-SE compared to controls
(edger_adj-p = 0.0104, deseq_adj-p = 0.0049). Htr2a expression increases, albeit not
significantly, after Mif1-treatment compared to GFP-sham treatment and was
significantly decreased after dnMtf1-pilocarpine treatment when compared to GFP-
pilocarpine treatment (edger_adj-p= 0.0136, deseq_adj-p= 0.0138). Drd2 expression
slightly increases after Mtf1-OE and GFP-pilocarpine treatment, and was statistically

decreased after dnMtf1-pilocarpine treatment (edger_adj-p= 0.0436). (Tab. 12).



Tab. 12: Mean read counts of Mtf1-associated target genes identified via RNA-seq in
GFP- and Mtf1-sham conditions and GFP- and dnMtf1-pilocarpine SE conditions. *The
statistical significance expressed by the Edger_adjust p value and DESeq2_adjust p

value refers to the comparison between the dnMtf1- and GFP-pilocarpine-SE

treatments.

Gene GFP- MTF1- GFP_Pilo- | dnMTF1_Pilo- | Edger- Deseq_adj-
sham sham SE SE adj-p* p*

Ighg1 1.344 192.3098 | 28.1047 0.0191 0.0104 0.0048

Htr2a 13.4487 | 15.8330 |6.8661 2.3321 0.0136 0.0133

Drd2 1.2885 3.7351 2.5777 0.1984 0.0436 0.0712

We next checked whether all three genes harbour a predictive Mtf1 binding site within

their promoter region. Ighg? has an MRE with a cut-off value of 81.3 %, whereas htr2a
and drd2 have MREs with a cut-off value of 97.6 % (Tab. 13).

Tab. 13: MRE consensus sequences of the Mtf1-target genes identified by RNA-seq.

* Bold letters represent the core sequences of the Mtf1-binding motive.

Gene Cut-off % Sequence*

Ighg1 81.3 TTTGCACCCTTCCC
Htr2a 97.6 TGTGCGCTCGCCTC
Drd2 97.6 TGCGCGCGCGGCGC
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4. Discussion

The severe clinical manifestation of TLE pathogenesis, along with the high percentage
of patients that are pharmacoresistant to the current medications, requires a better
understanding of the disease with the final goal to develop new pharmacological
treatments. Within this study, we investigated the implications of the Mtf1/Zn?* cascade
in the process of epileptogenesis using in vitro and in vivo approaches. To analyse the
neuronal changes occurring during the latent phase of TLE, we used the pilocarpine-
induced SE animal model. In vitro and in vivo reporter gene assays allowed the
development of a genetic tool which allowed to characterize Mtf1-expressing cells.
Through in vivo imaging, we demonstrated that Mtf1 is strongly activated immediately
after a brain trauma. Using bioinformatic analysis and RNA-sequencing approaches, we
identified additional targets of Mtf1 which might contribute to the hyperexcitability of the
hippocampal circuit observed in TLE. Although a deeper investigation with regards to
electrophysiological consequences of the observed molecular dynamics is needed, we
concluded that Mtf1 is involved in different cascades of epileptogenesis and interfering
with (part of) this cascade can be a promising target for treating (a subpopulation of)
TLE patients.

4.1 The MTI transcriptional unit in vitro

Mtf1 is well characterized with regards to its role in heavy metal homeostasis and
oxidative stress (Gunther et al., 2012). In addition, recent data suggested Mtf1 as a key
modulator of intrinsic plasticity in TLE (van Loo et al.,, 2015). Mtf1-mediated gene
regulation occurs via binding to MREs mainly located within the promoter region of
genes of interest (Stuart et al., 1984; 1985). Here, we first developed a reporter unit to
label Mtf1-expressing neurons in mouse brains by selecting several MREs, specifically
MRE-d/c, MRE-3/4, MRE*S 4, MRE-Cav and MRE-MTI.Our data demonstrated that in
primary hippocampal neurons, the full-length MTI promoter had the strongest
transcriptional activity after Zn2*/Mtf1 challenge, followed by the MRE-d/c transcriptional
unit, while MRE-3/4 only showed an increased transcriptional tendency after Zn2*/Mtf1
treatment. Surprisingly, MRE-Cav did not exhibit metal regulatory activity in hippocampal

neurons. These results can be explained by looking at the DNA sequence of the
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considered transcriptional tools. MTI, MRE-d/c and MRE-3/4 either are natural
promoters or fragments of promoters, containing therefore both the core metal
regulatory sequence and the flanking regions. In contrast, MRE-Cav is a rearranged
minimal promoter, containing only the core sequence 5-TGCRCNC-3’ (R=G and N=C).
Although the 5-TGCRCNC-3’ core sequence is necessary for Mtf1 binding, it seems
that the binding affinity and the transcriptional activity is influenced by the flanking
regions (Wang et al., 2004 a). This hypothesis can be confirmed when looking at the
results of the LacZ expression under the control of the Cav3.2-1020 promoter in vivo
(Fig. 8B, lower panels). Although for that experiment we used a shorter length of Cav3.2
promoter (Cav3.2-1020), both core consensus sequence and flanking regions were kept
and indeed, after pilocarpine-induced SE, an increase in transcriptional activity was
observed, confirming the metal inducible transcriptional activity discovered in van Loo et
al. (2015). Congruently, Inukai et al. (2017) indicated how not only core consensus
sequences but also flanking regions, DNA shape and epigenetic factors influence TFs
binding affinity.

