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Abstract (italiano) 

L’epilessia del lobo temporale mesiale è una delle forme più frequenti di epilessia, spesso 

gravata da comorbidità che hanno un impatto significativo sulla qualità della vita. Ad oggi 

la terapia farmacologica è solo sintomatica e circa un terzo dei pazienti è farmaco-resistente. 

Questo tipo di epilessia ha frequentemente, alla base, un evento precipitante seguito da un 

periodo definito "epilettogenesi”, nel quale si verificano molteplici fenomeni fisiopatologici 

come perdita di neuroni, plasticità neuronale e neurogenesi aberrante, modificazioni delle 

cellule gliali, alterazione della barriera emato-encefalica, neuroinfiammazione. Tutti questi 

fenomeni portano, a distanza anche di anni, allo sviluppo della malattia.  

Durante il mio dottorato di ricerca ho indagato possibili nuove strategie terapeutiche, che 

potessero modulare l'epilettogenesi e prevenire lo sviluppo di epilessia: 

 Valutazione dell’ipotesi che il 7,8 diidrossiflavone (7,8- DHF), un agente 

antiossidante e agonista del recettore TrkB per BDNF, possa esercitare un ruolo anti-

epilettogeno. Per raggiungere questo obiettivo, è stato utilizzato il modello litio-pilocarpina 

nel ratto. L'effetto del 7,8- DHF è stato valutato sia sull'esordio della malattia (in termini di 

frequenza e gravità delle crisi epilettiche) sia sulle co-morbidità (attraverso l'utilizzo di test 

comportamentali per la locomozione, l'ansia e la memoria spaziale). Inoltre, è stata eseguita 

un'analisi ex vivo per comprendere i meccanismi alla base degli effetti del 7,8- DHF. 

Abbiamo scoperto che il 7,8- DHF a basso (5 mg/kg), ma non ad alto (10 mg/kg) dosaggio, 

può esercitare forti effetti anti-epilettogeni nel modello litio-pilocarpina, e che questi effetti 

sono correlati a pattern specifici di fosforilazione di TrkB e di attivazione delle vie di 

segnalazione TrkB-dipendenti. 

 

 Studio dell'effetto del Peptide di rigenerazione neuronale 2945 (NRP2945) nel 

modello di pilocarpina di mTLE, utilizzando due diversi paradigmi di somministrazione di 

NRP2945: (i) a seguito di stato epilettico indotto da pilocarpina, per valutare la sua capacità 

di prevenire lo sviluppo di epilessia (vale a dire un possibile effetto anti-epilettogeno) e (ii) 

nella fase cronica dell'epilessia, per valutarne l'effetto sulle crisi spontanee. Abbiamo 

scoperto che NRP2945 esercita un forte effetto anti-epilettogeno, riducendo la frequenza 

delle convulsioni spontanee, esercitando un significativo effetto neuroprotettivo e 

attenuando i comportamenti ansiosi e il deterioramento cognitivo. Questi effetti sembrano 

dipendere dalla modulazione del processo di epilettogenesi e non dalla soppressione delle 

crisi, perché NRP2945 non ha ridotto la frequenza o la durata delle crisi spontanee quando 

somministrato ad animali già epilettici.



Abstract (inglese) 

Mesial temporal lobe epilepsy is one of the most frequent forms of epilepsy, often burdened 

by comorbidities that have a significant impact on the quality of life. To date, drug therapy 

is only symptomatic and one third of the patients are drug resistant. This type of epilepsy 

often originates from a precipitating event followed by a period defined "epileptogenesis", 

in which multiple pathophysiological phenomena occur, including loss of neurons, neuronal 

plasticity and aberrant neurogenesis, modifications of glial cells, alteration of the BBB and 

neuroinflammation. These phenomena may lead, sometimes years later, to the development 

of the disease. 

During my PhD I investigated possible new therapeutic strategies for the of epileptogenesis: 

• Evaluation of the hypothesis that 7,8 dihydroxyflavone (7,8- DHF), an antioxidant agent 

and an agonist of the BDNF receptor TrkB, may exert an anti-epileptogenic role. To pursue 

this goal, the rat lithium pilocarpine model was used. The effect of 7,8- DHF was evaluated 

both at the onset of the disease (in terms of frequency and severity of seizures) and on 

epilepsy comorbidities (through the use of behavioural tests for locomotion, anxiety and 

memory). In addition, an ex vivo analysis was performed to understand the mechanisms 

underlying the effects of 7,8- DHF. We found that 7,8- DHF at low (5 mg/kg), but not at 

high (10 mg/kg) dosage, can exert strong anti-epileptic effects in the lithium-pilocarpine 

model, and that these different effects are related to differences in TrkB phosphorylation 

patterns and activation of TrkB-dependent signalling pathways. 

• Study of the effect of the Neuronal Regeneration Peptide 2945 (NRP2945) in the 

pilocarpine model of mTLE, using two different NRP2945 administration paradigms: (i) 

following pilocarpine-induced status epilepticus, to evaluate its ability to prevent epilepsy 

development (i.e., a presumed anti-epileptogenic effect) and (ii) in the chronic phase of 

epilepsy, to evaluate its effect on spontaneous seizures. We found that NRP2945 exerts a 

strong anti-epileptogenic effect, reducing the frequency of spontaneous seizures, exerting a 

significant neuroprotective effect, and attenuating anxious behaviours and cognitive 

impairment. These effects appear to depend on the modulation of the epileptogenesis process 

and not on seizure suppression, because NRP2945 did not reduce the frequency or duration 

of spontaneous seizures when administered to already epileptic animals.
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CHAPTER 1. EPILEPSY 

 

1.1 Definition 

 

The International League Against Epilepsy (ILAE) defined an epileptic seizure as “a 

transient occurrence of signs and/or symptoms due to abnormal excessive or synchronous 

neuronal activity in the brain”, and epilepsy as “a disorder of the brain characterized by an 

enduring predisposition to generate epileptic seizures and by the neurobiological, cognitive, 

psychological, and social consequences of this condition”. The diagnosis of epilepsy is made 

based on the following: (1) At least two unprovoked (or reflex) seizures occurring >24 h 

apart; (2) one unprovoked (or reflex) seizure and a probability of further seizures similar to 

the general recurrence risk (at least 60%) after two unprovoked seizures, occurring over the 

next 10 years; (3) diagnosis of an epilepsy syndrome (Fisher et al. 2014). Epilepsy is 

considered resolved for: i) people who had age-dependent epileptic syndrome, and who then 

exceeded the applicable age limit; ii) people who have been seizure-free for at least 10 years 

without antiepileptic therapy for the past 5 years (Fisher et al. 2014). 

The term epilepsy derives from the Greek term “epilambanein”, that translates into 

“attack”(Todman 2008), emphasizing one of the characteristics of this disease: 

unpredictability. Indeed, in the origin it was believed that this disease affected bad people 

through the action of the gods. Hippocrates, although still tied to the idea of the "divine" 

(Todman 2008), was the first to argue that at the base of the epilepsy there was a cerebral 

dysfunction (Magiorkinis, Sidiropoulou, and Diamantis 2010). However, it was only in the 

19th century that John Hughlings Jackson laid the foundations of modern epileptology. He 

claimed that epileptic discharges are generated in the grey matter of the brain and begin with 

signs that locate the original discharge lesion (Kaculini, Tate-Looney, and Seifi 2021). 

Nowadays, around 60 million people worldwide have epilepsy, and this disease affects 

people of all ages (Fiest et al. 2017).
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1.2 Seizures classification 

 

The need for classification for different types of seizures has existed since the days of 

Hippocrates. Although the initial classifications were primarily anatomical, research has 

shown that epilepsy is a network disease rather than a symptom of local brain abnormalities 

(Blumenfeld 2014). In 1969, the first modern classification has been proposed by Gastaut 

(Gastaut 1969). Over the years, this classification has been progressively improved, to 

provide a basis for communication for clinical use. ILAE 2017 is the most recent (fig. 1) 

((Fisher et al. 2017); (Fisher 2017)). 

 

 

 
1Definitions, other seizure types and descriptors are listed in the accompanying paper and glossary of terms.  

2Degree of awareness usually is not specified.  

3Due to inadequate information or inability to place in other categories. 

 

Fig. 1 ILAE classification of seizures (Fisher 2017) 

 

The first level of classification distinguishes seizures based on their onset: focal, generalized 

and unknown onset seizures. 

 

FOCAL SEIZURES 

 

Focal seizures are characterized by the activation of a localized group of neurons, limited to 

one hemisphere only. Focal seizures can be divided into: 
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 Aware (previously called “simple”) forms: characterized by motor, sensitive or 

senses, psychic phenomena without disruption of the state of consciousness 

 Impaired awareness (formerly “complex”) forms: the state of consciousness is 

impaired, exhibiting an inability to respond to environmental stimuli and/or to 

maintain contact with external events.  

 Focal to bilateral tonic-clonic (secondary generalized) forms: forms that start as 

focal seizures and then involve both hemispheres. 

 

 

GENERALIZED SEIZURES 

 

Generalized seizures involve both hemispheres from the beginning with bilateral, 

symmetrical and synchronous phenomena; usually there is an alteration of the state of 

consciousness. 

Can be divided into: 

 Non-motor (absence): characterized by a sudden loss of consciousness. They can last 

from a few seconds to a few minutes and are usually accompanied by tonic, clonic, 

atonic and vegetative phenomena. 

 Myoclonic seizures: short and rapid muscle contractions, bilateral and synchronous, 

usually without alteration of the state of consciousness. 

 Tonic seizures: characterized by diffuse muscle contraction, accompanied by 

alteration of state of consciousness.  

 Tonic-clonic seizures: generalized seizures accompanied by alteration of state of 

consciousness. The tonic phase is characterized by rigidity, apnea and cyanosis, 

while during the clonic phase frequent rapid and repetitive bilateral contractions 

appear. 

 Clonic seizures: like the tonic-clonic one, but during the clonic phase frequent rapid 

and repetitive bilateral contractions appear. 

 Atonic seizures: characterized by a reduction in tone (incomplete or global), followed 

by the fall of the subject to the ground. 

 

UNCLASSIFIED SEIZURES 

 

All the seizures that cannot be included in the classes described above. 
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NEONATAL SEIZURES 

 

In addition to ILAE 2017, a further modification regarding neonatal seizures was introduced 

in 2021 (Pressler et al. 2021). The need to introduce this modification arises from the fact 

that the peculiarities of neonatal epileptic seizures are that are mostly provoked seizures and 

are visible only at the electroencephalography (EEG). Indeed, this revision emphasizes the 

role of EEG in seizure diagnosis and includes a classification of seizure types relevant to this 

age group (fig. 2). 

