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SUMMARY   

Towards new therapeutic strategies based on cannabinoids for Dravet 

syndrome 

Dravet syndrome (DS) is a rare genetic epileptic encephalopathy affecting children 

which, in approximately 70-80% of patients, is caused by loss-of-function mutations in 

the Scn1a gene, which encodes the α1 subunit of the voltage-gated sodium channel 

(NaV1.1). Clinically, these patients present different types of epileptic seizures, which are 

frequently accompanied by some comorbidities such as developmental delay, cognitive 

impairment, hyperactivity, autistic traits and a rate of premature mortality of around 

20%. Therapeutic strategies typically involve a complex polytherapy, with antiepileptic 

drugs whose action mechanisms are focused on correcting hyperexcitability, i.e., the 

imbalance between excitation and inhibition occurring in epilepsy. Current treatment 

algorithms often lead to tolerance issues as well as adverse effects, and around 30% of 

patients remain refractory. Therefore, there is an urgent need for new and effective 

therapeutic approaches.  

Together with hyperexcitability, oxidative stress and neuroinflammation comprise a 

pathogenic triad that plays a key role within the pathophysiology of diverse forms of 

epileptic syndromes, including DS. These pathological processes occur as a consequence 

of epileptic activity, and contribute to increase the susceptibility to subsequent seizures 

as well as associated comorbidities. Thus, compounds able to modulate these 

mechanisms may represent a promising disease-modifying strategy. In this context, the 

non-psychotropic phytocannabinoid cannabidiol (CBD) has been recently approved for 

the treatment of DS and other forms of pediatric epilepsy. In addition to its 

anticonvulsant potential in these patients, CBD exerts beneficial effects against 

excitotoxicity, inflammation and oxidative stress in several experimental conditions, 

thus positioning this molecule as a compound with therapeutic potential beyond 

epileptic activity. Moreover, several preclinical studies have revealed that other 

compounds in the cannabis plant also represent a promising strategy to modulate both 

epileptic activity and associated behavioral disturbances. Among these molecules, in this 

Doctoral Thesis we have focused on β-caryophyllene (BCP), a cannabis-derived 

sesquiterpene that has shown anticonvulsant effects in experimental models of acute 

epilepsy, as well as effectiveness against inflammation and oxidative stress in a wide 

variety of preclinical studies in several diseases. Interestingly, in certain situations, 

phytocannabinoids and terpenes can act synergistically according to the so-called 
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‘‘entourage’’ effect and exert additional positive effects, which would enable to improve 

current therapeutic strategies.  

Based on this background, the general aim of this Doctoral Thesis is to deepen the 

knowledge and validate the therapeutic potential of cannabinoids in DS. This general aim 

can be divided into three specific aims:  

 Aim 1: Neuropathological characterization of a novel DS mouse model.  

 Aim 2: Analysis of BCP as an anticonvulsant and disease-modifying agent in DS. 

 Aim 3: Evaluation of the effectiveness of a combination of BCP and CBD as a 

potential therapeutic approach in DS.  

To address Aim 1, in Chapter 1 we performed several behavioral and molecular analysis 

to validate Scn1a-A1783V conditional knock-in mice as a suitable experimental model 

for DS. Mice recapitulated the main features of DS progression, including developmental 

delay, hyperactivity, autistic traits, cognitive impairment, seizuring susceptibility and 

premature death. Of note, these alterations were maximal at postnatal day 25, which 

correlates with the greater severity of the disease that is observed at early ages in DS 

patients. However, phenotype was not as aggressive and severe as previous DS models, 

which enabled us to validate our model as a good experimental tool for long-term studies. 

Biochemical and histological analysis revealed a partial dysregulation of the 

endocannabinoid system and the hippocampal neurogenesis, as well as 

neuroinflammatory events characterized by a prominent reactive gliosis and a partially 

disrupted blood-brain barrier. 

Regarding Aim 2, in Chapter 2 we studied BCP effects on epileptic activity and 

behavioral disturbances in our DS mice. The acute administration of BCP 100 mg/kg was 

able to attenuate seizure activity induced by the proconvulsant agent pentylenetetrazol 

(PTZ). Along with these findings, the chronic administration of BCP 10 mg/kg exerted 

effectiveness against developmental delay, hyperactivity, autistic traits and cognitive 

impairment. Moreover, BCP was able to attenuate reactive gliosis in both experimental 

paradigms, thus positioning this molecule as a promising anticonvulsant and disease-

modifying agent for DS. Therefore, these results also confirm the importance of 

modulating neuroinflammatory processes rather than just focusing on epileptic activity. 

In Chapter 3, we addressed Aim 3 with the purpose of evaluating the possible positive 

effects of a combination of BCP and CBD. In vitro experiments with BV2 cells revealed 

that this combination attenuates more efficiently microglial activation and the 

expression of different inflammatory markers. In vivo procedures with our DS mice 
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similarly showed more potent effects on modulating DS progression and glial reactivity. 

Overall, these findings suggested the pharmacological interaction of both molecules and 

their ability to increase treatment efficacy.    

In summary, as conclusions, results presented in this Doctoral Thesis have allowed us 

to validate a novel DS mouse model which faithfully recapitulates disease progression 

and is useful for long-term studies. Moreover, pharmacological studies have positioned 

BCP as a promising molecule for DS treatment, not only against epileptic activity, but 

also against associated comorbidities. Interestingly, combination with CBD adds 

additional effects, so that this evidence could serve as a basis for improving current 

therapeutic strategies for DS.  
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RESUMEN 

Hacia nuevas estrategias terapéuticas basadas en cannabinoides para el 

síndrome de Dravet 

El síndrome de Dravet (SD) es una encefalopatía epiléptica rara y genética que afecta a 

niños y que, en alrededor del 70-80% de los pacientes, está causado por mutaciones con 

pérdida de función en el gen Scn1a, que codifica la subunidad α1 del canal de sodio 

dependiente de voltaje (NaV1.1). En cuanto a la clínica, estos pacientes presentan diversos 

tipos de crisis epilépticas, que a menudo se acompañan por algunas comorbilidades tales 

como retraso en el desarrollo, alteraciones cognitivas, hiperactividad, rasgos autistas y 

una tasa de muerte prematura de alrededor del 20%. Las estrategias terapéuticas 

normalmente implican una compleja politerapia, con fármacos antiepilépticos cuyos 

mecanismos de acción se centran en corregir la hiperexcitiblidad, es decir, el 

desequilibrio entre excitación e inhibición que ocurre en situaciones de epilepsia. Los 

algoritmos de tratamiento actuales a menudo conllevan problemas de tolerancia, así 

como efectos adversos, y alrededor del 30% de los pacientes permanecen refractarios. 

Por ello, es urgente la búsqueda de nuevas aproximaciones terapéuticas eficaces. 

Junto con la hiperexcitabilidad, el estrés oxidativo y la neuroinflamación conforman una 

triada patogénica que juega un papel clave en la patofisiología de diversos síndromes 

epilépticos, incluyendo el SD. Estos eventos patológicos ocurren como consecuencia de 

la actividad epiléptica, y contribuyen a su vez a aumentar la susceptibilidad a la aparición 

de nuevas crisis, así como de las comorbilidades asociadas. Por ello, compuestos capaces 

de modular estos mecanismos representan una prometedora estrategia modificadora de 

la enfermedad. En este contexto, el fitocannabinoide no psicoactivo cannabidiol (CBD) 

se ha aprobado recientemente para el tratamiento del SD y otras formas de epilepsia 

pediátrica. Además de su potencial anticonvulsivante en estos pacientes, el CBD ha 

demostrado efectos beneficiosos frente a la excitotoxicidad, la inflamación y el estrés 

oxidativo en varias condiciones patológicas a nivel experimental, lo que posiciona a esta 

molécula como un compuesto con potencial terapéutico más allá de la actividad 

epiléptica. Además, varios estudios preclínicos han revelado que otros componentes de 

la planta del cannabis también representan una estrategia prometedora para modular 

tanto la actividad epiléptica como las alteraciones comportamentales asociadas. Entre 

estas moléculas, en esta Tesis Doctoral nos hemos centrado en el β-cariofileno (BCP), un 

sesquiterpeno derivado del cannabis que ha demostrado efectos anticonvulsivantes en 

modelos agudos de epilepsia experimental, así como eficacia frente a la inflamación y el 

estrés oxidativo en una gran variedad de estudios preclínicos en diversas patologías. 
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Interesantemente, bajo determinadas circunstancias, los fitocannabinoides y los 

terpenos pueden actuar de manera sinérgica de acuerdo al conocido como efecto 

“séquito’’ y ejercer así efectos positivos adicionales, lo que permitiría mejorar las 

estrategias terapéuticas actuales.  

Con estos antecedentes, el objetivo global de esta Tesis Doctoral es profundizar en el 

conocimiento y validar el potencial terapéutico de los cannabinoides en el SD. Este 

objetivo global se puede dividir en tres objetivos específicos:  

 Objetivo 1: Caracterización neuropatológica de un nuevo modelo murino de SD.  

 Objetivo 2: Análisis del BCP un agente anticonvulsivante y modificador de la 

enfermedad para el SD.  

 Objetivo 3: Evaluación de la eficacia de la combinación de BCP y CBD como un 

posible abordaje terapéutico para el SD.  

Para abordar el Objetivo 1, en el Capítulo 1 llevamos a cabo diversos análisis 

comportamentales y moleculares para validar los ratones knock-in condicionales Scn1a-

A1783V como un buen modelo experimental para el estudio del SD. Los ratones 

recapitularon las principales características del progreso del SD, incluyendo retraso en 

el desarrollo, hiperactividad, rasgos de tipo autista, alteraciones cognitivas, 

susceptibilidad epiléptica y muerte prematura. Es de destacar que estas alteraciones 

fueron especialmente acentuadas en el día postnatal 25, lo que coincide con la mayor 

severidad de la enfermedad que se observa a etapas tempranas en los pacientes. Sin 

embargo, el fenotipo no resultó ser tan agresivo y severo como el de los modelos 

experimentales anteriores, lo que permitió validar nuestro modelo como una buena 

herramienta experimental para llevar a cabo estudios a largo plazo. Los análisis 

bioquímicos e histológicos pusieron de manifiesto una desregulación parcial del sistema 

endocannabinoide y de la neurogénesis hipocampal, así como eventos 

neuroinflamatorios caracterizados por una acentuada gliosis reactiva y una disrupción 

parcial de la barrera hematoencefálica.  

Con respecto al Objetivo 2, en el Capítulo 2 evaluamos los efectos del BCP en relación 

a la actividad epiléptica y las alteraciones comportamentales de nuestro modelo murino 

del SD. La administración aguda de BCP a 100 mg/kg fue capaz de atenuar la actividad 

epiléptica inducida por el agente proconvulsivante pentilenotetrazol (PTZ). Junto con 

estos resultados, la administración crónica de BCP a 10 mg/kg demostró eficacia frente 

al retraso en el desarrollo, la hiperactividad, la conducta de tipo autista y el deterioro 

cognitivo. Además, el BCP fue capaz de atenuar la gliosis reactiva en ambos paradigmas 
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experimentales, lo que posiciona a esta molécula como un prometedor agente 

modificador del progreso de la enfermedad y anticonvulsivante para el SD. Por lo tanto, 

estos resultados también confirman la importancia de modular los procesos de 

inflamación en lugar de centrarse únicamente en la actividad epiléptica.  

En el Capítulo 3, abordamos el Objetivo 3 con el fin de evaluar los posibles efectos 

positivos de la combinación de BCP y CBD. Los experimentos in vitro con las células BV2 

indicaron que esta combinación atenúa de manera más eficaz la activación microglial y 

la expresión de diferentes marcadores inflamatorios. Procedimientos in vivo con el 

modelo animal del SD demostraron de manera similar efectos más potentes a la hora de 

modular el progreso de la enfermedad y la reactividad glial. En conjunto, estos resultados 

sugirieron la interacción farmacológica de ambas moléculas y su capacidad de aumentar 

la eficacia del tratamiento.   

En resumen, como conclusiones, los resultados presentados en esta Tesis Doctoral han 

permitido la validación de un nuevo modelo murino del SD que recapitula fielmente la 

progresión de la enfermedad y que es apropiado para estudios a largo plazo. Además, los 

estudios farmacológicos han posicionado al BCP como una molécula prometedora para 

el tratamiento del SD, no solo frente a la actividad epiléptica, sino también contra las 

comorbilidades asociadas. De manera interesante, su combinación con CBD añade 

efectos adicionales, por lo que estas evidencias podrían servir como base para mejorar 

las estrategias terapéuticas actuales para el SD.  
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1. DRAVET SYNDROME 

1.1. Background and epidemiology 

The word “epilepsy” derives from the Greek and means to be taken, seized or attacked. 

According to the World Health Organization (WHO), it is a serious chronic neurological 

condition that affects around 50 million people, which represents 1% of the population 

worldwide (Thurman et al., 2011). Additionally, it is one of the most common disorders 

in childhood, including epileptic encephalopathies such as West, Dravet (DS), Doose and 

Lennox-Gastaut (LGS) syndromes, among others (Wirrell, 2016). According to the 

International League Against Epilepsy (ILAE), the term epileptic encephalopathy 

“embodies the notion that the epileptic activity itself may contribute to severe cognitive 

and behavioral impairments above and beyond what might be expected from the 

underlying pathology alone, and that these can worsen over time’’ (Berg et al., 2010). 

Around 30% of these children remain refractory to current treatments, which means that 

they do not achieve seizure freedom after adequate trials of two antiepileptic drugs, 

leading to devastating implications for their proper development (Dale et al., 2019). For 

a description of some common terms related to epilepsy, see Box 1. 

DS is a rare epileptic encephalopathy that is accompanied by psychomotor and 

neurological developmental delay, which occurs in the first year of life in children that 

prior diagnosis are apparently normal (Dravet, 2011). It was first described in 1978 by 

the French psychiatrist and epileptologist Charlotte Dravet under the name of severe 

myoclonic epilepsy of infancy (SMEI) in order to distinguish it from LGS, which was at 

that moment considered as the most common and severe pediatric epilepsy (Dravet, 

1978). She reported various early-onset epilepsy severe cases that, despite some 

similarities, could not be diagnosed with LGS due to some clinical differences, especially 

the existence of a higher frequency of myoclonic seizures and the absence of axial tonic 

seizures. From that moment, other authors reported similar cases in Europe and Japan 

(Dalla Bernardina et al., 1982; Ogino et al., 1986). Soon afterwards, many children were 

reported to develop similar symptoms to SMEI patients, but without myoclonic seizures 

or generalized spike-wave activity; thus, these cases were included in the same disorder 

as atypical or borderline cases (severe myoclonic epilepsy of infancy - borderline, 

SMEIB) (Oguni et al., 2001). Furthermore, a subgroup of SMEIB patients was reported 

to exhibit mainly generalized tonic-clonic seizures rather than myoclonic seizures; these 

seizures were referred to as intractable childhood epilepsy with generalized tonic-clonic 

seizures (ICEGTC) (Fujiwara et al., 2003). Generally, children with SMEIB or ICEGTC 

have fewer cognitive deficits and/or lack myoclonic seizures (Fukuma et al., 2004).   
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Box 1. Epilepsy and seizures 

Epilepsy is defined 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”. This definition requires the occurrence of at least one 

epileptic seizure, which is considered a “transient occurrence of signs and/or symptoms due 

to abnormal excessive or synchronous neuronal activity” (Fisher et al., 2005, 2014).  

According to behavioral observations and electroencephalography (EEG) activity, seizures are 

defined by onset as: (1) focal onset, (2) generalized onset and (3) unknown onset (Fisher et al., 

2017): 

 Focal onset seizures are those in which the abnormal electrical activity begins locally 

on one hemisphere of the brain. They can be subdivided in: 

o Simple partial seizures, if consciousness is present. 

o Complex partial seizures, if consciousness is reduced or absent.  

Sometimes, the abnormal electrical activity can evolve quickly from a focal seizure to 

a tonic-clonic seizure affecting both hemispheres of the brain, known as a focal to 

bilateral tonic-clonic seizure. 

 Generalized onset seizures are those in which the abnormal electrical activity 

originates simultaneously on both hemispheres of the brain, and they are 

characterized by a complete loss of consciousness. Six different types of generalized 

seizures can be distinguished: 

o Absence seizures are short periods of sudden loss of consciousness lasting only 

a few seconds, with no - or only minimal - motor manifestations. 

o Myoclonic seizures are sudden, abrupt and brief involuntary muscle 

contractions occurring either in one limb, or more widespread and bilateral.  

o Clonic seizures are repetitive, rhythmic and jerky flexing and stretching of the 

limbs. 

o Tonic seizures are sustained muscle contractions with a marked stiffness in a 

strained position.  

o Tonic-clonic seizures are characterized by a generalized stiffness (tonic phase) 

followed by violent muscle jerking (clonic phase). The patient typically falls 

down and becomes cyanotic, and when regains consciousness, he usually feels 

tiredness, headache and confusion. They are the most dramatic type of seizure, 

and are normally referred to as convulsive seizures.  

o Atonic seizures are sudden and short loss of muscle tone causing head or limbs 

drop, in which the patient often falls down but rapidly stands up and continues 

what he was doing. 

 Unknown onset seizures are those which cannot be classified because 

inadequate/incomplete data, or limited access to EEG studies or other techniques.  

Whenever a seizure persists for at least 30 minutes, or is repeated so frequently that recovery 

between attacks does not exist, status epilepticus (SE) occurs, which is defined as “a condition 

resulting either from the failure of the mechanisms responsible for seizure termination or from 

the initiation of mechanisms, which leads to abnormally, prolonged seizures. It can have long-

term consequences, including neuronal death, neuronal injury, and alteration of neuronal 

networks, depending on the type and duration of seizures’’ (Trinka et al., 2015). SE can be 

categorized as convulsive or nonconvulsive, depending on the presence or absence of 

prominent motor symptoms and the degree of impaired consciousness, but it is always 

considered both a neurologic and a medical emergency with the potential for significant 

morbidity and mortality (Pichler & Hocker, 2017).  
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Moreover, it was observed that epileptic activity was not limited to childhood but 

persisted into adulthood. For these reasons, the ILAE recognized it as a syndrome in 

1989 (Commission on Classification and Terminology of the International League 

Against Epilepsy, 1989), and the eponym “Dravet syndrome’’ was proposed in honor to 

Charlotte Dravet. Under this eponym, not only SMEI, but also SMEIB and ICEGTC, are 

now considered.  

Despite recognition and diagnosis tools having increased in the last years, DS is still 

considered a rare disease (classified as ORPHA 33069 according to the Orphanet 

classification). Its actual frequency is not well known, but it is estimated at 1 per 15.700-

40.000 (1.4% of children with epilepsy) based on demographic studies in the United 

Kingdom, Denmark and the United States (Bayat et al., 2015; Brunklaus et al., 2012; 

Krueger & Berg, 2015). About sex differences, first studies reported that males were more 

often affected than females in a ratio of 2:1, but subsequent studies revealed that DS 

affects equally to both genders (Skluzacek et al., 2011). 

1.2. Clinical features and prognosis 

According to Charlotte Dravet, three different stages can be identified in the course of 

DS (Dravet & Oguni, 2013; Gataullina & Dulac, 2017; Genton et al., 2011) (Figure I1): (1) 

the febrile stage, (2) the worsening stage and (3) the stabilization stage.  

In the first stage, the “febrile stage’’, the first seizure usually appears in the first year of 

life in an apparently normal child without previous neurological history. Normally, this 

first seizure occurs between 4 and 8 months of age triggered by mild fever (infection, 

vaccination, etc.) or a hot bath.  It is typically a convulsive clonic seizure, generalized or 

unilateral, often longer than 15 minutes and evolving into SE. Shortly thereafter, other 

febrile - and also afebrile - seizures occur, simultaneously with a delay in psychomotor 

and neurological development. 

Between 1 and 5 years of age, during the “worsening stage’’, different seizure types start 

to appear with a high frequency: generalized convulsive clonic or tonic-clonic seizures, 

myoclonic seizures, atypical absences and focal seizures. In contrast to the febrile context 

of the first stage, in this period seizures normally occur without fever. Moreover, the 

developmental delay becomes more evident, and cognitive deficit, motor disturbances, 

hyperactivity and autistic traits also appear.  
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After 5 years of age, the “stabilization stage’’ often begins, in which convulsive seizures 

decrease, are brief, and occur mainly in sleep; atypical absences and myoclonic seizures 

tend to disappear or attenuate. Although seizures become less common during 

adolescence and adulthood, they rarely disappear completely. Despite little 

improvements in psychomotor development and behavior, cognitive impairment often 

persists throughout the whole life of the patient, with a severe intellectual disability, 

autistic behavior, motor disturbances, personality disorders and stereotypes.  

 

Therefore, it seems clear that the DS outcome is poorly favorable. Different large-scale 

studies have been done in DS patients who were followed from childhood to adulthood, 

and findings are convergent (Akiyama et al., 2010; Dravet et al., 2009; Jansen et al., 

2006). Moreover, a major issue in DS is the high premature mortality and the marked 

young age at death; it ranges from 3.7-17.5% and occurs more often in young children 

with a peak at 3-7 years (Skluzacek et al., 2011). Primary causes of premature death 

include accidental death or drowning, SE and sudden death. Sudden death, known as 

sudden unexpected death in epilepsy patients (SUDEP), is the main cause of early 

mortality, accounting for nearly 50% of cases (Shmuely et al., 2016). Overall, the risk of 

premature death in DS, which is extremely higher than the rates in other refractory 

epilepsies, is one of the major concerns among patients and families.  
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Figure I1. Clinical manifestations of DS and their relative incidence according to 
age. AAb, atypical absences; CS, convulsive seizures; DD, developmental delay; FS, febrile 
seizures; MR, mortality rate; MS, myoclonic seizures; SE, status epilepticus (adapted from 
Gataullina & Dulac, 2017). 
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Although long-term outcome and comorbidities are highly similar, there is some degree 

of phenotypic variability between patients; therefore, relative incidences can be defined 

(Figure I1). Moreover, a better prognosis is associated with having had less than three 

episodes of SE during childhood, whereas EEG abnormalities during the first year of life, 

motor disturbances, tonic seizures, as well as an early appearance of myoclonic seizures 

and absences are associated with a poor prognosis (Brunklaus et al., 2012; Gataullina & 

Dulac, 2017). 

1.3. Etiology and genetics 

DS is a genetic disorder whose pathogenesis includes a deep imbalance in neuronal 

excitability, which leads to hyperexcitability and seizures. Since ion channels are 

essential for neuronal excitability, it is not surprising that many DS mutations have been 

identified in genes encoding ion channels subunits. Therefore, DS is considered a 

channelopathy (Brunklaus & Zuberi, 2014). Approximately 80% of patients carry a 

mutation in the Scn1a gene. In the remaining 20% of cases, additional genes like Scn2a, 

Scn8a, Scn9a, Scn1b, Hcn1, Kcna2, Gabra1, Gabrg2, Cacnb4, Pcdh19, Stxbp1 and Chd2 

are potentially implicated (Table I1) (Akiyama et al., 2012; Steel et al., 2017). 

Table I1. Genes implicated in DS (adapted from Akiyama et al., 2012; Steel et al., 2017).  

Gene (location) Product 

Sodium channels subunits 

Scn1a (2q24) Voltage-gated sodium channel α1 subunit 

Scn2a (2q24) Voltage-gated sodium channel α2 subunit 

Scn8a (12q13) Voltage-gated sodium channel α8 subunit 

Scn9a (2q24) Voltage-gated sodium channel α9 subunit 

Scn1b (19q13) Voltage-gated sodium channel β1 subunit 

Potassium channels subunits 

Hcn1 (5p12) 
Potassium/sodium hyperpolarization-activated cyclic 
nucleotide-gated channel 1 

Kcna2 (1p13) Voltage-gated potassium channel subfamily A member 2 

Chloride channels subunits 

Gabra1 (5q34) GABAA receptor α1 subunit 

Gabrg2 (5q34) GABAA receptor γ2 subunit 

Calcium channels subunits 

Cacnb4 (2q22-q23) Voltage-gated calcium channel β4 auxiliary subunit 

Non-channels 

Pcdh19 (Xq22) Protocadherin 19 

Stxbp1 (9q34) Syntaxin-binding protein 1 

Chd2 (15q26) Chromodomain helicase DNA-binding protein 2 
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Undoubtedly, one of the most remarkable features of DS is its strong association with 

mutations in Scn1a. This gene contains 26 exons encoding the α1 subunit of the voltage-

gated sodium channel, NaV1.1. The NaV1.1 protein is a single polypeptide chain of 260 

kDa that folds to four homologous domains (DI to D4) of six transmembrane segments 

each (S1 to S6). Specific elements within this protein are associated with different 

essential functions within the channel: (1) S4 segments act as voltage sensors and 

promote channel opening upon changes in membrane potential, (2) the four loops 

between segments S5 and S6 form the pore and confer selectivity for sodium and (3) the 

cytosolic loop connecting domains III and IV is involved in channel inactivation (Figure 

I2) (Sula et al., 2017). Thus, depending on the location and properties of the amino acid 

affected, mutations in Scn1a will affect the function of NaV1.1 differently. 

 

Scn1a mutations were first identified in two large families affected by generalized 

epilepsy with febrile seizures plus (GEFS+) (Escayg et al., 2000), now renamed as 

“genetic epilepsy with febrile seizures plus’’. Soon afterwards, de novo mutations in this 

gene were identified in seven children affected by DS (Claes et al., 2001). Since then, 

subsequent genetic studies have been performed revealing that around 80% of DS 

patients carry a mutation in this gene. Therefore, Scn1a mutations form a spectrum from 

mild clinical epilepsy (GEFS+) to severe intractable epilepsy (DS), with borderline 

clinical syndromes (SMEIB and ICEGTC) presenting an intermediate severity but closer 

to the severe end (Catterall et al., 2010; Fujiwara et al., 2003; Stafstrom, 2009) (Figure 

I3).  

Figure I2. Secondary structure of the α1 subunit of the voltage-gated sodium 
channel, NaV1.1. 
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The variable severity of mutations in this gene appears to explain the spectrum of severity 

of Scn1a-related epileptic disorders, thus existing a genotype-phenotype correlation. 

Approximately, 30 Scn1a mutations have been described in GEFS+ patients; these are 

typically missense mutations that are spread throughout the gene, but most frequently 

outside the pore-forming region, suggesting that these mutations alter partially - but do 

not completely abolish - Scn1a activity (Escayg & Goldin, 2010; Gambardella & Marini, 

2009). In contrast, most of the more than 600 Scn1a mutations that have been described 

in DS patients are nonsense or frameshift truncating mutations that result in a non-

functional protein product (Marini et al., 2011); missense mutations occur in about one-

third of DS patients, and normally result in polarity change of an amino acid located in 

the S4 voltage sensors or the S5-S6 pore loop region (Zuberi et al., 2011). Since 

individuals are heterozygous for these mutations, the Scn1a gene exhibit 

haploinsufficiency, which results from a 50% reduction of functional NaV1.1 protein. 

These findings support the existence of a genotype-phenotype correlation, since 

mutations resulting in greater alterations in the properties of the channel are relatively 

associated with a more severe phenotype (Figure I3). 

As mentioned before, most Scn1a mutations in DS patients arise de novo, but familial 

mutations occur in around 5-10% of cases and are usually missense in nature. 

Interestingly, in these familial cases, the pathogenic variant is inherited in a dominant 

manner from other family members who have a missense mutation in Scn1a and mild 

phenotypes consistent with GEFS+ spectrum (Marini et al., 2011). 

Despite being a congenital genetic syndrome, clinical manifestations do not begin from 

birth but start later on, during the first year of life (Dravet & Oguni, 2013; Gataullina & 

Dulac, 2017), a phenomenon that can be explained attending to the expression and 

maturation pattern of voltage-gated sodium channels. In neonates, NaV1.1 expression is 
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Figure I3. Spectrum of clinical syndromes resulting from Scn1a mutations 
(adapted from Stafstrom, 2009). 
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very low, but compensated by NaV1.3. With increasing age, NaV1.3 normally declines and 

NaV1.1 progressively increases, reaching adult levels over the first four weeks of life in 

rodents, which corresponds to the first year of life in humans (Cheah et al., 2013). Thus, 

the timing of DS onset is a result of the failure of NaV1.1 to fully replace the natural loss 

of NaV1.3 (Mashimo et al., 2010; Ogiwara et al., 2007). 

1.4. Pathophysiology 

To fully understand DS pathophysiology, it is important to define the specific subcellular 

localization of NaV1.1, as well as the main cell substrates affected. 