The following goal was to track the Zn?*/Mtf1-mediated activation of the MTI
transcriptional reporter unit in time by measuring the Venus reporter gene fluorescence
intensity in cultured hippocampal neurons. Transcription factor-mediated gene regulation
is a dynamic event depending on the TFs concentration, its post-translational
activations, and on the binding/dissociating kinetics (Swift and Coruzzi, 2017). We found
that already 2 h after Zn?* incubation, Mtf1 was activated by Zn?*and able to bind to the
transcriptional tool. The fast activation of Mtf1 also confirmed its fundamental role in
cellular metal homeostasis (Grzywacz et al., 2015). The persisting elevated levels of
Venus at 7.5 h after Zn?* incubation indicated the consistency of gene expression linked
to TF concentration (Swift and Coruzzi, 2017). At 15 h after Zn?* incubation, no further
increase of Venus signal was observed. This could be explained by a saturation of the
MREs by the overload of Mtf1 TF.

4.2 The MTI transcriptional unit in vivo

Eventually, cis-regulatory elements which regulate gene expression in transfected cells
in culture, do not redirect gene expression in analogous cells in vivo, due to the

complexity of biological processes such as external stimuli or compensatory



76

mechanisms (Kitsis and Leinwand, 1992). Thus, we next evaluated whether the
identified transcriptional tool also reflected the Zn?*/Mtf1-dependent gene regulation in
vivo. The in vivo capacity of the MTI transcriptional unit to be regulated in a Zn?*/Mtf1-
manner was clearly present when we expressed MTI-LacZ in the mouse hippocampus.
In this experiment, pilocarpine-SE animals showed a strong increase of LacZ signal
compared to sham-treated littermates. The same results could be reproduced in animals
injected with a combination of Mtf1 and MTI-LacZ viruses where an intense LacZ
staining was observed in comparison to animals injected with a combination of Mtf1- and
GFP-viruses. These results suggested that the MTI transcriptional unit is a reliable
genetic tool for labelling neurons expressing Mtf1 in a Zn?*-dependent manner and to
investigate the Zn?*/Mtf1 pathway in the process of epileptogenesis both in vitro and in
Vivo.

Mtf1 emerged relatively recently as a pathogenetically relevant factor involved in the
development of TLE. However, its activation during the process of epileptogenesis is still
unknown. As the efficiency of therapeutic approaches relies on target validation as well
as time of intervention, we used the identified MTI transcriptional unit to monitor Mtf1
activity throughout the process of epileptogenesis by using iRFP in vivo imaging. iRFP in
vivo imaging is a non-invasive, easy and with low cytotoxic technology also used to trace
tumor tissue growth, metabolites and gene expression (Filonov et al., 2011). By
measuring the iRFP signal under the control of the MTI transcriptional unit in AAV-
intracranial infected sham and pilocarpine-induced SE mice, we observed that Mtf1-
dependent changes in gene expression occur early after an initial precipitating event.
This result is important when considering that the transcriptional regulation of activity-
dependent genes could be useful as potential biomarkers for pathology diagnosis as
well as for validation of antiepileptogenic interventions (Kaur et al., 2011). Although, to
date there are no reliable biomarkers for epileptogenesis yet, growing evidence
suggests miRNAs, as well as genes involved in epigenetic DNA modifications as
potential biomarkers, along with magnetic resonance imaging and, positron emission
tomography to monitor changes in the structure of the brain (Feng et al., 2020; Martinez
and Peplow, 2023; Hansen et al., 2014; Berger et al., 2019; Pitkdnen and Engel, 2014).
Also, different transcription factors such as brain-derived neurotrophic factor (Bdnf),

Egr1 and Egr3 are nowadays under investigation for their role in activating different
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cascades of signaling events after seizures (Brooks-Kayal, et al., 2009; van Loo et al.,
2019). Since hippocampal Mtf1 mRNA is upregulated 12 h after pilocarpine-SE and
Mtf1-dependent gene regulation increases immediately after pilocarpine-SE, Mtf1 itself
or its gene targets could result in potential biomarkers (van Loo et al., 2015).
Furthermore, these results indicate Mtf1 as an early upstream component of different
signaling pathways initiated by seizures. Thus, interfering with Mtf1 immediately after a
brain trauma might be fundamental to prevent the cellular changes that contribute to the
occurrence of TLE.