 

  

 

*If no EEG available refer to global alignment of immunization safety assessment in pregnancy levels of diagnostic certainty 

Fig. 2 ILAE classification of neonatal seizures (Pressler et al. 2021) 

 

1.3 Diagnosis and treatment 

 

DIAGNOSIS 

 

In order to make a correct diagnosis of seizures and epilepsy, first of all it is important to 

perform a thorough medical history. Moreover, neurologists can use additional tests like 

EEG, Neuroimaging, genetic testing or metabolic evaluations (Stafstrom and Carmant 

2015). 

 EEG:  The EEG evaluation leads to achieve several goals in terms of diagnosis, 

depending on the clinical question. In TLE, the EEG remains the gold standard used 
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in the diagnosis (Rosenow, Klein, and Hamer 2015). It is possible to detect abnormal 

electrical activities, such as focal spikes or waves (focal epilepsy), or diffuse 

bilateral spike waves (generalized epilepsy). However, the diagnosis of epilepsy is 

based on clinical information and the EEG should be considered as confirmatory, 

not diagnostic. Indeed, although after 3 EEG evaluation the likelihood of identifying 

an abnormality increases, a normal EEG can be seen in up to 50% of people with 

epilepsy (Johnson 2019). 

 Neuroimaging: Computed tomography (CT) and magnetic resonance imaging 

(MRI) scans are adjuncts to the clinical examination and EEG. MRI is more sensitive 

than CT and is, thus, preferred. 

 Genetic testing: when a genetic diagnosis is highly suspect; the clinician could also 

require genetic testing, up to the entire exome sequencing of the patient and parents. 

 Metabolic evaluations: used principally in neonatal seizures. 

 

TREATMENT 

 

To date, there is no cure for epilepsy. AEDs are not effective for the underlying cause of 

seizures, but they limit or prevent seizures (thus, acting on the symptoms). Usually, an 

antiepileptic therapy is chosen based on the risk-benefit ratio between the AED used and the 

possible side effects and costs that the patient must bear (Fisher et al. 2014). Considering the 

side effects (such as sedation and dizziness) is important, because therapy usually lasts for 

long periods of time. AEDs have a different mechanism of action (fig. 3), which result in a 

decrease in neuronal excitability: 

 Sodium channel blockers: many AEDs (e.g., Carbamazepine, Lamotrigine, 

Phenytoin) act on voltage gated sodium channels (VGSCs), which allow influx of 

sodium (Na+) in the cells and generate action potentials. Membrane depolarization 

allows channel opening and then, in a few milliseconds, the channel is rapidly 

inactivated. During high frequency repetitive firing a slow inactivation occurs caused 

by a conformational change in the channel that continues to display a residual 

conductance. Na+ channel blockers stabilize the channels in the inactive state, 

reducing the firing rate of the neurons and the spread of seizures (Zuliani, Fantini, 

and Rivara 2012).  

 Calcium channel inhibitors: Voltage-gated calcium (Ca2+) channels are localized in 

the plasma membrane of excitable cells. Following depolarization, the influx of Ca2+ 

leads to further depolarization of the plasma membrane, leading to the activation of 



8 

 

other voltage-gated channels. Moreover, Ca2+ leads to the activation of contraction, 

secretion, gene transcription, and cell death. These channels are divided into low 

voltage-activated (LVA, or T-type) and high voltage-activated channels (HVA). 

Evidences from several studies in animal models of generalized absence epilepsy 

show an over-activity of T-type channels, although T-type channel expression is up 

regulated in other forms epilepsy as well (Nelson, Todorovic, and Perez-Reyes 

2006). Calcium channel inhibitors (such as Ethosuximide) act on these channels by 

inhibiting the Ca2+ influx in the cells. 

 Gamma-aminobutyric acid (GABA) signal enhancers: GABA type A receptor 

(GABAAR) is the most crucial inhibitory receptor in the central nervous system 

(CNS). Upon binding of GABA, the receptor opens and chloride ions diffuse into the 

cell, leading to an inhibitory postsynaptic potential. Drugs like Barbiturates 

(Phenobarbital) and Benzodiazepines (Diazepam, lorazepam, Clonazepam) act as 

positive allosteric modulators of the GABAAR. These drugs are widely employed 

despite several side effects (such as respiratory depression, sedation and rebound 

insomnia). Other drugs, like Vigabatrin, inhibit the degradation of GABA, which is 

mediated by the GABA transaminase. Another mechanism for increasing 

extracellular GABA concentrations is to act on the GABA transporter (Tiagabine).  

 Glutamate signal inhibitors: glutamate is the most predominant excitatory 

neurotransmitter of the adult mammalian brain. It exerts its fast excitatory effect by 

binding the postsynaptic ionotropic glutamate receptors, α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) receptors (AMPARs), whereas N-

methyl-D-aspartate (NMDA) receptors (NMDARs) mediate part of the slow 

postsynaptic excitatory potentials (Barker-Haliski and White 2015). Glutamate 

signal inhibitors include AMPA antagonists (Perampanel) and blockers of 

presynaptic Ca2+ channels in the glutamatergic terminal (Gabapentin).  
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Fig. 3 Proposed mechanisms of action of currently available AEDs at excitatory and inhibitory synapses 

(Bialer and White 2010). 

 

 

Despite the wide range of available AEDs, about 30% of patients are drug resistant (Kwan 

and Brodie 2000). According to ILAE consensus: “It is proposed as a testable hypothesis 

that drug resistant epilepsy is defined as failure of adequate trials of two tolerated, 

appropriately chosen and used antiepileptic drug schedules (whether as monotherapies or in 

combination) to achieve sustained seizure freedom”(Kwan et al. 2010). Anyhow, there are 

several alternatives that do not involve the use of AEDs. 
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Fig. 4 Treatment sequence for epilepsy surgery and devices (Wheless, Gienapp, and Ryvlin 2018) 

 

 

Refractory epileptic patients could be candidates for surgery for the resection of the 

epileptogenic focus or for vagal nerve stimulation (VNS). Surgical resection of the 

“epileptogenic focus” depends on the area involved. Patients with TLE are, often, excellent 

candidates and, 80% of them undergoing surgical resection, remain long-term seizures-free 

(41%), and the quality of their lives improves (de Tisi et al. 2011). However, this type of 

surgery is very invasive. In the 1990s, it was shown that VNS is able to reduce epileptic 

seizures. VNS is a peripheral surgery, less invasive and expensive than surgical resection. 

Briefly, VNS consists of two electrodes placed on the cervical vagal nerve and connected 

to a pulse generator under the collarbone. The stimulator is located on the left vagal nerve 

to reduce adverse cardiac effects (Sakas et al. 2007). To date, VNS is an approved treatment 

in more than 70 countries around the world. Moreover, VNS not only improves the quality 

of life of patients with refractory epilepsy, but the success of the treatment also appears not 

to depend on age, type of seizure or epileptic syndrome (Wheless, Gienapp, and Ryvlin 

2018).
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KETOGENIC DIET 

 

 Another type of non-drug therapy is the ketogenic diet (KD) (Ulamek-Koziol et al. 2019). 

It is based on a rich intake of fats and a low intake of carbohydrates. This leads to an increase 

in the metabolism of fatty acids, which produce ketone bodies, which replace glucose for 

the brain. Although the mechanisms are not fully understood, the KD appears to be effective 

on drug-resistant epilepsies, in both children and adults. Ketone bodies in the brain have 

been observed to turn into acetyl-CoA leading to the production of adenosine triphosphate 

(ATP) in the mitochondria, improving mitochondrial biogenesis and density and increasing 

phosphocreatine stores. The brain tissue would thus become more resistant to metabolic 

stress, elevating the seizure threshold. Furthermore, ATP leads to hyperpolarization of the 

neuronal membrane, reducing the electrical excitability of the brain. Moreover, the KD can 

lead to induction of GABA synthesis and inhibition of its degradation (Ulamek-Koziol et 

al. 2019). Several studies have investigated effects of KD on the composition of the gut 

microbiome in epilepsy. It seems that alterations in the gut microbiome may contribute to 

the protective effects of the KD against seizures. Indeed, using a genetic mouse model for 

sudden unexpected death in epilepsy (SUDEP), the depletion of the gut microbiome 

promoted spontaneous tonic-clonic seizures, whereas selective enrichment of KD-

associated bacterial taxa reduced seizure frequency and duration (Lum, Olson, and Hsiao 

2020). 

 

1.4 Temporal lobe 

1.4.1 Anatomy 

 

The limbic system is an aggregation of brain structures (located lateral to the thalamus, 

underneath the cerebral cortex, and above the brainstem) involved in memory and emotion. 

The limbic system includes the limbic cortex (cingulate gyrus and parahippocampal gyrus), 

the hippocampal formation (dentate gyrus, hippocampus and subicular complex), amygdala, 

septal area, and hypothalamus. In this paragraph I will focus on the hippocampal formation, 

which is the area most involved in mTLE. 

The hippocampal formation refers to the dentate gyrus, hippocampus proper, subicular 

complex, and entorhinal cortex (fig. 5).
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Fig.5 Anatomical organization of the hippocampus 

 

Dentate gyrus (DG): is a structure formed by a trilaminar cortex (archicortex), located in the 

most medial part of the cerebral cortex. The dentate gyrus has a C-shaped structure separated 

from cornu ammonis 1 (CA1) and the subiculum by the hippocampal fissure. The spiny 

dendrites of the neurons that make up the main cell layer of the dentate gyrus branch into its 

molecular layer. The innermost layer is called the polymorphic layer or the hilum. The cells 

of the hilum only project to the dentate gyrus. Moreover, the hilum of the dentate gyrus 

contains the axons of the granular cells (or "mossy fibers") that project to the hippocampus 

(CA3) (Schultz and Engelhardt 2014). 

Hippocampus proper (or “cornu ammonis”, CA): it is sub-divided into 4 fields: CA4, CA3, 

CA2 and CA1. However, the term CA4 should be omitted, since these neurons should 

probably belong to the hilar region of CA3. Starting from the ventricular lumen, the 

following layers are distinguished: the alveus, which is formed by the axons of the pyramidal 

cells and the stratum oriens (between the alveus and the pyramidal layer) which mainly 

contains the basal dendrites of the pyramidal cells. The cell bodies of the principal CA 

neurons form the pyramidal cell layer. The region towards the hippocampal fissure contains 

the apical dendrites and is divided into the stratum lucidum (absent in CA2 and CA1), the 

stratum radiatum, and the stratum lacunosum-moleculare (which contains the terminal 

branches of the apical dendrites). In CA3 stratum lucidum, mossy fibers form synapses with 

proximal dendrites above the pyramidal cell layer of CA3 (Schultz and Engelhardt 2014). 