On the one hand, NaV1.1 is primarily localized in the neuronal soma and proximal 

dendrites, where the synaptic impulses are integrated in order to control neuronal 

excitability for action potential initiation and propagation. On the other hand, although 

mutations are not limited to specific cell types, different studies have revealed that some 

cell populations are more affected than others. Particularly, GABAergic interneurons are 

those mainly affected in this disorder. Therefore, loss-of-function mutations severely 

impair sodium currents and action potential firing in these cells, thus leading to a 

decreased GABAergic inhibitory tone and, subsequently, marked hyperexcitability in 

neuronal circuits (Catterall et al., 2010, 2018). In addition, although NaV1.1 is expressed 

throughout the brain, reduced sodium currents are specifically observed in hippocampal, 

cortical and cerebellar GABAergic interneurons (Han et al., 2012; Ogiwara et al., 2007; 

Yu et al., 2006). Taking into account all these considerations and thanks to different 

experimental DS models, we are currently able to explain - at least in part - the 

underlying mechanisms of the complex DS phenotype, which is mainly characterized by 

epileptic seizures, comorbidities and premature death (Dravet & Oguni, 2013; Gataullina 

& Dulac, 2017).  

Epileptic seizures are due to reduced sodium currents in GABAergic parvalbumin (PV)- 

and somatostatin (SST)-positive interneurons in the hippocampus and cerebral cortex; 

since pyramidal glutamatergic excitatory neurons are not affected, this leads to 

hyperexcitability and epileptic seizures. This was first elucidated using a heterozygote 

Scn1a knock-out mouse model (Scn1a+/-) (Yu et al., 2006), and has been supported by 

further studies carried out with other mouse models (Martin et al., 2010; Mashimo et al., 

2010; Ogiwara et al., 2007). Furthermore, GABA is a neurotransmitter importantly 

involved in thermoregulation; however, GABAergic transmission is also decreased in 

situations of hyperthermia (Qu et al., 2007), which would explain the fact that DS 

children usually have seizures by elevated body temperature (febrile seizures) as their 

first symptom (Gataullina & Dulac, 2017; Oakley et al., 2009). With DS progression, 



INTRODUCTION 

 

29 
 

other types of spontaneous seizures start to appear (Figure I1). Interestingly, fever 

impairs trafficking and/or accelerates endocytosis of surface GABAA receptors in those 

DS patients carrying a mutation in the Gabrg2 gene, encoding the GABAA receptor γ2 

subunit (Kang et al., 2006). Therefore, genetics can explain the appearance of epileptic 

seizures in these patients, since a deep imbalance among excitatory and inhibitory 

synapses is established in brain networks.  

Moreover, it is pivotal to remark several particularities of the immature developing brain 

that make children particularly susceptible to seizures compared with later life 

(Huntsman et al., 2020; Rakhade & Jensen, 2009). Seizure threshold is reduced in 

children, since there is a tendency towards an increased neuronal excitation over 

inhibition. It is due to an over expression of N-methyl-D-aspartate (NMDA) and α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, and to the fact 

that GABA neurotransmitter is excitatory in early life (Jensen, 2002). Moreover, calcium 

homeostasis is altered in the immature brain; calcium influx can result in GABA 

receptors endocytosis, which increases this neuronal hyperexcitability (Rakhade & 

Jensen, 2009). In addition, the immature brain exhibits increased susceptibility to 

oxidative stress and inflammation (Johnston et al., 2011), which together with 

excitotoxicity, represent the pathogenic triad that characterizes the pathophysiology of 

many brain disorders, including epilepsy (Ambrogini et al., 2019) (Box 2). This evidence 

might help to explain why children diagnosed with epilepsy have significantly higher 

rates of associated comorbidities (Russ et al., 2012). 

Regarding the main comorbidities, some pathophysiological correlates related to specific 

DS symptoms have been also partially described as follows: (1) autistic-like behaviors are 

due to impaired action potential firing in GABAergic PV-positive interneurons in the 

hippocampus and cerebral cortex (Han et al., 2012), (2) hyperactivity and stereotyped 

movements are due to impaired action potential firing in GABAergic SST-positive 

interneurons in the hippocampus and cerebral cortex (Rubinstein et al., 2015), (3) 

cognitive deficits, such as attention and learning problems, are due to impaired action 

potential firing in GABAergic PV- and SST-positive interneurons in the hippocampus 

and cerebral cortex (Rubinstein et al., 2015) and (4) movement abnormalities, such as 

ataxia and impaired motor reflexes, are due to impaired action potential firing in 

GABAergic Purkinje neurons in the cerebellar cortex (Kalume et al., 2007).   

Finally, the high premature death rate is one of the most serious and devastating issues 

regarding the long-term outcome of DS, with SUDEP as the main cause of this early 

mortality. It was initially suggested that SUDEP is more likely to be triggered by a 

neurological cause rather than by a cardiac one. First studies showed that loss of NaV1.1 
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channel in GABAergic forebrain neurons was sufficient to reproduce the main 

phenotypic features of DS, including SUDEP. In these studies, SUDEP was proposed to 

be caused by a seizure-associated hyperactivity of the parasympathetic activity, leading 

to lethal bradycardia and dysfunction of the ventricle (Cheah et al., 2012; Kalume et al., 

2013). However, since NaV1.1 channel is expressed in heart as well as in brain (Mishra et 

al., 2015), alterations in cardiac excitability contributing to SUDEP have been further 

analyzed. In this sense, more recent studies reveal that failing ventricular myocytes, in 

addition to seizures, are likely to primarily contribute to SUDEP (Frasier et al., 2018). 

However, this issue is still controversial, so further studies are needed. 

Box 2. Pathogenic mechanisms associated with epilepsy  

Some additional pathogenic mechanisms associated with epilepsy may include (1) oxidative 

stress, (2) excitotoxicity and (3) neuroinflammation. These mechanisms represent a 

pathogenic triad which characterizes the pathophysiology of different brain disorders, 

including epilepsy (Ambrogini et al., 2019). 

 Oxidative stress is defined as an imbalance between pro- and antioxidants. In 

epilepsy, there is an excessive production of reactive oxygen (ROS) and nitrogen 

(RNS) species, which trigger tissue toxicity, harming DNA, proteins and fatty acids 

(Borowicz-Reutt & Czuczwar, 2020). Moreover, the brain is particularly susceptible 

to oxidative stress, since the activity of antioxidant enzymes, such as catalase or 

glutathione peroxidase, is around ten times lower in this organ (Puttachary et al., 

2015). Interestingly, antioxidant enzymes can be diminished in different pathologies, 

including epilepsy (Munguía-Martínez et al., 2019).  

 Excitotoxicity is characterized by an overactivation of postsynaptic glutamate 

receptors (mainly ionotropic) due to an excessive glutamate release. Toxic 

concentrations of glutamate increase calcium influx in postsynaptic terminals, mainly 

through NMDA receptor activation. This uncontrolled influx of calcium activates a 

wide variety of phospholipases, endonucleases and proteases, which eventually 

damage cell components and trigger degeneration of postsynaptic neurons 

(Ambrogini et al., 2019). Additionally, NMDA receptor activation also induces 

reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 2 (NOX2) 

assembly and activity, producing ROS, NOS and oxidative stress (Kovac et al., 2017).  

 Neuroinflammation has been demonstrated to be a hallmark of epilepsy. Seizures 

normally lead to the activation of microglial cells and astrocytes, which consequently 

overproduce and release an array of inflammatory mediators, such as interleukin 1β 

(IL1β), tumor necrosis factor α (TNFα) and prostaglandins, among others (Steinborn 

et al., 2014). As a result, these molecules activate specific signalling cascades in 

neurons and affect their excitability (Vezzani, 2011; Vezzani et al., 2019). 

Current therapies for epilepsy are predominantly anticonvulsant and do not modify this 

pathogenic triad, resulting in an insufficient ability to ameliorate symptoms and disease 

progression. Targeting these mechanisms may represent a promising tool for the treatment of 

these patients, since therapeutic strategies must include disease-modifying paradigms focused 

not only on the epileptic activity, but also on these pathological events and subsequent long-

term comorbidities. As it will be further discussed in this Doctoral Thesis, cannabinoids 

represent an example of this promising therapeutic strategy.  
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1.5. Neuroinflammation, blood-brain barrier and epilepsy  

Although epilepsy has been classically addressed focusing on brain hyperexcitability, 

neuroinflammation has proven to be a key hallmark within its pathophysiology (Vezzani, 

2011; Vezzani et al., 2019). It is defined as a chain of inflammatory events in the Central 

Nervous System (CNS) triggered by intruders of homeostasis, including infections, 

toxins, autoimmunity or other insults such as epileptic seizures. This persistent 

inflammatory response is associated with the production of cytokines, chemokines and 

ROS, which are mainly released by resident CNS glial cells, but also by infiltrating 

peripheral immune cells and other mediators (DiSabato et al., 2016).  

Seizures often lead to prominent gliosis, which includes a broad spectrum of changes in 

glial cells (particularly astrocytes and microglia). Main features of gliosis include (1) 

hypertrophy of cell bodies and processes, (2) increased cell proliferation and (3) 

upregulated expression of several proteins, such as intermediate filament proteins (glial 

fibrillary acidic protein (GFAP) and vimentin) in astrocytes and ionized calcium-binding 

adaptor molecule 1 (Iba-1) and cluster of differentiation 68 (Cd68) in microglia. Reactive 

glia may exert beneficial effects; however, when persistent, it may cause network 

hyperexcitability and tissue damage (Patel et al., 2019).  

As mentioned above, neuroinflammation can be also triggered by infiltrating peripheral 

inflammatory mediators and even immune cells, since seizures might promote a 

breakdown and an increased permeability in the blood-brain barrier (BBB) (see Box 3 

for a brief overview on BBB structure). Under normal conditions, the brain is considered 

an immune-privileged site, since the BBB is relatively impermeable. However, BBB 

dysfunction has been reported in many CNS pathological conditions, including epileptic 

disorders (Kadry et al., 2020; Remy & Beck, 2006). Changes in BBB permeability 

typically result from loss of tight complexes and degradation of basement membranes 

(Moya et al., 2020). Additionally, several studies have demonstrated that during an 

inflammatory process, vascular endothelial cells might upregulate the expression of 

some cell adhesion molecules, such as vascular cell adhesion molecule 1 (VCAM-1) and 

intercellular adhesion molecule 1 (ICAM-1), thus facilitating the infiltration of immune 

cells into the brain parenchyma (Carman & Martinelly, 2015). Overall, this increased 

permeability often promotes extravasation to the brain of peripheral immune cells 

(macrophages, monocytes, neutrophils, B cells and T cells, among others), chemokines 

and other components (such as serum albumin or IgG), thus contributing to reactive 

gliosis (Figure I5) (Librizzi et al., 2012). 
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Consequently, these central and peripheral neuroinflammatory processes lead to a 

decrease in the seizure threshold which exacerbates and contributes to the onset of 

subsequent seizures, thus establishing a vicious pathological cycle of inflammation and 

seizures. Concurrently with seizures, long-term neuroinflammation may also contribute 

to the development of some of the comorbidities of epilepsy, such as cognitive deficits 

and autism (Kanner et al., 2014).  

Although little is known regarding the role of neuroinflammation in DS, some clinical 

evidence is currently available. In this context, some inflammation-related markers have 

been found to be upregulated in lymphocytes of patients, including CB2 receptor, 

Box 3. Blood-brain barrier: structural overview 

The BBB is a highly specialized physical and biological barrier which is situated at the interface 

between blood and brain parenchyma, thus contributing to CNS protection and homeostasis 

maintenance. It is a multicellular structure comprised by a monolayer of endothelial cells in 

capillary walls, pericytes, a basement membrane surrounding the endothelial cells and 

astrocytic foot processes (Figure I4A) (Kadry et al., 2020).   

BBB properties are primarily determined by junctional complexes between adjacent 

endothelial cells, which are comprised of tight junctions and adherent junctions (Figure I4B). 

On the one hand, tight junctions (TJs) consist of (1) three transmembrane proteins, namely, 

claudins, occludins and junction adhesion molecules (JAMs) and (2) several cytosolic 

accessory proteins, including zonula occludens (ZO) proteins, cingulins and others. 

Transmembrane proteins physically associate with their counterparts of adjacent endothelial 

cells, whereas cytosolic accessory proteins link transmembrane proteins to actin cytoskeleton 

and participate in intracellular signalling. On the other hand, adherent junctions are mainly 

composed of cadherins, transmembrane proteins which also participate in the adhesion 

between adjacent endothelial cells and join the actin cytoskeleton through catenins. All these 

junctions contribute to maintain the structural and functional integrity of the BBB (Stamatovic 

et al., 2008, 2016).  
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peroxisome proliferator-activated receptor γ (PPARγ), cluster of differentiation 70 

(Cd70, a marker of lymphocyte proliferation and activation) and pro-inflammatory 

cytokines (Rubio et al., 2016). However, these data were obtained by studying peripheral 

blood, thus representing indirect evidence of what may be happening in the brain.  

Therefore, further research is needed to shine light on the role of inflammation in DS.  

1.6. Adult hippocampal neurogenesis and epilepsy  

Another event that might play a key role in epilepsy is the so-called aberrant adult 

hippocampal neurogenesis (Bielefeld et al., 2019; Chen et al., 2020) (for further general 

insights about neurogenesis, see Box 4).  
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Figure I5. Interplay between seizures, reactive gliosis and inflammation. Adapted 
from Patel et al., 2019.  
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Box 4. Adult neurogenesis 

Adult neurogenesis is a dynamic process which is restricted under normal conditions to two 

specialized niches in the adult mammalian brain: (1) the subventricular zone (SVZ) at the walls 

of the lateral ventricles, where newly generated neurons migrate through the rostral migratory 

stream to the olfactory bulb to become interneurons (Luskin, 1993), and (2) the subgranular 

zone (SGZ) of the hippocampal dentate gyrus, where new dentate granule cells are generated 

and integrated into the local granule cell synaptic circuitry (Kaplan & Hinds, 1977). Attending 

to the context of this Doctoral Thesis thesis, the focus will be on the SGZ. 

The SGZ is a thin band located between the granule cell layer (GCL) and the hilus of the 

hippocampal dentate gyrus. Apart from the neural stem cells (NSCs) population, this niche is 

comprised by a dense vascular network and other cellular components, including endothelial 

cells, ependymal cells, astrocytes, microglia and mature neurons. All these components are 

tightly associated with the neural precursors, thus supporting and regulating neurogenesis 

both in physiological and pathological conditions (Gonçalves et al., 2016). 

NSCs are radial glia-like cells (RGCs, type 1 cells) that, like astrocytes, express GFAP. Under 

normal circumstances, NSCs remain quiescent, but after certain neurogenic stimuli, they get 

activated and enter into the cell cycle. They typically divide asymmetrically, producing one 

new NSC (to maintain the NSCs population) and a subsequent neural precursor, known as 

proliferating intermediate progenitor cell (IPCs, type 2 cells) with transient amplifying 

characteristics, which can give rise to neuroblasts (type 3 cells). These neuroblasts - and 

subsequent newborn and immature neurons - migrate into the inner granule cell layer and 

differentiate into mature granule cell neurons, which extend dendrites towards the molecular 

layer (ML) and project axons through the hilus towards the CA3, thus being integrated into 

the pre-existent synaptic network and contributing to spatial memory and learning abilities. 

This timeline of cell maturity can be assessed by the expression of different stage-specific 

molecular markers (Figure I6) (Gonçalves et al., 2016; Ming & Song, 2011).  
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Figure I6. Stages of adult neurogenesis in the dentate gyrus of the hippocampus. 

Schematic view of cells at various stages of maturation contributing to neurogenesis and 
stage-specific molecular markers sequentially expressed during the process. 
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Neurogenesis in the hippocampal SGZ is a complex process that is chiefly regulated by 

neuronal activity in the surrounding hippocampal networks. Therefore, it can be affected 

under pathological situations of neuronal hyperactivation and excitotoxicity, such as 

epilepsy, thus resulting in the so-called aberrant neurogenesis. This aberrant process is 

characterized by a wide variety of cellular and molecular changes, including an increased 

proliferation of NSCs, production of ectopic granule neurons and neuronal hypertrophy, 

among others (Parent et al., 1997). Moreover, this aberrant process may contribute to 

exacerbate epileptic seizures and associated comorbidities, since hippocampal 

neurogenesis participates in memory and learning (Cho et al., 2015). 

It is well-demonstrated that seizure activity induces a proliferative response in the 

dentate gyrus, which provokes NSCs hyperproliferation (Sierra et al., 2015). Several 

experimental models suggest that this increased proliferation of precursor cells initially 

accelerates neuronal maturation and integration of newborn granule neurons. However, 

these cells typically present morphological abnormalities (such as hilar basal dendrites) 

as well as an ectopic migration (Scharfman et al., 2000). When epilepsy is persistent, 

NSCs transform into reactive-NSCs that divide symmetrically. These reactive-NSCs then 

transform into reactive astrocytes which contribute to hippocampal reactive gliosis and 

neuroinflammation (Martín-Suárez et al., 2020; Miro-García et al., 2019; Sierra et al., 

2015; Valcárcel-Martín et al., 2020). This is possible due to the fact that NSCs do not 

only have neurogenic (Seri et al., 2001) but also gliogenic potential under certain 

circumstances, such as this context (Encinas et al., 2011).   

Moreover, not only seizures but also inflammatory signals related to the epileptic 

context, affect NSCs proliferation, migration and maturation. Specifically, NSCs 

constitutively express receptors for cytokines and other inflammatory factors, which 

allow them to sense the surrounding inflammatory responses typically occurring in 

epilepsy (Covacu & Brundin, 2015; Green et al., 2012). Therefore, it seems clear that 

neurogenesis should be considered within the vicious pathological cycle of inflammation 

and seizures (Figure I7).  

Of note, populations of NSCs and adult hippocampal neurogenesis are maximal in 

postnatal-juvenile stages and minimal in the aged brain, since NSCs get depleted over 

time in an activation-dependent manner (Sorrells et al., 2018). Therefore, the impact of 

seizures on hippocampal neurogenesis is particularly severe in pediatric-onset epileptic 

syndromes, such as DS. In this sense, first studies in a DS mouse model have shown that 

DS mice present an altered neurogenic niche and a significant aberrant neurogenesis 

(Martín-Suárez et al., 2020). According to this evidence, it seems clear that alterations 
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in adult hippocampal neurogenesis (together with neuroinflammation) may play a key 

role in DS pathogenesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.7. Management and therapeutic strategies 

When making a diagnosis of DS, it is essential to define early appropriate therapeutic 

strategies, since it is a chronic, progressive and devastating disorder. Reasonably, the 

main therapy goal involves complete seizure cessation. Thus, the main focus is usually 

on preventing long-lasting seizures, reducing seizure frequency and improving cognitive 

and motor development.  

The last proposed treatment guidance for DS included both pharmacological and non-

pharmacological approaches, and considered three lines of treatment (Villanueva et al., 

2021; Wirrell et al., 2017) (Figure I8).  

Just after diagnosis, first-line therapies typically include valproic acid and clobazam.  

Normally, treatment is initiated with valproic acid, which reports a mean seizure 

reduction of 40% (Dressler et al., 2015). It is a broad-spectrum drug with multiple 

mechanisms of action, such as increasing GABA synthesis and decreasing its 

degradation, inhibiting T-type calcium channels and decreasing glutamate synthesis 

(Wirrell & Nabbout, 2019). However, since seizure control is not fully effective, clobazam 
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Figure I7. Relationship between epilepsy, blood-brain barrier integrity, 
neuroinflammation and hippocampal neurogenesis. 
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is usually added, a benzodiazepine-derivative drug that acts as a partial agonist of GABAA 

receptors, thus potentiating GABAergic neurotransmission and providing additional 

benefits (Morimoto et al., 2017).  

Second-line therapies include topiramate and stiripentol. Topiramate has a broad 

spectrum of action, including enhancement of GABAergic neurotransmission, inhibition 

of kainate and AMPA glutamate receptors and blockade of voltage-gated calcium 

channels. Stiripentol has also multiple mechanisms of action, since it enhances 

GABAergic neurotransmission, as well as acts as a positive allosteric modulator of GABAA 

receptors (Wirrell & Nabbout, 2019). One of these agents is typically used in combination 

with valproic acid and clobazam if seizures remain refractory (Wirrell et al., 2017). In 

fact, the most commonly used treatment is a combination of valproic acid, clobazam and 

stiripentol (Schubert-Bast et al., 2019). In those patients with a suboptimal response to 

first- and second-line agents, third-line therapeutic options are implemented, including 

drugs such as clonazepam, levetiracetam, zonisamide or bromides (Wirrell et al., 2017). 

However, in some countries such as Germany or Japan, the use of bromides is more 

frequent (Schubert-Bast et al., 2019). 

Apart from pharmacological agents, there are non-pharmacological strategies for those 

patients highly pharmacorresistant and with a poor prognosis. These strategies include 

the ketogenic diet (second-line agent) and surgical procedures (third-line agent). The 

ketogenic diet comprises a high-fat, low-carbohydrate and adequate-protein diet, whose 

action mechanism is still actively investigated and debated. However, several studies 

suggest that higher ketone bodies levels could promote a decrease in neuronal 

First-line therapies Second-line therapies Third-line therapies 

Valproic acid 

Clobazam 

or 

(if valproic acid 

is not effective) 

Stiripentol 

Topiramate 

or 

(in combination with 

valproic acid and clobazam) 

(in combination with 

valproic acid and clobazam) 

or 

Ketogenic diet 

Other drugs: 
• Clonazepam 
• Levetiracetam 
• Zonisamide 
• Bromides 

or 

Surgical procedures: 
• Vagus nerve stimulation 
• Temporal lobectomy 
• Callosotomy 

Figure I8. Treatment guidance for DS patients. Adapted from Villanueva et al., 2021; 

Wirrell et al., 2017. 
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excitability (Meira et al., 2019). The efficacy of the ketogenic diet in epilepsy is variable, 

but there are reports of highly pharmacorresistant children in which, after diet initiation, 

a mean seizure reduction of up to 50% is experienced (Liu et al., 2019; Yan et al., 2018). 

Regarding surgical procedures, the risk/benefit ratio must be carefully evaluated before 

considering any surgery, and just when other therapies have failed. These procedures 

include vagus nerve stimulation, temporal lobectomy and complete corpus callosotomy. 

However, the benefits of these invasive procedures remain unclear, so that clinicians 

often discard surgery as an option for DS management (Dlouhy et al., 2016). 

In recent years, new drugs have undergone clinical trials and been approved as novel 

therapeutical tools for DS; among them, the most remarkable ones are fenfluramine and 

cannabidiol (CBD). Fenfluramine is an amphetamine derivative whose antiepileptic 

potential involves an increase in serotonin brain levels by disrupting its vesicular storage 

and inhibiting its reuptake (Zaccara et al., 2018). CBD is the main non-psychotropic 

component in the cannabis plant; its specific properties and insights will be deeply 

discussed below. 

In addition to all these strategies, all DS patients require a seizure rescue medication for 

home use (rectal diazepam for children under 6 years, and nasal or buccal midazolam for 

older children, teenagers and adults), as well as a detailed emergency protocol to be 

carried out at their local hospital (Camfield et al., 2012).  

Overall, it seems clear that DS therapeutic management is highly complex, and despite 

all the currently available strategies, around 30% of patients remain poorly controlled. 

Moreover, DS patients usually undergo changeable polytherapy, with limited benefits 

and typically associated with important side effects. Therefore, it is highly necessary the 

search for new and effective therapies acting at both seizure activity and long-term 

associated comorbidities. While molecular mechanisms of conventional antiepileptic 

drugs often involve the modulation of neurotransmitter levels aimed at reducing brain 

excitability, new pharmacological targets are being proposed. Accordingly, compounds 

able to modulate oxidative stress and inflammation (such as cannabinoids) may prove to 

be useful in order to overcome therapeutic failure. 

1.8. Preclinical animal models 

Validation of DS experimental models is essential, not only to efficiently discover new 

therapies for these patients, but also to fully understand the cellular and molecular 

mechanisms underlying this disorder. Thanks to genetic engineering techniques, Scn1a 

loss-of-function typically occurring in DS has been successfully modelled in heterologous 
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expression systems, induced pluripotent stem cell (IPSC)-derived neurons, zebrafish, 

fruit flies and mice (Escayg & Goldin, 2010; Schutte et al., 2016). Undoubtedly, the 

genetic and physiologic similarities between mice and humans, and the huge amount of 

genetic engineering tools currently available in order to introduce disease-cause 

mutations or to make gene knock-outs, have made mice incredibly useful in modelling 

human genetic diseases, such as DS. To date, several genetic mouse models for Scn1a-

associated DS have been published (Table I2). 

Table I2. List of mouse models of DS based on Scn1a gene modifications. 

Mouse model Genetic approach Reference 

Scn1atm1Wac Knock-out Yu et al., 2006 

Scn1atm1.1Kzy Knock-in (R1407X) Ogiwara et al., 2007 

Scn1atm1.1.Aesc Knock-in (R1648H) Martin et al., 2010 

Scn1atm2.1Wac Conditional knock-out Cheah et al., 2012 

Scn1atm2Kzy Conditional knock-out Ogiwara et al., 2013 

Scn1atm2.1Aesc Conditional knock-out Dutton et al., 2013 

Scn1atm1Kea Knock-out Miller et al., 2014 

Scn1atm1.1Swl Knock-in (E1099X) Tsai et al., 2015 

 

These models have greatly enabled a better understanding of DS.  However, their use has 

limitations due to two major issues: (1) constitutive models have an aggressive phenotype 

and die before maturity, which leads to breeding and shipping difficulties, as well as (2) 

the lack of open access to most of these models, generally owned by specific laboratories. 

To overcome both issues, an open-access DS mouse model has been developed by the 

Dravet Syndrome Foundation Spain and is available through the repository of Jackson 

Laboratories (Bar Harbor, ME, USA). It is a conditional knock-in mouse (B6(Cg)-

Scn1atm1.1Dsf/J, The Jackson Laboratory, stock no. 026133) expressing the Scn1a-A1783V 

missense mutation, which is one of the most frequent in DS patients (Lossin et al., 2009), 

upon Cre-driven recombination. The affected amino acid is located in the domain IV S6 

segment of the protein, which is important for ion selectivity (Figure I2). To date, several 

studies have been already published using this conditional Scn1a-A1783V mouse model. 

In these studies, conditional mice have been crossed with mice expressing Cre-

recombinase under different promoters, including (1) CMV, the constitutive human 

cytomegalovirus promoter (Almog et al., 2021; Fadila et al., 2020; Ricobaraza et al., 

2019) and (2) Slc32a1, the gene that encodes the vesicular GABA transporter Vgat (Kuo 

et al., 2019). These models have resulted to be excellent tools for the study of different 

pathogenic aspects of DS. However, they generally present high rates of mortality, which 

again limits their use for long-term studies.  
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Despite it is technically possible, logistics for measuring spontaneous seizure events in 

these genetic mouse models require labour-intensive EEG monitoring. In this context, a 

wide variety of chemoconvulsants have proven utility to exogenously evoke acute 

seizures, including pentylenetetrazol (PTZ), kainic acid (KA) or pilocarpine 

(Kandratavicius et al., 2014; Löscher, 2011). PTZ has been used for such purpose in this 

Doctoral Thesis; PTZ is a non-competitive antagonism of the GABAA receptor, which 

impairs GABA-mediated inhibition and leads to generalized tonic-clonic seizures (Bialer 

& White, 2010). This compound has been widely used in different experimental 

paradigms to study seizure-like behaviours and the efficacy of antiepileptic drugs (Fallah 

& Eubanks, 2020; Löscher, 2009, 2011). 

2. CANNABINOIDS AND THE ENDOGENOUS CANNABINOID 

SYSTEM 

Cannabis sativa, native from Central Asia, is one of the world’s oldest cultivated plants, 

and preparations such as marijuana and hashish have been used for millennia by ancient 

civilizations for recreational, religious and medicinal purposes. The oldest written 

description regarding its medical use dates back to 2350 B.C. in Ancient Egypt, which is 

generally recognized as an early civilization with an advanced medical system. Since 

then, several pieces of evidence suggest that cannabis has remained in active use for 

medicinal purposes throughout ages and societies (Mechoulam et al., 2014), which led 

to attempts to isolate the active constituents of the plant. Key events regarding this field 

of research occurred in the mid-20th century, when the development of novel 

chromatography methods enabled the isolation of the main non-psychotropic 

cannabinoid, CBD (Mechoulam & Shvo, 1963), and the main psychotropic constituent, 

Δ9-tetrahydrocannabinol (Δ9-THC) (Gaoni & Mechoulam, 1964). However, it was not 

until 30 years later that the endogenous molecular targets for cannabinoids action were 

characterized, as it will be further described below. This opened a new field of research 

related to an endogenous system of intercellular communication, the so-called 

endogenous cannabinoid system (ECS) (Mechoulam & Parker, 2013).   