Besides its involvement in hypoxia and heavy metal homeostasis, recent studies
revealed that Mtf1 is involved in a wider spectrum of biological processes, like
inflammation by regulating expression of pro- and anti-inflammatory cytokines, or
neuronal plasticity by regulating the expression of B-synuclein (Dubé et al., 2011;
Gunther et al., 2012; Mocchegiani et al., 2004; McHugh et al., 2011). Therefore, we
intended to visualize the scale of the hippocampal Mtf1-micronetwork and to understand
to which extent it overlaps and contributes to the Cav3.2-micronetwork both in
physiological and pathological conditions. Although, we expected that Mtf1 would have
been expressed in a broader number of cells than Cav3.2, as the TF plays a role in
different physiological pathways, our data displayed that both in physiological and
pathological conditions, the Mtf1-micronetwork overlaps with the one of Cav3.2. The
strong correlation between Mtf1 and Cav3.2 expression was also observed by Jing et al.
(2021), who showed that ventral CA3 hippocampal neurons through Mtf1-mediated

activation of Cav3.2 are responsible for social-stress-induced anxiety-like behaviours.
4.3 Challenges in identifying the Mtf1-transcriptome

CA1 PCs show pronounced transcriptional variability along the dorsal-ventral axis,
indicating the existence of different classes of neurons (Cembrowski et al., 2016). Such
transcriptional differences are reflected in functional heterogeneity and might be an
indicator of different microcircuits to which subpopulations of neurons are involved in. In
addition, it has been shown that Mtf1 can activate the promoter and corresponding
mRNA expression of Cav3.2 and MTs in a Zn?*-dependent way, but it is still unknown
whether Mtf1 regulates a larger set of epilepsy-associated genes. Previously, our

research group generated an extensive RNA-sequencing (RNA-seq) dataset from
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pilocarpine-SE and control mice at various time points after SE (2, 6, 12, 24, 36 and 72 h
after SE; unpublished results). Subsequent bioinformatic analyses revealed that of the
3300 genes that showed a significant upregulation 72 h after SE (the time point of
maximal Cav3.2 mRNA increase after SE (Becker et al., 2008)), 330 genes had more
than one predicted binding sites for Mtf1 in their promoter region, indicating that more
genes besides Cav3.2 might be regulated by the Zn?*/Mtf1 cascade during the process
of epileptogenesis. Therefore, we intended to uncover the neuronal behavior of Mtf1-
expressing cells, both under physiological and epileptic conditions by performing FACS
sorting of Mtf1-positive and Mtf1-negative cells under sham and pilocarpine-SE
conditions for subsequent RNA-seq approaches. Our data proved that in the early latent
phase of TLE there is an activation and an increase of a hippocampal subpopulation
expressing Mtf1, indicating the activation of a specific microcircuit. However, we
unfortunately did not succeed in revealing the transcriptome of this subpopulation of
cells. In order to perform successful RNA-seq approaches, the ribonucleic acid has to be
intact, corresponding to a RIN® value above 7. In our hands, we unfortunately did not
reach this requirement. We adapted several parameters (e.g. different sorting buffers,
sorting set-ups, different processes to extract RNA), however we managed to obtain a
good RIN® value only occasionally, and only specifically for the cells not expressing Mtf1
under sham conditions. Our results suggested that the isolated pyramidal neurons, given
their shape, are not suitable for the experiment set-up we used: the mechanical pressure
coming from the FACS sorting could provoke the rupture of pyramidal branches which is
fatal for the neurons. Furthermore, it has to be kept in mind that the neurons
experienced virus transduction making the neurons more prone to neuronal death.
Therefore, we carried out two other independent strategies, which will be discussed
below, in order to identify the Mtf1-downstream targets, which may play a role in

converting the hippocampal network hyperexcitable following SE.
4.4 Mtf1 regulates the cAMP responsive element binding protein 1 (Creb1)

To better understand the role of the Mtf1/Zn?* cascade in epileptic network formation, we
investigated putative downstream Mif1-target genes, which were selected based on their
specificity to harbor Mtf1-binding sites within their promoter region and their role in