Subicular area (subiculum, presubiculum, parasubiculum): the subiculum is composed of a 

molecular layer containing the apical dendrites of the underlying pyramidal cells, the 

pyramidal layer and the deep polymorphic layer. Projections of the hippocampal formation 

originate from the pyramidal layer which, through the fornix, reach subcortical structures (to 

the septal and mammillary nuclei, to the nucleus accumbens, to the anterior thalamus). 
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Presubiculum and parasubiculum are transition cortices (4-5 layers) towards the entorhinal 

cortex (Schultz and Engelhardt 2014). 

Entorhinal cortex (EC): six entorhinal layers can be distinguished. Layer I is an acellular 

layer. Layer II is made up of islands of modified pyramidal and stellate cells. Layer III 

contains pyramidal cells, and their dendrites pass through the space between layer II cell 

islands. Layer IV is acellular and contains dense fibers (lamina dissecans). Layer V consists 

of large pyramidal cells and layer VI is distinguishable from V only at the borders of the 

perirhinal cortex (Schultz and Engelhardt 2014). 

1.4.2 Circuitry 

 

The hippocampus receives afferents and spatial information from the entorhinal cortex 

through two excitatory pathways called "perforant pathways". The direct perforant path 

originates from the pyramidal neurons of layer III of the entorhinal cortex, which project 

directly to the most distal apical dendrites of the pyramidal neurons of CA1. The indirect (or 

trisynaptic) perforant path originates from layer II of the entorhinal cortex, which projects 

to the granular layer of the dentate gyrus. The axons of the granular cells form the pathway 

of the muscoid fibers and project in the pyramidal cells of CA3, whose axons, constituting 

the pathway of the Schaffer collaterals, project to the apical dendrites of the pyramidal cells 

of CA1. These circuits are involved in the memory consolidation process. 

 

1.5 Temporal lobe epilepsy (TLE) 

 

In this paragraph the attention is focused on temporal lobe epilepsy (TLE), which is the most 

common, drug-resistant epilepsy in the adult (Blair 2012; Loscher et al. 2020). It is an 

acquired and focal form of epilepsy, hitting the temporal lobe of the brain. Indeed, it always 

starts from a localized area in one of the brain hemispheres, and then may spread to the other 

hemisphere, becoming secondarily generalized. Following an initial epileptogenic event, 

such as stroke, head trauma, febrile seizures or prolonged status epilepticus (SE), the brain 

of a healthy individual can undergo a series of neurobiological alterations leading to epilepsy 

(Pitkanen and Lukasiuk 2011). Indeed, it has been shown in several animal models that 

inducing SE is sufficient to lead the onset of TLE (Pitkanen 2010). According to ILAE 

classification, there are 2 main types of TLE: i) lateral TLE (lTLE), in which the onset of 

seizures is localized in the temporal neocortex; ii) mesial TLE (mTLE), related to 

hippocampus, parahippocampal gyrus and amygdala alterations. mTLE is more common 
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than lTLE (Allone et al. 2017). One of the most frequent symptoms associated with TLE is 

“aura”, that includes fear, hallucinations, nausea and alteration of consciousness (Gupta et 

al. 1983). Many patients with TLE suffer from behavioural alterations, such as anxiety, 

depression, psychosis and deficits in learning and memory, due to the physiological and 

morphological changes that occur at the level of the limbic system. According to 

neuropathological research based on human surgical tissues and observation in numerous 

experimental models of TLE, hippocampal sclerosis (HS) is the most common histological 

alteration in drug-resistant TLE patients (Thom 2014). HS is primarily characterized by 

neuronal death. Other common alterations are changes in neuronal excitability and aberrant 

adaptive plastic modifications (mossy fibers sprouting, neurogenesis, gliosis, 

neuroinflammation and loss of blood brain barrier (BBB) integrity) (Curia et al. 2014).  TLE 

is often resistant to anti-epileptic drugs (AEDs), especially in patients presenting HS (French 

2007; Park et al. 2014). 

 

1.5.1 TLE phisiophatology 

 

mTLE must be considered as a heterogeneous disease but, in general, 3 phases can be 

identified: 

 Acute phase, which follows the epileptogenic insult. 

 Latency phase, whose duration is variable, during which the process called 

"epileptogenesis" takes place. 

 Chronic phase, which begins with the onset of the first spontaneous seizure. 

A first spontaneous seizure may appear after decades of an initial epileptogenic insult, a 

period known as latency. During this period several cellular, molecular and plastic 

alterations take place, leading to spontaneous recurrent seizures (SRSs) generation (Curia et 

al. 2014).  The changes involved in the onset of spontaneous seizures are referred to a 

dynamic process known as "epileptogenesis". These changes include neurodegeneration, 

aberrant neurogenesis, gliosis, axonal damage, dendritic plasticity, and neuroinflammation, 

that can continue to progress even after the onset of spontaneous seizures and the diagnosis 

of epilepsy (Pitkanen and Lukasiuk 2011). Several studies in humans have reported that the 

latency period ranges from a few weeks to many years and that non-convulsive seizures 

always precede the first motor seizure. This has led to the hypothesis that humans can remain 

in the latent periods for many years, often in the presence of unrecognized subclinical 

seizures (Dudek and Staley 2012). Latency period measurements are difficult because they 
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require continuous recording from the initial brain insult to the onset of the first seizure. 

Thus, it can be seen as the initial stage of an ever-changing process. 

 

1.6 Epilepsy comorbidities 

 

The term “comorbidity” indicates the simultaneous presence of more than one pathological 

condition in the same person. Comorbidities in epilepsy are very common and have an 

impact on the diagnosis, treatment, cost and quality of life of the patient (Bazil 2004). 

Epilepsy comorbidities can be classified into: 

 Medical comorbidities: musculoskeletal disorders and fractures, gastrointestinal 

disorders, respiratory problems, chronic pain, migraine, neoplasms, obesity, 

diabetes, infections, allergies. 

 Psychiatric comorbidities: depression, anxiety, autistic disorders, psychosis. 

 Cognitive comorbidities: attention deficit hyperactivity disorder (ADHD), learning 

disorders, dementia. 

The relationship between comorbidity and epilepsy can be explained through several 

mechanisms (fig. 6): 

o Chance and artefactual comorbidities: the prevalence or incidence of a comorbidity 

is as frequent in people with epilepsy as would be expected in the general population. 

o Causative mechanisms: the comorbid condition arises first, which then gives rise to 

epilepsy. 

o Resultant mechanism: epilepsy takes place first and subsequently gives rise to the 

comorbid condition. 

o Shared risk factors: there is no causal relationship between comorbidity and epilepsy, 

but they share some underlying risk factors, such as genetics or environmental 

factors. 

o Bidirectional effects: both conditions cause each other’s. 
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Fig. 6 Mechanisms of association between epilepsy and its comorbidities (Keezer, Sisodiya, and Sander 

2016) 

 

 1.6.1 Depression 

 

Depression is the most common comorbidity in patients with epilepsy. In 2013, a meta-

analysis study reported that depression has an incidence of around 23% of epilepsy patients 

worldwide and prevalence of 50% among TLE patients (Fiest et al. 2013). Depression has a 

severe impact on quality of life (QoL) in patients with epilepsy. Indeed, common 

mechanisms underlying depression and epilepsy, as well as psychosocial limitations 

imposed by a seizure disorder (such as driving restrictions and/or unemployment) can lead 

to worsening of the depressive phenotype (Ehrlich et al. 2019). The brain regions involved 

in both depression and TLE are mainly the hippocampus, amygdala, entorhinal cortex, and 

neocortical and subcortical regions (Valente and Busatto Filho 2013). Sharing strongly 

intertwined common pathogenetic mechanisms, the structural and functional changes of one 

disease can trigger the other, leading to a two-way relationship between them. Several animal 

models have been useful to demonstrate that the relationship between depression and 

epilepsy, rather than a psychosocial phenomenon, has a shared neurobiological substrate. 

Models of TLE such as pilocarpine, kainic acid and kindling are also useful for the evaluation 

of depression.  

The tests used to identify and quantify the main symptoms of depression in humans 

(anhedonia and despair) in animal models are: i) saccharin consumption test (SCT), which 
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assesses anhedonia through the consumption of a solution of saccharin by rats (lower 

consumption indicates anhedonia) (Pucilowski et al. 1993); ii) forced swimming test (FST), 

which is used to evaluate the symptom of "despair" in rat models; the animal is placed in the 

water (stressful situation) and the relative immobility time is evaluated (a longer immobility 

time is an indicator of the state of despair) (Pucilowski et al. 1993). Using these tests, long-

lasting anhedonia was observed in mice using the kainate and pilocarpine models. 

Furthermore, anhedonia appears to be drug resistant, as neither imipramine nor fluoxetine 

improves the depressive phenotype (Mazarati et al. 2008). Rats subjected to lithium-

pilocarpine-induced SE have a longer immobility time in the FST, if compared to controls. 

These animals also show an impairment in the raphe-hippocampus serotoninergic pathway. 

Administration of fluoxetine to post-SE rats do not lead to an improvement in the depressive 

phenotype, although it reverses the SE-induced increase in brain excitability (Klein et al. 

2015). Similarly, in a clinical PET (positron emission tomography) study, a decrease in the 

binding capacity of serotonin at the 5-HT1A receptor in the mesial temporal region was 

observed in both depressed and epileptic patients (Savic et al. 2004). IL-1β also appears to 

be involved in both epilepsy and depression. In a cross-sectional study of depressed or non-

depressed TLE patients, plasma levels of IL-1β were significantly higher in people with TLE 

with depression than in controls or in people with TLE without depression (Vieira et al. 

2015). Bilateral intra-hippocampal infusion of hippocampal interleukin-1 receptor 

antagonist ameliorates all depressive symptoms (anhedonia and despair) that develop in rats 

following induction of status epilepticus (SE) with pilocarpine (Mazarati et al. 2010). 

From a clinical point of view, it is important to make a careful diagnosis, as the symptoms 

of depression may present in the pre-ictal period, apparently with no correlation with the 

seizures, as well as before, during or after a seizure. Currently, the most commonly validated 

screening tool used in order to diagnose depression in epilepsy is the “Neurological 

Disorders Depression Inventory for Epilepsy” (NDDI-E) (Gill et al. 2017). Considering the 

high prevalence of depression among people with epilepsy (PWE), routine and periodic 

screening of all PWE and appropriate management of depression is recommended. 

Additionally, PWE should also be screened for suicidal ideation regularly, and patients 

should be referred for psychiatric evaluation and treatment if necessary (Mesraoua et al. 