Traditionally, the term “cannabinoids’’ has referred to a group of terpenophenolic 

compounds predominantly found in the C. sativa plant. However, since the discovery of 

the ECS, this term refers to a heterogeneous family divided into three categories of 

compounds according to their source of production: (1) phytocannabinoids (plant-

derived cannabinoids), (2) endocannabinoids (endogenous cannabinoids synthesized by 

animals - mainly mammals - including humans) and (3) synthetic cannabinoids designed 

and generated by chemical synthesis in the laboratory (Ligresti et al., 2016). 
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2.1. The endogenous cannabinoid system 

As indicated before, the ECS was identified while trying to elucidate the mechanisms of 

action of phytocannabinoids. It is an intercellular communicating system that plays a key 

role in different physiological and pathological processes. Overall, major ECS 

components include the cannabinoid receptors, their endogenous ligands 

(endocannabinoids) and the enzymatic machinery for endocannabinoid biosynthesis 

and inactivation. Importantly, all these elements can be selectively modulated, thus 

positioning the ECS as a potential target with pharmacological applications in different 

contexts. Although they will be described in the following sections, a schematic overview 

of major ECS elements can be seen in Figure I9. 

2.1.1. Cannabinoid receptors 

To date, CB1 and CB2 are considered the canonical receptors within this communication 

system. Both receptor types belong to the superfamily of class A G protein-coupled 

receptors (GPCRs), which are integral membrane proteins with seven transmembrane 

domains, and coupled to specific G proteins leading to a wide variety of intracellular 

signalling pathways. They share 44% protein identity, although this percentage is higher 

(around 68%) in transmembrane regions, which are involved in ligand binding (Montero 

et al., 2005). However, some effects cannot be fully explained by the activation of these 

major and classic receptors. In this sense, more recent studies have shown that beyond 

CB1 and CB2, non-canonical cannabinoid receptors can be involved in this complex 

signalling, including other GPCRs, ion channels and nuclear receptors (Pertwee, 2015).  

Cannabinoid receptor type-1 

At the pharmacological level, the CB1 receptor was first discovered using the radiolabeled 

THC analog [3H]CP-55,940 (Devane et al., 1988). Soon afterwards, it was cloned in rats 

(Matsuda et al., 1990) and humans (Gerard et al., 1991), which completed its molecular 

characterization. However, it has not been until recently that its crystal structure has 

been obtained (Hua et al., 2016). It consists of 472 amino acids in humans, with a 

sequence identity well-conserved among vertebrate species (97-99% among humans and 

rodents). Moreover, it has been found not only in vertebrates, but also in different 

invertebrates, thus indicating a long presence in the phylogeny (Alexander, 2015; 

Elphick, 2012).  
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CB1 receptor is widely expressed in the CNS and has proven to be the most abundant 

GPCR in the brain (Herkenham et al., 1991). It is highly expressed in inhibitory 

GABAergic terminals and, to a lesser extent, in excitatory glutamatergic terminals; in 

both locations it modulates the inhibition of neurotransmitter release through its 

retrograde signalling, one of the major functions of the ECS (Dudok et al., 2015). It has 

been also found postsynaptically, as well as in astrocytes, oligodendrocytes, microglia 

and neural precursors. Subcellularly, CB1 receptor is localized in plasma membranes, and 

also in intracellular organelles, such as mitochondria outer membranes (mainly in 

neurons) (Bénard et al., 2012). It is particularly abundant in the hippocampus, basal 

Figure I9. Schematic overview of main ECS elements, including cannabinoid 
receptors (CB1 and CB2), endocannabinoids (2-AG and AEA), biosynthetic enzymes (DAGL 
and NAPE-PLD, as well as additional enzymes typically involved in lipid metabolism, such as 
NAT and PLC) and inactivating enzymes (MAGL and FAAH). 2-AG, 2-arachidonoylglycerol; 
AA, arachidonic acid; AEA, anandamide; CB1, cannabinoid receptor type-1; CB2, cannabinoid 
receptor type-2; DAG, diaclyglycerol; DAGL, diaclyglycerol lipase; FAAH, fatty acid amide 
hydrolase; MAGL, monoacylglycerol lipase; NAPE, N-arachidonoyl 
phosphatidylethanolamine; NAPE-PLD, NAPE phospholipase D; NAT, N-acyltransferase; PE, 
phosphatidylethanolamine; PI, phosphatidylinositol; PLC, phospholipase C. Blue arrows 
indicate biosynthesis processes and red arrows indicate inactivation processes. 
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ganglia, cerebellum and cerebral cortex, whereas lower levels have been found in 

amygdala, thalamus, hypothalamus, brainstem and spinal cord. This wide distribution is 

consistent with the important role of this receptor in different neurobiological processes 

(Mackie, 2005).  

Outside the CNS, it is also expressed in the Peripheral Nervous System (PNS), as well as 

in non-neural peripheral tissues including spleen, liver, pancreas, lung, vascular 

endothelium, skeletal muscle, reproductive system or gastrointestinal tract, among 

others (Mackie, 2005). 

As for its intracellular signalling, the CB1 receptor belongs to the GPCRs superfamily, 

which are coupled to heterotrimeric G proteins through their cytoplasmic carboxyl-

terminal domain. It has been classically associated with the activation of Gi/o proteins; 

signal transduction via Gαi/o inhibits adenylate cyclase (AC) activity and decreases cyclic 

adenosine monophosphate (cAMP) intracellular concentration, which consequently 

suppresses the cAMP-dependent protein kinase (PKA) activity, thus affecting the activity 

of effector proteins that are regulated by the phosphorylation/dephosphorylation 

balance, as well as the expression of genes whose transcription is regulated by the cAMP 

response element-binding (CREB) (Davis et al., 2003). However, depending on the cell 

context, CB1 receptor may also signal through other different intracellular pathways. In 

this way, activation of Gi/o (in part, through released βγ subunits) also triggers the (1) 

inhibition of Ca2+ influx by blocking N-type and P/Q-type voltage-activated Ca2+ 

channels, (2) enhancement of K+ outflux by opening of inwardly-rectifying K+ channels 

(Guo & Ikeda, 2004), (3) activation of mitogen-activated protein kinases (MAPKs) 

cascades, including extracellular signal-regulated kinase 1/2 (ERK1/2), c-Jun N-

terminal kinase (JNK) and p38 (Bouaboula et al., 1995), and (4) stimulation of the 

phosphoinositide 3-kinase (PI3K)/ protein kinase B (Akt) signalling (Galve-Roperh et 

al., 2002). In addition to the classical Gi/o coupling, CB1 can also bind to Gs and Gq 

proteins in certain circumstances. Gαs, contrary to Gαi/o, activates AC and increases 

cAMP levels (Glass et al., 1997). On the other hand, Gαq activates phospholipase C (PLC), 

which releases Ca2+ from the endoplasmic reticulum and increases its cytosolic levels 

(Lauckner et al., 2005). All these pathways are schematically summarized in Figure I10.   

This complex pattern of possible intracellular pathways can be explained by a 

phenomenon known as “biased signalling’’ or “functional selectivity’’, a concept that 

describes the ability of an agonist to stabilize the receptor in such a conformation that 

selectively activates one specific signalling cascade over another, thus triggering distinct 

physiological responses (Wouters et al., 2019). This phenomenon has recently gained 
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increasing attention, especially since the elucidation of crystal tridimensional structures 

which will help to fully understand this complexity (Hua et al., 2016; Li et al., 2019). In 

addition, “biased signalling’’ can be also a consequence of the ability of CB1 receptor to 

form oligomers, thus affecting the manner in which this receptor responds to ligands and 

enriching the signalling repertoire. It can form both homodimers (Wager-Miller et al., 

2002) and heterodimers in association with other GPCRs such as CB2 (Callén et al., 

2012), GPR55 (Martínez-Pinilla et al., 2014), D2 dopamine receptor (Kearn et al., 2005), 

A2A adenosine receptor (Moreno et al., 2018) and 5-HT2A serotonin receptor (Viñals et 

al., 2015), as well as with other non-GPCR receptors (Moreno et al., 2018). 

 

 

 

Cannabinoid receptor type-2 

CB2 receptor was the second cannabinoid receptor identified, and it was first detected in 

spleen macrophages (Munro et al., 1993). It consists of 360 amino acids in humans, with 

greater variations in the sequences of different species in comparison to CB1 receptor 

(around 80% identity among humans and rodents) (Zhang et al., 2015). As with CB1 

receptor, CB2 receptor crystal structure has been recently published (Li et al., 2019). 

Originally, it was considered the “peripheral’’ cannabinoid receptor, with a predominant 

Figure I10. Main signalling pathways triggered by CB1/CB2 activation. Upon ligand 
binding, depending on the G protein coupled, CB1/CB2 receptors trigger different intracellular 
cascades. Arrows indicate stimulation and blunted arrows indicate inhibition 
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expression in immune cells. However, it has now been identified throughout the CNS, 

particularly in microglial cells (Núñez et al., 2004), astrocytes (Fernández-Trapero et al., 

2017), oligodendrocytes (Molina-Holgado et al., 2002) and neural progenitors 

(Palazuelos et al., 2012). In addition, although this is an issue under intense debate due 

to the lack of good experimental tools for its cellular detection, some studies have shown 

CB2 receptor expression in neurons (Stempel et al., 2016). Despite controversial, what 

seems clear is that CB2 receptor expression in the CNS is much lower in comparison to 

CB1 receptor or the peripheral immune system.  

In the CNS, the role of CB2 receptor in healthy conditions is not well demonstrated, but 

many studies have shown that under some pathological conditions, especially those that 

occur with neuroinflammation, CB2 receptor expression is enhanced. Therefore, this 

receptor is proposed to be part of a protective system (Pacher & Mechoulam, 2011), as it 

will be discussed.  

Intracellular signalling mechanisms associated with the activation of CB2 receptor are 

quite similar to those described for CB1, except for effects on Ca2+ and K+ conductance. 

CB2 receptor activation triggers Gi/o coupling, but not Gs and Gq. Signalling through Gi/o 

inhibits AC activity and cAMP production, activates MAPKs cascades and stimulates 

PI3K/Akt signalling (Davis et al., 2003). It has no effect on Ca2+ and K+ ion channels, 

although βγ subunits can activate PLC and increase Ca2+ cytosolic levels (Zoratti et al., 

2003). All these pathways are also schematically summarized in Figure I10. Although 

less investigated, CB2 receptor can also form homodimers (Singh et al., 2012), as well as 

heterodimers with CB1 (Callén et al., 2012), GPR55 (Moreno et al., 2014), 5-HT1A 

serotonin receptor (Pazos et al., 2013), CXCR4 chemokine receptor (Coke et al., 2016) 

and human epidermal growth factor receptor 2 (HER2) (Blasco-Benito et al., 2019), 

contributing to the phenomenon known as “biased signalling’’ or “functional selectivity’’.  

Other cannabinoid receptors 

As mentioned above, in addition to CB1 and CB2 canonical cannabinoid receptors, non-

canonical receptors include other GPCRs, ion channels and nuclear hormone receptors 

(Pertwee, 2015). This variability shows the emerging complexity that involves this 

communication system.  

Regarding GPCRs, we may distinguish three orphan GPCRs: GPR55, GPR18 and 

GPR119. The main endogenous ligand of GPR55 is a PI-derivative known as 

lysophosphatidylinositol (LPI) (Oka et al., 2009); GPR55 has been shown to display G-

protein coupling promiscuity, since it can associate with G12, G13 and Gq. Downstream 



INTRODUCTION 

 

46 
 

signalling cascades mainly include an increase of cytosolic Ca2+ levels and activation of 

monomeric G proteins such as Ras homolog family member A (RhoA), cell division 

control protein 42 homolog (Cdc42) and Ras-related C3 botulinum toxin substrate 1 

(Rac1), involved in actin dynamics (Lauckner et al., 2008; Ryberg et al., 2007). N-

arachidonoylglycine (NAGly), an oxidized metabolite of the endocannabinoid N-

arachidonoylethanolamine (anandamide, AEA) (Bradshaw et al., 2009) is proposed as 

the main endogenous ligand for GPR18 (Kohno et al., 2006). Lastly, N-

oleoylethanolamine (Overton et al., 2006) and 2-oleoylglycerol (Hansen et al., 2011), 

analogs of the endocannabinoids AEA and 2-AG, respectively, have been proposed to be 

GPR119 ligands. Although intracellular cascades and cell functions are less studied, 

evidence shows that GPR18 couples Gi/o and Gq (Console-Bram et al., 2014), while 

GPR119 couples Gs (Godlewski et al., 2009). Therefore, the strong link between these 

GPCRs with endocannabinoid-like molecules is clear. In addition, several studies suggest 

that specific phytocannabinoids or synthetic cannabinoids could also bind these 

receptors, although some results are still controversial and must be confirmed by further 

studies (Alexander, 2015).  

Among ion channels, there is evidence for certain transient receptor potential channels 

(TRPs), mainly TRPV1-TRPV4, TRPA1 and TRPM8, to be regulated by several 

cannabinoids (De Petrocellis et al., 2011; Muller et al., 2019). Responses associated with 

TRP channel activation typically lead to an increase of cytosolic Ca2+ levels, which trigger 

different signalling pathways involved in somatosensory sensations (De Petrocellis et al., 

2011). Although less characterized, certain cannabinoids also modulate other ion 

channels, including ligand-gated ion channels (such as 5-HT3 receptors) as well as 

voltage-gated Ca²⁺ and K⁺ channels (Pertwee, 2015). 

Additionally, cannabinoids can modulate nuclear hormone receptors, particularly 

PPARs (Pistis & Melis, 2010). Upon ligand activation, PPARs form heterodimers with 

retinoid X receptors (RXR) and become transcription factors that regulate target genes 

related to lipid metabolism, glucose homeostasis, cell differentiation or inflammation 

(Mirza et al., 2019). Certain cannabinoids are able to activate mainly PPARα and PPARγ, 

an activation that has been related to anti-inflammatory effects (O’Sullivan, 2016).   

2.1.2. Endocannabinoids and their metabolism 

Endocannabinoids, identified after the discovery of CB1 and CB2 receptors, are small 

lipids defined as the endogenous ligands for cannabinoid receptors. The most relevant 

and best-studied endocannabinoids include AEA and 2-AG, which are analogs of 

arachidonic acid (AA), a long-chain polyunsaturated fatty acid (Fezza & Maccarrone, 
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2014) (Figure I11). In the CNS, AEA levels are relatively low (Bisogno et al., 1999), 

whereas 2-AG is more abundant (Fezza & Maccarrone, 2014). AEA is a CB1 partial agonist 

and a weak CB2 partial agonist; in contrast, 2-AG is a CB1 and CB2 full agonist (Howlett 

et al., 2002; Pertwee et al., 2010), thus being proposed as the main endogenous agonist 

for both receptors. Based on differences in endogenous concentrations and receptor 

binding properties, both endocannabinoids can exert distinct effects. Although less 

studied, there are other AA analogs that are also considered endocannabinoids, including 

2-arachidonoylglycerylether (noladin ether), O-arachidonoylethanolamine 

(virodhamine) and N-arachidonoyldopamine (NADA) (Zoerner et al., 2011).  

Interestingly, endocannabinoids are typically accompanied in a physiological context by 

structurally similar compounds, the so-called endocannabinoids-like compounds. The 

best known are chemically related to AEA; these are the N-acyl ethanolamines of palmitic 

(N-palmitoylethanolamine, PEA), oleic (N-oleoylethanolamine, OEA) and stearic acid 

(N-stearoylethanolamine, SEA). 2-AG has also some structurally similar compounds, 

such as 2-palmitoylglycerol (2-PG) and 2-oleoylglycerol (2-OG) (Murataeva et al., 2016). 

The majority of these molecules have no affinity for cannabinoids receptors. However, 

they are able to modulate endocannabinoid action, since they share some metabolic 

enzymes (Di Marzo & Piscitelli, 2015).   

Differently from classical neurotransmitters, endocannabinoids are produced and 

released de novo and “on-demand’’ rather than stored in secretory vesicles. Specifically, 

they are synthesized from cell membrane phospholipids in response to specific stimuli, 

which normally trigger an elevation of intracellular Ca2+ levels, and are immediately 

released extracellularly to act at nearby cell receptors (paracrine action) (Sugiura, 2008).  

Main pathway of 2-AG biosynthesis engages sequential action of PLC and DAGL (Figure 

I9). First, PLC hydrolyzes membrane PI to generate the intermediate DAG. 

Subsequently, DAGL converts DAG to 2-AG (Bisogno et al., 2005). Alternative 

biosynthetic pathways have been proposed, but they only act under certain 

Anandamide (AEA) 2-arachidonoylglycerol (2-AG) 

Figure I11. Chemical structures of endocannabinoids, anandamide (AEA) and 2-
arachidonoylglycerol (2-AG). 
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circumstances (Piomelli, 2003). AEA biosynthesis is much more complex, because it 

involves multiple enzymes and there are several alternative pathways, even in a Ca2+-

independent manner (Piomelli, 2003). Main pathway engages sequential action of NAT 

and NAPE-PLD (Figure I9). First, NAT produces the intermediate NAPE from 

membrane PE, and then NAPE-PLD hydrolyzes NAPE to AEA (Di Marzo et al., 1994).  

Both endocannabinoids are immediately released to the extracellular space upon 

synthesis, and exert their biological function mainly throughout CB1 or CB2 receptors 

located in cells that are in the vicinity, although other cannabinoid receptors can be also 

activated. As any other endogenous mediators, they require mechanisms for their rapid 

removal from their molecular targets. This signal termination involves a two-step 

process: (1) removal from the extracellular space by membrane trafficking followed by 

(2) intracellular hydrolysis by catabolic enzymes or oxidation (biotransformation).  

The internalization process across the plasma membrane is still controversial.  A variety 

of mechanisms have been proposed, including: (1) passive diffusion across the plasma 

membrane, which is driven by an inward concentration gradient created by their 

immediate hydrolysis and facilitated by the hydrophobic nature of lipids (Kaczocha et 

al., 2006), (2) facilitated transport by lipid-carrier proteins, given existing evidence of 

pharmacological blockade of this process without affecting inactivation enzymes (Hillard 

et al., 1997) and (3) caveolae-dependent endocytosis (Rimmerman et al., 2008). There 

are numerous studies on AEA uptake, whereas few data on 2-AG are available. However, 

evidence is inconclusive, so further research is needed (Nicolussi & Gertsch, 2015). 

Once inside the cell, endocannabinoids can be processed by hydrolysis or oxidation. The 

two major serine hydrolases responsible for the hydrolysis and resulting inactivation of 

AEA and 2-AG are FAAH (Cravatt et al., 1996) and MAGL (Dinh et al., 2002), 

respectively. Two additional enzymes, α/β-hydrolase domain types 6 and 12 (ABHD6, 

ABHD12), have been shown to contribute to 2-AG hydrolysis (Navia-Paldaius et al., 

2012). In the brain, FAAH and ABHD6 expression is mainly localized in postsynaptic 

dendrites, MAGL in presynaptic axons and ABHD12 in microglial cells (Baggelaar et al., 

2017; Navia-Paldaius et al., 2012). Enzymatic hydrolysis of the AEA and 2-AG release AA 

and ethanolamine or glycerol, respectively.  

In addition, since both AEA and 2-AG contain AA as fatty acid, they can be susceptible 

to oxidative metabolism by lipoxygenases (LOX), cyclooxygenases (COX) and 

cytochrome P450 (CYP) oxidases. In contrast to hydrolysis, oxidation represents 

biotransformation rather than inactivation, since oxygenated derivatives (such as 

prostaglandins, prostamides and glycyl esters, among others) are biologically active, 
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Figure I12. Summary of the different routes for the synthesis and inactivation of 
the endocannabinoids. Enzymatic pathways for (A) AEA and (B) 2-AG, including their 
role as precursors for the synthesis of active oxygenated derivatives. Blue arrows indicate 
biosynthesis processes and red arrows indicate inactivation processes. 

 

although their physiological relevance must be still clarified (Guindon & Hohmann, 

2008; Zelasko et al., 2015).  

Figure I12 shows a schematic view of the aforementioned enzymatic pathways.  

  

 

 

 

 

 

 

 

 

 

 

2.1.3. Roles of the ECS 

The ECS controls an endless repertoire of physiological processes due to its wide 

expression throughout the body. The most important roles have been described in the 

CNS, but it also regulates multiple processes in different peripheral tissues, including the 

cardiovascular system, gastrointestinal tract, kidneys, pancreas, immune system, 

skeletal muscle, retina and ocular tissues, bone, reproductive system and skin, among 

others (Ligresti et al., 2016).  

Perhaps, the most important physiological role of the ECS in the CNS is the modulation 

of the synaptic transmission by the CB1 receptor, which ultimately maintains a correct 

homeostasis and integrity in cells and tissues. Briefly, the ECS exerts a protective role 

aimed at preserving synaptic homeostasis, attenuating both excessive neuronal 

excitation and inhibition (Castillo et al., 2012; Dudok et al., 2015) (see Box 5 for further 

information). This property has been recently extended to the CB2 receptor, although in 

a more restricted manner (Zhang et al., 2021).   

These homeostatic responses are involved in a great variety of neurobiological processes 

controlled by CNS regions in which the ECS is expressed. Interestingly, selectively 

enhancing or reducing cannabinoid signalling in these regions may serve as a potential 
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therapeutic approach to manage pathologies affecting these CNS regions and processes 

(Fernández-Ruiz et al., 2010) (Table I3). 

 

Box 5. The ECS as a modulatory system in the CNS 

The most important role of the ECS in the CNS is the modulation of the synaptic transmission 

by retrograde signalling (Figure I13A). Endocannabinoids can act as retrograde messengers 

and participate in both short- and long-term forms of synaptic plasticity, including 

depolarization-induced suppression of inhibition (DSI) (Willson & Nicoll, 2011) and excitation 

(DSE) (Kreitzer & Regehr, 2001), as well as forms of long-term depression (LTD) at both 

excitatory (Gerdeman et al., 2002) and inhibitory (Marsicano et al., 2002) currents. Briefly, 

postsynaptic depolarization elevates cytosolic Ca2+ levels and activates Ca2+-sensitive 

biosynthetic enzymes. Subsequently, endocannabinoids are immediately released to the 

synaptic cleft and move backwards across the synapse to bind mainly presynaptic CB1 

receptors closely located to the synaptic active zone, which triggers an intracellular signalling 

aimed at inducing a transient hyperpolarization of the presynaptic membrane and suppressing 

Ca2+-induced neurotransmitter release. Typically, short-term depression involves Gi βγ 

subunits, which inhibit Ca2+ influx and enhance K+ outflux. In contrast, long-term depression 

requires a reduction in AC and PKA activity modulated by Gαi. Whether this retrograde 

signalling is dependent on either or both 2-AG and AEA is controversial, but 2-AG seems to 

be the main endocannabinoid required (Castillo et al., 2012).   

However, synaptic transmission can be also modulated by non-retrograde or autocrine 

signalling, which involves AEA binding postsynaptic TRPV1 and CB1 receptors (Figure I13B) 

(Bacci et al., 2004; Grueter et al., 2010), as well as by neuron-astrocyte signalling (the so-

called “tripartite synapse’’), in which released endocannabinoids bind astrocytic CB1 receptor 

and trigger gliotransmission (Figure I13C) (Oliveira da Cruz et al., 2016). 

 

Figure I13. Modulation of the synaptic transmission by the ECS throughout (A) 
retrograde signalling, (B) non-retrograde signalling and (C) neuron-astrocyte signalling. 
Adapted from Castillo et al., 2012.  
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Table I3. Overview of CNS processes and regions in which the ECS and cannabinoid-
compounds may represent a novel therapeutic approach to combat related 
disorders. Adapted from Fernández-Ruiz et al., 2010. 

 

Regarding CB2 receptor roles in the CNS, it is expressed at low levels in physiological 

conditions. However, as already mentioned, its expression is enhanced in glial cells 

under certain pathological neuroinflammatory conditions (Fernández-Ruiz et al., 2007). 

CB2 receptors are upregulated in experimental models of neurodegeneration, including 

Huntington’s (Palazuelos et al., 2009; Sagredo et al., 2009), Alzheimer’s (López et al., 

2018) and Parkinson’s (Concannon et al., 2016; Gómez-Gálvez et al., 2016) diseases, as 

well as amyotrophic lateral sclerosis (Bilsland et al., 2006; Espejo-Porras et al., 2018). 

This upregulation is believed to be part of a protective system, since direct agonism of 

CB2 in these chronic neuroinflammatory contexts often yields neuroprotective effects 

(Fernández-Ruiz et al., 2007; Pacher & Mechoulam, 2011).  

For the purpose of this Doctoral Thesis, the focus will be on the therapeutic potential of 

the ECS and cannabinoid-related compounds in epilepsy in a following section, with 

special emphasis on the modulation of neuronal excitability and inflammation.  

CNS process CNS region 

Neurological 
disorders for the 

application of 
cannabinoids 

References 

Movement 
coordination 

and refinement 

Basal ganglia, motor 
cortex, cerebellum and 

spinal cord 

Huntington’s chorea, 
Tourette’s syndrome, 
Parkinson’s disease, 

dyskinesias 

Fernández-
Ruiz et al., 

2011 

Nociception 
Spinal and supraspinal 

structures 
Neuropathic pain 

Vučković et 
al., 2018 

Memory and 
learning 

Hippocampus 
Alzheimer’s disease, post-
traumatic stress syndrome 

Neumeister et 
al., 2015 

Higher cognitive 
functions 

Brain cortex and limbic 
system 

Addiction, psychiatric 
disorders 

Laviolette & 
Grace, 2006 

Emesis Area postrema 
Reduction of nausea and 

vomiting in cancer patients 
Parker et al., 

2011 

Sleep Hypothalamus Insomnia, somnolence 
Kesner & 

Lovinger,2020 

Appetite and 
food intake 

Hypothalamus and limbic 
system 

Obesity, anorexia/cachexia 
Tarragon & 

Moreno, 2019 

Stress and 
anxiety 

Amygdala and 
hypothalamus 

Anxiety, psychiatric 
disorders 

Sarris et al., 
2020 

Neuronal 
excitability 

Excitatory glutamatergic 
and inhibitory GABAergic 

neurons 
Epilepsy 

Rosenberg et 
al., 2015 

Neuronal 
survival 

Neuronal and glial 
subpopulations 

Acute brain damage, 
chronic neurodegenerative 

disorders 

Fernández-
Ruiz, 2019 
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2.2. Phytocannabinoids and related compounds 

Phytocannabinoids are predominantly produced in secretory cells inside glandular 

trichomes of C. sativa female flowers. It is a chemically complex plant due to the vast 

number of constituents and their possible interaction. Some of these constituents are 

produced through the primary metabolism (amino acids, fatty acids and steroids) 

whereas others represent secondary metabolites (phytocannabinoids, flavonoids, 

stilbenoids, terpenes, lignans and alkaloids) (Flores-Sanchez & Verpoorte, 2008). 

Cannabinol (CBN) was the first cannabinoid compound isolated and identified from C. 

sativa (Jacob y Todd, 1940). However, active research on phytocannabinoids started in 

the 1960s with the isolation and characterization of CBD (Mechoulam & Shvo, 1963) and 

Δ9-THC (Gaoni & Mechoulam, 1964), the two major constituents of the plant. To date, 

more than 100 have been identified in cannabis flowers, in relative concentrations 

depending on the plant variety and growth conditions. They represent a group of 

terpenophenolic lipophilic compounds with 21 carbons for neutral forms, 22 carbons for 

carboxylated forms (acids) and 19 carbons for varin-type derivatives. Although major 

phytocannabinoids in the plant are Δ9-THC and CBD, other minor compounds have also 

generated pharmaceutical interest in the last years, including Δ8-tetrahydrocannabinol 

(Δ8-THC), CBN, cannabigerol (CBG), cannabichromene (CBC), Δ9-

tetrahydrocannabivarin (Δ9-THCV), cannabivarin (CBV) and cannabidivarin (CBDV), as 

well as carboxylated precursors (ElSohly & Slade, 2005; Morales et al., 2017).  

Beyond the phytocannabinoids, secondary metabolism in C. sativa also yields other 

phytochemicals, including terpenes. However, in contrast to phytocannabinoids, the 

presence of these constituents is not restricted to C. sativa. Typically, they are aromatic 

volatile compounds responsible for the odor and flavor of the plant. They are produced 

in glandular trichomes of the plant and form its essential oil (EO), which fulfills an 

ecological role participating in communication and defense mechanisms (Gonçalves et 

al., 2020). To date, more than 120 have been identified in C. sativa, and some of them 

(including myrcene, terpinolene, ocimene, limonene, α-pinene, humulene, linalool, and 

β-caryophyllene) have generated great interest due to their extensive employability 

(Hanuš & Hod, 2020). In addition, several studies suggest the existence of a 

phytocannabinoids-terpenes synergistic effect, known as “entourage effect’’, which 

contributes to some of the beneficial effects attributed to this plant (Russo, 2011). 