synaptic plasticity. Kalrm, encoding for the kalirin protein, was selected for its
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involvement in a series of synaptic plasticity processes such as dendritic arborization
and spine formation, and glutamate receptors activity (Yan et al., 2015; Penzes et al.,
2001; Lemtiri-Chlieh et al., 2011; Kiraly et al., 2011). Furthermore, Kalirin mRNA was
found to be upregulated early after kainate-induced SE (Sharma et al., 2009). Cplx2,
which encodes for the complexin-2 protein, was selected for its role in controlling
synaptic vesicles fusion by interacting with the SNARE complex (Chen et al., 2002; Xue
et al., 2008). Cacna1b, encoding for the a1B pore-forming subunit of the N-type voltage
dependent calcium channel, was selected for its contribution in neurotransmitter release
at hippocampal excitatory neurons (Bunda et al., 2019; Wheeler et al., 1994). Creb1,
encoding for the CAMP Responsive Element binding protein 1, was selected based on
its involvement in neuronal excitability modulation (Zhou et al., 2009; Dong et al., 2006).
Furthermore, Lopez de Armentia et al. (2007) showed that Creb1-mediated gene
expression increases CA1 pyramidal neuron intrinsic excitability. Git71, encoding for the
ARF GTPase-activating protein GIT1, was selected according to its known role in
synapse formation and dendritic spine morphogenesis (Zhang et al., 2003; 2005). Ntrk2,
encoding for the neurotrophic tyrosine receptor kinase 2, as all the other members of the
tyrosine kinase members, plays an important role in cell signaling, growth and central
nervous system development (Chao, 2003). In particular, Ntrk2 is implicated in
hippocampal long-term potentiation (LTP) and hippocampal synaptogenesis (Sakuragi et
al., 2013; Sonoyama et al., 2020). Moreover, there are different reports claiming a
correlation between Ntrk2 and the development of epileptic encephalopathy
(Yoganathan et al., 2021). Rims3 encodes for the y isoform of the Rab3 interacting
molecules (RIMs). Although RIM3 is less investigated compared to RIM1aq, it is believed
to be located as for the other isoforms, at the active zone of the presynaptic terminals
and to regulate neurotransmitters release (Schoch and Gundelfinger, 2006). Griat,
encoding for the glutamate ionotropic receptor AMPA type subunit 1, was considered for
its physiological role of being a subunit of the excitatory neurotransmitter receptor, its
implications are found in LTP maintenance, long-term depression (LTD) and
homeostasis scaling (Kessels and Malinow, 2009; Jiang et al., 2021; Diering and
Huganir, 2018). Another glutamate ionotropic receptor was considered: Grin2b, which
has been already investigated for its correlation with intellectual disability with focal
epilepsy (Lemke et al., 2014; Platzer and Lemke, 1993; Hu et al.,, 2016). Different
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GABAAa receptor subunits were considered, specifically Gabra4, Gabrb3, Gabrd genes
which encode respectively for the GABAA receptor subunit a4, 33 and 6. Those subunits
are involved in the trafficking-mediated plasticity at the inhibitory synapses (Luscher et
al.,, 2011). Kcnh1, encoding for the potassium voltage-gated channel, subfamily H
member 1, was considered due to its reported participation in different cases of epilepsy
(von Wrede et al., 2021). Concerning Kctd13, which encodes for potassium channel
tetramerization domain containing 13, its physiological role is still unclear, however,
deletion of this gene results in a reduced synaptic transmission (Escamilla et al., 2017).
The leucine-rich repeat transmembrane neuronal 2 gene (Lrrtn2) encodes for synaptic
cell adhesion molecules which induced excitatory synapses assembly, it interacts with
PSD-95 and regulates surface expression of AMPA receptors and plays a role in the
TLP by interacting with the neurexin family protein (de Wit et al., 2009; Soler-Llavina et
al., 2013). For this reason, we also selected Nrxn3, encoding for the neurexin 3 protein
(Konopka et al., 2012). Ptrprs is a gene encoding for the protein tyrosine phosphatase
receptor type S which plays a role in synapses formation and in strengthening TLP
(Horn et al., 2012). Finally, Unc13a, also known as Munc13a, is fundamental for priming
synaptic vesicles for fusion (Augustin et al., 1999). From our in vitro screening, we
identified Creb1, Rims3, Gabra4, Gabrd and Unc13a as possible Mtf1-target genes, as
their expression was upregulated after Mtf1/Zn?* treatment. In particular, Creb1, Gabra4
and Unc13a resulted to be significantly upregulated after Mtf1 treatment, and
significantly returned back to normal levels when treated with dnMtf1. While for Creb1
and Unc13a the upstream activators are not known so far, for Gabra4 it is believed that
the augmented mRNA and protein expression observed during epileptogenesis might be
correlated with high levels of Egr3 and Bdnf (Grabenstatter et al., 2014). This implies
that the regulation of our genes of interest are not limited to Mtf1. Concerning the other
genes, which do not show an increased transcriptional activity after Mtf1 treatment, it
must be kept in mind that the Jaspar transcription binding site sequences are predicted
sequences, based on the position frequency matrix and TF flexible model across six
different taxonomic groups. This system, as well as all the probabilistic models of TF
binding sites, still faces challenges in its computational prediction (Ambrosini et al.,
2020; Keilwagen and Grau, 2015). We next tested whether the selected synaptic