2020).
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1.6.2 Anxiety 

 

Although it has been described as the "forgotten" psychiatric comorbidity in PWE (Kanner 

2011), anxiety disorders (AD) impact the QoL of PWE as much as depression. As with 

epilepsy, the amygdala and hippocampus play a key role in the neurobiology of anxiety. The 

amygdala regulates the experience of fear and is responsible for the avoidance behaviour 

associated with fear, while the hippocampus is associated with reliving fear. Ads are 

involved in fear circuit activation in these structures (Stahl 2003). For example, electrical 

stimulation of the amygdala of patients undergoing presurgical evaluation has been shown 

to induce emotional responses, including anxiety and fear (Lanteaume et al. 2007). In 

relation to the temporal occurrence to seizures, peri-ictal anxiety symptoms can be: preictal 

(preceding a seizure), ictal (during a seizure), and postictal (occurring within 72 h of a 

seizure). ADs may be also due to pharmacologic effects and/or surgical treatment. All types 

of symptoms can co-occur in the same individual (Hingray et al. 2019). The screening tool 

used for AD diagnosis is the "Generalized Anxiety Disorder 7" (GAD-7), which is similar 

to the NDDI-E. 

 

1.6.3 Cognitive disorders 

 

Cognitive disorders are frequent in epileptic patients, particularly in people affected by TLE. 

Studies on the correlation between epilepsy and cognitive disorders, date back to 1900. 

Cognitive disorders associated with epilepsy mainly affect memory, attention, language, 

executive functions and judgment (Zhao et al. 2014). Factors that might contribute to 

cognitive decline depend on the pathology underlying the epilepsy, the age of onset of the 

seizures, drug therapy or on other comorbidities.  The involvement of the medial structures 

of the temporal lobe is responsible for deficits in operational memory, both verbal and 

visuospatial, as well as in executive functions: as already mentioned, the age of onset of 

seizures and their frequency are important predictors for the decline of these cognitive 

domains. Another important factor is the hemisphere involved: it seems that there is a 

lateralisation of the mnemonic processes: patients with left lobe TLE demonstrate reduced 

performances in verbal working memory, while patients with right lobe TLE show marked 

deficits in visual working memory. Another factor with a great impact on visuospatial 

working memory is HS, common in mesial forms of TLE. HS seems to be also involved in 
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the consolidation deficits of memory traces: the hippocampus plays a crucial role in long-

term memory. Therefore, patients with mTLE often have long-term memory deficits, 

especially episodic ones. Finally, several studies have highlighted that TLE patients have 

deficits involving executive functions and also language, especially if the dominant 

hemisphere is involved, as well as deficits in other cognitive domains such as facial 

recognition and the "theory of mind" (Zhao et al. 2014).  

 

1.7 Experimental modelS of TLE 

 

In order to understand the physio-pathological mechanisms underlying epilepsy and to 

develop new therapeutic approaches, animal models of the disease that mimic the electro-

encephalographic, behavioural and neuropathological characteristics of human epilepsy are 

essentials. There is, currently, no model that possesses all the features of TLE. Therefore, 

the choice of the model that best suits the needs of the study represents the first important 

step. An ideal model is defined “homologous” as it is able to reproduce the human pathology 

in every aspect; other models are defined “isomorphic” when they reproduce clinical-

pathological aspects but not the aetiology or do not allow predictions. The identification of 

the best experimental model of SE is crucial for researchers who aim to study the 

mechanisms underlying neuronal death and synaptic reorganization during epileptogenesis, 

the development of chronic epilepsy and the possibility of identifying more effective AEDs 

with fewer side effects. For this reason, an ideal epilepsy model should be able to reproduce 

all the physiopathologic features of human TLE such as the presence of the latency period, 

epileptogenesis and its neuropathologic characteristics (neuronal death, aberrant 

neurogenesis, astrogliosis and mossy fibers sprouting). Moreover, epileptic animals should 

be resistant to AEDs and display comorbidities just like in human TLE.  

That having said, acute seizure models are also important. Even if they cannot mimic 

epilepsy, acute seizure models, for example, the maximal electroshock test (MES), can be 

very useful for evaluating the anticonvulsant activity of new drugs. Being very rapid tests, 

they can be used to screen anti-seizure drugs.  

In sum, the various animal models can be divided into different categories: models with 

single seizures or recurrent seizures (i.e., acute or chronic models), screening models, 

mechanism related models, models with spontaneous seizures versus chemically or 

electrically induced seizures (Loscher 2011). 

Based on the stimulus used in order to induce seizure, models can be classified in: 
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• Chemical models: chemoconvulsants, such as kainic acid and pilocarpine, are used to 

induce SE which, if maintained for a certain period, can generate the neuronal damage that 

may represent the initial epileptogenic insult and lead to SRSs in a fashion similar to TLE. 

• Electrical models: based on the application of electrical stimuli in specific regions of the 

limbic system. 

• Genetic models: which involve the manipulation of the animal's genetic material to 

determine the appearance of spontaneous seizures. 

Here, I will focus on the chemical models that I used during my PhD period (pilocarpine and 

lithium-pilocarpine).
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1.7.1 Chemical models  

 

Chemical models can mimic different clinical seizure types and acute or chronic epileptic 

phenomena (Table 1; De Deyn et al. 1992).  

Table 1 Chemical models of epilepsy (De Deyn et al. 1992) 

 

 

PILOCARPINE MODEL 

  

Pilocarpine is an alkaloid that produces a powerful cholinergic effect by binding muscarinic 

receptors M1, M2 and M3. The M1 receptor is located at the level of the CNS; it is coupled 

to the Gq protein, which activates phospholipase C and increases the production of 

diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3). The result is an increased level 

of intracellular Ca2+ and K+ and the release of the excitatory neurotransmitter from the 

presynaptic terminal (Segal 1988). Seizures are subsequently maintained by activation of 

NMDA receptors. M2 and M3 receptors are mainly present at the peripheral level: M2 

activation causes a decrease in heart rate, while the activation of M3 causes increased 

secretions and relaxation of the intestinal muscles.  

The pilocarpine model has been described for the first time in 1983 by Turski and colleagues 

(Turski et al. 1983).  Indeed, using high doses (100-400 mg/kg) intraperitoneally (i.p.) 

administered in rats, pilocarpine led to behavioural alterations and the first signs, such as 

oral-facial movements, salivation, blinking, yawning appeared. Within 30-90-150 minutes 

after pilocarpine administration, the first discontinuous seizures appeared, followed by 
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motor seizures with salivation, lifting of the forelimbs and falling, every 5-15 (SE). 

Moreover, limbic electrographic alterations and widespread brain damage (24h after SE 

induction) have been observed. The pilocarpine model is, now, widely used and has been 

modified in numerous laboratories. Depending on the study needs, researchers use different 

procedures regarding the animal strain and species, pilocarpine dose, the duration of SE and 

the administration of drugs which are able to stop it. Generally, systemic administration in 

rodents of pilocarpine (340-380 mg/kg) leads to: behavioural and EEG changes, which can 

be divided into an “acute” period which includes limbic SE (inhibited, at specific time points, 

with benzodiazepines), a “silent” or “latency” period (4-44 days) and a “chronic” period 

characterized by humanlike SRSs (Cavalheiro 1995). Usually, SE is reached by 60% of the 

animals and disappears spontaneously after 5-6 h. Weight loss is frequent (about 20% of 

cases) and the mortality rate is around 30%. The duration of the latency period varies 

depending on the protocol used. In rats Wistar it lasts from 1 to 6 weeks. The pilocarpine 

dose does not appear to significantly affect the onset of SRS. On the other hand, both the 

duration of the SE and the drugs used to block it may affect the duration of latency (Curia et 

al. 2008). It has been demonstrated that 30–60 min of SE is sufficient to induce hippocampal 

damage and epilepsy if SE is blocked only with a single administration of diazepam 

(Cavalheiro 1995). However, early inhibition of SE may either reduce the intensity or delay 

the onset of SRSs (Sharma et al. 2007). Methyl-scopolamine can be administered to prevent 

the peripheral effects induced by pilocarpine (piloerection, salivation, diarrhoea, tremor) due 

to the interaction with the M2 and M3 receptors. Its methylated form has the advantage of 

not crossing the BBB, exerting its effect only at the peripheral level and increasing the central 

bioavailability of pilocarpine (Clifford et al. 1987). 

 

LITHIUM-PILOCARPINE MODEL  

 

Lithium is a mood stabilizer used to treat bipolar disorders. Moreover, it can be used in the 

treatment of acute brain injuries (e.g., ischaemia) and chronic neurodegenerative diseases 

(Wada et al. 2005).   In 1983, Honchar and colleagues (Honchar, Olney, and Sherman 1983) 

demonstrated for the first time that the administration of lithium (127 mg/kg) 24 hours before 

pilocarpine is able to reduce the seizure threshold, allowing the induction of SE with a 10-

fold lower dose of pilocarpine (30 mg/kg). This drug combination result in a higher 

percentage of rats developing SE, but not an increase in mortality (Clifford et al. 1987; 

Honchar, Olney, and Sherman 1983). SE and neuronal damage from this model are similar  

compared to the administration of high dose pilocarpine alone (Clifford et al. 1987). Through 
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the use of MRI, it was observed that the first changes in the brains of rats treated with 

lithium-pilocarpine were detected in EC, thalamus and amygdala 6 hours after SE, while the 

hippocampus appeared to be affected only 36-48 hours later (Curia et al. 2008). It appears 

that lithium pre-treatment is effective only when pilocarpine is administered within 24 h 

(Clifford et al. 1987). 

 It has been shown that the administration of diazepam alone (10 mg/kg, i.p.) to block SE is 

not sufficient, if the duration of SE is longer than 30 minutes: the severity of behavioural 

seizures is reduced but SE is not completely blocked (electrical seizures are not stopped by 

diazepam alone). The combination of two anticonvulsants, diazepam and phenobarbital, is 

much more effective in blocking SE than diazepam alone and the use of a muscarinic 

antagonist (scopolamine) favours the anticonvulsant activity of the first two drugs by 

blocking the activity of pilocarpine present on the muscarinic receptors in the brain (Brandt 

et al. 2015).  