Regarding this term, it is important to distinguish between “synergistic effect” and 

“additive effect”. Whereas the term “additive effect” refers to the sum of individual 
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effects, a “synergistic effect” refers to the fact that two or more compounds may produce 

a combined effect greater than their individual effects (García-Fuente et al., 2018).  

For the purpose of this Doctoral Thesis, the focus will be done on Δ9-THC, CBD and β-

caryophyllene (BCP) in the following sections (Figure I14).  

 

 

 

 

 

 

 

2.2.1. Δ9-tetrahydrocannabinol 

Δ9-THC is the major component of C. sativa and the main responsible for its 

psychotropic effects. It is classified as a partial agonist for both CB1 and CB2 receptors 

(Howlett et al., 2002; Pertwee et al., 2010). Stimulation of the CB1 receptor produces 

most of its central effects, including the well-known tetrad of effects triggered by 

cannabis: suppression of locomotor activity, hypothermia, catalepsy and antinociception 

(Martin et al., 1991). In contrast, stimulation of the CB2 receptor is associated with pain 

relief and anti-inflammatory effects (Pacher & Mechoulam, 2011).  

Additionally, it has been shown to activate orphan receptors (GPR18 and GPR55), TRP 

channels (TRPV2 and TRPA1) and glycine receptors, and to inhibit serotonin 5-HT3A 

(Howlett et al., 2002; Pertwee et al., 2010). However, these targets have been validated 

in vitro at micromolar concentrations; taking into account that only low doses of Δ9-THC 

are tolerated in a clinical setting due to psychotropic effects, it remains unclear whether 

these targets may play a role in a physiological context.  

Δ9-THC acting on CB1/CB2 receptors has shown to exert beneficial effects on analgesia, 

appetite, nociception, inflammation, neuronal excitability and neuronal survival, among 

others, thus presenting therapeutic applications in different disorders (Fernández-Ruiz 

et al., 2020). However, these applications are still limited and hardly translational into 

clinics, since CB1 receptor stimulation is not only responsible for some of these beneficial 

properties, but also for the undesirable psychotropic effect (Ligresti et al., 2016).  

Δ9-THC CBD BCP 

Figure I14 Chemical structures of the phytocannabinoids Δ9-THC and CBD and 
the terpene BCP. 
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2.2.2. Cannabidiol 

CBD is the major non-psychotropic constituent of C. sativa, showing an almost negligible 

affinity for CB1 and CB2 receptors (Howlett et al., 2002; Pertwee et al., 2010). However, 

some studies have shown that under certain circumstances CBD is able to behave as a 

negative allosteric modulator of both CB1 (Lapraire et al., 2015) and CB2 receptors 

(Martínez-Pinilla et al., 2017). 

CBD pharmacology is much more complex compared to Δ9-THC, with multiple targets 

other than CB1/CB2 receptors. CBD has been found to activate GPR18, PPARγ, glycine 

and serotonin 5-HT1A receptors, as well as TRP channels (TRPV1, TRPV2 and TRPA1), 

and to inhibit GPR55 receptors (Howlett et al., 2002; Pertwee et al., 2010), among 

others. Moreover, the presence of two hydroxyl groups and a benzene ring in its chemical 

structure (Figure I14) is believed to endow CBD with a potent antioxidant profile, even 

more than common antioxidants such as vitamin C or α-tocopherol (Atalay et al., 2020).  

This wide array of molecular targets allows its potential use in different disorders, since 

CBD has shown to exert beneficial effects on analgesia, appetite, stress, nociception, 

inflammation, neuronal excitability, oxidative stress and neuronal survival, among 

others. In addition, the lack of psychotropic effects gives rise to a favorable benefit-to-

risk ratio. Therefore, the potential therapeutic use of CBD is being widely investigated 

(Ligresti et al., 2016; Pisanti et al., 2017). 

2.2.3. β-caryophyllene 

BCP is a volatile bicyclic sesquiterpene abundantly found in the EOs (about 35%) of C. 

Sativa. In addition, it has been encountered in more than a thousand plants, including 

dietary plants and spices such as oregano (Origanum vulgare), cinnamon 

(Cinnamomum spp.) and black pepper (Piper nigrum), among others. Interestingly, it is 

widely used in food and cosmetics, since it has been designated as “generally recognized 

as safe’’ and approved by European and American regulatory agencies as a food additive 

and flavoring agent. It shows similarities with phytocannabinoids regarding 

pharmacological properties and chemical structure; therefore, BCP is typically termed as 

“dietary phytocannabinoid’’ (Sharma et al., 2016). 

BCP was first described as a full and selective agonist with a strong affinity to CB2 

receptors (Gertsch et al., 2008). Further studies revealed that it is also able to activate 

PPARα/γ and μ-opioid receptors, and to inhibit homomeric nicotinic acetylcholine 

receptors (α7-nAChRs) and the toll-like receptor complex (CD14/TLR4/MD2) (Sharma 
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et al., 2016). This polypharmacology allows BCP to exert multiple pharmacological 

activities, showing antioxidant, anti-inflammatory, anticonvulsant, analgesic and 

neuroprotective properties, among others. Similar to CBD, BCP is devoid of the 

psychotropic adverse effects associated with CB1 stimulation, which, together with its 

pharmacological properties, makes BCP a novel candidate for a wide variety of 

therapeutic applications (Gonçalves et al., 2020; Sharma et al., 2016). Moreover, 

evidence suggests that under certain circumstances BCP can act synergistically with both 

Δ9-THC and CBD, taking part in the so-called “entourage effect’’ (Russo, 2011).  

3. CANNABINOIDS, PEDIATRIC EPILEPSY AND DRAVET 

SYNDROME 

3.1. The endogenous cannabinoid system in epilepsy 

The ECS is considered a promising target for the treatment of epilepsy, since one of its 

main functions is acting as an on-demand mechanism protecting the brain against 

hyperexcitability, inflammation and oxidative stress. As explained above, these three 

events represent a pathogenic triad that contributes to epilepsy progression (Box 2). 

Therefore, modulating this triad represents a novel therapeutic approach, and the use of 

compounds that - directly or indirectly - target the ECS could represent a promising 

therapeutic strategy to treat epilepsy and related comorbidities.  

3.1.1. ECS, cannabinoids and epilepsy: excitotoxicity and hyperexcitability   

During an epileptic seizure, an excess of glutamate is released from presynaptic terminals 

to the synaptic cleft, which triggers brain hyperexcitability (Box 2). In this context, 

presynaptic CB1 receptors can be activated and exert a negative feedback mechanism 

aimed at decreasing the release of excessive glutamate and further neuronal 

hyperexcitability (Marsicano et al., 2003) (Box 5).  However, this signalling is much 

more complex, since depending on the type of synapse where CB1 receptor is expressed, 

its activation might result in totally opposite effects (Figure I15). 

CB1 receptor is expressed in both GABAergic and glutamatergic axon terminals. Although 

its density in glutamatergic synapses is much lower, several findings suggest that the ECS 

plays a more effective role in excitatory synapses, thus explaining the protection against 

epileptiform seizures exerted by this signalling system (Figure I15) (Dudok et al., 2015; 

Marsicano et al., 2003; Steindel et al., 2013). It can be explained by attending to the so-

called “biased signalling’’ or “functional selectivity’’ phenomenon that has been 

mentioned in previous sections.  
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Likewise, several studies have described an increased production of endocannabinoid 

levels after an epileptic seizure, which may represent an acute protective response (De 

Petrocellis et al., 2011). Regarding CB1 receptor expression, examination of postmortem 

human epileptic brains has revealed that it is decreased in glutamatergic terminals, 

whereas it is increased in GABAergic ones, which confirm the long-term tendency 

towards neuronal hyperexcitability (Soltesz et al., 2015). To date, there is no data 

available regarding the specific implication of CB1 receptor in DS; therefore, further 

research is needed. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.2. ECS, cannabinoids and epilepsy: inflammation   

As mentioned in previous sections, prolonged seizures and persistent hyperexcitability 

often lead to the activation of astrocytes and microglia, as well as to the generation of 

inflammatory events within the CNS (Box 2). Regarding these processes, it is widely 

accepted that cannabinoids exert potent anti-inflammatory effects by (1) reducing the 

release of cytotoxic factors by reactive glial cells and (2) increasing the production 

(mainly by astrocytes) of prosurvival molecules (Fernández-Ruiz et al., 2010).  

✗ 
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Figure I15. Dichotomy of CB1 receptor activation on seizure activity. (A) CB1 
activation in glutamatergic terminals is anticonvulsant, whereas (B) CB1 activation in 
GABAergic terminals is proconvulsant.  
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Even though CB1 receptor, as well as PPARγ, have been involved in some of these anti-

inflammatory effects of cannabinoids, the most solid evidence is related to CB2 receptor 

activation (Turcotte et al., 2016). In contrast to CB1, the role of CB2 receptor in epilepsy 

has received much less attention. Although there is a limited number of studies, it is 

proposed that CB2 receptor promotes protection against epilepsy. In this sense, a 

reduction in CB2 receptor activity has been shown to increase seizure susceptibility in 

mice (Shapiro et al., 2019). Moreover, its expression has proven to be upregulated on 

mouse hippocampal neurons following status epilepticus (Wu & Wang, 2018), suggesting 

that CB2 receptor may play a protective role following seizures, as it occurs in a wide 

variety of neurological disorders (Navarro et al., 2016). Interestingly, and together with 

some inflammatory markers, this receptor has been found to be upregulated in 

lymphocytes of DS patients (Rubio et al., 2016). Therefore, it is proposed that in an 

epileptogenic context like DS, where inflammation plays a key role in the neurobiology 

of the disorder, CB2 receptor can behave as a protective response aimed at counteracting 

this inflammatory state.  

3.1.3. ECS, cannabinoids and epilepsy: oxidative stress   

Seizures also trigger the accumulation of ROS and RNS, which can damage proteins, 

DNA and membrane lipids (Box 2). When these toxic products are overproduced, 

endogenous antioxidant mechanisms are not able to maintain a proper homeostasis, 

which eventually leads to oxidative stress (Borowicz-Reutt & Czuczwar, 2020). 

In this context, some cannabinoids (including Δ9-THC, CBD and BCP) contain certain 

groups in their chemical structures that allow them to exert antioxidant effects. This 

potential seems to be cannabinoid receptor-independent, possibly by mere radical 

scavenging. However, these effects may be also exerted by the regulation of several 

intracellular signals related to the expression/function of antioxidant mechanisms, such 

as nrf-2 and phase II antioxidant enzymes (Pazos et al., 2008).  

3.2. Cannabinoids for the treatment of epilepsy 

C. sativa plant has been used as a potential treatment for drug-resistant epilepsy for 

many thousands of years. The earliest documented uses were found in an Ancient 

Sumerian tablet of 1800 B.C. and in an Arabic document of the 12th century (Lozano, 

2001; Russo et al., 2008). In Europe, the first evidence was described by the physician 

William O’Shaughnessy in 1843, who reported successful treatment of seizures using 

cannabis in childhood epilepsy (O’Shaughnessy, 1843). This idea was supported by other 

physicians of that time, including the prominent neurologist Sir John Russel Reynolds, 
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who was Queen Victoria’s personal physician (Reynolds, 1868). With the isolation of 

major phytocannabinoids and the discovery of the ECS in the 20th century, 

investigations in this field started to increase (Mechoulam et al., 2014).  

Δ9-THC was the first phytocannabinoid to be assessed for its anticonvulsant potential. 

However, some case reports and multiple animal studies have shown that it can exert 

either anticonvulsant or proconvulsant effects (Rosenberg et al., 2015). These opposite 

actions can be explained attending to the location of CB1 receptor, which is proposed as 

the main molecular target of Δ9-THC in these studies. In addition, as already mentioned 

in previous sections, CB1 receptor activation can trigger undesirable psychotropic effects; 

this issue should be carefully considered in the case of infantile or adolescence 

population, since there are no longitudinal studies assessing the long-term consequences 

of a treatment with Δ9-THC at early ages. Hence, it is generally recognized that Δ9-THC 

therapeutic potential is hardly limited in these patients (Hofmann & Frazier, 2013; 

Sagredo et al., 2018). Potential obstacles regarding Δ9-THC administration led to some 

researchers starting to look at CBD as an antiseizure treatment, a highly active field that 

will be independently addressed in the following section.  

3.2.1. Cannabidiol in DS and other pediatric epilepsies 

Interestingly, the anticonvulsant properties were one of the first effects attributed to CBD 

(Carlini et al., 1973; Cunha et al., 1980; Mechoulam & Carlini, 1978). Moreover, there is 

an accumulation of preclinical evidence suggesting anticonvulsant effects of CBD in 

various in vitro and in vivo experimental models of epilepsy (Devinsky et al., 2014; Jones 

et al., 2010, 2012; Shirazi-zand et al., 2013). In the clinical setting, and focusing on 

treatment-resistant pediatric epilepsies, CBD is reporting great benefits, not only in 

attenuating seizures, but also regarding the long-term outcome that is typically 

deteriorated in these patients (Scheffer et al., 2021).  

Case reports and clinical data 

Thanks to an increased legal availability of medical cannabis in some USA states, and to 

an easy information transfer via social media platforms, some years ago several parents 

started to administer CBD-enriched cannabis preparations to their children with severe 

forms of pediatric epilepsies (Porter & Jacobson, 2013). Perhaps, the most noteworthy 

example of this promising anticonvulsant potential is represented by Charlotte Figi, a 

small girl from Colorado who was affected by an intractable form of DS. Her parents 

started to administer to her a cannabis oil derived from a particular cannabis strain (now 

named as “Charlotte’s Web’’) with a high CBD:Δ9-THC ratio, and her seizure frequency 
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reduced from nearly 50 generalized tonic-clonic seizures per day to 2-3 nocturnal 

seizures per month (Maa & Figi, 2014).  

Almost at the same time, a group of parents of 19 children affected by treatment-resistant 

pediatric epilepsies (including mainly DS, but also LGS and Doose syndrome, among 

others), started to use similar cannabis preparations and shared their positive 

experiences in social media. A follow-up survey collected these data, and 16 (84%) of the 

19 parents reported a reduction in seizure frequency (Porter & Jacobson, 2013). Soon 

afterwards, another follow-up survey collected data from a larger cohort, which also 

included children with West syndrome, and reported similar results (Press et al., 2015).  

This remarkable success in case reports (Devinsky et al., 2014; Jones et al., 2010, 2012; 

Shirazi-zand et al., 2013), stimulated the British company GW Pharmaceuticals to 

produce an oral liquid formulation of pharmaceutical-grade 99% pure CBD in 

strawberry-flavored sesame oil, which is currently known under the brand name of 

Epidyolex® (Epidiolex® in the USA). In this setting, Epidyolex® obtained the orphan 

drug designation in 2013 (US Food and Drug Administration, FDA) and 2014 (European 

Medicines Agency, EMA). Thanks to this designation, five randomized, multi-center, 

double-blinded and placebo-controlled pivotal trials using CBD have been performed in 

three pediatric epilepsies, including patients with DS (Devinsky et al., 2017; Miller et al., 

2020), LGS (Devinsky et al., 2018; Thiele et al., 2018), and epilepsy associated with 

tuberous sclerosis complex (TSC) (Thiele et al., 2019). The median percent reduction in 

seizure frequency in each of these five trials is shown in Figure I16.  

Based on these positive results, it received the FDA authorization as a co-adjuvant 

treatment for seizures in LGS and DS in June 2018, and the EMA approval as a co-

adjuvant treatment (specifically with clobazam) in September 2019. For both disorders, 

it is approved only for patients aged ≥ 2 years. In August 2020, it received FDA approval 

for the treatment of seizures associated with TSC. Moreover, taking into account its 

anticonvulsant profile in the preclinical setting, as well as some additional preliminary 

reports, CBD is likely to be effective in other epileptic syndromes, including focal epilepsy 

or Doose syndrome, among others (Franco & Perucca, 2019). 

Importantly, its safety profile is mostly favorable, having demonstrated good tolerability 

during the clinical development; reported adverse effects are mild or moderate, including 

somnolence, decreased appetite, vomiting or fatigue, among others. However, increases 

in liver transaminases were detected in some cases (8% of patients for the dose of 10 

mg/kg/day and 16% of patients for the dose of 20 mg/kg/day) (Devinsky et al., 2017, 

2018; Miller et al., 2020; Thiele et al., 2018, 2019); therefore, according to the full 
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prescribing information provided by GW Pharmaceuticals, transaminases should be 

measured before, during and after treatment with the purpose of avoiding hepatic 

impairment, specially in those patients taking a dose of 20 mg/kg/day (Franco & 

Perucca, 2019). 

Proposed molecular mechanisms for cannabidiol in epilepsy 

As mentioned, the anticonvulsant profile of CBD is well-documented in a wide variety of 

experimental paradigms. However, since the pharmacodynamics profile of CBD is 

extremely complex, its anticonvulsant mechanisms of action are not fully understood. 

Although further research is needed, it is proposed that CBD might exert a cumulative 

anticonvulsant effect through the modulation of several endogenous systems (Franco & 

Perucca, 2019; Gray & Whalley, 2020) (Figure I17). 

Within the ECS, CBD has little affinity to CB1/2 canonical receptors. However, it has been 

suggested to indirectly modulate the ECS by blocking the uptake of the endocannabinoid 

anandamide, as well as by inhibiting its hydrolysis by FAAH (Bisogno et al., 2001; 

Leweke et al., 2012). In this way, CBD is proposed to increase endocannabinoid levels, 

which has proven to be protective against seizures, as aforementioned (De Petrocellis et 

al., 2011). Moreover, it antagonizes the non-canonical cannabinoid receptor GPR55, 

DS LGS TSC 

Figure I16. Reduction in seizure frequency in each of the five trials of CBD. Median 
percent reduction in seizure frequency in patients with DS (Devinsky et al., 2017; Miller et al., 
2020), LGS (Devinsky et al., 2018; Thiele et al., 2018), and epilepsy associated with TSC 
(Thiele et al., 2019). Seizure frequency refers to convulsive seizures for DS patients, drop 
seizures for LGS patients, and focal and generalized seizures for TSC patients. Taken from 
Franco et al., 2021. 
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which inhibits intracellular calcium release and specifically decreases excitatory currents 

(Kaplan et al., 2017).    

There are other pharmacological mechanisms that are not directly mediated by the 

endocannabinoid system. On the one hand, CBD has been shown to desensitize TRPV1 

channels, which triggers a decrease in extracellular calcium influx in excitatory terminals 

and decreases excitatory neurotransmission. Consistent with this effect, the 

anticonvulsant effects of CBD are attenuated in TRPV1 knock-out mice (Gray et al., 

2020). On the other hand, CBD inhibits equilibrative nucleoside transporters (ENT-1), 

thus reducing adenosine reuptake (Nichol et al., 2019); this increase in extracellular 

adenosine levels has proven to reduce hyperexcitability and excitatory transmission 

through adenosine A1 receptor signalling (Fredholm et al., 2005; Gray & Whalley, 2020). 
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Figure I17. Proposed mechanisms of action for CBD in glutamate excitotoxicity 
and epilepsy. Effects on (1) FAAH enzyme, (2) TRPV1 channels, (3) GPR55 receptor and (4) 
ENT-1 transporter. Adapted from Gray & Whalley, 2020. 
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Although less studied, other CBD mechanisms involved in its anticonvulsant activity may 

include the activation of 5-HT1A serotonergic receptors, μ-opioid receptors and inhibitory 

glycine-receptors (dos Santos et al., 2015; Franco & Perucca, 2019; Silvestro et al., 2019). 

Apart from the effects of CBD against the hyperexcitability typically occurring during 

seizure activity, its effects against oxidative stress and neuroinflammation may also 

contribute to attenuate the overall pathogenic process (Box 2) (Ligresti et al., 2016; 

Pisanti et al., 2017), which may be beneficial to improve the overall outcome and long-

term associated comorbidities.  

Another noteworthy mechanism by which CBD improves seizure control is the elevation 

of plasma concentrations of other anticonvulsants which are concurrently administered. 

In this sense, the best documented drug-drug interaction has been reported for the 

concomitant use of clobazam and CBD, with an approximately three-fold increase in 

plasma levels of N-desmethylclobazam, the active metabolite of clobazam (Devinsky et 

al., 2019; Geffrey et al., 2015). Several studies suggest that this interaction is due to the 

fact that CBD, at clinically relevant concentrations, is a potent inhibitor of the CYP2C19 

enzyme, which is the primary CYP isoform involved in N-desmethylclobazam clearance 

(Gaston et al., 2017; Geffrey et al., 2015). Although few data are still available regarding 

CBD interaction with other anticonvulsants beyond clobazam, drug-drug interactions 

have been also proposed for topiramate (Gaston et al., 2017) and stiripentol (Ben-

Menachem et al., 2020). Therefore, the influence of CBD on the pharmacokinetics of 

other concomitantly administered drugs should be taken into account with the purpose 

of considering dosing adjustments (Franco & Perucca, 2019). 

3.2.2. β-caryophyllene as a novel anticonvulsant agent 

Recent accumulating evidence indicates that BCP is a promising therapeutic agent in 

several experimental paradigms, including epilepsy (da Fonseca et al., 2019; Gonçalves 

et al., 2020; Sharma et al., 2016). In this sense, BCP has been shown to exert 

anticonvulsant activity in acute seizure models in mice (Table I4).   

Interestingly, apart from this anticonvulsant effect, BCP has shown a potent anti-

inflammatory and antioxidant profile in a wide variety of experimental paradigms, 

including neurodegenerative disorders such as Alzheimer’s or Parkinson’s, cerebral 

ischemia, depression and anxiety, neuropathic pain, rheumatoid arthritis and 

gastrointestinal disorders such as ulcerative colitis or peptic ulcer (Machado et al., 2018; 

Scandiffio et al., 2020). These three properties (anticonvulsant, anti-inflammatory and 

antioxidant) might constitute a promising therapeutic potential against the overall 
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pathogenic process and long-term comorbidities, i.e., being disease-modifying, which 

would represent a major therapeutic advance for epilepsy, including DS. 

Table I4. Effects of BCP on epilepsy and acute seizures.  

Experimental 
conditions 

Effects Reference 

KA-induced seizures 
BCP: 30 or 60 mg/kg  

Reduction of: mortality by 50%, seizure 
activity score and severity, lipid 
peroxidation, oxidative stress markers 
and pro-inflammatory cytokines. 

Liu et al., 2015 

PTZ-induced seizures 
BCP: 10, 30 or 100 
mg/kg 

Reduction of seizure activity score and 
severity.  
Improved performance in the novel 
object recognition test.  

de Oliveira et al., 2016 

PTZ-induced seizures 
KA-induced seizures 
BCP: 10, 30, 50 or 100 
mg/kg 

Reduction of: seizure activity score and 
severity, lipid peroxidation and oxidative 
stress markers. 
Improved performance in the Morris 
water maze test. 

Tchekalarova et al., 2018 

 

BCP is proposed to exert its beneficial effects through CB2 receptor activation (Gertsch 

et al., 2008), which is tightly related to its anti-inflammatory and antioxidant effects. In 

addition, other targets, specially PPARγ receptors and the TLR4 complex, might be of 

interest (Sharma et al., 2016). However, it remains unknown the specific action 

mechanisms through which BCP exerts its beneficial effects in epilepsy, since available 

studies do not assess this issue (de Oliveira et al., 2016; Liu et al., 2015; Tchekalarova et 

al., 2018). 

As mentioned, there is evidence that suggests that BCP can act synergistically with both 

Δ9-THC and CBD, taking part in the so-called “entourage effect’’ (Russo, 2011). In the 

context of epilepsy, this effect could be enormously interesting, since BCP - apart from 

being beneficial by itself - could potentiate CBD effects, thus enabling a better 

pharmaceutical management.  
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As mentioned in the Introduction, around 30% of DS patients remain refractory to 

currently available drugs, thus making it essential the search for additional treatments. 

Apart from epileptic activity, DS progression is also characterized by a wide range of 

behavioral comorbidities; therefore, not only anticonvulsant, but also disease-modifying 

therapeutic approaches, must be considered. In this context, some cannabinoids have 

been pointed out as promising drugs for the treatment of DS and other pediatric epileptic 

encephalopathies. In addition to anticonvulsant properties, these compounds have been 

demonstrated to exert therapeutic effects against oxidative stress and 

neuroinflammation, which may be beneficial against associated comorbidities. Our 

hypothesis is that a cannabinoid-based treatment may represent a promising 

therapeutic option to modulate pathogenic mechanisms beyond epileptic activity and 

modulate DS progression.  

In this context, the global aim of this Doctoral Thesis is to deepen the knowledge and 

validate the therapeutic potential of cannabinoids in DS. This general objective was 

divided into 3 specific aims, which are represented in this Doctoral Thesis as 3 different 

chapters: 

1. Neuropathological characterization of a novel DS mouse model.  

In order to perform long-term studies focused on disease-modifying therapies, we first 

characterized a novel Scn1a-A1783V mouse model of DS which is particularly useful to 

investigate the effect of cannabinoids against disease progression. To this end, we 

initially focused on evaluating survival, seizure susceptibility and associated 

comorbidities at different postnatal stages. Then, we determined the contribution of 

different neuropathological processes to DS progression using biochemical and 

histological tools.   

2. Analysis of BCP as an anticonvulsant and disease-modifying agent in DS. 

The Scn1a-A1783V mouse model previously characterized in Chapter 1 was used to 

evaluate the therapeutic potential of BCP in DS. In a first study, the anticonvulsant 

profile of an acute dose of BCP in modulating PTZ-induced seizures was evaluated. In a 

second study, we assessed its disease-modifying potential by subjecting animals to a 

chronic pharmacological treatment. In both paradigms, its anti-inflammatory potential 

was also evaluated.  
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3. Evaluation of the effectiveness of a combination of BCP and CBD as a 

potential therapeutic approach in DS.  

To this aim, we used both the BV2 microglial cell line and the Scn1a-A1783V mouse 

model. In these two experimental models, we evaluated the therapeutic potential of the 

combination of BCP and CBD, as well as each compound alone, with the main goal of 

assessing whether the combination of these compounds may exert additional effective 

responses. Likewise, there was a special focus on anti-inflammatory effects.  
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1. IN VIVO ANALYSIS 

1.1. Animals and genotyping 

As mentioned in the Introduction, a conditional knock-in mouse model of DS with Scn1a 

haploinsufficiency was used for the three objectives of this Doctoral Thesis. Specifically, 

DS was modeled in a C57BL/6J background by expressing a loss-of-function missense 

mutation (A1783V) in the Scn1a gene conditionally expressed in neuronal cells, using the 

Cre-loxP system. Box 6 shows an overview of the genetic construct of these conditional 

mice.  

 

To this end, breeding colonies of the parental lines B6(Cg)-Scn1atm1.1Dsf/J (stock no. 

026133) and B6.Cg-Tg(Syn1-cre)671Jxm/J (stock no. 003966) were generated based on 

breeding pairs purchased from The Jackson Laboratory (Bar Harbor, ME, USA). 

Conditional heterozygous knock-in males with a floxed Scn1a (A1783V mutation) were 

crossed with females hemizygous for Cre recombinase (under the control of the neuronal 

synapsin 1 (Syn1) promoter), giving rise to four offspring experimental groups as detailed 

in Table M1.  

Box 6. Genetics of B6(Cg)-Scn1atm1.1Dsf/J mice 

In these mice, one of the Scn1a alleles contains a wild-type Scn1a exon 26 and a STOP signal, 

both flanked by Cre-recognition sequences (loxP sites). This construct is followed by a 

humanized mutated Scn1a exon 26 containing a C to T change at nucleotide 5348, which will 

be incorporated in the mature mRNA expressed from this allele. As a result, the amino acid at 

position 1783 (located in the domain IV S6 transmembrane region of the protein NaV1.1) will 

change from an alanine to a valine (Figure M1). Therefore, under normal conditions, mice will 

produce the normal protein NaV1.1. However, when these animals express Cre recombinase, 

this enzyme will be capable of removing the loxP flanked region and express one mutant Scn1a 

copy.   

 

 

 

 

 

 

B6(Cg)-Scn1a
tm1.1Dsf

/J (stock no. 026133) 

Exon 25 Exon 26 Exon 26* STOP 

Exon 25 Exon 26* 

Cre-mediated scission 
5348 C>T 

5348 C>T 

Figure M1. Construct design strategy in B6(Cg)-Scn1a
tm1.1Dsf

/J mice. Exon 26 red 
asterisk makes reference to the mutation resulting in a C to T change at nucleotide 5348.  