plasticity related genes represent a phenomenon also in human TLE by analysing the
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MRNA levels of those genes in correlation with MTF1 mRNA levels in 2 human cohorts.
Interestingly, our analysis showed that patients with elevated MTF1 transcripts also
carried augmented CREB1 transcripts. This correlation is specific for patients affected
by TLE with HS, as the MTF1-CREB1 correlation was not observed in patients affected
by TLE associated with brain lesions. CREB1 is a transcription factor belonging to the
family of leucine zipper motif transcription factors. It is activated by different external
stimuli, such as oxidative stress or hormones and covers a fundamental role in immune
response, cell proliferation, cell cycle and apoptosis as well as memory consolidation
(Pregi et al., 2017; Viguerie et al.,, 2004; Wen et al.,, 2010; Niu et al., 2022; Ortega-
Martinez, 2015). The activation of the CREB1 signal in epileptic disorders is an
established event and our results are in line with the work of Park et al. (2003), where it
has been shown that the expression levels of CREB1 and activated CREB1
(phosphorylated CREB1 - pCREB1) are significantly increased in hippocampi of MTLE
patients compared to healthy controls (Beaumont et al., 2012; Rakhade et al., 2005). In
animal models of TLE, it has been seen that reducing Creb1 expression shortens SE
and the frequency of spontaneous seizures in the chronic phase (Zhu et al., 2012,
2015). Therefore, if Mtf1 is the upstream regulator of Creb1, modulating Mtf1 activity
could truly prevent the activation of different pathways of epileptogenesis. In addition, in
case that inhibiting or decreasing Mtf1 activity as therapeutic approach leads to toxicity
or fatality, reducing Creb1 activity could serve as a secondary therapeutic approach
(Wang et al., 2004 b; Li et al., 2016). Our data also showed that high levels of CREB1
were correlated with neuronal loss in the hippocampal CA1, CA2 and CA3 subregions,
but not in the DG. In addition, an increase of CREB1 expression was found in patients
younger than 25 years of age. Although activated-CREB1 promotes cell survival (Lee et
al., 2009; Bonni et al., 1999; Niu et al., 2022), it must be kept in mind that at the time of
human tissue resection, the pathology is already at an advanced state. Therefore, the
high levels of Creb1 expression could be an initial compensatory mechanism, which is
not enough to preserve the cells' survival against the progress of the disease. In
addition, CA neurons seem to be more prone to SE-induced cell death compared to DG
neurons (Hansen et al., 2014). Nevertheless, the observed positive correlation between
CREBH1 levels and the anagraphic data suggests CREB1 expression as a biomarker for

a specific subgroup of patients affected by TLE. In Alzheimer’'s patients, a positive
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correlation between elevated expression of pCREB1 in the post-mortem brain and in the
peripheral blood mononuclear cells (PBMC) has been observed (Bartolotti and Lazarov,
2019). This indicates that for CREB1 a pathological crosstalk between brain and blood
exists, and that pCREB1 expression in PBMC can be used as a biomarker for cognitive
dysfunction in patients affected by Alzheimer’s disease. It would therefore be highly
interesting to monitor peripheral CREB1 signals in patients affected by TLE in order to
discover whether CREB1 expression can be used as a biomarker to detect the early
stages of the disease. Given the Zn?*/Mtf1-dependent upregulation of Creb1 in vitro and
the positive correlation of MTF1 and CREB1 transcripts in human resected brain tissues,
we intended to see whether the correlation between the two transcription factors was
also present in the pilocarpine-SE animal model of TLE. Our data showed that both Mtf1
and Creb1 mRNA are upregulated in tissue derived from pilocarpine-SE animals
compared to their sham-treated controls, reproducing the MTF1-CREB1 correlation seen
in the human cohorts. In particular, our data showed that the Creb1 upregulation
consistently follows the Mtf1 expression in all the subregions of the hippocampus. From
our experiment, where we virally transduced the CA1 hippocampal region with the
mRuby3 protein under control of the MTI transcriptional unit, we saw that even one day
after SE, the mRuby3 expression was higher in pilocarpine-SE treated animals
compared to the sham-littermates (Fig.10C). This means that within 24 h after SE, the
upregulated Mtf1 RNA is translated into protein, activated and able to regulate the
expression of its downstream genes. Interestingly, based on the Mtf1-Creb1 pilocarpine-
SE timeline experiment (Fig. 16), Mtf1 is translated and activated even before 24 h after
SE, binds to the MREs within the promoter region of Creb1 and gives rise to its
upregulation even within 12 h after the transient brain insult. To further prove that Creb1
upregulation in TLE is Mtf1-dependent, we visualized the subpopulations of cells
expressing the two TFs by immunostaining. Our stainings displayed a colocalization of
Mtf1- and Creb1-expressing cells. However, Creb1 distribution turned out to be broader
and more homogeneously expressed then Mtf1. In principle, this is not surprising when
considering the physiological role of Creb1 as a mediator of inflammation, glucose
metabolism and memory, which are all processes that underlie the wider expression
throughout the brain (Wen et al., 2010; Jin et al., 2013; Barco et al., 2003; Kim et al.,
2013; Ortega-Martinez, 2015). Furthermore, Creb1 activity is also present in glial cells.
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For example, after SE, a CRE-mediated expression occurs also in astrocytes and
microglia, persisting for up to 20 days (Lee et al., 2007).