Although the mechanisms underlying the potentiation of the pilocarpine effect are still 

unclear, some studies show that lithium may be able to activate T lymphocytes and 

monocytes. This induces the production of inflammatory cytokines, such as IL-1β, which 

lead to altered permeability of the BBB, leading to a decrease in the epileptogenic threshold 

(Nirwan, Vyas, and Vohora 2018). Another hypothesis is that lithium induces an alteration 

in the binding sites of muscarinic receptors (Gibbons et al. 2016) and an increase in the 

release of acetylcholine in the hippocampus, with consequent hyperactivation of M1 

receptors (Hillert et al. 2014). Furthermore, lithium leads to an increase in IP3 (more 

dramatic than that induced by pilocarpine) (Honchar, Olney, and Sherman 1983). IP3 

increases intracellular Ca2+, which promotes the exocytosis of acetylcholine at the pre-

synaptic level, activation of post-synaptic M1 receptors, oxidative stress and cell damage. 
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CHAPTER 2. EPILEPTOGENESIS 

 

The term epileptogenesis is associated with acquired epilepsy more than genetic ones. 

Traditionally, epileptogenesis was represented by the latency period, specifically the period 

between the first insult and the first spontaneous seizure. Initially, research focused mostly 

on the neuronal mechanisms responsible for generating epileptic seizures (ictogenesis), 

rather than the causative processes of the initial brain damage that lead to chronic epilepsy. 

Indeed, experimental models able to induce acute seizures, like kindling, were largely used 

(Goddard 1967). The kindling model, however, is not a model capable of reproducing 

chronic epilepsy, because animals have seizures when stimulated but do not develop SRSs 

(Stafstrom and Sutula 2005). The creation of animal models in which epilepsy develops over 

time after an induced SE led to a redefinition of the term epileptogenesis. Several studies 

have shown that epileptogenesis is characterized by morphological and functional 

modifications, which do not stop at the onset of the first spontaneous seizure, but contribute 

to the progression of the epileptic condition (fig. 7) (Pitkanen et al. 2015). 

 

 

 

   Fig. 7 Definitions of epileptogenesis (Pitkanen et al. 2015). 

 

 

This evolution in the concept of epileptogenesis is coherent with the clinical evidence that 

human epilepsy has a progressive course. The new concept is also relevant from a therapeutic 

point of view, as epileptogenesis can be a potential target of treatment even after the onset 

of SRSs. Consequently, antiepileptogenic interventions could not only prevent disease onset 

but also be disease-modifying treatments after diagnosis.
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2.1 PatHological hallmarks of epileptogenesis 

 

NEURODEGENERATION 

 

The term “neurodegeneration” refers to the complex alterations in neuronal functions that 

progressively lead to neuronal death. Recently (fig. 8), ILAE has proposed a classification 

system of semiquantitative models of hippocampal cell loss: i) HS ILAE type 1: severe 

neuronal cell loss and gliosis in CA1 and CA4; ii) HS ILAE type 2: loss of neuronal cells in 

CA1 and gliosis; iii) HS ILAE type 3: loss of neuronal cells in CA4 and gliosis. Surgical 

hippocampal specimens obtained from TLE patients may also show normal neuron content 

with reactive gliosis only (no-HS) (Blumcke et al. 2013). 

 

 

Fig. 8 ILAE consensus classification of hippocampal sclerosis 

 

 

The use of animal models of acquired epilepsy allows researchers to better understand which 

are the neurodegenerative pathways that can contribute to excitotoxicity and cell death. In 

animal models of TLE neuronal loss is mainly observed in the hilus of DG, in CA1 and CA3 

pyramidal cells and GABAergic interneurons. CA2 appears to be less affected (Pitkanen and 

Sutula 2002). The extra-hippocampal areas involved are the amygdala, the entorhinal cortex 

and the subiculum, although little attention has been given to brain areas other than the 

hippocampus in preclinical research (Arellano et al. 2004). Neurodegeneration leads to 

impaired function of the neuronal network and can contribute to the process leading to 

epilepsy and associated comorbidities. Preclinical and clinical studies have shown that HS 

and cell death are not always associated with epileptogenesis and TLE, just as the reduction 

of neurodegeneration does not always prevent the development of SRSs. Hence, it is still 
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unclear which interventions will be helpful in preventing epileptogenesis in patients 

(Naegele 2007). 

 

ABERRANT NEUROGENESIS 

 

Neurogenesis occurs mainly in the embryonic stages in the mammalian CNS, but persists 

throughout adulthood (adult neurogenesis), in the Subgranular Zone (SGZ) of the 

hippocampal DG and the Subventricular Zone (SVZ) of the forebrain lateral ventricles. 

Adult neurogenesis is implicated in a variety of diseases of the CNS, including epilepsy 

(Chen, Wang, and Chen 2020). After pilocarpine-induced SE in rats, dentate gyrus cell 

proliferation increases 5–10 fold after a latent period of several days and persists for several 

weeks (Parent et al. 1997). Using epileptic mice in which newly born hippocampal dentate 

granule cells (DGC) were labelled with GFP, seizure frequency was observed to increase in 

animals in which the percentage of neonate DGC was higher, confirming the hypothesis that 

abnormal DGC promotes epileptogenesis (Hester and Danzer 2013). The use of cytosine-b-

D-arabinofuranoside after SE induction in rats led to a reduction in the number of abnormal 

granule cells, and also to a reduction in the frequency of seizures (Jung et al. 2004). 

Moreover, it has been shown that seizures of different severity, cause different alterations in 

neurogenesis (Uemori, Toda, and Seki 2017).  

 

DENDRITIC PLASTICITY AND CHANGES IN EXTRACELLULAR MATRIX 

 

The extracellular matrix (ECM) has an important role in regulating use-dependent synaptic 

plasticity. ECM molecules surround cell bodies and proximal dendrites of neurons, forming 

perineuronal nets (PN). These nets are composed of molecules like hyaluronic acid (HA), 

chondroitin sulphate, proteoglycans of the aggrecan family, tenascin-R and link proteins. 

The ECM appears to contribute to synaptic plasticity during the period of epileptogenesis, 

as mature ECM can inhibit activity-dependent plasticity. However, injury to adult tissue (for 

example SE) can reactivate the mechanisms that operate during development. SE has been 

shown to lead to increased HA levels, aberrant lectican expression, and decreased PN 

support structures. An increase in unbound HA in the ECM may make the system more 

susceptible to increased neurite outgrowth and synaptic plasticity after SE (McRae and 

Porter 2012).
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MOSSY FIBERS SPROUTING (MFS) 

 

MF arises from dentate granule cells, located in the dentate gyrus, and project their axons 

through CA4 and to dendrites of CA3 pyramidal cells. CA3 projects Schaffer collaterals to 

CA1 which, in turn, sends projections to the EC through the subiculum (fig. 9; Wiera and 

Mozrzymas 2015).  

 

 

 

Fig. 9 MFs projection in hippocampal formation (Wiera and Mozrzymas 2015)  

 

 

In CA3, there are 2 projections of MF: one is suprapyaramidal (stratum lucidum) and the 

other one is infrapyramidal (IIP). IIP axons are involved in hippocampus-dependent learning 

(Wiera and Mozrzymas 2015). In 1979, Messenheimer and Steward suggested for the first 

time a correlation between lesion-induced sprouting with epilepsy (Messenheimer, Harris, 

and Steward 1979).  However, it was not yet clear if the sprouting was a consequence of 

neurotoxic damage, of SE, or of both factors. The first real evidence that axonal sprouting 

was seizure-correlated came from the observation in kindled rats, in which axons of mossy 

fibers labelled by Timm histochemistry were found to expand their terminal field to the 

supragranular region of the dentate gyrus, in the absence of cell damage (Cavazos, Golarai, 

and Sutula 1991; Represa, Le Gall La Salle, and Ben-Ari 1989). To date, MFS has been 

observed in many animal models of chronic epilepsy, as well as in the human epileptic 

temporal lobe (Sutula 2002). 
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NEUROINFLAMMATION AND GLIOSIS 

 

Neuroinflammation occurs following the release of proinflammatory molecules in a context 

of innate immunity activation. Astrocytes provide structural support to neurons, but also 

participate in the formation and maturation of synapses, receptor trafficking, control of ion 

homeostasis, clearance of neurotransmitters, regulation of the extracellular volume and 

modulation of synaptic plasticity (Curia et al. 2014). Astrogliosis, that occurs throughout the 

temporal lobe in both human and animal models of TLE, has led in recent decades an 

increase in the number of studies aimed at understanding the role of astrocytes in this 

pathology. Acute seizures and neuronal damage are able to activate astrocytes that establish 

a state of reactive gliosis, characterized by hypertrophy of primary processes, an increase in 

the expression of intermediate filament proteins, such as the glial acid fibrillar protein 

(GFAP) , and a reduction in glutamine synthetase (GS) expression (Wilcox et al. 2015). This 

process is most evident in HS often associated with mTLE. When gliosis is moderate, there 

is no proliferation of new astrocytes and a regression often occurs with the resolution of the 

initial insult; more severe forms of gliosis, on the other hand, lead to an increase in astrocyte 

proliferation and the formation of a scar that derives from a close interaction between 

astrocytes and surrounding cells. These changes persist even after the end of the initial insult 

(Dossi, Vasile, and Rouach 2018). Astrocytes play also an important role in maintaining the 

balance between excitation and inhibition, removing glutamate and GABA from the synaptic 

cleft via the glutamate transporters GLAST and GLT-1 and the GAT3 GABA transporter, 

respectively. Preclinical studies have shown that in animal models of epilepsy there is a 

downregulation of GLT-1 after the induction of SE (Clarkson et al. 2020). It has been 

observed that  mTLE patients have five times higher extracellular glutamate levels in the 

epileptic sclerotic hippocampus than in non-HS and non-epileptic hippocampal formation 

(Cavus et al. 2008).  

Microglia make up the main component of the immune system of the CNS. In an animal 

model of TLE, inhibition of microglia with minocycline administration for two weeks led to 

a reduction in the frequency, duration and severity of spontaneous seizures in animals 

(Abraham et al. 2012; Wang et al. 2015).  

Finally,  animal models of epileptogenesis have made it possible to identify the activation of 

toll-like receptors (TLRs) as a possible cause of neuroinflammation. These receptors can be 

activated by endogenous ligands, such as the High Mobility Box 1 (HMGB1) group, released 

by brain cells and leukocytes following tissue damage (Vezzani et al. 2011). Moreover, the 
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increase in the production of pro-inflammatory cytokines such as IL-1β, IL-6, TNF-α, has 

an impact on epileptogenesis by increasing neuronal excitability (Vezzani et al. 2013).
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CHAPTER 3. BDNF 

 

3.1 Neurotrophins (NTs) 

 

NTs belong to the family of neurotrophic factors (NTFs), which are endogenous proteins 

that play an important role in neuronal proliferation, survival and differentiation. 