Scn1a gene (Chr2): 
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Table M1. F1 offspring generation of experimental groups upon Cre-mediated 
recombination. 
 

Experimental group 
Scn1a missense 

mutation 
Syn1-Cre 

recombinase 
Mutated allele 

Scn1aWT/WT - - - 

Syn1-Cre/Scn1aWT/WT - + - 

Scn1aWT/A1783V + - - 

Syn1-Cre/Scn1aWT/A1783V + + + 

Mice carrying the mutated allele (Syn1-Cre/Scn1aWT/A1783V) express the A1783V mutation 

in neuronal cells expressing Syn1 and will manifest a DS-like phenotype, whereas the 

other three groups not carrying the mutation will be considered control groups. 

During experiments, mice were housed in a climate-controlled animal room (21 ± 2°C 

temperature, 60% humidity) under a controlled photoperiod of 08:00 -20:00 light, with 

standard chow and water ad libitum. All experiments were conducted according to 

national and European guidelines (RD 53/2013 and directive 2010/63/EU, respectively), 

and were approved by the Ethical Committee for Animal Welfare of the Complutense 

University and the “Comunidad de Madrid” (ref. PROEX 033/17). All possible efforts 

were made to minimize animal pain and discomfort, as well as to reduce the number of 

experimental subjects. In all experimental procedures, both males and females were 

included at similar proportions, given that the incidence and degree of affectation of DS 

are similar in both genders (Skluzacek et al., 2011). 

The genotype of the animals was confirmed by polymerase chain reaction (PCR) using 

genomic DNA from mouse tail biopsy. Genomic DNA was extracted and amplified using 

REDExtract-N-Amp Tissue PCR kit (Sigma-Aldrich, Madrid, Spain) and following 

manufacturer’s instructions. Two different PCR amplifications were performed with 

different primer pairs each; the first one to verify the presence of the floxed insert in the 

Scn1a gene, and the second one to verify the presence of the Syn1-Cre recombinase. 

Primers sequences and PCR conditions are shown in Table M2. PCR products were 

separated by electrophoresis in 2% agarose gels and visualized using GelRed. Figure M2 

shows a representative agarose gel with the four possible genotypes.  

1.2. Drug preparation 

For in vivo pharmacological experiments, CBD and BCP were purchased from Sigma-

Aldrich (Madrid, Spain). Because of classic cannabinoid hydrophobicity, plastic tubes 

employed in these experiments were pre-treated with Sigmacote (Sigma-Aldrich, 

Madrid, Spain). BCP and CBD were directly dissolved in ethanol to a final stock 
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concentration of 50 mg/ml, and stored at -20ºC under a N2 atmosphere to avoid 

oxidation. On the day of the experiment, injectable solutions were prepared by further 

diluting in Tween-80 (Sigma-Aldrich, Madrid, Spain) and 0.9% NaCl to a final 

proportion of 1:16, and residual ethanol was eliminated under a N2 flux. Experimental 

designs and dosage schedules are specifically provided within the Results section.   

Table M2. Primers sequences and PCR conditions used in genotyping. 

Scn1a PCR  Cre recombinase PCR  

Primers sequences (5’  3’) 

Forward TAC TGG GAT CCA CCT CCA CT  Forward CTC AGC GCT GCC TCA GTC T  

Reverse TAG CTC CGC AAG AAA CAT CC  Reverse GCA TCG ACC GGT AAT GCA  

Cycling conditions 

Step Temperature (ºC) Time 
1 94 2 minutes 
2 94 20 seconds 
3 65 15 seconds 
4 68 10 seconds 
5 Repeat steps 2-4 for 10 cycles 
6 94 15 seconds 
7 60 15 seconds 
8 72 10 seconds 
9 Repeat steps 6-8 for 28 cycles 
10 42 2 minutes 
11 10 hold 

 
 

 

 

 

 

 

 

1.3. Behavioral assessment 

In order to evaluate behavioral disturbances and comorbidities in DS mice, different tests 

were performed at specific postnatal stages, as it will be specified in each experiment. 

Syn1-Cre 
300 bp 

Scn1a 
461 bp 

496 bp 

Figure M2. Representative results of genotypes provided by PCR and subsequent 
agarose gel electrophoresis. Regarding Scn1a PCR, the wild-type allele corresponds to a 
lower 461 bp band, and the mutant allele carrying the missense mutation to an upper 496 bp 
band. Regarding Cre recombinase PCR, a 300 bp band corresponds to Syn1-Cre. 
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Before testing, mice were subjected to a 30-minute acclimation period to the test room.  

Efforts were done to maintain low ambient noise levels during procedures. In addition, 

researchers were blinded to mouse genotypes and treatment conditions during testing. 

In those tests requiring specific apparatus, equipment was thoroughly cleaned with 70% 

alcohol before the next task to remove any residual odor that could interfere with the test 

outcome.  

1.3.1. Reflexes 

Limbs grasp reflexes. Front- and hin-limb grasp reflexes were measured as an index of 

grasping ability and motor development (Blaney et al., 2013). Mice were held on their 

back and both front- or hindlimbs were touched with a thin rod of 1 mm diameter. A 

score of 1 was assigned when the stimulation caused the front- or hindlimb to grasp, 

whereas a score of 0 was assigned if no response was reached. 

Vibrissae response. Vibrissae response was measured to analyze the development of the 

tactile sensory system (Blaney et al., 2013). Mice were held by their tail and approached 

towards a flat surface. A score of 1 was assigned if mice raised their head to avoid contact 

with the flat surface due to vibrissae stimulation, whereas a score of 0 was assigned if no 

response was reached.  

Hindlimbs clasping reflex. Hindlimbs clasping behavior was recorded in order to assess 

dystonia. Mice were suspended by their tail facing downward and the extent of hindlimbs 

position was observed for 30 sec. If both hindlimbs were entirely retracted and touching 

the abdomen, a score of 2 was given; if both of them were partially retracted, a score of 1 

was assigned, and if both hindlimbs were consistently splayed outward away from the 

abdomen with splayed toes, a score of 0 was given (adapted from Valdeolivas et al., 

2017). Data for each mouse correspond to the average of three trials. 

1.3.2. Open-field test 

Locomotor activity was analyzed in a computer-aided actimeter (Actitrack, Panlab, 

Barcelona, Spain) (Figure M3A). This apparatus consisted of a 45 × 45 cm square arena, 

with infra-red beams all around, spaced 2.5 cm, coupled to a computerized control unit 

that automatically registered the following parameters, among others: (1) distance run 

in the actimeter (ambulation); (2) frequency of vertical activity (rearing); (3) resting 

time; (4) mean velocity during ambulation; and (5) time spent in fast movements (> 5 

cm/s) (Palomo-Garo et al., 2016). Measurements were recorded for a period of 30 

minutes in characterization studies and 15 minutes in pharmacological studies.  
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1.3.3. Rotarod test 

Motor coordination was measured in a LE8200 device (Panlab, Barcelona, Spain). This 

apparatus consisted of a horizontally placed rotating cylinder (rod) turning at a constant 

or accelerated speed, which is mechanically held (Figure M3B). Animals were placed on 

the rotating rod and after a period of acclimation and training (first session: 0 rpm for 

10 sec; second and third sessions: 4 rpm for 10 sec, with periods of 10 min between 

sessions), mice were tested for three consecutive trials with an acceleration from 4 to 40 

rpm over a period of 300 sec, and with a rest period of 30 min between trials. Latency to 

fall in each trial was recorded, and data for each mouse correspond to the average of the 

three trials (Palomo-Garo et al., 2016).  

1.3.4. Elevated plus maze test 

An elevated plus maze was used to assess anxiety-like behavior. This apparatus consisted 

of two opposite closed (30 cm × 5 cm × 15 cm) and open (30 cm × 5 cm) arms forming a 

cross-shaped maze (Figure M3C). The structure was elevated to a height of 37.5 cm from 

the floor and all four arms were connected at a right angle at a central area called start 

point. At the beginning of a trial, each animal was placed in the start point (facing an 

open arm) and was left free to explore the maze for 5 min. During this 5 min test period, 

the following behavioral parameters were recorded: (1) number of open and closed arm 

entries; and (2) time spent in the open and closed arms. Closed-arm entries (counts/5 

min) were considered indicators of locomotor activity, whereas open-arm exploration (% 

time spent in open arms and % open arm entries) were used as measures of anxiety. An 

entry was considered when the head and front-limbs of the mouse were in one arm (Satta 

et al., 2016).  

1.3.5. Y-maze test 

Y-maze test was used to assess short-term spatial and working memory in mice, based 

on the capacity of rodents to explore new environments. The apparatus was a polyvinyl 

plastic horizontal maze formed by 3 identical arms (40 × 12 × 3 cm) placed at 120° angles 

to each other in the shape of a capital Y, and designated as A, B and C (Figure M3D). 

Each animal was placed at the end of one arm and was allowed to freely explore the 

apparatus. The sequence (i.e., ABCCAB, etc.) and the number of arm entries were 

recorded during 8 min. The spontaneous alternation performance (SAP) is defined as a 

score of three consecutive different arm entries (ABC, CAB, or BCA) on overlapping 

triplet sets (% SAP = number of spontaneous alternations/total arm entries x 100). An 

animal with an intact short-term spatial memory often spends more time exploring new 
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maze arms. Memory impairments were evaluated by the frequency of same arm returns 

(SAR) or alternate arm returns (AAR) in the Y-maze (% SAR = number of same arm 

returns/total arm entries x 100; % AAR = number of alternate arm returns/total arm 

entries x 100) (Choi et al., 2019).  

 

1.3.6. T-maze test 

Similar to the Y-maze test, the T-maze test was also used to assess short-term spatial and 

working memory in mice, based on the capacity of rodents to explore new environments. 

Particularly, this test explores their natural tendency to alternate their choice of goal arm 

and explore new environments (spontaneous alternation without reward). The 

apparatus was a polyvinyl plastic horizontal maze formed by three arms giving rise to a 

T-shaped maze. Dimensions are specified in Figure M4A. In each trial, the mouse was 

placed in the start point and allowed to freely choose one goal arm (A or B), and then 

confined in the chosen arm with the door down for 30 sec. After 30 sec, the mouse was 

placed back in the start point and, with doors up, allowed again to freely choose a goal 

arm. The trial must take one minute and a half maximum (Figure M4B). A score of 1 was 

assigned if mice chose the opposite arm, whereas a score of 0 was assigned if the same 

C 

Computer-aided actimeter Rotarod test 

Elevated plus maze 

 

Y-maze test 

 

C 

B A 

A B 

D 

Figure M3. Schematic representation of different behavioral tests. (A) Computer 
aided-actimeter, (B) Rotarod test, (C) Elevated plus maze and (D) Y-maze test.    
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arm was chosen). Normally, 6 trials per mouse were performed, thus data corresponding 

to the average of all trials (Deacon & Rawlins, 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3.7. Social interaction test 

This test was conducted in an open field arena (50 cm x 26 cm) in which each 

experimental animal was allowed to freely explore a novel unfamiliar congener of the 

same sex and of similar weight under dim light. The behaviour was recorded for 20 

minutes, and the total time spent by the experimental mouse in nonaggressive social 

interactions such as sniffing, following or grooming the partner, was monitored (Ricceri 

et al., 2016). The number of active contacts with the partner was scored as well.  

1.3.8. Analysis of PTZ-induced seizuring activity 

Seizure activity was induced by administration of the proconvulsant agent PTZ, following 

a previous method (Alachkar et al., 2020). PTZ (Sigma-Aldrich, Madrid, Spain) was 

freshly dissolved in sterile saline (0.9% NaCl) to prepare a stock solution with a 

Figure M4. T-maze test. (A) Apparatus dimensions and (B) schematic diagram of the 

experimental protocol. 
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concentration of 10 mg/ml. Mice were individually placed in glass boxes and injected 

with PTZ (50 mg/kg, i.p.) and were then observed for a 30-minute period. During this 

period, several behavioral parameters were recorded: (1) latency to myoclonic jerks, (2) 

latency to generalized seizures, (3) the difference between both latencies (calculated as 

latency to generalized seizures minus latency to myoclonic jerks for each animal) and (4) 

total duration of generalized seizures. PTZ dose and experimental schedule were selected 

based on pilot experiments aimed to set those experimental conditions inducing 

seizuring activity in 100% of control mice.  

1.4. Survival analysis 

As already mentioned in the Introduction, Dravet syndrome progression is associated 

with a higher incidence of premature death. Therefore, in both characterization and in 

vivo pharmacological experiments, animal survival was evaluated as a marker of disease 

severity and/or the effectiveness of a treatment. To this end, time from birth until death 

was registered, and differences in survival rates between different experimental groups 

were evaluated using Kaplan-Meier curves.  

1.5. Sampling 

1.5.1. Sample preparation for histological and molecular biology analysis 

Mice were euthanized by rapid decapitation and brains were rapidly removed and 

divided into the two hemispheres. Left hemispheres were fixed for one day at 4ºC in fresh 

4% paraformaldehyde prepared in 0.1 M phosphate-buffered saline (PBS), pH 7.4, then 

cryoprotected by immersion in a 30% sucrose solution for a further day, and finally 

stored at -80ºC for immunohistochemical analysis. Right hemispheres were rapidly 

dissected in different cerebral areas of interest, such as prefrontal cortex, striatum, 

hippocampus and cerebellum, which were frozen in 2-methylbutane cooled in dry ice 

and stored at -80ºC until processing for qPCR or Western-blot experiments.  

1.5.2. Sample preparation for flow cytometry analysis 

Regarding blood and bone marrow (BM) flow cytometry analysis, a different procedure 

was required (García-Culebras et al., 2019). For this purpose, animals were deeply 

anesthetized with sodium pentobarbital, and cardiac blood was collected from the right 

ventricle. Afterwards, transcardiac perfusion was performed with 0.1 M PBS, pH 7.4, for 

4 minutes at a rate of 5 ml/min.  
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Immediately upon collection, blood was thoroughly mixed by several gentle inversions 

with 5 µl of 0.5 M ethylenediaminetetraacetic acid (EDTA) used as an anticoagulant. 

Then, red blood cells were lysed in ice-cold lysis buffer (150 mM NH4Cl, 10 mM NaHCO3, 

0.1 mM EDTA) and subjected to centrifugation at 1.000 x g for 5 minutes at 4ºC. Cell 

pellets were flushed with ice-cold 0.1 M PBS, pH 7.4, and subjected to another 

centrifugation at 1.000 x g for 5 minutes at 4ºC. Supernatants were discarded and 

remaining blood cell pellets were resuspended in fluorescence-activated cell sorting 

(FACS) buffer for immediate flow cytometry staining. FACS buffer contains 0.1% low 

endotoxin bovine serum albumin (BSA) in Dulbecco's PBS (DPBS).  

BM cells were obtained from tibial and femoral bones. BM stromal cells were washed 

with FACS buffer and gently homogenized. Cell suspensions were centrifuged at 400 x g 

for 5 minutes at 4ºC, and cell pellets were lysed in lysis buffer. Finally, another 

centrifugation at 400 x g for 5 minutes at 4ºC was performed and remaining BM cell 

pellets were resuspended in FACS buffer for immediate flow cytometry staining.  

2. IN VITRO ANALYSIS 

2.1. Cell culture and reagents 

The immortalized murine BV2 microglial cell line was kindly provided by Dra. Lastres-

Becker (“Alberto Sols” Biomedical Research Institute, Madrid, Spain). Cells were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Lonza, Verviers, Belgium) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Sigma-Aldrich, 

Madrid, Spain), 2 mM ultra-glutamine (Lonza, Verviers, Belgium) and 1% of an antibiotic 

mixture (penicillin 100 U/ml and streptomycin 100 µg/ml) (Lonza, Verviers, Belgium) 

in a humidified incubator at 37ºC, 5% CO2. When cultures reached 70-80% confluency, 

the cells were serially passaged.  

For in vitro pharmacological experiments, CBD and BCP were purchased from Sigma-

Aldrich (Madrid, Spain). Stock solutions were prepared in 100% DMSO according to 

manufacturers' solubility instructions and subsequently diluted in culture medium to the 

desired working concentration, with a final DMSO concentration that did not exceed 

0.2%. 

2.2. Cell treatments 

For cell treatments, BV2 cells were plated at a density of (1) 1 × 106 cells per well in 6-

well culture plates for those experiments involving Western-blot, qPCR or 
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immunocytochemistry, and (2) 6 × 104 cells per well in 96-well culture plates for those 

experiments involving cell viability measurement. In all experiments, cells were 

incubated in DMEM with a reduction of FBS to 1%, and allowed to attach for four hours 

after seeding.  

In order to study the anti-inflammatory effects of different compounds, cells were treated 

with 1 μg/ml LPS from Escherichia coli 055:B5, (Sigma-Aldrich, Madrid, Spain), alone 

or in combination with BCP and/or CBD (used at specific concentrations depending on 

the assay) and added 1 h before LPS. Sixteen hours after the addition of LPS, different 

experimental procedures were performed, including cell viability assessment by the MTT 

(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay, gene expression 

analysis by qPCR, as well as protein analysis by Western-blot or immunofluorescence 

(Figure M5).   

 

Technical specifications for qPCR, Western-blot and immunofluorescence will be 

provided in a subsequent section. In the case of the cell viability assessment, briefly, MTT 

(Sigma-Aldrich, Madrid, Spain) was added to each well at a final concentration of 0.5 

mg/ml. After 1.5 hours of incubation, the medium was removed and the resultant 

insoluble formazan crystals were dissolved using 4 mM of HCl in isopropanol. The 

optical density at 570 nm was recorded using a spectrophotometer, and the amount of 

formazan formed directly correlates with the cell viability. 

3. EXPERIMENTAL PROCEDURES 

3.1. Real-time qRT-PCR  

Gene expression analysis of specific genes of interest was performed by real-time qPCR. 

To this aim, total RNA was extracted and purified from brain tissues using SurePrepTM 

RNA/Protein Purification kit (Fisher BioReagents, FairLawn, NJ, USA). In the case of 

BV2 microglial 

cell line 

4h 16h 
Experimental procedures: 

• MTT 
• qPCR 
• Western-blot 
• Immunofluorescence 

LPS (1 µg/ml) 

BCP 

CBD 

1h 

Figure M5. General scheme for cell treatments in BV2 cells. This scheme shows all 
the possibilities for cell treatments and experimental procedures. Specific adaptations of this 
scheme for every single experimental design will be provided when required.  
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cultured cells, total RNA was extracted and purified using Trizol reagent (Sigma-Aldrich, 

Madrid, Spain).  The total amount of RNA extracted was quantitated by spectrometry at 

260 nm and its purity was evaluated by the ratio between the absorbance values at 260 

and 280 nm, whereas its integrity was confirmed in agarose gels. To prevent genomic 

DNA contamination, DNA was removed and single-stranded complementary DNA was 

synthesized from 1 μg of total RNA using a commercial kit (Rneasy Mini Quantitect 

Reverse Transcription, Qiagen, Izasa, Madrid, Spain). The reaction mixture was kept 

frozen at -80ºC until enzymatic amplification. 

Quantitative real-time PCR assays were performed to quantify mRNA levels, using 

FastStart TaqMan Probe Master Mix (Roche, Madrid, Spain) and Taqman probes from 

Applied Biosystems (Madrid, Spain) (Table M3). Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) expression was used as an endogenous control gene for 

normalization. PCR amplifications were carried out using the 7300 Fast Real-Time PCR 

System (Applied Biosystems, Foster City, CA, USA) and the threshold cycle (Ct) was 

calculated by the instrument’s software (7300 Fast System, Applied Biosystems, Foster 

City, CA, USA). Expression levels were calculated using the 2-ΔΔCt method, but, for 

presentation, data were transformed to the percentage over the mean obtained (1) in the 

wild-type group for in vivo experiments, and (2) in the cells treated with vehicle in 

absence of LPS for in vitro experiments. 

Table M3. Taqman probes used in real-time qPCRs assays 

Gene Protein Applied Biosystems reference 

Cnr1 CB1 Mm00432621_s1 

Cnr2 CB2 Mm00438286_m1 

Gpr55 GPR55 Mm03978245_m1 

Pparg PPARγ Mm01184322_m1 

Faah FAAH Mm00515684_m1 

Mgll MAGL Mm00449274_m1 

Dagla DAGLα Mm00813830_m1 

Napepld NAPE-PLD Mm00724596_m1 

Tnf TNFα Mm99999068_m1 

Il1b IL1β Mm00434228_m1 

Ptgs2 COX-2 Mm00478372_m1 

Nos2 iNOS Mm01309902_m1 

Bdnf BDNF Mm01334042_m1 

Arg1 ARG1 Mm00475988_m1 

Gapdh GAPDH Mm99999915_g1 
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3.2. Western-blot 

For protein extraction, brain tissues and cultured cells were homogenized in ice-cold 

radioimmunoprecipitation assay (RIPA) buffer, containing 10 mM Na2HPO4, 150 mM 

NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS) and 1 

mM phenylmethylsulfonyl fluoride (PMSF) as protease inhibitor. Lysates were then 

subjected to centrifugation at 10.000 x g for 15 minutes at 4°C. Bio-Rad DC protein assay 

kit (Bio-Rad Laboratories, CA, USA) was used to quantify protein concentration, using 

BSA as the standard protein. Then, 20 μg of protein were boiled for 5 minutes in Laemmli 

SDS loading buffer (10% glycerol, 5% SDS, 5%-mercaptoethanol, 0.01% bromophenol 

blue, and 125 mM TRIS-HCl, pH 6.8) and loaded onto a 12% acrylamide gel (TGX Stain-

free Gel FastCast; Bio-Rad Laboratories, CA, USA). After electrophoresis, proteins were 

transferred to polyvinylidene fluoride (PVDF) membranes (Immobilon-P, Millipore, 

MA, USA) using mini Trans-Blot Electrophoretic transfer cell (Bio-Rad Laboratories, CA, 

USA). Membranes were then blocked for 1 hour at room temperature with Tris-buffered 

saline (TBS) containing 5% nonfat dried milk and Tween20 0.1%, and incubated 

overnight at 4°C with a primary antibody. Primary antibodies used for Western-blot 

analysis are listed in Table M4. 

Table M4. Primary antibodies used in Western-blot analysis 

Antibody Host Dilution Company Reference 

CB1 Rabbit 1:500 Frontier Institute CB1-Rb-Af380 

CB2 Rabbit 1:200 Abcam ab3561 

MAGL Rabbit 1:1000 Frontier Institute MGL-Rb-Af200 

FAAH Rabbit 1:1000 Cayman CAY-101600 

ZO-1 Mouse   1:200 Santa Cruz sc-33725 

Claudin-5 Mouse 1:200 Santa Cruz sc-374221 

ICAM-1 Mouse 1:200 Santa Cruz sc-8439 

Laminin Rabbit 1:500 Novus Biologicals NB300-144 

Iba-1 Rabbit 1:500 Wako  019-19741 

Catalase Mouse 1:200 Santa Cruz sc-271803 

TLR4 Mouse 1:500 Santa Cruz sc-293072 

 

Membranes were finally incubated with the corresponding ECL Horseradish Peroxidase-

linked whole secondary antibody (GE Healthcare UK Limited, Buckinghamshire, UK) 

used at a 1:5000 dilution for 2 hours at room temperature. Reactive bands were detected 

by chemiluminescence with the Amersham ECL Prime Western Blotting Detection 

Reagent (GE Healthcare UK Limited, Buckinghamshire, UK). Images were analyzed with 

ImageLab software (Bio-Rad Laboratories, CA, USA). Data were calculated as the ratio 

between the optical densities of the specific protein band and the total protein measured 
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in membranes, and then normalized as percentages over the mean obtained (1) in the 

wild-type group for in vivo experiments, and (2) in the cells treated with vehicle in 

absence of LPS for in vitro experiments. 

3.3. Immunofluorescence staining 

3.3.1. Immunofluorescence staining of cultured cells  

Cultured cells were fixed in 4% PFA for 3o min and washed with PBS. Cells were then 

permeabilized with PBS containing Triton X-100 0.3% for 15 minutes, and blocked with 

PBS containing Triton X-100 0.1% and BSA 2% for 30 minutes. After several washes with 

PBS, cells were incubated for 1 hour at room temperature with the primary antibody 

rabbit anti-Iba-1 (1:300; Wako Chemicals, Richmond, VI, USA). After incubation, cells 

were washed in PBS, followed by incubation for 1 hour at room temperature with the 

secondary antibody Alexa Fluor 488 donkey anti-rabbit (1:200; reference A21206, Life 

Technologies, Bleiswijk, The Netherlands). Both primary and secondary antibodies were 

prepared in PBS containing Triton X-100 0.3% and BSA 2%. Finally, preparations were 

mounted with Dako fluorescent mounting medium (Dako, Carpinteria, CA, USA). 

Negative control samples were obtained using the same protocol with the omission of the 

primary antibody. A Leica DMRB microscope and a DFC300FX camera (Leica, Wetzlar, 

Germany) were used for the observation and photography of the slides, respectively. 

Immunostaining was quantified by measuring the mean density of labelling in the 

selected area using the ImageJ software (U.S. National Institutes of Health, Bethesda, 

Maryland, USA, http://imagej.nih.gov/ij/, 1997-2012). For quantification, high-

resolution digital microphotographs were taken under the same conditions of light, 

brightness and contrast. Data were normalized over the mean obtained in the cells 

treated with vehicle in absence of LPS. 

3.3.2. Immunofluorescence staining of fixed brains 

Fixed brains were sliced in coronal sections of 30 μm thick (containing prefrontal cortex, 

striatum or hippocampus) in a cryostat (Leica CM3050, Leica, Wetzlar, Germany), 

collected on antifreeze solution (glycerol/ethylene glycol/PBS; 2:3:5) and stored at -20°C 

until used.  

Sections were mounted on gelatin-coated slides and, once adhered, washed with TBS, 

permeabilized with TBS containing Triton X-100 0.2% for 30 minutes, and blocked with 

TBS containing Triton X-100 0.1% and BSA 5% for 1 hour. After several washes with TBS, 

sections were incubated overnight at 4°C with the primary antibody (Table M5). The 
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different primary antibodies are shown in Table M5. After incubation, sections were 

washed in TBS, followed by incubation for 2 hours at 37°C with the corresponding 

secondary antibody, also listed in Table M5.  Both primary and secondary antibodies 

were prepared TBS containing Triton X-100 0.1% and BSA 2%. Nuclear stain Hoechst 

(H-33258, Fluka, Madrid, Spain) was used to facilitate the localization of the different 

brain regions on the microscope. Finally, sections were mounted with Dako fluorescent 

mounting medium (Dako, Carpinteria, CA, USA). Negative control sections were 

obtained using the same protocol with omission of the primary antibody. For 

quantification, microphotographs were obtained as indicated in the previous section, 

and data were normalized over the control mice values. 

Endogenous IgG immunostaining was performed to detect BBB disruption by measuring 

its extravasation from brain blood vessels. To this end, brain sections from perfused mice 

were analyzed following the same general protocol just described. Specifically, sections 

were incubated overnight at 4°C with a biotinylated horse anti-mouse IgG secondary 

antibody (1:200; reference BA-2000, Vector Laboratories, Burlingame, CA, USA). After 

incubation, sections were incubated for 2 hours at 37°C with Alexa Fluor 546 streptavidin 

(Molecular Probes, S11225).  