The involvement of Creb1 in TLE is well documented. Creb1 and pCreb1 expression is
increased both in human brain tissue of patients affected by TLE and animal models
(Park et al., 2003; Conte et al., 2020; Hansen et al., 2014). Decreasing Creb1-activity in
animal models of TLE shortens SE and reduces the severity of seizures in the chronic
phase of the disease (Zhu et al.,, 2012; 2015). In addition, Creb1-mediated gene
expression is responsible for increasing intrinsic bursting in pyramidal neurons (Lopez
de Armentia et al., 2007). In order to further validate the Mtf1/Zn?*-Creb1 cascade, it
would be interesting to analyze transcript and protein levels of pCreb1 and some
downstream targets of Creb1-signalling in hippocampal neurons after Mtf1/Zn?*
treatment. As alternative, it would be interesting to investigate whether Mtf1 or dnMt1-
treatment influences Creb1-mediated gene expression. In terms of alterations at the
network level, organotypic slice cultures could be recorded after Mtf1/Zn?*-incubation
and Creb1/pCreb1 levels and its downstream targets could be measured thereafter. In
addition, organotypic network activity could be recorded after Mtf1-inhibition (e.g. by
using the Mtf1 inhibitor LOR-253 (https://www.adooqg.com/lor-253.html)) and analyze
whether the Creb1 expression is reduced. Another alternative could be to interfere with a
Creb1 inhibitor, such as 666-15 (https://www.medchemexpress.com/666-
15.html?utm_source=google&utm_medium=CPC&utm_campaign=Europe&utm_term=H
Y-101120&utm_content=666-
15&gclid=Cj0KCQIASNSdBhDfARIsALzs2EAFIaoO7jra0B31AX886z_wb0xVqTv10IIKLh
yLXH-9BOMKgwdrF4gaAgrrEALwW_wcB) and to analyze whether both molecular and
physiological data would reflect the data obtained from pharmacological interference
with Mtf1. To prove unequivocally that Creb1 is a target of the Mtf1/Zn?* cascade,
Chromatin-immunoprecipitation (ChlP) experiments will reveal whether Mtf1 can bind to
the Creb1 promoter region. Initial ChlP-seq experiments using an antibody against Mtf1
on hippocampal homogenates of sham and pilocarpine-SE mice were performed,
however samples unfortunately were not successful. To date, Mtf1 Chip-sequencing
experiments confirmed the interaction of Mtf1 with the Cacna1h and MT-/ promoter, and

revealed the involvement of Mtf1 in the regulation of genes associated with myogenesis
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(Jing et al., 2021; Daniels and Andrews, 2003; Tavera-Montafiez et al., 2019). Thus,

indicating this approach as a reliable way to find new Mtf1-targets.
4.5 Mtf1 and synaptic plasticity biological processes

SE triggers changes in neuronal excitability, synaptic reorganization and cellular
morphology which are consequences of altered plasticity-related pathways, cell death
and neuroprotective events (Hansen et al.,, 2014). Many of these processes are the
result of a marked alteration of transcriptional activity which occurs during the process of
epileptogenesis (Losing et al., 2017; Sun et al., 2022). To gain a deeper insight into the
MTF1-mediated transcriptome, we performed RNA-sequencing. Our data revealed none
or only a few differentially expressed genes when comparing the transcriptional profiles
of GFP_Sham versus Mtf1_Sham and GFP_Pilo-SE versus dnMtf1_Pilo-SE conditions,
indicating a minimal Mtf1-transcriptional activity on the pilocarpine-SE transcriptome.
This result can be explained taking in consideration that Mtf1 is expressed in only a
subpopulation of neurons, while the current analyses were performed on whole
hippocampus homogenates. The RNA-seq dataset came thus from a heterogeneous cell
population and this has led to a dilution of the Mtf1 viral transduction effect. Congruently,
different studies demonstrated how transcriptome variability is cell-type and time-
dependent (Henkel et al., 2021; Hansen et al., 2014). Therefore, a deeper insight into
Mtf1-transcriptome could be given by single-cell RNA-sequencing. Moreover, the dilution
effect hypothesis is in line with the absence of significant changes in Cacnath
expression both in the Mtf1- and dnMtf1-overexpression conditions compared to the
respective controls, which is known to occur at the selected time point (Becker et al.,
2008).