Furthermore, they are involved in both excitatory and inhibitory synaptic modulation 

(Simonato 2018). In the adult CNS, NTs also trigger fast synaptic responses and cause 

changes in the function of synapses and in the morphology of neurites, influencing 

behaviour, learning, memory formation and cognition. The first neurotrophin, the nerve 

growth factor (NGF), was identified and isolated by Rita Levi Montalcini and colleagues in 

the 1950s (Cohen, Levi-Montalcini, and Hamburger 1954). At the time it was a revolutionary 

discovery, both considering the limited tools available and the concept that a protein released 

from one cell could control the differentiation of neighbouring cells (Bothwell 2014). In the 

next decades, other members of the NTs family were identified: brain derived neurotrophic 

factor (BDNF) (Barde, Edgar, and Thoenen 1982), neurotrophin-3 (NT3) (Rosenthal et al. 

1990) and neurotrophin-4/5 (NT4/5) (Hallbook, Ibanez, and Persson 1991). 

 

NTs STRUCTURE 

 

The 4 NTs are structurally very similar. The NTs precursors (or pro-neurotrophins) are 

cleaved intracellularly by furin or pro-convertases to produce the mature proteins.  The 

mature form of the protein is formed by two monomers linked by non-covalent chemical 

bonds to form homodimers (about 120 amino acids for each peptide chain). Highly 

conserved pairs of cysteine residues are present within each monomer, forming a "cysteine 

knot" pattern, which stabilizes the proteins. The domain in which NTs differ is within the 

peptide loops that protrude from the nucleus of the molecules. These loops mediate the 

contacts between neurotrophins and their specific receptors on the cell surface (Dechant and 

Neumann 2002).
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NTs RECEPTORS  

 

Neurotrophins have different biological functions, dictated by the selective binding to 4 

receptors: the p75 neurotrophin receptor (p75NTR), belonging to the tumour necrosis factor 

(TNF) receptor family, and the tyrosine kinase (Trk) receptors A, B and C. Specifically, all 

4 neurotrophins (both in the "pro" and mature form) bind and activate p75NTR. Regarding 

Trk receptors, NGF preferentially binds and activates TrkA, NT3 preferentially binds and 

activates TrkC, and BDNF and NT4/5 preferentially bind and activate TrkB. Although these 

interactions have been considered to be of high affinity, in reality the situation appears to be 

more complex than that. Indeed, the NT-Trk binding can be regulated by various factors, 

such as structural modifications or associations with the p75NTR receptor. Both the affinity 

of the receptor and the specificity for NTs can depend on the association with p75NTR. 

Furthermore, both receptors (Trk and p75NTR) independently activate downstream signals 

that contribute to the specific physiological responses (Chao 2003) (fig. 10). 

 

 

 

Fig. 10 NTs receptor signalling from (Chao 2003): Trk receptors mediate differentiation and survival 

signalling through  extracellular signal regulated kinase (ERK), phosphatidylinositol-3-OH kinase (PI3K) and 

phospholipase C-γ1 (PLC-γ1) pathways. Trk family members recruit and increase the phosphorylation of PLC-

γ1 and Src homologous and collagen-like adaptor protein (Shc), which leads to the activation of PI3K and 

ERK.     Rap1 exerts its actions from an endosomal location. The p75 receptor predominantly signals to activate 

NF-kb and Jun N-terminal kinase (JNK) and modulates RhoA activity. These responses are mediated through 

adaptor proteins that bind the cytoplasmatic domain of p75, including neurotrophin-receptor interacting factor 

(NRIF), neurotrophin-associated death executor (NADE), neurotrophin-receptor-interacting MAGE 
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homologue (NRAGE), Schwann cells 1 (SC1) and receptor-interacting protein 2 (RIP 2), which can exsert 

actions on apoptosis, survival, neurite elongation and growth arrest. Akt, protein kinase B; FRS2, fibroblast 

growth factor receptor substrate 2; Gab-1, Grb2-associated binder-1; Grb2, growth factor receptor- bound 

protein 2; GIPC, GAIP interacting protein, C-terminus; MEK, mitogen-activated protein kinase (MAPK)/ERK 

kinase; PDK1, phosphoinositide-dependent kinase 1; SH2B, Src homology 2-B; SOS, Son of Sevenless; 

TRAF6, tumour necrosis factor receptor-associated factor 6. 

 

 

Trk receptors consist of five extracellular domains (2 cysteine-rich regions, 1 leucine-rich 

region, and 2 immunoglobulin-like domains) a transmembrane region, and the intracellular 

kinase domain (Chao 2003). There are 10 conserved tyrosines in the cytoplasmic domain of 

each Trk receptor. Phosphorylation of these residues promotes signalling by activating 

intracellular signalling cascades, including the Ras/ERK protein kinase pathway, the 

PI3K/Akt kinase pathway and PLC-γ1.  

In addition, the interaction of neurotrophins with their receptors can be influenced by the 

splicing variants of Trk receptors. It has been observed that truncated forms of the TrkB and 

TrkC receptors lack the tyrosine kinase domain and are thought to act as dominant negative 

modulators of Trk signalling, counteracting their full-length counterparts (Bucci, Alifano, 

and Cogli 2014). 

p75NTR, unlike Trk receptors, has no intrinsic catalytic activity, but it works with Trk 

receptors and with other non-neurotrophic receptors (i.e., sortilin), affecting a wide range of 

cellular functions. When p75NTR is complexed with Trk receptors, it enhances its affinity for 

the mature neurotrophins and boosts pro-survival and pro-growth signalling, while pro-

neurotrophins bind with higher affinity to the p75NTR/sortilin complex, which leads to the 

activation of apoptotic pathways and death (Meeker and Williams 2015). In fact, it was 

observed in vitro that the activation of p75NTR by pro-neurotrophins induces a pro-apoptotic 

effect on neurons, while the cleaved proteins promotes recovery through Trk receptors (Lee 

et al. 2001). 

 

NTs FUNCTIONS 

 

Based on the above findings, it is not possible to generalize the function of NTs. The question 

is much more complex, as NTs can mediate different and, in some cases, opposite cellular 

responses, based on the different patterns of receptor activation (Bothwell 2014). Not 

surprisingly, the implication of NTs in epilepsy is also very controversial: on the one hand, 

several studies have shown their preventive effect in the development of spontaneous 
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seizures and their ability to reduce cognitive decline caused by neuronal loss; on the other 

hand, they seem to have a crucial role in prompting epileptogenesis. Indeed, it appears that 

a single NT can have opposite effects depending on the conditions in which it is expressed. 

For example, BDNF, the most studied NT, seems to support the generation of epileptic 

seizures after the induction of the SE but, on the other hand, it may have a neuroprotective 

effect (Simonato, Tongiorgi, and Kokaia 2006). 

 

3.2 BDNF  

 

BDNF modulates the survival and differentiation of specific cell populations during 

development, but it is also involved in many functions in adulthood, including neuronal 

homeostasis and the processes related to neuronal plasticity involved in memory and 

learning. In addition, it also acts by preventing neuronal apoptosis through the expression of 

Bcl-2, an anti-apoptotic protein that inhibits both caspases and pro-apoptotic proteins such 

as Bax and Bad (Marosi and Mattson 2014). The human BDNF gene (fig. 11) is located on 

chromosome 11 and it spans ∼70 kb. It consists of eight exons 5' (exons I-VIII), with each 

respective promoter, and an exon 3' (exon IX) which encodes the BDNF protein in both 

humans and rodents (Liu et al. 2006; Pruunsild et al. 2007). Moreover, two more human 

exons have been recently identified: Vh and VIIIh, with and without specific promoters 

respectively (Pruunsild et al. 2007).  

 

 
Fig. 11. Human BDNF gene structure (Cattaneo et al. 2016). 
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BDNF is synthesized in the endoplasmic reticulum as pre-pro-BDNF, and then cleaved to 

produce pro-BDNF (∼32 kDa). The latter is transported to the Golgi complex, where it is 

cleaved intracellularly to generate mature BDNF (mBDNF) (∼13 kDa) or secreted as pro-

BDNF (which is also biologically active), and then cleaved extracellularly to generate 

mBDNF. The pro-BDNF/mBDNF ratio varies during development stages; in the neonatal 

and adolescent phase, both pro-BDNF and mBDNF are present, while in adulthood mBDNF 

prevails (Cattaneo et al. 2016). 

 

 

 

 

Fig. 12. Mechanism of production and release of pro-BDNF and mBDNF (Marosi and Mattson 2014) 

 

 

mBDNF binds with high affinity to TrkB receptors, which are synthesized in the neuronal 

cell body, sorted into vesicles and anterogradely transported to the axon terminals by kinesin 

1 (Segal 2003). The binding of BDNF to the high affinity receptor TrkB leads to 

autophosphorylation of tyrosines in the cytoplasmic domain. Phosphorylation of the tyrosine 

residue Y816 promotes the association of PLCγ1 and signalling mediated by IP3 and DAG. 

Instead, the Y515 residue promotes the association of TrkB with the Shc adapter protein, 

and activation of the PI3-kinase (PI3K)/Akt, mitogen‑activated protein kinase (MAPK) 

signalling pathways (Reichardt 2006). Specifically: 

 The phosphorylation of the Tyr816 tyrosine domain determines the recruitment and 

activation of PLCγ1 pathway, which leads to the production of DAG and IP3. DAG 

activates protein kinase C (PKC) while IP3 causes an intracellular calcium release. 

As a consequence, there is an increase in the activity of calmodulin kinase (CamK) 

and of the factor cAMP-response element binding protein (CREB) which, in addition 
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to promoting neuronal survival and neuroplasticity, is a key factor in regulating the 

expression of BDNF itself (Wu et al. 2014). 

 The phosphorylation of the intracellular domain Tyr515 recruits the Shc protein, 

which interacts with the Grb2 adapter protein. Together, these proteins activate the 

SOS factor. SOS determines the activation of Ras and therefore of the MEK-

MAPK/Erk pathway, which regulates the synthesis of proteins involved in synaptic 

plasticity and the activation of transcription factors such as CREB (Yoshii and 

Constantine-Paton 2010).  

 The recruitment of Shc also allows the activation of PI3K, which modifies the 

composition of phospholipids in the membrane: this involves the activation of Akt, 

which is involved in cell survival. It also determines the activation of the mTOR 

complex, an important regulator of protein synthesis. This signalling pathway is 

involved in the long-term maintenance of synaptic plasticity in regulating the 

trafficking of synaptic proteins (Yoshii and Constantine-Paton 2010). 

BDNF mRNA in rats, as well as in humans, is expressed during development and in a site-

specific manner. In adults, it is expressed throughout the brain, but especially in the 

hippocampus. The structure is similar to that in humans: the various BDNF transcripts have 

the coding region and 3' in common, while they differ in the 5' region. All the exons 

identified in humans are also expressed in rats, with the exception of exons VIIB and VIII. 