Table M5. Primary and secondary antibodies used in immunofluorescence analysis 

Primary antibodies 

Antibody Host Dilution Company Reference 

Laminin Rabbit 1:200 Novus Biologicals NB300-144 

NIMP-R14 Rat 1:200 Abcam ab2557 

GFAP Rabbit 1:200 Dako  Z033429 

GFAP Goat 1:1000 Abcam ab53554 

GFAP-Cy3 Mouse  1:1000 Sigma MAB3402C3 

Iba-1 Rabbit 1:500 Wako 019-19741 

Ki67 Rabbit 1:1000 Vector Laboratories VP-RM04 

Secondary antibodies 

Antibody Host Dilution Company Reference 

Alexa Fluor 
546 anti-rabbit 

Goat 1:200 Invitrogen A11010 

Alexa Fluor 
647 anti-rabbit 

Goat 1:500 Invitrogen  A32733 

Alexa Fluor 
488 anti-rabbit 

Donkey 1:200 Invitrogen A21206 

Alexa Fluor 
488 anti-rat 

Donkey 1:200 Invitrogen A21208 

Alexa Fluor 
568 anti‐goat 

Donkey 1:500 Invitrogen A11057 
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For quantification of cell proliferation in the hippocampal neurogenic niche, 

immunostaining was carried out following a slightly different protocol. To this end, 

sections were washed with PBS, and permeabilized and blocked at the same time using 

PBS containing Triton X-100 0.25% and BSA 3% for 3 hours. After several washes with 

PBS, sections were incubated overnight at 4°C with the corresponding primary antibody, 

listed in Table M5. After incubation, sections were washed in PBS, followed by incubation 

for 3 hours at room temperature with the corresponding secondary antibody, also listed 

in Table M5.  Both primary and secondary antibodies were prepared in PBS containing 

Triton X-100 0.25% and BSA 3%. 4’,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) 

was also added to the sections to counterstain cell nuclei. Finally, sections were mounted 

on slides with Dako fluorescent mounting medium (Dako, Carpinteria, CA, USA). A Leica 

SP8 microscope (Leica, Wetzlar, Germany) and LAS X software were used to analyze 

slides, using a 40x magnification. Densities were normalized for the total volume of the 

dentate gyrus (SGZ + GCL) obtained using DAPI staining. For Ki67 quantifications, 

representative numbers ranging from 50 to 300 cells of interest were quantified and 

classified in randomly selected confocal z-stacks of 30 μm below to 30 μm above the GCL 

using a 63x oil immersion objective. GCL dispersion was calculated by measuring the 

thickness of the GCL using DAPI for visualization. Cell circularity was measured using 

the “Circularity’’ plugin in ImageJ software (U.S. National Institutes of Health, Bethesda, 

Maryland, USA, http://imagej.nih.gov/ij/, 1997-2012). 

3.4. Flow cytometry analysis  

BM and blood cell pellets resuspended in FACS were subjected to flow cytometry 

analysis. To this end, cell suspensions were transferred to a 96-well plate and Fc 

fragments blocked by incubation with Fc Blocking Reagent (Miltenyi, Madrid, Spain) for 

30 minutes. Then, samples were stained with the corresponding fluorochrome-

conjugated monoclonal antibodies (Table M6) used at 1 µg/ml for 1 hour. Plates were 

then centrifuged at 400 x g for 5 minutes, supernatants discarded and cell pellets 

resuspended in FACS buffer.  

Table M6. Antibodies used in flow cytometry analysis 

Antibody Clone Company 

PE/Cy7 anti-mouse/human B220 RA3-6B2 Biolegend 

PerCP/Cy5.5 anti-mouse CD3 17A2 Biolegend 

APC/Cy7 anti-mouse/human CD11b M1/70 Biolegend 

Pacific BlueTM/APC anti-mouse Ly6G 1A8 Biolegend 

Brilliant Violet 510TM anti-mouse Ly6C HK1.4 Biolegend 

APC anti-mouse CCR2 - R&D systems 
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Data were acquired using a FACScalibur® (Becton Dickinson, USA) and analyzed using 

FlowJO software (TreeStar Inc., USA). Specific populations of B cells, T cells, neutrophils 

and monocyte-derived macrophages (MDMs) were analyzed attending to a specific 

markers pattern, as shown in Table M7. 

Table M7. Markers pattern employed to differentiate specific cell populations. 

Cell type Blood BM 

B cells B220+ B220+ 

T cells CD3+ B220- CD3+ B220- 

Neutrophils CD11b+ Ly6G+ Ly6G+ 

MDMs CD11b+ Ly6G- CCR2+ Ly6C+ CD11b+ Ly6G- CCR2+ Ly6C+ 

 

4. STATISTICAL ANALYSIS 

GraphPad Prism® software (version 8.0; GraphPad Software Inc., San Diego, CA, USA) 

was used for the statistical analysis. Data were normally distributed (tested with the 

Shapiro-Wilk normality test) and were assessed, as required (see test used and 

specificities in the figure legends), by the Student’s t-test, or by one-way or two-way 

ANOVA followed by the Bonferroni or Tukey test. Kaplan-Meier survival curves were 

compared by using the Log-Rank test. The significance level was set at p value <0.05 

(*p<0.05, **p<0.01, ***p<0.005, ****p<0.001).  
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CHAPTER 1. NEUROPATHOLOGICAL CHARACTERIZATION 

OF A NOVEL DS MOUSE MODEL 

As already mentioned, the first goal in this Doctoral Thesis was to characterize a novel 

DS mouse model that faithfully recapitulated most clinical aspects of the disorder, thus 

enabling the development of future studies based on disease-modifying therapies. Since 

our main goal has been to investigate therapies for long-term comorbidities, one of our 

initial main interests was to be able to have a mouse model with higher survival rates 

than the other models based on Scn1a-A1783V mice (Almog et al., 2021; Fadila et al., 

2020; Kuo et al., 2019; Ricobaraza et al., 2019). To this end, we first monitored multiple 

behavioral features at different postnatal ages, as well as animal survival and seizure 

susceptibility. Then, we aimed to determine the contribution to these behavioral 

disturbances of different neuropathological alterations, including dysregulations in the 

endocannabinoid system, inflammatory events and alterations in the hippocampal 

neurogenesis. Part of these results has been recently published (Satta et al., 2021).  

1.1. Behavioral recording of the disease progression  

Different tests were performed to evaluate those behavioral comorbidities typically 

associated with DS progression (Dravet & Oguni, 2013; Gataullina & Dulac, 2017), 

including possible motor deficits (limb grasp reflexes, rotarod test, computer-aided 

actimeter), cognitive and emotional impairments (Y-maze and elevated plus maze tests, 

respectively) and autistic-like traits (social interaction test) at some representative ages 

after birth: PND10 (only reflexes), PND25, PND40, and PND60 (all tests). These ages 

were carefully selected with the main purpose of having a long-term characterization 

with representative ages recapitulating DS progression (from childhood to adulthood) 

(Dutta & Sengupta, 2016).  Animal survival was also analyzed in these mice. The four 

experimental groups were included in these tests in order to verify if there were 

differences among the three different control groups (Table M1). Additionally, a different 

cohort of mice was used for evaluating seizure-related behavior after PTZ administration 

at PND25. Figure R1 shows a scheme of this experimental design.  

Reflexes and body weight 

Early reflexes were measured to assess the status of neurological development. Grasp 

reflexes appear in mice at a range from PND3 to PND15, with a response that is typically 

earlier in forelimbs than in hindlimbs (Heyser, 2004). In agreement with this statement, 

forelimb grasping had completely appeared in all mice by PND10 (Figure R2B), in 
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contrast to hindlimb grasping (Figure R2C), whose development was still not completed 

at this age. Interestingly, Syn1-Cre/Scn1aWT/A1783V mice exhibited a stronger reduction in 

hindlimb grasp reflex when compared with control groups (Figure R2C) at PND10. This 

alteration disappeared at PND25, PND40 and PND60, thus  suggesting a delay in early 

motor development in  Syn1-Cre/Scn1aWT/A1783V newborns. About to whisker reflex, no 

differences were observed (Figure R2D). 

PND10 PND25 PND40 PND60 

Body weight 

Limbs reflexes 

Whisker reflex 

Childhood Puberty Adulthood 

Body weight 

Limbs reflexes 

Whisker reflex 

Rotarod test 

Computer-aided actimeter 

Y-maze test 

Elevated plus maze test 

Social interaction test 

+ 

Another cohort: 

PTZ administration  Seizure-related behaviour  

Figure R1. Timeline of experimental procedure for the DS mouse model 

behavioral characterization. 
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Figure R2. Evolution of different developmental parameters in the DS mouse 

model. (A) Body weight, (B) forelimb grasp reflex, (C) hindlimb grasp reflex and (D) 

whisker reflex in Syn1-Cre/Scn1aWT/A1783V mice and their three control groups (Scn1aWT/WT, 

Syn1-Cre/Scn1aWT/WT and Scn1aWT/A1783V mice) measured at different PNDs in the range 

PND10-PND60.  Values are means ± SEM of 12-21 animals per group. Data were assessed by 

two-way ANOVA for repeated measures followed by the Bonferroni test (***p<0.005 vs. the 

other three groups). 
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In parallel, body weight was also recorded at the same timepoints. The progressive 

increase in body weight revealed differences by age but not by genotype (Figure R2A). 

Motor coordination and locomotor activity 

Motor coordination and locomotor activity were analyzed in the Rotarod test and in the 

computer-aided actimeter, respectively. No differences were shown in the Rotarod test, 

neither by genotype nor by age, thus suggesting a normal motor coordination in all 

experimental groups (Figure R3).  

 

In contrast, some locomotor alterations were recorded in the computer aided-actimeter 

(Figures R4A-F). At PND25, Syn1-Cre/Scn1aWT/A1783V mice showed an increase in total 

ambulation (Figure R4A), frequency of rears (Figure R4B), mean velocity (Figure R4D) 

and time spent in fast movements (Figure R4E) when compared with the three control 

groups. On the other hand, they exhibited a marked decrease in the resting time (Figure 

R4C). Overall, these results suggested the occurrence of a hyperactive behavior in Syn1-

Cre/Scn1aWT/A1783V mice at PND25, which can be also appreciated in the representative 

trajectory plots generated from the Actitrack software (Figure R4F). Faster peak 

velocities and the higher number of rears may additionally suggest the existence of 

impulsivity and a stereotyped behavior. Interestingly, these motor alterations completely 

disappeared at PND40 and PND60, thus indicating that hyperactivity was specifically 

circumscribed to the pre-adolescent period (PND25).  

 

 

Rotarod performance 

Figure R3. Rotarod performance in the DS mouse model. Rotarod performance in 

Syn1-Cre/Scn1aWT/A1783V mice and their three control groups (Scn1aWT/WT, Syn1-

Cre/Scn1aWT/WT and Scn1aWT/A1783V mice) measured at different PNDs in the range PND10-

PND60.  Values are means ± SEM of 12-21 animals per group. Data were assessed by two-way 

ANOVA for repeated measures followed by the Bonferroni test. 
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Ambulatory activity A Rearing behavior B 

Resting time C 
Mean velocity 

D 

Fast movements 
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WT/A1783V

 Syn1-Cre/Scn1a
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F Representative track plots in PND25  

Figure R4. Locomotor activity parameters in the DS mouse model. Measurement 

of different parameters recorded in the computer-aided actimeter in Syn1-Cre/Scn1aWT/A1783V 

mice and their three control groups (Scn1aWT/WT, Syn1-Cre/Scn1aWT/WT and Scn1aWT/A1783V 

mice), including (A) ambulatory activity, (B) rearing behavior, (C) resting time, (D) mean 

velocity and (E) fast movements, at different PNDs in the range PND25-PND60. Panel (F) 

shows representative track plots in PND25 generated from the Actitrack software. Values are 

means ± SEM of 13-21 animals per group. Data were assessed by two-way ANOVA for repeated 

measures followed by the Bonferroni test (*p<0.05, **p<0.01, ***p<0.005 vs. the other three 

groups). 
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Spatial working memory 

Animals were also subjected to the Y-maze test in order to assess their spatial working 

memory and spontaneous alteration (Figures R5A-D), given that mice natural curiosity 

promotes them to alternate between maze arms. Although data did not reach statistical 

significance at any age, results indicated a slight worsening in Syn1-Cre/Scn1aWT/A1783V 

mice of the performance in this test at PND25, with trends towards an increase in the 

number of total entries in the maze arms (p=0.099, Figure R5A) (which further 

corroborates their hyperactive behavior at PND25), a decreased spontaneous alternation 

(p=0.151, Figure R5B) and an increased percentage of alternate arm returns (p=0.094, 

Figure R5C) when compared with the other three control groups. These trends 

disappeared at PND40 and PND60, thus indicating that this slight impairment in spatial 

working memory was only apparent in the pre-adolescent period (PND25).  
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Figure R5. Parameters recorded in the Y-maze test in the DS mouse model. 

Measurement of different parameters in Syn1-Cre/Scn1aWT/A1783V mice and their three control 

groups (Scn1aWT/WT, Syn1-Cre/Scn1aWT/WT and Scn1aWT/A1783V mice), including (A) number of 

total entries, (B) spontaneous alternation performance, (C) alternate arm returns and (D) 

same arm returns at different PNDs in the range PND25-PND60. Values are means ± SEM of 

13-21 animals per group. Data were assessed by two-way ANOVA for repeated measures 

followed by the Bonferroni test. 
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Anxiety  

Animal anxiety levels were examined in the elevated plus maze test. At PND25, Syn1-

Cre/Scn1aWT/A1783V mice exhibited lower levels of anxiety, with a marked increase in the 

percentage of time spent in the open arms (Figure R6A) when compared with the other 

three control groups, despite the number of entries in open arms did not change (Figure 

R6B). Interestingly, these alterations disappeared a PND40, but differences were again 

visible at PND60 for both parameters (Figures R6A,B).  

 

Social interaction 

Social behavior was evaluated in the social interaction test, which revealed a marked 

autistic-like behavior in Syn1-Cre/Scn1aWT/A1783V mice (Figures R7A,B). In this test, Syn1-

Cre/Scn1aWT/A1783V mice spent a significantly lower time in active interaction with a novel 

unfamiliar partner when compared with the other three groups at PND25, PND40 and 

PND60 (Figure R7A). In parallel, the total number of total interactions was also lower at 

PND25 and PND40, and a trend towards a decrease was also observed at PND60 (Figure 

R7B). Therefore, this is the only behavioral parameter that was drastically altered at the 

three evaluated ages.  
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Figure R6. Parameters recorded in the elevated plus maze in the DS mouse 

model. Measurement of different parameters in Syn1-Cre/Scn1aWT/A1783V mice and their three 

control groups (Scn1aWT/WT, Syn1-Cre/Scn1aWT/WT and Scn1aWT/A1783V mice), including (A) 

time in open arms and (B) number of entries in open arms at different PNDs in the range 

PND25-PND60. Values are means ± SEM of 13-21 animals per group. Data were assessed by 

two-way ANOVA for repeated measures followed by the Bonferroni test (***p<0.005 vs. the 

other three groups; #p<0.05 vs. Scn1aWT/A1783V mice). 
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Seizure-like activity 

During animal daily handling, Syn1-Cre/Scn1aWT/A1783V mice were shown to exhibit 

spontaneous seizures beginning around PND18. Given that these seizures were difficult 

to record and quantify without specialized tools and devices (and would have caused us 

to remove animals from long-term behavioral studies and caused animals to incur social 

isolation stress, which is also known to lower seizure threshold), we measured seizure-

like activity induced by acutely injecting the proconvulsant agent PTZ at PND25 (Figures 

R8A-D). As mentioned, this experiment was performed in a different animal cohort.  
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Figure R7. Parameters recorded in the social interaction test in the DS mouse 

model. Measurement of different parameters in Syn1-Cre/Scn1aWT/A1783V mice and their three 

control groups (Scn1aWT/WT, Syn1-Cre/Scn1aWT/WT and Scn1aWT/A1783V mice), including (A) 

time in active interaction and (B) number of active interactions at different PNDs in the range 

PND25-PND60. Values are means ± SEM of 13-21 animals per group. Data were assessed by 

two-way ANOVA for repeated measures followed by the Bonferroni test (*p<0.05, **p<0.01 

vs. the other three groups). 
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Figure R8. Behavioral evaluation of seizure-related activity in DS mice treated 

with PTZ. Measurement of different parameters in Syn1-Cre/Scn1aWT/A1783V mice and their 

control group (Scn1aWT/WT) at PND25, including (A) latency to myoclonic jerks, (B) latency 

to generalized seizures, (C) time between generalized seizures and myoclonic jerks and (D) 

time spent in generalized seizures. Values are means ± SEM of 5-8 animals per group. Data 

were assessed by Student's t-test (*p<0.05, **p<0.01 vs. Scn1aWT/WT mice). 
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Syn1-Cre/Scn1aWT/A1783V showed a marked increase in seizure-like activity when 

compared to the control group (only Scn1aWT/WT, given that no differences were found 

among the three control groups in the previous behavioral analysis). Such increase was 

reflected by significant reductions in the latency to myoclonic jerks (Figure R8A) and 

generalized seizures (Figure R8B), a trend towards a decrease in the difference between 

both latencies (p=0.0575, Figure R8C) and a significant increase in the total time spent 

in generalized seizures (Figure R8D).  

Animal survival 

As indicated above, a relevant characteristic expected for this DS mouse model was a 

reduced premature mortality relative to other knock-outs and conditional models, which 

may facilitate its use in chronic treatments against long-term comorbidities. To this end, 

those animals that were subjected to the behavioral tests shown in Figures R2-R7 were 

also used for measuring animal survival. As shown in Figure R9, survival of Syn1-

Cre/Scn1aWT/A1783V mice dropped from around PND14 until PND21, and then remained 

relatively stable, resulting in approximately 75% long-term survivors. The statistical 

analysis of these data indicated they resulted significant (2=5.907, p<0.05). It is 

important to remark that, despite the reduction in animal survival, it is much more 

moderate if compared with the high mortality rates of other mouse models generated 

from Scn1a-A1783V conditional mice (Almog et al., 2021; Fadila et al., 2020; Kuo et al., 

2019; Ricobaraza et al., 2019), as it has been discussed in the Introduction. Overall, this 

fact makes our model suitable for long-term studies in this disorder. 

Animal survival 

Figure R9. Animal survival in the DS mouse model. Kaplan-Meier plot for the analysis 

of animal survival in Syn1-Cre/Scn1aWT/A1783V mice and their three control groups (Scn1aWT/WT, 

Syn1-Cre/Scn1aWT/WT and Scn1aWT/A1783V mice). Data correspond to 13-21 animals per group 

and were assessed by the Log-Rank test.  
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1.2. Biochemical and histopathological data 

Once behaviorally characterized, we next wanted to determine the contribution of 

different neuropathological events to these behavioral disturbances, including 

alterations in the endocannabinoid system, inflammatory events and disruptions in the 

hippocampal neurogenesis. In this second group of experiments comprising this 

Chapter, neural tissues of Syn1-Cre/Scn1aWT/A1783V mice were compared to those of 

Scn1aWT/WT mice (hereafter considered as the control group, since no differences were 

found among the three control groups in the previous behavioral tests). In addition, 

given that PND25 was the age at which behavioral impairment was maximal, these 

biochemical and histopathological data - as well as further measurements in the 

following Chapters - were collected at this stage.  

Analysis of the endocannabinoid system 

Given that specific elements within the ECS may serve as potential targets for a 

cannabinoid-based treatment in DS (Gray & Whalley, 2020), our main goal in this study 

was to detect a possible dysregulation within this signalling system that may explain the 

efficacy of certain cannabinoids as disease-modifying therapies in this disorder. As 

discussed, previous data from our laboratory revealed an upregulation of CB2 receptor in 

lymphocytes of DS patients (Rubio et al., 2016). Therefore, we next wanted to assess if 

this signalling system was somehow dysregulated in our DS mouse model. To this end, 

both mRNA (Figure R10) and protein (Figure R11) levels for different ECS elements were 

quantified in CNS structures of Syn1-Cre/Scn1aWT/A1783V mice.  

Regarding cannabinoid receptors, qPCR analysis revealed a decrease of CB1 receptor in 

the cerebellum and a trend towards a downregulation in the hippocampus (p=0,179) 

(Figure R10A), which was further corroborated by Western-blot analysis (Figure R11A). 

No changes were found in prefrontal cortex and striatum (Figures R10A, R11A). qPCR 

analysis of CB2 receptor did not show any changes in the different CNS structures (Figure 

R10B). In contrast, Western-blot analysis revealed an upregulation of this receptor in the 

hippocampus, but not in the prefrontal cortex (Figure R11B). Lastly, we also analyzed 

GPR55 receptor, which has been proposed as the molecular target for the benefits 

exerted by CBD in a mouse model of DS (Kaplan et al., 2017). Although data were not 

statistically significant (probably due to a high variability), qPCR analysis revealed some 

trends towards a decrease in striatum (p=0.2) and hippocampus (p=0.15) (Figure R10C). 

Main enzymes involved in biosynthesis (NAPE-PLD and DAGL) and inactivation (MAGL 

and FAAH) of endocannabinoids were also evaluated. Regarding biosynthetic enzymes, 
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qPCR analysis did not reveal any changes in the different CNS structures (Figures 

R1oD,E). However, inactivation enzymes exhibited some changes. Particularly, qPCR 

analysis found a downregulation in MAGL enzyme in prefrontal cortex and cerebellum 

(Figure R1oG); prefrontal cortex downregulation was further confirmed by Western-blot 

analysis (Figure R11C). No changes were found in the rest of CNS structures (Figures 

R10G, R11C). Regarding FAAH enzyme, no statistically significant changes were 

detected. However, qPCR analysis revealed a trend towards a decrease in hippocampus 

(p=0.062) and cerebellum (p=0.068) (Figure R10F); this small trend in hippocampus 

was further confirmed by Western-blot analysis (p=0.052, Figure R11D). No changes 

were found in the rest of CNS structures (Figures R10F, R11D). 
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Figure R10. Gene expression for ECS elements in 
the DS mouse model. Measurement of (A) CB1, (B) CB2, 
(C) GPR55, (D) NAPE-PLD, (E) DAGL, (F) FAAH and (G) 
MAGL by qPCR in different CNS structures in Syn1-
Cre/Scn1aWT/A1783V mice and their control group 
(Scn1aWT/WT) at PND25. Values are means ± SEM of 5-8 
animals per group. Data were assessed by Student's t-test 
(*p<0.05, **p<0.01 vs. Scn1aWT/WT mice). PFC = prefrontal 
cortex; STR = striatum; HPC = hippocampus; CB = 
cerebellum. 
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Figure R11. Protein levels for ECS elements in the DS mouse model. Measurement 

of (A) CB1, (B) CB2, (C) MAGL and (D) FAAH by Western-Blot in different CNS structures 

in Syn1-Cre/Scn1aWT/A1783V mice and their control group (Scn1aWT/WT) at PND25. Panel (E) 

includes representative images of loading controls. Values are means ± SEM of 5-8 animals 

per group. Data were assessed by Student's t-test (*p<0.05 vs. Scn1aWT/WT mice). WT = 

Scn1aWT/WT, DS = Syn1-Cre/Scn1aWT/A1783V. PFC = prefrontal cortex; HPC = hippocampus.  
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Glial reactivity and neuroinflammation 

As discussed above, it is well-documented that neuroinflammatory processes and glial 

reactivity constitute a hallmark in epilepsy (Vezzani, 2011; Vezzani et al., 2019). Although 

little is known regarding DS, inflammation-related markers have been found to be 

upregulated in lymphocytes of DS patients (Rubio et al., 2016), thus supporting the 

participation of inflammatory events in DS pathogenesis. Based on this idea, we next 

wanted to assess whether inflammation also occurs in our DS mouse model.  

To this aim, we first wanted to analyze glial reactivity in different CNS structures at 

PND25. Immunofluorescence analysis revealed that Syn1-Cre/Scn1aWT/A1783V mice 

present higher levels of GFAP (Figure R12) and Iba-1 (Figure R13) immunoreactivity, 

thus indicating the existence of astrogliosis and microgliosis, respectively. Interestingly, 

in both cases, gliosis was restricted to the prefrontal cortex (Figures R12A, R13A) and the 

hippocampal dentate gyrus (Figures R12B, R13B), with no differences in the striatum or 

the different subfields of the Ammon’s horn of the hippocampus (CA1, CA2 and CA3) 

(Figures R12C, R13C). Although it was not specifically quantified, representative 

immunofluorescence images showed a marked hypertrophy of cell bodies and processes, 

as well as an increased cell proliferation, then supporting the occurrence of reactive 

gliosis. 

Additionally, we quantified by qPCR the gene expression of the pro-inflammatory 

cytokine TNFα in different CNS structures. Although data did not reach statistical 

significance (probably due to a high variability), this analysis revealed the existence of a 

trend towards an increase in the hippocampus (p=0.065, Figure R14).  

Peripheral inflammation and BBB integrity  

Once established that there are neuroinflammatory events occurring within the brain 

parenchyma in our DS mouse model, we next wanted to assess whether this local 

neuroinflammation could be driven - at least in part - by peripheral signals. As it has 

been explained in the Introduction, seizures may promote the mobilization of peripheral 

inflammatory mediators and even immune cells, as well as a partial breakdown in the 

BBB, thus resulting in the infiltration of inflammatory signals within the brain 

parenchyma; as a result, these central and peripheral inflammatory signals may 

cooperate and give rise to a decrease in the seizure threshold (Librizzi et al., 2016).  

To assess whether brain inflammation can be partially triggered by seizure-induced 

mobilization of peripheral immune cells, we measured B cells, T cells, neutrophils and 
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MDMs numbers in both BM and blood circulation by flow cytometry in Syn1-

Cre/Scn1aWT/A1783V mice at PND25 (Figure R15).  
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Figure R12. Immunofluorescence for the astroglial marker GFAP in the DS 

mouse model. Measurement of GFAP immunoreactivity in different CNS structures in Syn1-

Cre/Scn1aWT/A1783V mice and their control group (Scn1aWT/WT) at PND25. Quantification and 

representative immunofluorescence images in (A) prefrontal cortex and (B) hippocampal 

dentate gyrus, and quantification in other CNS areas, including (C) CA1, CA2, CA3 and 

striatum. Values are means ± SEM of 5-6 animals per group. Data were assessed by Student's 

t-test (*p<0.05, **p<0.01 vs. Scn1aWT/WT mice). Scale bar = 100μm. 
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Figure R13. Immunofluorescence for the microglial marker Iba-1 in the DS 
mouse model. Measurement of Iba-1 immunoreactivity in different CNS structures in Syn1-
Cre/Scn1aWT/A1783V mice and their control group (Scn1aWT/WT) at PND25. Quantification and 
representative immunofluorescence images in (A) prefrontal cortex and (B) hippocampal 
dentate gyrus, and quantification in other CNS areas, including (C) CA1, CA2, CA3 and 
striatum. Values are means ± SEM of 5-6 animals per group. Data were assessed by Student's 
t-test (*p<0.05, **p<0.01 vs. Scn1aWT/WT mice). Scale bar = 100μm. 
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Interestingly, Syn1-Cre/Scn1aWT/A1783V mice showed a marked reduction in the number of 

B cells (Figure R15A), T cells (Figure R15B) and neutrophils (Figure R15C) in the BM. 

However, no changes were detected in the number of MDMs (Figure 15D). With regard 

to blood circulation, our data revealed an increase in the number of neutrophils (Figure 

R15G), whereas no changes were observed in the case of B cells, T cells and MDMs 

(Figures R15E,F,H). Overall, these results suggested that neutrophils are mobilized from 

the BM into the peripheral circulation in Syn1-Cre/Scn1aWT/A1783V mice. 

Taking into account these findings, we next wondered whether this increase in the 

number of neutrophils in blood circulation may involve their traffic and infiltration into 

the brain parenchyma, where they could contribute to the neuroinflammatory processes 

that have been reported in the previous section. With this idea in mind, we performed a 

double immunofluorescence staining of endothelial cells (laminin staining) and 

neutrophils (NIMP-R14 staining) in brain sections containing the hippocampus of 

perfused Syn1-Cre/Scn1aWT/A1783V mice, in order to study a possible neutrophil infiltration 

into the brain parenchyma (Figure R16). We initially wanted to focus this study in the 

hippocampus, particularly in the dentate gyrus, since it was one of the brain areas where 

gliosis and neuroinflammatory signals were more prominent (Figures R12B, R13B, R14).  

To perform this analysis, we used brain sections containing the infarct core of mice 

subjected to a permanent middle cerebral artery occlusion (pMCAO) as a positive 

control, which were kindly provided by Dra. García-Culebras (Department of 

Pharmacology and Toxicology, Faculty of Medicine, Complutense University of Madrid, 

Madrid, Spain). As expected, positive control showed an increase in neutrophil 

infiltration into the ischemic brain tissue (Figure R16) (García-Culebras et al., 2019), 

where neutrophils are not retained within vessels. In contrast, such observation did not 

occur in Syn1-Cre/Scn1aWT/A1783V mice, indicating that although neutrophils were 
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probably being mobilized from the BM (Figure R15C) to the systemic circulation (Figure 

R15G), they did not eventually infiltrate into the brain parenchyma (Figure R16).  

 

 

These observations suggested that inflammatory events that were taking part in the 

pathogenesis of our DS mouse model may not be as severe as those occurring in other 

pathological conditions where total BBB breakdown and neutrophil infiltration into the 

CNS is a well-documented phenomenon, including brain ischemia, brain trauma, CNS 
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Figure R15. Flow cytometry analysis for different immune cells populations in 

the DS mouse model. Measurement of B cells, T cells, neutrophils and MDMs in (A-D) 

bone marrow and (E-H) blood in Syn1-Cre/Scn1aWT/A1783V mice and their control group 

(Scn1aWT/WT) at PND25. Values are means ± SEM of 5-8 animals per group. Data were assessed 

by Student's t-test (*p<0.05, **p<0.01, ***p<0.005 vs. Scn1aWT/WT mice). 
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infections or autoimmune diseases affecting the CNS, among others (Manda-Handzlik & 

Demkow, 2019). These conditions often involve an acute damage which gives rise to a 

severe but transient BBB breakdown, which enables the massive infiltration of 

inflammatory signals. However, the pathogenesis in our DS mouse model may be much 

more progressive (chronic rather than acute). Therefore, we next wanted to assess 

whether there was a certain degree of BBB disruption in Syn1-Cre/Scn1aWT/A1783V mice, 

which may involve the partial contribution of peripheral inflammatory signals.  