A more detailed analysis of the RNAseq data revealed several immunological-
associated processes to be associated with Mtf1 expression, i.e. type Il ‘hypersensibility’
and immunoglobulin and cytokine production processes. The contribution of Mtf1 to
inflammatory processes has already been shown in previous studies. For example, Mtf1
has been described as a regulator of cytokine production via a crosstalk with nuclear
factor-kB (Nf-kB) and has been proved to mediate neuropathic pain in dorsal horn
neurons (Schuster et al., 2019; Hao et al., 2022). Furthermore, it must be noted that

dysregulation of Zn?* homeostasis is linked to impaired regulation of innate immune
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responses and a reduced production of cytokines (Gao et al., 2018; Haase and Rink,
2007). In line with the study of Grzywacz et al. (2015), Zn®**has been reported to be
indispensable for Nf-kB-signaling activation (Haase et al., 2008). This proposes Mtf1 as
a mediator of Zn?*-mediated immunological responses. Besides the inflammatory and
immunological pathways mentioned above, our data revealed that Mtf1 is implicated in
responses to stress and cellular responses to Zn?*, congruently with the physiological
role of Mtf1. In addition, Mtf1 resulted to be involved also in a series of processes like
synapse pruning, regulation of vesicle-mediated transport, serotonin and GABA
secretion, potassium import, regulation of trans-synaptic signal and modulation of
synaptic transmission, thus taking part in synaptic plasticity-associated processes. Of
special interest is the association of Mtf1 with the positive secretion of GABA processes.
To date, still little is known about the role of Mtf1 with regard to synaptic or intrinsic
plasticity. Although free Zn?* mainly localizes at presynaptic glutamatergic synapses, it
has been shown that free Zn?* is also present in GABA-containing neurons (Suh et al.,
2001; Franco-Pons et al., 2000; Wang et al. 2001). Here, this triggers concentration-
dependent and cell-specific biphasic effects (Blakemore and Trombley, 2017; Vergnano
et al., 2014). Takeda et al. (2004), demonstrated that Zn?*release in the synaptic cleft of
CA3 hippocampal neurons augments GABA release, while Vergnano et al. (2014),
showed that neuronal activity mainly triggers Zn?* and glutamate corelease at the
Schaffer collateral-CA1 and Mossy fiber-CA3 synapses. These data suggest that Mtf1,
as Zn?*-dependent effector, can play different functions according to cell-type specificity
and Zn?* concentration. At the single gene level, we identified three genes
harboring MREs within their promoter region with altered transcripts when Mtf1 activity
was potentiated by Mtf1 overexpression or reduced by dnMtf1 overexpression after
pilocarpine-induced SE: Ighg1, Htr2a and Drd2. Ighg1 encodes for the constant region
of the heavy chain of immunoglobulin G. Although alterations of immunoglobulins has
been suggested as a consequence of anti-epileptic treatments, patients affected by TLE
often show changes of immunoglobulin levels already before starting the therapy (Aarli,
1976; Fontana et al., 1976; Callenbach et al., 2003; Sorrell and Forbes, 1975).
Interestingly, IgGs have been noted as Zn?*-binding proteins (Babaeva et al., 2006).
Therefore, the Mtf1-dependent changes in the heavy chain of IgG expression could be

an initial compensatory mechanism to repristinate the physiological levels of Zn?* after
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seizures. Htr2a encodes for the serotonin 5-HT-2A receptor which is a member of the
Gqr11-coupled receptor. Although around 25 % of the proteins of this receptor colocalize
with glutamate decarboxylase-containing neurons, its main role consists in mediating
glutamate excitatory postsynaptic currents in pyramidal neurons (Santana et al., 2004;
Aghajanian and Marek, 1997; 1999). The involvement of 5-HT-2A in epilepsy is far from
being completely understood. Several studies claimed that potentiating the serotonin
system or activating 5-HT-2A produces an anticonvulsant effect (Favale et al., 2003;
Guiard and Di Giovanni, 2015; Van Oekelen et al., 2003). Other studies however,
showed pro-epileptic effects when activating 5-HT-2A. In fact, pharmacological
administration of 5-HT-2A antagonists have been proved to delay the development of
seizures or to inhibit seizures in a dose-dependent manner (Wada et al., 1992; Ritz and
George, 1997). Furthermore, in favor of the latter results, functional genetic mutation of
htr2a has been shown to be responsible for early onset seizures in patients with TLE
(Manna et al., 2012). In this regard, further studies will be necessary in order to clarify
the role of hir2a in the process of epileptogenesis. A gene with intriguing functional
implications to be differentially expressed in a Mtf1-dependent manner was Drd2. This
gene encodes for the dopamine receptor D2 which is a G-protein coupled receptor. As
all the family members of the dopamine receptors, the Drd2 is putatively involved in the
regulation of motor activity as well as neurological diseases like Parkinson’s disease,
Alzheimer’s disease and hyperactivity/schizophrenic disorders (Mishra et al., 2018).
Dopamine receptor 2 belongs to the D2-like subclass of dopamine G-coupled receptor
(D2-D4) (Missale et al., 1998) and its activation is generally associated with reduced
dopaminergic tone and inhibitory processes (Ford, 2014; Chen et al., 2006; Stoof and
Kebabian, 1984). With regard to epilepsy, stimulation of D2-like receptors exhibits anti-
convulsant effects (Bozzi and Borrelli, 2013). Mice lacking the Drd2 have a lower
threshold to seizure-susceptibility and neurotoxicity following administration
of pilocarpine and kainic acid (Bozzi et al., 2000; Bozzi and Borrelli, 2013; Brodovskaya
et al., 2021). However, it must also be kept in mind that D2 receptors are terminal
autoreceptors, meaning that they are susceptible to a negative feedback regulation. This
implies that following elevated levels of dopamine, they can reduce dopamine synthesis
and packaging and inhibit dopamine release with reduction of its inhibitory activity (Onali
et al., 1988).
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As a perspective, on the genetic level, further investigation is required in order to confirm
whether and how in detail Mtf1 regulates the transcripts of the above-mentioned genes
and also determines their precise involvement in the process of epileptogenesis. It would
be highly interesting to see whether the Mtf1-dependent changes of gene expression
are reproducible also in other systems, including the same experimental setup as has
been done for Creb1, by incubating neurons with Mtf1/dnMtf1-Zn?*following transcripts
measurement via qPCR. In addition, it would be interesting to learn whether also the
protein concentration increases after Mtf1/Zn?* challenge, using western Blot or
Elisa/MSD assays. Finally, also the correlation between Mtf1 and the newly identified