Within the hippocampus, granule cells, pyramidal cells, and some hilar GABAergic neurons 

express mRNA for BDNF and TrkB. There is evidence that BDNF is anterogradely 

transported into the brain (Conner et al. 1997). 

 

BDNF RELEASE 

 

Several studies suggest that neurons target NTs to the regulated secretory pathway for release 

at presynaptic nerve terminals. As an example, hippocampal neurons infected with a herpes 

simplex virus vector expressing BDNF release the protein following depolarization 

(Goodman et al. 1996).  Despite this evidence, however, the molecular basis of NTs release 

from neurons is poorly understood.  

Released BDNF has been shown to promote GABAergic maturation: long-term treatment 

with BDNF of neuronal cultures facilitated high-K+-induced GABA release, upregulated the 

expression of glutamic acid decarboxylase (GAD) and GABAA receptors and enlarged the 

soma of GABAergic neurons (Yamada et al. 2002). It has been shown that BDNF colocalizes 

with the calcium-dependent activator protein for secretion 2 (CAPS2), both synaptically and 
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extrasynaptically, in axons of hippocampal neurons (Sadakata et al. 2004; Shinoda et al. 

2011).  Together with CAPS1, CAPS2 belongs to the CAP family proteins. These are 

essential components of the synaptic vesicle priming machinery. CAPS2 is vesicle priming 

proteins and contains a sequence stretch with homology to the priming domain of Munc13s. 

The regulation of this priming process controls the strength and plasticity of synaptic 

transmission between neurons, which in turn determines many complex brain functions 

(Jockusch et al. 2007).  In a study conducted on CAPS2 knock-out (KO) mice, it has been 

shown that, while the excitatory neurons remain unaltered in terms of morphology and 

excitatory postsynaptic potential, the secretion of BDNF is reduced and the GABAergic 

systems are compromised. Overexpression of exogenous CAPS2 in hippocampal neurons of 

CAPS2-KO mice enhanced BDNF exocytosis (Shinoda et al. 2011). Moreover, it has been 

found that CAPS2 with deletion of exon3 (dex3) is overrepresented in some patients with 

autism. A severe impairment in axonal Caps2-dex3 localization has been observed in Caps2-

dex3 mice (Caps2 dex3/dex3mice, created using a Cre/loxP system to generate a mouse line 

carrying a deletion of exon 3 of the Caps2 gene), contributing to a reduction in BDNF release 

from axons (Sadakata et al. 2012). 

 

3.2.1 BDNF and epilepsy 

 

Considering the many effects that BDNF is capable of exerting, it is not surprising that 

studies on its contribution to epilepsy led to conflicting results. If, on the one hand, BDNF 

may be a causal mediator of the epileptogenic processes (“demon”), on the other hand, its 

trophic properties could be used to prevent the development of seizures in syndromes such 

as TLE and to reduce the cognitive decline associated with progressive neuronal loss 

(“angel”) (Simonato, Tongiorgi, and Kokaia 2006). Starting from the "bad side", there are 

several reports supporting the notion that BDNF might aggravate epilepsy (proepileptogenic 

effects). First of all, acute seizures increase BDNF expression in neurons (Nawa, Carnahan, 

and Gall 1995; Simonato et al. 1998) and, as a consequence, enhance activation of TrkB 

(Binder, Routbort, and McNamara 1999). Moreover, examining the acute actions of BDNF 

in the rat dentate gyrus after pilocarpine-induced seizures, it has been shown that BDNF 

boosts excitatory synaptic transmission (Scharfman, Goodman, and Sollas 1999) and 

reduces inhibitory synaptic transmission (Tanaka, Saito, and Matsuki 1997). MF axons of 

dentate granule cells, which innervate dendrites of CA3 pyramidal cells, contain high levels 

of BDNF, which is further up regulated after seizures (Rudge et al. 1998). Application of 
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BDNF on hippocampal slices leads to increase in amplitude spikes evoked in the CA3 area 

and paired-pulse stimulation of the granule cell layer causes multiple population spikes in 

CA3, which are not observed in the absence of BDNF. Thus, when up-regulated in epileptic 

brains, BDNF may induce an abnormal enhancement of excitability of CA3 pyramidal cells 

(Scharfman 1997). In fact, transgenic over-expression of BDNF is sufficient to cause TLE 

in adult mice (Isgor et al. 2015).  

In contrast with these findings, it has been demonstrated that BDNF may also exert 

antiepileptogenic effects. Indeed, infusion of BDNF delays the development of kindling in 

rats (Reibel et al. 2000) even if it is still unclear if this effect depends on hyperactivation or 

desensitization of the TrkB signalling pathway cause by the prolonged BDNF infusion (in 

the latter case, the finding would be consistent with a pro-epileptogenic effect). However, 

viral vector-mediated supplementation of BDNF attenuates epileptogenesis in the 

pilocarpine model (Paradiso et al. 2009). In addition, BDNF reduces the frequency of 

generalized seizures, improves cognitive performance, and reverts many histological 

alterations associated with chronic epilepsy (Falcicchia et al. 2018).  

The conflicting effects of BDNF do not allow to reach a firm conclusion whether the 

inhibition or enhancement of BDNF signalling is needed for the prevention of TLE, and the 

question is still open. Noteworthy, cellular responses to BDNF diverge dramatically 

depending on how it is delivered. In cultured neurons, acute and gradual increases in BDNF 

elicited, respectively, transient and sustained activation of TrkB receptor and its downstream 

signalling, leading to differential expression of the immediate-early genes Homer1a and Arc. 

Transient TrkB activation promoted neurite elongation and spine head enlargement, whereas 

prolonged TrkB activation facilitated neurite branch and spine neck elongation. In 

hippocampal slices, fast and slow increases in BDNF enhanced basal synaptic transmission 

and LTP, respectively. Thus, the kinetics of TrkB activation seem critical for cell signalling 

and functions. This temporal dimension in cellular signalling may also have implications for 

a therapeutic drug design (Ji et al. 2010). 

 

DOWNSTREAM SIGNALLING PATHWAY HYPOTHESIS 

 

Recently, researchers have tried to understand more deeply the mechanisms behind these 

opposite effects. In 2005, Chen and colleagues generated transgenic mice with a 

modification in TrkB locus (TrkBF616A) domain (Chen et al. 2005). This mutation makes 

mice sensitive to transient TrkB inhibition by a BBB-permeable small molecule, 1-(1,1-

dimethylethyl) -3-(1-naphthalenylmethyl) -1H-pyrazolo[3,4-d] -pyrimidine-4-amine 
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(1NMPP1), while no such TrkB inhibition is observed in wild-type neurons. Using this 

approach, it has been shown that the treatment with 1NMPP1 for two weeks after SE 

prevents development of TLE and comorbid anxiety like-behaviour in mice (Liu et al. 2013). 

The same group showed that 1NMPP1 treatment of TrkBF616A mice produced three- to ten-

fold increase in the number of degenerating (FJC-positive) cells in the CA3 and CA1 

pyramidal cell layers of the hippocampus, as compared to vehicle treated controls (Gu et al. 

2015). In sum, under experimental conditions in which a complete inhibition of TrkB kinase 

is obtained, the blockade of epileptogenesis associates with an exacerbation of SE-induced 

neuronal death. This prompted the hypothesis that the different signalling pathways 

downstream TrkB activation could mediate undesirable (epileptogenesis) and desirable 

(neuroprotective) consequences.  

Thus, a novel strategy was implemented, aimed at a selective inhibition of diverse TrkB-

activated signalling pathways. First, PLCγ1, the signalling effector that promotes excitability 

and, therefore, could be hypothesized to facilitate epilepsy development. The post-SE 

treatment with a novel peptide (pY816), that uncouples TrkB from PLCγ1, led to the 

inhibition of TLE and the prevention of anxiety-like disorder while preserving the 

neuroprotective effects of endogenous TrkB signalling (Gu et al. 2015).  Second, and 

counterproof of the first, the Shc signalling, that is thought to play a key role in TrkB-induced 

neuroprotection. After disrupting TrkB-mediated Shc signalling, intra-amygdala kainic acid 

evokes similar SE in wild-type and TrkB Shc/Shc mice (in which phenylalanine is substituted 

for tyrosine at residue 515) but exacerbates hippocampal neuronal death in TrkBShc/Shc mice 

(Huang et al. 2019). 

 

PHARMACOLOGICAL PROFILE OF BDNF 

 

 Although BDNF could be a potential target for epilepsy treatment, the development of 

effective therapies has been hindered in large part by its inability to cross the BBB and reach 

the target sites of therapeutic action in a stable, controlled and continuous manner (Rubin 

and Staddon 1999). There are approaches for a direct and localized supplementation of 

BDNF, for example the use of micro-devices of engineered cells producing and secreting 

BDNF (Falcicchia et al. 2018) or the use of gene therapy delivery systems (Paradiso et al. 

2009). Even if effective, these methods are invasive and cannot be proposed for use in 

individuals that are at risk, but not certain, to develop epilepsy (Bollen et al. 2013; Thoenen 

and Sendtner 2002).
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CHAPTER 4. RESEARCH WORK 

 

4.1 Aim of the thesis 

 

A primary focus of epilepsy research is the identification of the mechanistic basis of the 

disease. Addressing the need to discover effective antiepileptic agents or disease-modifying 

therapies is a direct implication of this research focus. Post-SE animal models offer the 

opportunity to investigate epileptogenic changes and analyse factors responsible for disease 

progression, and thereby identifying and testing potential therapeutic targets for the 

secondary prevention of epilepsy (Clossen and Reddy 2017).  

During my PhD I investigated possible novel therapeutic strategies to modulate 

epileptogenesis, in an attempt to prevent development of epilepsy and of its comorbidities. 

The principal aim of this work was to test the hypothesis that the antioxidant agent and TrkB 

agonist 7,8 dihydroxyflavone (7,8- DHF) could exert an antiepileptogenic action. Preclinical 

data show that this compound is well tolerated and effective in many neurological disorders 

(Emili et al. 2022). To pursue this goal, we employed the rat lithium-pilocarpine model. The 

efficacy of 7,8- DHF was evaluated both in terms of frequency and severity of seizures and 

on behaviour (through the use of tests for locomotion, anxiety and spatial memory). In 

addition, ex-vivo analysis was performed in order to understand the mechanisms underlying 

the effects of 7,8- DHF. 