To this end, we first performed Western-blot analysis of different components of the BBB 

in hippocampal tissue of Syn1-Cre/Scn1aWT/A1783V mice, including ZO-1 and claudin-5 

(tight junction proteins), laminin (basement membrane protein) and ICAM-1 (adhesion 

molecule controlling cell infiltration) (Figure R17). Results revealed significantly reduced 

levels of ZO-1 (Figure R17A), as well as small trends towards a decrease in laminin 

(p=0,1241, Figure R17B) and claudin-5 (p=0,1117, Figure R17D), suggesting a partial loss 

of BBB integrity. In agreement with the absence of cell infiltrates, levels of ICAM-1 

remained unaltered (Figure R17C).  

Although the aforementioned results indicated that this partial loss of BBB integrity was 

not able to induce inflammatory cell infiltration, we wanted to evaluate whether this 

moderate disruption could be associated with the existence of a leaky BBB that may 

facilitate the extravasation of inflammatory molecules into the brain parenchyma. To this 

aim, we performed immunofluorescence analysis of serum IgG extravasation in 

hippocampal brain sections of perfused Syn1-Cre/Scn1aWT/A1783V mice, which revealed an 

increase in IgG extravasation (Figure R18). 

Scn1aWT/WT Syn1-Cre/Scn1aWT/A1783V Positive control 

Figure R16 Evaluation of neutrophils infiltration into the brain parenchyma in 
the DS mouse model. Representative images of a double immunofluorescence of 
neutrophils (NIMP-R14, green) and the endothelial marker laminin (red) in the hippocampus 
of Syn1-Cre/Scn1aWT/A1783V mice and their control group (Scn1aWT/WT) at PND25. Positive 
control corresponds to an ischemic brain tissue with proven infiltration of neutrophils into the 
brain ischemic core. Scale bar = 50 µm.  
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Adult hippocampal neurogenesis 

As it has been stated in the Introduction, alterations in adult hippocampal neurogenesis 

have been associated with epilepsy and inflammation (Bielefeld et al., 2019; Chen et al., 

2020). Therefore, we were particularly interested in investigating whether adult 

hippocampal neurogenesis could be disrupted in our Syn1-Cre/Scn1aWT/A1783V mice. 

To this end, we performed immunofluorescence analysis focused on the SGZ and the 

GCL in order to assure NSCs identity (Figure R19). In this analysis, NSCs were defined 

as those GFAP-expressing cells specifically located in the SGZ and presenting a radial 

morphology. Although efforts were made in order to minimize the possibility that some 

astrocytes were also included in the quantification, we cannot exclude it; however, their 

contribution appeared to be residual.  

First, we observed that Syn1-Cre/Scn1aWT/A1783V mice presented a significantly higher 

GCL dispersion (Figure R19B), as well as a small trend towards an increase in the mitotic 

marker Ki67 (p=0.13, Figure R19C), thus indicating an increased cell proliferation and 

mobilization of progenitor cells in Syn1-Cre/Scn1aWT/A1783V mice. As it can be appreciated 

in representative images of Figure R19A, cell proliferation is mainly restricted to the SGZ.  

Next, we performed a double immunofluorescence staining for GFAP and Ki67. We 

quantified those cells which (1) were positive for both markers, (2) were located in the 

SGZ and (3) presented a radial morphology, in order to assure NSCs identity. This 

analysis showed a marked increase in the total number of cells positive for both markers 

in Syn1-Cre/Scn1aWT/A1783V mice (Figure R19E). When quantifying the percentage of these 

Ki67+ GFAP+ cells over the total of GFAP+ cells, we also found a small trend towards an 

increase (p=o.106, Figure R19D). Moreover, as it can be again appreciated in 

representative images of Figure R19A, these cells were phenotypically different from 

those of control mice, with basal cytoplasmic expansions and thickened processes, which 

is consistent with their transformation into a reactive-like phenotype. This reactive 

neurogenic response may contribute to reactive gliosis.   

Lastly, we also measured the nuclei circularity of GCL neurons and found a particularly 

interesting phenomenon. Whereas control mice presented typical round nuclei, Syn1-

Cre/Scn1aWT/A1783V mice showed an abnormal shape with a decreased circularity, with cell 

nuclei exhibiting an irregular contour with indentations (Figures R19F,G). This 

characteristic has been related to altered lamin expression and cell damage (Goldman et 

al., 2004; Vergnes et al., 2004). 
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Summary  

To briefly sum up the most important results of this Chapter, we were able to validate a 

novel DS mouse model with lower mortality rates than previous models, which may serve 

to further evaluate disease-modifying therapies focused on those long-term 

comorbidities which are typically associated with DS progression. Moreover, this mouse 

model recapitulated most behavioral features of DS patients, including hyperactivity, 

autistic traits, cognitive impairment and seizuring susceptibility, with a particular 

intensity at PND25. Overall, these findings supported this mouse model as a good 

experimental tool for long-term studies. Besides, this initial behavioral characterization 

enabled us to make important decisions regarding subsequent experiments, particularly 

to (1) consider Scn1aWT/WT as our control group, since no differences were observed in 

comparison with the other two control groups (mice carrying the mutation in absence of 

Cre, or mice expressing Cre in absence of the mutation), and (2) focus our measurements 

on PND25, where behavioral disturbances were found to be maximal. 

Apart from this behavioral characterization, we performed several biochemical and 

histological procedures using this mouse model with the purpose of further exploring DS 

pathophysiology. These techniques revealed a partial dysregulation of the 

endocannabinoid system and the hippocampal neurogenesis. Furthermore, we 

demonstrated that neuroinflammation is a key pathogenic aspect in this DS mouse 

model, characterized by a prominent gliosis and a leaky BBB which may enable the 

extravasation of inflammatory molecules into the brain parenchyma. 

Importantly, these findings allowed us to focus our following experiments on the main 

aspects which have been revealed in this Chapter.   
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CHAPTER 2. ANALYSIS OF BCP AS AN ANTICONVULSANT 

AGENT AND DISEASE-MODIFYING AGENT IN DS. 

As already discussed, previous studies have shown that BCP is able to protect against 

seizures in preclinical models of acute epilepsy (de Oliveira et al., 2016; Liu et al., 2015; 

Tchekalarova et al., 2018). Taking into account these findings, our goal was to determine 

if BCP was similarly protective in DS, not only against seizures, but also against DS-

associated comorbidities. 

To this end, two different experimental designs were conducted in our previously 

characterized DS mouse model. In a first study (acute paradigm), we addressed the 

anticonvulsant effect of BCP against PTZ-induced seizures. In a second study (chronic 

paradigm), we evaluated BCP effect on the disease progression and associated 

comorbidities.  

Moreover, given that BCP has been demonstrated to display a strong protective role 

against brain inflammation (Gonçalves et al., 2020; Sharma et al., 2016), in both studies 

we also evaluated BCP effect on attenuating glial reactivity, since Chapter 1 has revealed 

that it is a neuropathological hallmark in the progression of the pathological phenotype 

in Syn1-Cre/Scn1aWT/A1783V mice (Figures R12-14). 

2.1. Analysis of BCP as an anticonvulsant agent (acute paradigm) 

In order to investigate the effects of BCP on seizure activity induced by PTZ, Syn1-

Cre/Scn1aWT/A1783V mice and their controls (Scn1aWT/WT) were injected with a single dose 

of BCP (100 mg/kg, i.p.) or its vehicle at PND24. 30 minutes thereafter, mice were 

injected with PTZ (50 mg/kg, i.p.) and observed for a 30-minute period. 24 hours after 

PTZ injection, mice were euthanized and brain tissue was collected for 

immunofluorescence analysis of glial reactivity. Figure R20 shows a schematic overview 

of this experimental design. 

Effect of BCP on seizure-related activity induced by PTZ 

As similarly reported in Chapter 1 characterization (Figure R8), data collected after PTZ 

administration (Figure R21) corroborated that this proconvulsant agent evokes a more 

intense seizure-related behavior in vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice when 

compared with vehicle-treated controls, as particularly reflected as a significantly higher 

time spent in generalized seizures (Figure R21D). In contrast to those results showed in 



RESULTS 

 

111 
 

Chapter 1 (Figure R8), the other three parameters do not reach statistical significance, 

probably due to high variability among data. However, trends towards a reduction can 

be similarly appreciated (Figures R21A,B,C).  

When pretreated with BCP, a partial attenuation of seizure activity was detected in both 

Syn1-Cre/Scn1aWT/A1783V mice and their controls. In the case of control mice, BCP 

treatment promoted a marked increase in the difference between both latencies, which 

was not so intense in DS mice (Figure R21C). Regarding Syn1-Cre/Scn1aWT/A1783V mice, 

BCP drastically decreased the time spent in generalized seizures, an effect much more 

moderated in control mice (Figure R21D).  

Effect of BCP on glial reactivity induced by PTZ 

Given that epilepsy is associated with brain inflammation and reactive gliosis (Vezzani, 

2011; Vezzani et al., 2019), we next wanted to corroborate whether this response also 

occurs after PTZ-induced seizures, whether it is different between DS and control mice, 

and how it is affected by BCP treatment in both genotypes. To this end, we carried out 

immunofluorescence analysis to evaluate astroglial and microglial reactivity in 

prefrontal cortex and hippocampal dentate gyrus, the two CNS structures in which we 

Experimental groups: 

Scn1aWT/WT    VEH 
Scn1aWT/WT   BCP 100 mg/kg 
Syn1-Cre/Scn1aWT/A1783V 

VEH 
Syn1-Cre/Scn1aWT/A1783V BCP 100 mg/kg 

PND24: 

30 min 30 min 

Video recording: 

• Latency to myoclonic jerks 
• Latency to generalized seizures 
• Time spent in generalized seizures 

PTZ 50 mg/kg, i.p. 

BCP 100 mg/kg, i.p. 

or 

vehicle (Tween-80:saline, 1:16), i.p. 

PND25: Sacrifice and sample collection 

Figure R20. Timeline of the experimental procedure to evaluate BCP potential as 

an anticonvulsant agent.  
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had previously reported that gliosis is more prominent in our DS mouse model (Figures 

R12,13). Apart from the four experimental groups that had been behaviorally analyzed, 

for these immunofluorescence procedures we included two additional experimental 

groups: non-PTZ treated Syn1-Cre/Scn1aWT/A1783V mice and their controls (Scn1aWT/WT), 

which may serve as a reference to quantify the extent of PTZ effect.  

As reported in Chapter 1 (Figures R12,13), non-PTZ Syn1-Cre/Scn1aWT/A1783V animals 

showed an increase in GFAP immunoreactivity in both prefrontal cortex and 

hippocampal dentate gyrus (Figures R22A,B) if compared to non-PTZ control mice. 

Regarding Iba-1 immunoreactivity, we also reported a trend towards an increase in 

prefrontal cortex and a marked increase in hippocampal dentate gyrus (Figures R23A,B). 

These prominent levels of astrogliosis and microgliosis occurring in Syn1-

Cre/Scn1aWT/A1783V animals were greatly enhanced after PTZ administration.  
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Figure R21. Effect of an acute BCP dose on seizure-related activity in DS mice 

treated with PTZ. Measurement of different parameters in Syn1-Cre/Scn1aWT/A1783V 
mice 

and their control group (Scn1aWT/WT mice) treated with BCP (100 mg/kg) or vehicle, including 

(A) latency to myoclonic jerks, (B) latency to generalized seizures, (C) time between 

generalized seizures and myoclonic jerks and (D) time spent in generalized seizures. Values 
are means ± SEM of 6-12 animals per group. Data were assessed by two-way ANOVA 
followed by the Tukey test (**p<0.01 vs. vehicle-treated Scn1aWT/WT mice; ##p<0.01 vs. 

vehicle-treated Syn1-Cre/Scn1aWT/A1783V  
mice). 
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Figure R22. Effect of an acute BCP dose on the astroglial marker GFAP in DS mice 

treated with PTZ. Quantification of GFAP immunoreactivity in (A) prefrontal cortex and 

(B) hippocampal dentate gyrus in Syn1-Cre/Scn1aWT/A1783V mice and their control group 

(Scn1aWT/WT mice) treated with BCP (100 mg/kg) or vehicle. Panel (C) shows representative 

images of the immunofluorescence staining. Values are means ± SEM of 6-7 animals per 

group. Data were assessed by two-way ANOVA followed by the Tukey test (**p<0.01, 

***p<0.005, ****p<0.001 vs. vehicle-treated Scn1aWT/WT - PTZ mice; $$p<0.01 vs. vehicle-

treated Scn1aWT/WT + PTZ mice; ## p<0.01 vs. vehicle-treated Syn1-Cre/Scn1aWT/A1783V - PTZ 

mice; @@p <0.01 vs. vehicle-treated Syn1-Cre/Scn1aWT/A1783V + PTZ mice). Scale bar = 50 μm 
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Figure R23. Effect of an acute BCP dose on the microglial marker Iba-1 in DS mice 

treated with PTZ. Quantification of Iba-1 immunoreactivity in (A) prefrontal cortex and 

(B) hippocampal dentate gyrus in Syn1-Cre/Scn1aWT/A1783V mice and their control group 

(Scn1aWT/WT mice) treated with BCP (100 mg/kg) or vehicle. Panel (C) shows representative 

images of the immunofluorescence staining. Values are means ± SEM of 6-7 animals per 

group. Data were assessed by two-way ANOVA followed by the Tukey test (*p<0.05, **p<0.01, 

****p<0.001 vs. vehicle-treated Scn1aWT/WT - PTZ mice; $$$p<0.05, $$$$p<0.001 vs. vehicle-

treated Scn1aWT/WT + PTZ mice; ###p<0.005 vs. vehicle-treated Syn1-Cre/Scn1aWT/A1783V - PTZ 

mice; @@p<0.01, @@@@p<0.001 vs. vehicle-treated Syn1-Cre/Scn1aWT/A1783V + PTZ mice). Scale 

bar = 50 μm 
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In PTZ-injected animals, BCP pretreatment reported promising results, both in Syn1-

Cre/Scn1aWT/A1783V and their control mice. In the case of control mice, BCP treatment 

significantly attenuated astrogliosis in the hippocampal dentate gyrus (Figure R22B), as 

well as microgliosis in both prefrontal cortex and hippocampal dentate gyrus (Figures 

R23A,B). Regarding Syn1-Cre/Scn1aWT/A1783V mice, astrogliosis was decreased in 

prefrontal cortex (Figure R22A) and microgliosis in both prefrontal cortex and 

hippocampal dentate gyrus (Figures R23A,B).  

2.2. Analysis of BCP as a disease-modifying agent (chronic paradigm) 

Once demonstrated that BCP was effective against seizure onset, we next wanted to 

evaluate its effect on modulating the disease progression. For this purpose, we followed 

the experimental design which is presented in Figure R24. Briefly, Syn1-

Cre/Scn1aWT/A1783V mice and their controls were treated with BCP at a dose of 10 mg/kg 

(i.p.) or its vehicle. The treatment was initiated when the animals were 10 days old, and 

injections were given every 48 hours (even days) up to PND24. Different 

neurodevelopmental reflexes were also measured on alternate days (odd days) from the 

age of 9 days up to 25. Additionally, body weight was recorded daily. At the age of 25 days 

and at least 24 hours after the last BCP injection, mice underwent behavioral testing (T-

maze, Y-maze, social interaction and Actitrack) before being finally sacrificed for sample 

collection.  

 

Postnatal days: 

Odd days: 
Body weight 
Hindlimb grasp reflex 
Hindlimb clasping 

Even days: 
Body weight 
Treatment administration 

BCP 10 mg/kg, i.p. 

Vehicle (Tween-80:saline, 1:16), i.p. 

Behavioral assessment: 
• T-maze 
• Y-maze 
• Social interaction 
• Actitrack 

Sacrifice and          

sample collection 

Experimental groups: 

Scn1a
WT/WT

    VEH 

Scn1a
WT/WT

    BCP 10 mg/kg 

Syn1-Cre/Scn1a
WT/A1783V 

VEH 

Syn1-Cre/Scn1a
WT/A1783V

   BCP 10 mg/kg 

Figure R24. Timeline of experimental procedure to evaluate BCP potential as 

disease-modifying agent.  
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Effect of BCP on animal survival, body weight and reflexes 

We first analyzed the animal survival in the four experimental groups (Figure R25). At 

the end of the experiment, the number of both vehicle- and BCP-treated control mice 

remained unchanged (100% survivors). In contrast, survival of vehicle-treated Syn1-

Cre/Scn1aWT/A1783V mice dropped from PND21 to PND23, resulting in 71,5% of survivors 

at the end of the experiment. BCP treatment slightly improved survival in Syn1-

Cre/Scn1aWT/A1783V mice compared with the vehicle-treated group, with 75% of survivors 

at the end of the experiment. Interestingly, BCP not only improved the survival rate but 

also extended the age at death, since no mice died before PND23. The statistical analysis 

of these data indicated they resulted significant (2=5.061, p<0.05).   

 

 

 

 

 

 

 

 

 

 

 

Mice were also subjected to analysis of weight gain during the treatment period (Figure 

R26A). Our results showed that vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice 

experienced a progressive weight loss beginning in PND21, which was partially 

attenuated by BCP administration (Figure R26A). This weight loss was not reported in 

the characterization of the DS mouse model described in Chapter 1 (Figure R2A), and 

this different trend could be due to the fact that this experimental design (Figure R24) 

involved daily handling of mice, which could particularly affect Syn1-Cre/Scn1aWT/A1783V 

mice. Additionally, vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice showed 

neurodevelopmental anomalies. Particularly, they exhibited a delayed appearance of 

hindlimb grasping, which was completely acquired a PND19, 6 days later if compared to 

Scn1aWT/WT mice (Figure R26B). Moreover, they presented a marked clasping behavior 

from PND9 (Figure R26C). In both cases, our results demonstrated the ability of BCP to 

attenuate these disturbances. 
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Figure R25. Effect of a BCP treatment on animal survival in DS mice. Kaplan-Meier 
plot for the analysis of animal survival in Syn1-Cre/Scn1aWT/A1783V mice and their control group 

(Scn1aWT/WT mice) treated with BCP (10 mg/kg) or vehicle. Data correspond to 6-12 animals 

per group and were assessed by the Log-Rank test. 
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Effect of BCP on locomotor activity 

Next, we wanted to study the possible effects of BCP on locomotor activity parameters by 

using the Actitrack equipment (Figure R27). Again, vehicle-treated Syn1-

Cre/Scn1aWT/A1783V mice displayed a significantly more active behavior than control mice, 

as indicated by their longer distance travelled (Figure R27A), shorter resting time (Figure 

R27C), increased average velocity (Figure R27D) as well as a significant increase in the 

time moving fast (Figure R27E). This increased motor activity was also appreciated in 

the track plots automatically generated by the Actitrack software (Figure R27F). 
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Figure R26. Effect of a BCP treatment on the evolution of different 

developmental parameters in DS mice. (A) Body weight, (B) hindlimb grasp reflex and 

(C) hindlimb clasping reflex in Syn1-Cre/Scn1aWT/A1783V mice and their control group 

(Scn1aWT/WT mice) treated with BCP (10 mg/kg) or vehicle.  Values are means ± SEM of 6-12 

animals per group. Data were assessed by two-way ANOVA for repeated measures followed by 

the Bonferroni test (*p<0.05, **p<0.01, ***p<0.005, ****p<0.001 vs. vehicle-treated 

Scn1aWT/WT mice; #p<0.05, ##p<0.01, ###p<0.005, ####p<0.001 vs. vehicle-treated Syn1-

Cre/Scn1aWT/A1783V mice). 
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Treatment with BCP did not produce significant effects, but showed clear trends towards 

the attenuation of these motor anomalies, which was reflected in the loss of statistical 

significance of Syn1-Cre/Scn1aWT/A1783V mice if compared to Scn1aWT/WT animals. 
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Figure R27. Effect of a BCP treatment on locomotor activity in DS mice. 

Measurement of different parameters recorded in the computer-aided actimeter in Syn1-Cre/ 

Scn1aWT/A1783V mice and their control group (Scn1aWT/WT mice) treated with BCP (10 mg/kg) or 

vehicle, including (A) ambulatory activity, (B) rearing behavior, (C) resting time, (D) mean 

velocity and (E) fast movements. Panel (F) shows representative track plots generated from 

the Actitrack software. Values are means ± SEM of 6-12 animals per group. Data were assessed 

by two-way ANOVA followed by the Tukey test (*p<0.05 vs. vehicle-treated Scn1aWT/WT mice).  
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Effect of BCP on social interaction 

As expected, autism-related behavioral deficits were observed in vehicle-treated Syn1-

Cre/Scn1aWT/A1783V mice in the social interaction test (Figure R28), where they showed a 

significant decrease in the time spent in active interaction (Figure R28A) as well as in the 

total number of active interactions (Figure R28B) with a novel unfamiliar partner. Again, 

both deficits were attenuated by BCP administration, in this case, to a greater extent than 

in those parameters recorded in the actimeter, although effects did not reach statistical 

significance if compared to vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effect of BCP on spatial working memory  

In order to assess the effect of BCP on the alterations shown by DS mice in spatial 

working memory, we used both Y-maze (Figures R29A-D) and T-maze (Figure R29E) 

tests. As expected, vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice exhibited impaired 

performance in the Y-maze test, with a marked decrease in the spontaneous alternation 

(Figure R29B) and small trends towards an increase in the number of total entries in the 

maze arms (p=0.1222, Figure R29A), as well as in the percentage of alternate arm returns 

(p=0.1190, Figure R29C). These impairments were also observed in the T-maze task 

(Figure R29E). In agreement with the aforementioned positive effects, BCP treatment 

partially attenuated those disturbances recorded in the Y-maze test, specially the number 

of total entries and the spontaneous alternation (Figures R29A,B). A more potent 
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Figure R28. Effect of a BCP treatment on different parameters recorded in the 

social interaction test in DS mice. Measurement of different parameters in Syn1-

Cre/Scn1aWT/A1783V mice and their control group (Scn1aWT/WT mice) treated with BCP (10 

mg/kg) or vehicle, including (A) time in active interaction and (B) number of active 
interactions. Values are means ± SEM of 6-12 animals per group. Data were assessed by two-

way ANOVA followed by the Tukey test (*p<0.05, **p<0.01 vs. vehicle-treated Scn1aWT/WT 

mice).  
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beneficial effect was observed in the T-maze test, where BCP totally reversed the low 

values observed in the task performance (Figure R29E).  

 

Effect of BCP on glial reactivity  

As demonstrated in Chapter 1, behavioral anomalies exhibited by vehicle-treated Syn1-

Cre/Scn1aWT/A1783V mice were accompanied by glial reactivity. On the one hand, they 

presented elevated GFAP immunoreactivity both in prefrontal cortex and hippocampal 

dentate gyrus (Figures R30A,B). On the other hand, Iba-1 immunoreactivity was also 

markedly increased in prefrontal cortex and to a lesser extent in the hippocampal dentate 

gyrus (Figures R31A,B). In accordance with benefits at the behavioral level, and similar 

to its acute administration, BCP was capable of significantly counteracting astrogliosis in 
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Figure R29. Effect of a BCP treatment on different parameters recorded in the Y-

maze and T-maze tests in DS mice. Measurement of different parameters in the (A-D) 

Y-maze test and (E) T-maze test in Syn1-Cre/Scn1aWT/A1783V mice and their control group 

(Scn1aWT/WT mice) treated with BCP (10 mg/kg) or vehicle. Values are means ± SEM of 6-12 

animals per group. Data were assessed by two-way ANOVA followed by the Tukey test 

(*p<0.05, **p<0.01 vs. vehicle-treated Scn1aWT/WT mice; #p<0.05 vs. vehicle-treated Syn1-

Cre/Scn1aWT/A1783V mice). 
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both prefrontal cortex and dentate gyrus (Figures R30A,B), as well as microgliosis in the 

prefrontal cortex, and to a lesser extent in the dentate gyrus (Figures R31A,B).  

 

Summary 

To summarize the most important findings of this Chapter, BCP was shown to exert 

beneficial effects in our DS mice. First, it showed anticonvulsant effects against PTZ-

induced seizures in both DS mice and their controls. Second, BCP was also able to 

attenuate those behavioral disturbances which characterize the progressive 

comorbidities developed in this mouse model, including the neurodevelopmental delay, 
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Figure R30. Effect of a BCP treatment on the astroglial marker GFAP in DS mice. 

Measurement of GFAP immunoreactivity in (A) prefrontal cortex and (B) hippocampal 

dentate gyrus in Syn1-Cre/Scn1aWT/A1783V mice and their control group (Scn1aWT/WT mice) 

treated with BCP (10 mg/kg) or vehicle. Values are means ± SEM of 6-7 animals per group. 

Data were assessed by two-way ANOVA followed by the Tukey test (*p<0.05, ***p<0.005 vs. 

vehicle-treated Scn1aWT/WT mice; #p<0.05 vs. vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice). 

Scale bar = 50 μm. 
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premature death, motor hyperactivity, cognitive deficits and autistic traits. Besides, it 

was also able to reduce the elevated glial reactivity found in those CNS structures which 

are more relevant to these behavioral abnormalities. Therefore, these results provided 

clear evidence of the promising pharmacological and therapeutic potential of BCP for 

DS, not only against seizuring activity, but also against long-term behavioral 

disturbances associated with the proconvulsant activity typical of this disorder. 

Moreover, these results also provided a theoretical basis for considering anti-

inflammatory agents as promising therapeutic strategies for disease modification.  
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Figure R31. Effect of a BCP treatment on the microglial marker Iba-1 in DS mice. 

Measurement of Iba-1 immunoreactivity in (A) prefrontal cortex and (B) hippocampal 

dentate gyrus in Syn1-Cre/Scn1aWT/A1783V mice and their control group (Scn1aWT/WT mice) 

treated with BCP (10 mg/kg) or vehicle. Values are means ± SEM of 6-7 animals per group. 

Data were assessed by two-way ANOVA followed by the Tukey test (*p<0.05, ***p<0.005 vs. 

vehicle-treated Scn1aWT/WT mice; #p<0.05 vs. vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice). 

Scale bar = 50 μm. 
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CHAPTER 3. EVALUATION OF THE EFFECTIVENESS OF A 

COMBINATION OF BCP AND CBD AS A POTENTIAL 

THERAPEUTIC APPROACH IN DS  

As described in the Introduction, CBD has been recently approved as an anticonvulsant 

agent for the treatment of DS, as well as for other pediatric epileptic encephalopathies 

(Franco et al., 2021). Results just shown in Chapter 2 revealed that BCP, another C. 

sativa constituent, exhibited a potential value for its further development as a novel 

candidate for DS treatment. Like CBD, BCP has no affinity for CB1 receptors (which 

devoid it from undesirable psychotropic effects) and it is also considered a “multi-target’’ 

agent, known to exert positive effects in multiple experimental models by acting on CB2, 

PPARγ and/or TLR-4 receptors, among others. Therefore, given that CBD and BCP likely 

modulate different molecular targets but share common mechanisms of action (e.g., anti-

inflammatory and antioxidant), we wondered whether the combination of both C. sativa 

constituents could exert more potent effects than either compound alone. BCP is a food 

additive and flavoring agent approved by regulatory agencies and with no reported 

adverse effects, in contrast to some mild or moderate side effects observed after CBD 

treatment in humans (Devinsky et al., 2017, 2018; Miller et al., 2020; Thiele et al., 2018, 

2019), so their combination could facilitate the use of lower doses of CBD, thus reducing 

possible side effects. Furthermore, according to the “entourage effect’’, CBD and BCP 

could act synergistically and exert additional positive effects (Russo, 2011), thus 

positioning BCP as a compound with future potential to be used in a combination therapy 

in human pharmaceutics (Gonçalves et al., 2020; Sharma et al., 2016). 

Taking into account all this evidence, we performed both an in vitro (BV2 cells) and in 

vivo (DS mice) evaluation of possible positive effects exerted by the combination of BCP 

and CBD, with a focus on anti-inflammatory and antioxidant responses.  

3.1. Evaluation of the combination of BCP and CBD in BV2 cells  

With the purpose of evaluating the anti-inflammatory potential of BCP and CBD (alone 

or in combination), LPS-stimulated microglial BV2 cells were used as an in vitro model 

to mimic an inflammatory environment. To this end, we first aimed to identify the 

optimal concentrations of both BCP and CBD for the remaining in vitro experiments. 