target genes, i.e. Ighg1, Htr2a and Drd2 could be investigated in human TLE cohorts.
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4.6 Conclusion

The early activation of Mitf1 after a transient brain trauma triggers abnormal
transcriptional regulation of its target genes. In this study we provide evidence that,
besides Canca1h, the Mtf1/Zn?* cascade may regulate additional target genes, including
Creb1, Ighg1, Htr2a and Drd2, genes involved in synaptic plasticity, thus, promoting
hippocampal network hyperexcitability and seizures development. In conclusion,
pharmacologically interfering with the Mtf1/Zn?*-pathway or with one of its downstream

targets, could be a strategy to arrest or delay the development of epileptogenesis.
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Fig. 21: The Zn?'Mtf1-cascades of epileptogenesis. The early activation of Mtf1 after a
transient brain insult triggers abnormal transcriptional regulation of its target genes.
Besides Canca1h, the Mtf1/Zn?* cascade may regulate additional target genes, including
Creb1, Ighg1, Htr2a and Drd2, genes involved in synaptic plasticity, thus, promoting
hippocampal network hyperexcitability and seizures development.
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5. Abstract

Temporal lobe epilepsy (TLE) is the most common form of focal epilepsy. It usually
occurs after a transient brain insult, including status epilepticus (SE), which triggers a
latent period of epileptogenesis prior to the occurrence of spontaneous seizures. In an
experimental animal model, the Metal-regulatory Transcription Factor 1 (Mtf1) mediates
the Zn?*-induced upregulation of the T-type Ca?*channel Ca,3.2, leading to an increase
in intrinsic excitability of hippocampal neurons. However, Mtf1 emerged relatively
recently as a pathogenetically relevant factor involved in the development of TLE and
still little is known about its involvement in the process of epileptogenesis. Therefore, in
this study we aim to achieve novel insights about Mtf1 with regard to its spatio-temporal
location and activation during epileptogenesis, and to identify new Mtf1-downstream
targets. Here, we provide evidence that Mtf1 is activated immediately after SE, and that
it regulates several genes associated with synaptic plasticity processes. A transcriptional
unit was successfully developed which allowed the identification of Mtf1-expressing
neurons in vivo and the monitoring of Mtf1 activation during epileptogenesis. Adeno-
associated virus (rAAV) transfer of Mtf1 and a dominant-negative form of Mtf1 (dnMtf1)
in hippocampal neurons resulted in an increase of cAMP responsive element binding
protein 1 (Creb1) mRNA expression. The kinetics of Creb1 expression followed the
expression levels of Mtf1 in the hippocampal subregions of pilocarpine-SE
animals. Immunofluorescence of murine slices showed a stronger Creb1 protein
expression in neurons containing nuclear-activated Mtf1. Data from resected hippocampi
of pharmacoresistant patients affected by TLE associated with hippocampal sclerosis
support the Zn?*-Mtf1-Creb1 pathway. Finally, RNA-sequencing from dissected
murine hippocampi transduced with Mtf1 and dnMtf1 revealed the Immunoglobulin
Heavy Constant Gamma 1 (Ighg1), Serotonin 5-HT-2A Receptor (Htr2a) and the
Dopamine Receptor D2 (Drd2) as downstream target genes of Mtf1. This work
uncovered a novel transcription factor regulated transcript module in the process of

epileptogenesis and provides new prospects for preventing and treating TLE.
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