A second strategy was based on the Neuronal Regeneration Peptide 2945 (NRP2945). To 

test the hypothesis that NRP2945 may exert antiepileptogenic and/or anti-epileptic effect, 

we administered it: (i) following pilocarpine induced SE, to assess its ability to prevent 

epilepsy development (i.e., a putative anti-epileptogenic effect), and (ii) in the chronic phase 

of epilepsy, to assess its effect on spontaneous seizures. 
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4.2 7,8- DHF 

 

The need to identify compounds with a better pharmacological profile, mimicking the 

biological actions of BDNF, led to the identification of  flavonoid 7,8-dihydroxyflavone (7,8 

DHF), a selective agonist of the TrkB receptor (Jang et al. 2010; Liu et al. 2010). Flavonoids 

are plant metabolites that are known to produce many favourable effects on human health. 

Indeed, they are known to have antioxidant properties, acting as scavengers of various 

reactive species (Pietta 2000). The catechol moiety in the B-ring is the main factor 

controlling the efficiency of O2 physical quenching of flavonoids and the presence of a 3- 

hydroxyl determines the efficiency of their chemical reactivity with O2. It seems that a 

carbonyl group at C-4 and a double bond between C-2 and C-3 are also important features 

for high antioxidant activity in flavonoids (Harborne and Williams 2000). Structurally, 7,8- 

DHF (fig. 13) is a flavonoid derivative, whose pharmacophore is a 1-4 benzopyrone (also 

called chromone) substituted with 2 hydroxyl groups in position -7 and -8 and a phenyl (ring 

B) in position 2. 

 

Fig. 13. 7,8- DHF structure (Liu et al. 2010) 

 

 

The catechol group (ring A) (Liu, Chan, and Ye 2016) and the oxygen atom present in the C 

ring are fundamental for the purpose of binding to the trkB receptor. Ring B, on the other 

hand, can undergo modifications, without leading to loss of activity (Liu et al. 2010). 7,8- 

DHF is selective for the TrkB receptor (Kd ≈ 15.4 nM) (Liu et al. 2014), and does not seem 

to activate the apoptotic processes induced by binding to p75NTR (Wurzelmann, Romeika, 

and Sun 2017). The main advantages of using 7,8- DHF as a possible therapeutic approach 

are the small size of the molecule (27 kDa) compared to BDNF (254 Da), which allows it to 

easily cross the BBB and allows oral or intra-peritoneal administration (Wurzelmann, 

Romeika, and Sun 2017). Furthermore, compared to BDNF (whose half-life is about 10 

minutes), 7,8- DHF has a much longer half-life (134 minutes), which leads to a more 

prolonged effect: in fact, the molecule can be identified in plasma up to eight hours after 

administration (Liu, Chan, and Ye 2016; Zhang et al. 2014). 7,8- DHF binds to the 
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extracellular domain (ECD) of the TrkB receptor, inducing its dimerization and auto-

phosphorylation (Jang et al. 2010). The activation modality of the receptor is not yet clear, 

as the binding site is different from that of BDNF (Jang et al. 2010). The signalling pathways 

activated by 7,8- DHF (fig.14) are the same as those of BDNF. Once activated, however, the 

receptor internalization process is much slower than with BDNF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 14. 7,8- DHF signalling pathways (Wurzelmann, Romeika, and Sun 2017) 
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It seems that 7,8- DHF does not induce significant toxicity after long-term administrations. 

However, it is necessary to carefully determine the dosage in relation to the duration of 

treatment  (Liu, Chan, and Ye 2016). The use of high doses could result in adverse effects, 

such as a decrease in neuronal vitality. This phenomenon can be explained by a 

downregulation of the TrkB-mediated response, and a decrease in neuroprotection (Wu et 

al. 2014). There are conflicting results regarding the activation power of signal pathways 

induced by 7,8- DHF. In vitro studies on hippocampal neurons show that 7,8- DHF causes 

both Erk and Akt activation in a dose-dependent manner (Jang et al. 2010) while, in studies 

on experimental models of Huntington's disease it has been observed, both in vitro and in 

vivo, an increase only in PLCγ levels (Garcia-Diaz Barriga et al. 2017). These discrepancies 

may depend on the complexity of the signalling cascades (Marongiu, Imbrosci, and 

Mittmann 2013). 

It has been observed that 7,8- DHF promotes neuronal survival and synaptogenesis, 

improving memory and learning (Liu, Chan, and Ye 2016) and reducing apoptosis in cortical 

neurons. Furthermore, like BDNF, it has been shown to exert a positive effect on spatial 

memory in aged rats, as well as an improvement in synaptic plasticity and an increase in the 

number of dendritic spines that enhance cognitive functions (Zeng et al. 2012). 

Preclinical data show that 7,8- DHF is effective in many neurological disorders (Emili et al. 

2022). For example, the administration of 7,8- DHF led to reduction of cell damage in 

hippocampal neurons and attenuation of cognitive decline in experimental models of 

traumatic brain injury (Agrawal et al. 2015; Chen et al. 2015). In an animal model of 

Alzheimer disease, 7,8- DHF attenuated cognitive deficits in association with an increase in 

the density of synaptic spines in CA1 pyramidal neurons (Castello et al. 2014). 7,8- DHF 

also led to an improvement in motor function and brain atrophy in an animal model of 

Huntington disease (Jiang et al. 2013). 

As anticipated, non-TrkB mediated effects have also been identified, in particular 

antioxidant activity. Oxidative stress-induced neuronal death plays a pivotal role in the 

pathogenesis of neurodegenerative disorders. In PC12 cells, which lack TrkB, 7,8- DHF 

prevented cell death, apoptosis and mitochondrial dysfunction induced by 6-

hydroxydopamine (6-OHDA). Moreover, 7,8- DHF also elevated total superoxide dismutase 

activity in 6-OHDA-treated cells, indicating that it protects PC12 cells against cytotoxicity 

through its powerful antioxidant activity (Han et al. 2014). In in vitro studies on HT-22 cells, 

another non-TrkB expressing cell line, the administration of 7,8- DHF protected from 

reactive oxygen species (ROS) and toxicity induced by glutamate (Chen et al. 2011). In a 

study designed to confirm the cytoprotective effects of 7,8‑DHF against oxidative 
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stress‑induced cellular damage, 7,8‑DHF attenuated hydrogen peroxide (H2O2) ‑induced 

growth inhibition and exhibited scavenging activity against intracellular ROS induced by 

H2O2.  7,8‑DHF also significantly attenuated H2O2‑induced DNA damage and cell apoptosis 

and increased the levels of heme-oxygenase‑1 (HO‑1), a potent antioxidant enzyme.  It 

seems that 7,8‑DHF augments the cellular antioxidant defence capacity through activation 

of the Nrf2/HO‑1 pathway, which also involves the activation of the PI3K/Akt and ERK 

pathways (Kang et al. 2015) .  

All these promising results, led us to test the therapeutic efficacy of 7,8- DHF also in 

experimental models of epilepsy and in comorbidities associated with the development of 

the disease. In our study, we found that low- (5 mg/kg), but not high-dose 7,8- DHF (10 

mg/kg) can exert strong anti-epileptogenic effects in the lithium-pilocarpine model (i.e., 

highly significant reduction in the frequency of spontaneous seizures and in the time to first 

seizure after status epilepticus), and that these different effects correlate with differences in 

TrkB phosphorylation patterns and in the activation of TrkB-dependent signaling pathways.  
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LOW-DOSE 7,8- DIHYDROXYFLAVONE ADMINISTRATION  

AFTER STATUS EPILEPTICUS PREVENTS EPILEPSY  

DEVELOPMENT IN THE PILOCARPINE MODEL 
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4.3 Neural regeneration peptide (NRP) 2945 

 

The Neural Regeneration Peptide (NRP) molecule belongs to a family of proteins which are 

found in all mammals. NRPs are ultra-potent in in vitro neuronal survival assays. They exert 

their actions by binding as agonists to a plasma membrane receptor complex at subpicomolar 

concentrations to the chemokine receptor CXCR4 (Gorba et al 2006). CXCR4 activation by 

NRP leads to upregulation of GABAA receptor alpha and beta subunit expression and of 

increase GABA signalling (Sajadian et al. 2015). The NRP gene family is directly involved 

in “building” embryonic brain architecture by exerting a chemoattractive effect on migrating 

and developing neuroblasts. A new NRP peptide was recently developed, NRP2945, whose 

sequence occurs within the N-terminal region of calcium-dependent secretion activator 2 

(CAPS-2). NRP2945 is a synthetic 11-mer peptidomimetic with the sequence H-

GRRAAPGRAIBGG-NH2 that has been chemically modified at position four and position 

nine (alanine switched with the non-natural amino acid α-aminoisobutyric acid), in order to 

enhance physicochemical shelf-life stability (Dezsi et al. 2017). The large vesicular docking 

protein CAPS-2 is responsible for the secretion of BDNF and NT-3 (Sadakata et al. 2004). 

We aimed at evaluating the effects NRP2945 in the pilocarpine model of mTLE, using two 

different paradigms of administration: (i) following pilocarpine induced SE, to assess its 

ability to prevent epilepsy development (i.e., a putative anti-epileptogenic effect), and (ii) in 

the chronic phase of epilepsy, to assess its effect on spontaneous seizure. 

We found that NRP2945 exerts a robust anti-epileptogenic effect, reducing the frequency of 

spontaneous seizures, exerting a significant neuroprotective effect and attenuating anxiety-

like behaviours and cognitive impairment. These effects appear to depend on the modulation 

of the epileptogenesis process and not on seizure suppression, because NRP2945 did not 

reduce the frequency or duration of spontaneous seizures when administered to already 

epileptic animals.  
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GENERAL CONCLUSIONS 

 

The work presented in this thesis supports the notion that the identification of 

pharmacological treatments capable of preventing the development of epilepsy in at-risk 

individuals is an achievable goal. A common trait in both the studies I conducted is that the 

(direct or indirect) modulation of BDNF signalling represents a mechanism by which 

antiepileptogenic effects can be obtained. At the same time, however, our data strongly 

indicate that this modulation should be highly precise, focusing on specific TrkB-activated 

signalling pathways and not on others, that could instead prove deleterious. Further research 

is therefore needed to develop new drugs (better: highly refined pharmacological tools) that 

would prove not only effective, but also completely safe, and therefore ready for clinical 

testing. 
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OTHER PROJECTS 

 

In addition to my primary project, described above, during the 2020 lockdown I also 

contributed the part on epilepsy in a review on neuroinflammation in brain diseases.
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 REVIEW: 

 

THE DICHOTOMOUS ROLE OF INFLAMMATION IN THE CNS:  

A MITOCHONDRIAL POINT OF VIEW 
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COLLABORATION NOT RELATED TO EPILEPSY 
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