Once identified, we then performed different analysis to assess whether the combination 

of both compounds could be more beneficial than each compound alone. 
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Concentration-response analysis for BCP and CBD 

In order to establish the optimal concentrations of BCP and CBD which could give rise 

to anti-inflammatory effects, two concentration-response curves were performed. BV2 

cells were treated with different concentrations of BCP (1, 10, 25, 50 or 100 µM) or CBD 

(0.05, 0.1, 0.5, 1, 5 or 10 µM), and their effects on cell viability and levels of different 

inflammation-related proteins (TLR-4, catalase and Iba-1) were then evaluated. Figure 

R32 shows a representative scheme of this experimental design.  

BCP concentrations of 1, 10 and 25 µM did not affect cell viability when compared to -

LPS cells. However, a marked cytotoxic effect was observed for the concentrations of 50 

and 100 µM (Figure R33A), as has been also observed in other studies (Guo et al., 2014). 

Next, we analyzed by Western-blot some inflammation-related proteins, but only with 

the non-cytotoxic BCP concentrations (1, 10 and 25 µM). Our data indicated that LPS 

exposure increased TLR-4, catalase and Iba-1 protein levels (Figure R33C), whereas 

pretreatment with BCP was, in general, effective at attenuating the elevated levels of 

these three markers in the +LPS group (Figure R33C). However, it is important to remark 

that only the concentration of 10 µM reported statistically significant effects for the three 

markers. Therefore, attending to these results, we decided to choose the concentration 

of 10 µM for the remaining experiments.  

Regarding CBD, the concentrations of 0.05, 0.1, 0.5 and 1 µM did not show any cytotoxic 

effect. In contrast, higher concentrations (5 and 10 µM) drastically decreased cell 

viability (Figure R34A), as also shown in previous studies (Rimmerman et al., 2013). 

Therefore, these two concentrations were not included in the Western-blot analysis. Very 

similar to the BCP concentration-response curve, LPS induced an increase in the 

expression of TLR-4, catalase and Iba-1 protein levels (Figure R34C). When pretreated 

with CBD, all non-cytotoxic concentrations (0.05-1 µM) tended to reduce the higher 

BV2 microglial 

cell line 

4h 16h Experimental procedures: 

• MTT 
• Western-blot 

LPS (1 µg/ml) 

BCP (1, 10, 25, 50 or 100 µM) 
or 

CBD (0.05, 0.1, 0.5, 1, 5 or 10 µM) 

1h 

Figure R32. Timeline of experimental procedure to determine optimal BCP and 
CBD concentrations for BV2 cell treatments.   
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protein levels for the three markers (except 1 µM for Iba-1), but the most effective 

concentration was 0.1 µM (reaching statistical significance in all cases except for Iba-1, 

in which it remained as a trend) (Figure R34C). Therefore, in this case, we decided to 

continue our following experiments with the concentration of 0.1 µM. 

 

 

Figure R33. Concentration-response curve of BCP in LPS-stimulated BV2 cells. 

(A) Effect of different concentrations of BCP (1, 10, 25, 50 and 100 µM) in cell viability 

measured by MTT assay. (B) Representative Western-blots with loading controls for TLR-4, 

catalase and Iba-1 using different concentrations of BCP (1, 10 and 25 µM). (C) Quantifications 

of TLR-4, catalase and Iba-1 protein levels using different concentrations of BCP (1, 10 and 25 

µM). Values are the mean ± SEM of at least 4 independent experiments each performed in 

triplicate. Data were assessed by using one-way ANOVA followed by the Bonferroni test 

(*p<0.05, ***p<0.005, ****p<0.001 vs. -LPS cells; #p<0.05 vs. +LPS cells). 
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Figure R34. Concentration-response curve of CBD in LPS-stimulated BV2 cells. 

(A) Effect of different concentrations of CBD (0.05, 0.1, 0.5, 1, 5 and 10 µM) in cell viability 

measured by MTT assay. (B) Representative Western-blots with loading controls for TLR-4, 

catalase and Iba-1 using different concentrations of CBD (0.05, 0.1, 0.5 and 1 µM). (C) 

Quantifications of TLR-4, catalase and Iba-1 protein levels using different concentrations of 

CBD (0.05, 0.1, 0.5 and 1 µM). Values are the mean ± SEM of at least 4 independent 

experiments each performed in triplicate. Data were assessed by using one-way ANOVA 

followed by the Bonferroni test (*p<0.05, ****p<0.001 vs. -LPS cells;
 #p<0.05, ##p<0.01, 

###p<0.005 vs. +LPS cells). 
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Beneficial effects of the combination of BCP and CBD 

Based on the concentration-response curves, we decided to continue our subsequent 

studies with concentrations of 10 µM of BCP and 0.1 µM of CBD as the most efficacious. 

As detailed in Figure R35, we followed a similar experimental design and performed 

several experimental procedures to evaluate the possible positive effects exerted by the 

combination of BCP and CBD in comparison to the two compounds alone.  

First, we wanted to verify that these two concentrations (alone or in combination) did 

not lead to cell death in this experimental design. As expected, the MTT assay did not 

show changes in cell viability (Figure R36A). Next, we measured protein levels for the 

same three markers as in the concentration-response curves. Again, LPS induced an 

elevated expression of TLR-4, catalase, and Iba-1 when compared to -LPS cells (Figure 

R36C). In this case, more modest effects were exerted by BCP and CBD compared to 

+LPS cells when used individually. Thus, BCP treatment led to a trend towards a decrease 

in TLR-4 (p=0.1129) and catalase (p=0.1248) protein levels; in contrast, no trends were 

detected in Iba-1 levels. CBD treatment also led to a partial decrease in catalase protein 

levels (p=0,1763), whereas more modest effects were detected for TLR-4 and no changes 

for Iba-1. Interestingly, the combination of both compounds revealed interesting 

synergistic effects, with the maximal reductions for the three markers remaining as 

trends for TLR-4 (p=0.0721) and Iba-1 (p=0.0753), but reaching statistical significance 

for catalase (Figure R36C).  
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Figure R35. Timeline of experimental procedure to determine the effects of the 
combination of BCP and CBD on BV2 cells.    
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To further explore the beneficial effects of this combination, we also conducted qPCR 

analysis of genes related to inflammation (Figure R37). As expected, these studies 

revealed that LPS-stimulated BV2 cells showed an upregulation of the pro-inflammatory 

genes IL1β, COX-2, TNFα and iNOS, as indicated by their mRNA levels (Figures R37C-

F). When administered alone, BCP was able to significantly decrease IL1β and iNOS 

levels compared to +LPS cells, whereas only a partial reversion was observed for COX-2 

and TNFα. Regarding CBD, although less efficiently than BCP, it was also able to 

decrease IL1β and Inos levels when compared to +LPS cells; again, only partial 
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Figure R36. Effect of the combination of BCP and CBD on cell viability and 

different protein markers. Effect of the treatment with BCP (10 µM) and CBD (0,1 µM), 

alone or in combination, on (A) cell viability and (C) TLR-4, catalase and Iba-1 protein levels. 

Panel (B) shows representative Western-blots with loading controls.  Values are the mean ± 

SEM of at least 4 independent experiments each performed in triplicate. Data were assessed 

by using one-way ANOVA followed by the Bonferroni test (*p<0.5, **p<0.01 vs. -LPS cells; 
#p<0.05 vs. +LPS cells).  
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reversions were observed for COX-2 and TNFα. In combination, BCP and CBD were able 

to exert more marked effects, leading to significant decreases of IL1β, TNFα and iNOS 

levels compared to +LPS cells, and a partial reversion regarding COX-2 (Figures R37C-

F). LPS exposure did not result in changes for CB2 receptor mRNA levels (Figure R37A). 

However, a small trend towards a downregulation in PPARγ receptor levels (p=0,2806) 

was shown (Figure R37B), which was partially attenuated by BCP and CBD, alone or in 

combination.  
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Figure R37. Effect of the combination of BCP and CBD on the gene expression of 

different inflammatory and oxidative stress markers in LPS-stimulated BV2 

cells. Effect of the treatment with BCP (10 µM) and CBD (0,1 µM), alone or in combination, 

on the gene expression of different markers, including (A) CB2 receptor (B) PPARγ receptor 

(C) IL1β, (D) COX-2, (E) TNFα and (F) iNOS. Values are the mean ± SEM of at least 4 

independent experiments each performed in triplicate. Data were assessed by using one-way 

ANOVA followed by the Bonferroni test (*p<0.05, ***p<0.005, ****p<0.001 vs. -LPS cells; 
#p<0.05, ##p<0.01, ###p<0.005 vs. +LPS cells).  
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Lastly, we carried out an immunofluorescence analysis using the microglial marker Iba-

1 to confirm changes of BV2 cells after LPS exposure and BCP/CBD treatments (Figure 

R38). Our results showed that BV2 cells treated with LPS presented an increase in Iba-1 

immunoreactivity (Figure R38A) when compared to -LPS cells, which in part 

corresponded to a higher number of Iba-1 positive cells (Figure R38B). Although cell 

morphology was not specifically quantified, representative immunofluorescence images 

indicated that whereas -LPS cells presented a resting state and showed small cell bodies, 

+LPS cells appeared to acquire an activated morphology, with some branches emerging 

from a larger cell body (Figure R38C). Overall, these observations were in agreement 

with the increase in Iba-1 levels measured by Western-blot in previous experiments 

(Figures R33,34,36). When pretreated with BCP or CBD alone, a significant attenuation 

in both parameters when compared to +LPS cells was detected. Interestingly, a more 

potent effect was found with the combination of both compounds in the case of Iba-1 

immunoreactivity (Figure R38A). Moreover, the representative immunofluorescence 

images of the combination treatment clearly showed BV2 cells with smaller cell bodies, 

suggesting suppression of cell activation (Figure R38C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure R38. Effect of the combination of BCP and CBD on Iba-1 immunostaining 

in LPS-stimulated BV2 cells. Effect of the treatment with BCP (10 µM) and CBD (0,1 µM), 

alone or in combination, on (A) the number of Iba-1 positive cells and (B) Iba-1 

immunoreactivity, including (C) representative immunofluorescence images. Values are the 

mean ± SEM of at least 4 independent experiments each performed in triplicate. Data were 

assessed by using one-way ANOVA followed by the Bonferroni test (***p<0.005, ****p<0.001 

vs. -LPS cells; #p<0.05, ##p<0.01 vs. +LPS cells). Scale bar = 50 µm. 
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3.2. Evaluation of the combination of BCP and CBD in DS mice 

Once demonstrated that the combination of BCP and CBD was more effective than each 

compound alone at exerting anti-inflammatory effects in BV2 cells, we next wondered 

whether this combination might be similarly effective in our DS mouse model. To this 

end, Syn1-Cre/Scn1aWT/A1783V mice were treated with BCP (10 mg/kg, i.p.) or CBD (5 

mg/kg, i.p.), alone or in combination, from PND10 up to PND24. Groups of both Syn1-

Cre/Scn1aWT/A1783V and Scn1aWT/WT mice treated with vehicle were also included in this 

experiment. Injections were given every 48 hours (even days). On alternate days (odd 

days), neurodevelopmental reflexes were measured. Additionally, body weight was daily 

recorded. At PND25, and at least 24 hours after the last injection, different behavioral 

tests were performed (Y-maze, social interaction and Actitrack) and mice were finally 

euthanized for sample collection (Figure R39).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effect of BCP and CBD combination on animal survival, body weight and 

reflexes 

Survival of vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice started to drop at PND21, and 

only 53.8% of animals reached PND25. To our surprise, animal mortality in this 

experiment was higher than in previous cohorts. Possible explanations for this difference 
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Figure R39. Timeline of the experimental procedure to evaluate the therapeutic 

potential of a combination of BCP and CBD.  
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could be (1) the daily handling that this experimental design involved and (2) the fact 

that the combination treatment required two injections; both aspects could particularly 

affect Syn1-Cre/Scn1aWT/A1783V mice, which are extremely vulnerable. When administered 

alone, BCP and CBD were able to increase animal survival and delay the age at death, 

although BCP demonstrated a more effective response than CBD (75% and 66.7% of 

survivors, respectively). Interestingly, the combination of BCP and CBD was the 

treatment that produced the best improvement, with 87.5% of survivors at the end of the 

experiment. (Figure R40). Although statistical analysis of these data did not reach 

significance (2=9.097, p=0.0587), Log-Rank test revealed a strong tendency.  

 

Body weight was daily registered in this experiment too. Similar to the chronic BCP 

treatment of Chapter 2, vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice showed a 

significant and progressive weight loss beginning in PND22. Although less accentuated, 

a partial weight loss was also observed in Syn1-Cre/Scn1aWT/A1783V mice treated with CBD. 

Treatment with BCP alone and the combined treatment of BCP and CBD were effective 

in partially recovering this characteristic loss of weight, with the combined treatment 

showing a more effective response (Figure R41A).  

As in previous experiments, vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice experienced a 

significant delay in the appearance of hindlimb grasping (Figure R41B), as well as a 

marked clasping behavior during the treatment period (Figure R41C). The three 

treatments options (BCP and CBD alone, as well as in combination) demonstrated the 

same effectiveness in recovering animals from their deteriorated hindlimb grasping 

(Figure R41B). Regarding clasping behavior, whereas administration of CBD partially 
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Figure R40. Effect of the combination of BCP and CBD on animal survival in DS 
mice. Kaplan-Meier plot for the analysis of animal survival in Syn1-Cre/Scn1aWT/A1783V mice 

and their control group (Scn1aWT/WT mice) treated with BCP (10 mg/kg) and CBD (5 mg/kg), 
alone or in combination. Data correspond to 6-12 animals per group and were assessed by the 
Log-Rank test. 
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attenuated this abnormal behavior, BCP was able to produce a more significant effect; 

however, the combination of both compounds was the treatment option showing better 

results (Figure R42C).     
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Figure R41. Effect of the combination of BCP and CBD on the evolution of 
different developmental parameters in DS mice. (A) Body weight, (B) hindlimb grasp 

reflex and (C) hindlimb clasping reflex in Syn1-Cre/Scn1aWT/A1783V mice and their control 
group (Scn1aWT/WT mice) treated with BCP (10 mg/kg) and CBD (5 mg/kg) alone or in 
combination.  Values are means ± SEM of 6-12 animals per group. Data were assessed by two-
way ANOVA for repeated measures followed by the Bonferroni test (*p<0.05, **p<0.01, 

***p<0.005, ****p<0.001 vs. vehicle-treated Scn1aWT/WT mice; #p<0.05, ##p<0.01, 
###p<0.005, ####p<0.001 vs. vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice).  
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Effect of a BCP and CBD combination on locomotor activity 

We also investigated the effect of the three treatment options on locomotor activity. 

Vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice exhibited their characteristic hyperactive 

behavior which has been already shown in previous experiments, with a robust increase 

in the total distance travelled in the actimeter (Figure R42A), an enhanced rearing 

behavior (Figure R42B), a decrease in the immobility time (Figure R42C) and marked 

increases in the mean velocity (Figure R42D) and in the time moving fast (Figure R42E). 

This hyperactive behavior could be clearly appreciated in representative trajectory plots 

generated by the software (Figure R42F).  

Although effects did not reach statistical significance, both BCP and CBD, administered 

alone or in combination, produced a modest recovery (loss of statistical significance 

when compared to control mice) of these disturbances (Figures R42A-F). It must be 

highlighted that in these parameters, no significant differences were observed among 

treatments, since they produced similar effects. However, in most of these parameters, 

the administration of CBD alone was the treatment eliciting the higher trends towards 

normalization of motor hyperactivity.  

Effect of a BCP and CBD combination on social interaction 

Next, we wanted to study the possible effects of these treatments on autism-related 

behavioral deficits recorded in the social interaction test. In agreement with previous 

experiments, Syn1-Cre/Scn1aWT/A1783V mice showed a marked autistic-like behavior, with 

a strong reduction in the time in active interaction as well as the number of active 

interactions (Figures R43A,B).  

When administered alone, BCP and CBD showed a very similar effect in significantly 

reducing these alterations. Interestingly, their combination revealed a strong effect at 

attenuating this social decline, increasing both the time in active interaction and the 

number of active contacts, thus suggesting that both molecules exert positive effects on 

social behavior, but they work even better if combined.  
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Figure R42. Effect of the combination of BCP and CBD 

on locomotor activity in DS mice. Measurement of different 

parameters recorded in the computer-aided actimeter in Syn1-

Cre/Scn1aWT/A1783V mice and their control group (Scn1aWT/WT 

mice) treated with BCP (10 mg/kg) and CBD (5 mg/kg), alone or 

in combination, including (A) ambulatory activity, (B) rearing 

behavior, (C) resting time, (D) mean velocity and (E) fast 

movements. Panel (F) shows representative track plots 

generated from the Actitrack software. Values are means ± SEM 

of 6-12 animals per group. Data were assessed by one-way 

ANOVA followed by the Bonferroni test (*p<0.05, **p<0.01 vs. 

vehicle-treated Scn1aWT/WT mice). 
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Effect of a BCP and CBD combination on spatial working memory 

In the same way that in previous experiments, Y-maze test was used to explore spatial 

working memory performance. Results indicated that vehicle-treated Syn1-

Cre/Scn1aWT/A1783V mice exhibited a clear alteration in this task, with a marked increase 

in the total number of explored arms, which further corroborated their hyperactive 

behavior (Figure R44A), a lower spontaneous alternation (Figure R44B), as well as an 

increase in alternate arm returns (Figure R44C). However, no changes were detected 

when measuring the percentage of same arm returns, probably due to high variability in 

this parameter (FigureR44D). Overall, these results suggested working memory deficits 

in our DS mouse model, as already described in previous Chapters.  

When administered alone, BCP and CBD were able to partially attenuate this abnormal 

performance. Noteworthy, their combination showed some additional positive effects 

(Figures R44A-C). In particular, enhanced effectiveness was detected when analysing the 

alternate arm returns, with the combined treatment exerting a clear additional 

improvement (Figure R44C).  

Time in active 

interaction 
Number of active 

interactions 

A B 

Figure R43. Effect of the combination of BCP and CBD on different parameters 
recorded in the social interaction test in DS mice. Measurement of different 
parameters in Syn1-Cre/ Scn1aWT/A1783V mice and their control group (Scn1aWT/WT mice) treated 
with BCP (10 mg/kg) and CBD (5 mg/kg), alone or in combination, including (A) time in 

active interaction and (B) number of active interactions. Values are means ± SEM of 6-12 
animals per group. Data were assessed by one-way ANOVA followed by the Bonferroni test 
(*p<0.05, **p<0.01, ***p<0.005, ****p<0.001 vs. vehicle-treated Scn1aWT/WT mice; #p<0.05, 
###p<0.005 vs. vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice). 
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Effect of a BCP and CBD combination on glial reactivity and inflammation 

As in the previous experiments, changes in glial reactivity by the treatments were also 

assessed. In accordance with previous findings, vehicle-treated Syn1-Cre/Scn1aWT/A1783V 

mice exhibited a prominent gliosis, involving both astrocytes and microglial cells. Thus, 

as shown by an increase in GFAP immunoreactivity, astrogliosis was evident in 

prefrontal cortex and the hippocampal dentate gyrus (Figure R45). Likewise, Iba-1 

immunoreactivity analysis indicated that microgliosis was also markedly present in both 

CNS structures (Figure R46).  
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Figure R44. Effect of the combination of BCP and CBD on different parameters 
recorded in the Y-maze test in DS mice. Measurement of different parameters in the Y-
maze test in Syn1-Cre/Scn1aWT/A1783V mice and their control group (Scn1aWT/WT mice) treated 
with BCP (10 mg/kg) and CBD (5 mg/kg), alone or in combination, including (A) number of 

total entries, (B) spontaneous alternation performance, (C) alternate arm returns and (D) 
same arm returns. Values are means ± SEM of 6-12 animals per group. Data were assessed by 
one-way ANOVA followed by the Bonferroni test (*p<0.05, ***p<0.05, ****p<0.001 vs. 
vehicle-treated Scn1aWT/WT mice; #p<0.05 vs. vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice). 
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In agreement with behavioral data, when administered alone, BCP and CBD were able to 

significantly ameliorate gliosis. However, substantial differences were reported; while 

modest attenuations were exerted by CBD, BCP showed a more potent effect. 

Remarkably, mice treated with the combination of both compounds showed greater 

intense effects than mice treated with each compound alone, showing a significant 

mitigation of astrogliosis and microgliosis in both prefrontal cortex and hippocampal 

dentate gyrus (Figures R45,46).  

To further investigate the effect of this combination on inflammation and oxidative 

stress, we measured the hippocampal gene expression of specific markers (Figure R47). 

In agreement with Chapter 1, vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice showed a 

trend towards an upregulation in CB2 receptor (p=0.0617) as well as a significant 

increase in TNFα. Pharmacological treatment with BCP and CBD, alone or in 

combination, was able to partially attenuate these changes, with the combination of both 

compounds showing a statistically significant effect in the case of TNFα (Figures 

R47A,E). In addition, we also reported increased levels of iNOS (p=0.0782) and COX-2, 

thus confirming the contribution of oxidative stress and inflammation to the 

pathogenesis of this DS mouse model. Both single and combined administration of BCP 

and CBD was able to partially ameliorate these increased levels, with BCP showing a 

marked effect for COX-2 (Figures R47D,F). Moreover, gene expression of PPARγ, IL1β 

and Arg1 was also measured, but no significant differences were observed among any 

experimental group (Figures R47B,C,G).  
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Figure R45. Effect of the combination of BCP and CBD on the astroglial marker 
GFAP in DS mice.  (A) Quantification of Iba-1 immunoreactivity in the prefrontal cortex 

and hippocampal dentate gyrus of Syn1-Cre/Scn1aWT/A1783V mice and their control group 
(Scn1aWT/WT mice) treated with BCP (10 mg/kg) and CBD (5 mg/kg), alone or in combination. 
Panel (B) shows representative images of the immunofluorescence staining. Values are means 
± SEM of 6-7 animals per group. Data were assessed by one-way ANOVA followed by the 
Bonferroni test. (*p<0.05, **p<0.01 ***p<0.05, ****p<0.001 vs. vehicle-treated Scn1aWT/WT 

mice; #p<0.05, ###p<0.005 ####p<0.001 vs. vehicle-treated Syn1-Cre/Scn1aWT/A1783V mice). 
Scale bar = 50 μm. 
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Figure R46. Effect of the combination of BCP and CBD on the microglial marker 
Iba-1 in DS mice.  (A) Quantification of Iba-1 immunoreactivity in the prefrontal cortex and 
hippocampal dentate gyrus of Syn1-Cre/Scn1aWT/A1783V mice and their control group 
(Scn1aWT/WT mice) treated with BCP (10 mg/kg) and CBD (5 mg/kg), alone or in combination. 
Panel (B) shows representative images of the immunofluorescence staining. Values are means 

± SEM of 6-7 animals per group. Data were assessed by one-way ANOVA followed by the 
Bonferroni test. (*p<0.05, **p<0.01, ***p<0.05, ****p<0.001 vs. vehicle-treated Scn1aWT/WT 
mice; #p<0.05, ##p<0.01, ###p<0.005, ####p<0.001 vs. vehicle-treated Syn1-
Cre/Scn1aWT/A1783V mice). Scale bar = 50 μm. 
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Summary 

Taken together, both in vitro and in vivo experiments performed in Chapter 3 revealed 

that the combined treatment of BCP and CBD might be a promising therapeutic strategy 

for the treatment of DS. In terms of efficacy, although BCP and CBD alone exerted 

positive effects, more potent responses were, in general, observed when combined. 

Interestingly, the same trend was observed in almost all the experimental procedures 

COX-2 TNFα 

IL1β PPARγ CB
2
 

iNOS 

A B C 

D E F 

Figure R47. Effect of the combination of BCP and CBD on the gene expression of 
different inflammatory and oxidative stress markers in DS mice. Measurement by 
qPCR of the gene expression of different inflammatory markers in the hippocampus of DS 
mice, including (A) CB2 receptor, (B) PPARγ receptor, (C) IL1β, (D) COX-2, (E) TNFα, (F) 
iNOS and (G) Arg1. Values are the mean ± SEM of 5-6 animals per group. Data were assessed 
by using one-way ANOVA followed by the Bonferroni test (*p<0.05, **p<0.01 vs. vehicle-
treated Scn1aWT/A1783V mice; #p<0.05 vs. vehicle-treated Syn1-Cre/ Scn1aWT/A1783V mice). 
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performed. While CBD showed modest effects, BCP demonstrated more robust ones; 

however, the best improvements were observed when combined.  

Specifically, in vitro analysis in LPS-exposed BV2 cells indicated that BCP and CBD 

combination effectively reduced mRNA and protein levels of different inflammatory 

markers, as well as suppressing LPS-induced microglial activation. In vivo testing in our 

DS mouse model showed that this combined treatment was effective not only against 

long-term behavioral disturbances, but also in ameliorating glial reactivity, which are 

two key aspects in the pathogenesis of these mice.  

Therefore, all these findings provided an experimental basis for the further examination 

of a combined cannabis-based treatment with an anti-inflammatory profile as a 

therapeutic agent in DS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

DISCUSSION 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



DISCUSSION 

 

145 
 

Epilepsy affects around 1% of children worldwide, thus making it one of the most 

common neurological conditions in childhood (Thurman et al., 2011). About one-third 

of these children remain refractory to treatment, which means that they do not achieve 

seizure freedom despite adequate trials of at least two antiepileptic drugs at therapeutic 

dosages (Dale et al., 2019). Moreover, unremitting epileptic activity during childhood 

usually triggers a progressive cerebral dysfunction, leading to a condition known as 

epileptic encephalopathy (Berg et al., 2010). In this context, DS is considered one of the 

most devastating forms of pediatric epileptic encephalopathy, which is characterized by 

a wide and complex repertoire of clinical manifestations, including epileptic seizures, 

behavioral comorbidities and a relatively high rate of premature death. Although seizures 

tend to decrease both in frequency and severity with age, DS persists throughout 

adulthood, thus leading to a devastating long-term outcome (Dravet & Oguni, 2013; 

Gataullina & Dulac, 2017, Genton et al., 2011).  

Given that available antiepileptic drugs for DS, as well as other forms of epilepsy, mostly 

control seizures but not other pathological mechanisms, the burden of behavioral and 

cognitive comorbidities often remains uncontrolled (Wirrell et al., 2017). To improve 

patient quality of life, novel therapeutic approaches should extend beyond the direct 

correction of the imbalance between excitation and inhibition typically occurring in 

epilepsy, and focus on addressing the major prolonged pathogenic mechanisms 

associated with epilepsy progression: inflammation, oxidative stress and excitotoxicity 

(Box 2). In this regard, some cannabinoids have shown beneficial effects against these 

processes, so they may represent a promising therapeutic strategy not only for seizures, 

but also for associated comorbidities and long-term outcome (Ambrogini et al., 2019).  

Based on this background, one of the main purposes in this Doctoral Thesis has been to 

develop and characterize a new DS mouse model that faithfully recapitulated disease 

progression, as well as with high survival rates to enable long-term studies (differently 

from the majority of mouse models used to date). Once validated, we studied alterations 

of potential targets (such as ECS elements or inflammatory mechanisms) that may justify 

pharmacological strategies with cannabinoids. Finally, and considering translating 

research into clinical practice, we performed pharmacological studies with cannabinoid 

compounds as possible disease-modifying therapies, with the final purpose of obtaining 

data that may help to improve the therapeutic management of DS patients.  
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Validation of Scn1a-A1783V mice as a good experimental model for DS 

A limited translational impact of basic research is one of the major issues in the clinical 

practice. Therefore, developing good experimental models that faithfully recapitulate 

pathological hallmarks and disease progression is a great challenge within biomedical 

research.  

Regarding DS preclinical research, several mouse models have been generated to date 

(Table I2) and have enabled a better understanding of DS pathogenesis. However, 

constitutive models based on both homozygous (Ogiwara et al., 2007; Tsai et al., 2015) 

or heterozygous (Miller et al., 2014; Tsai et al., 2015; Yu et al., 2006) deletion mutations 

gave rise to aggressive phenotypes and high mortality rates, and consequently breeding 

and shipping problems. Some of these groups also published the generation of 

conditional models to prove that the specific deletion of the channel from interneurons 

was enough to reproduce the phenotype of constitutive models but with less severity 

(Cheah et al., 2012; Dutton et al., 2013; Ogiwara et al., 2013). However, access to these 

conditional models has not been granted to any external group. Therefore, it seems clear 

that aggressive phenotypes with high mortality rates, as well as the generalized lack of 

open-access to these models, greatly limit DS research.  

To overcome these difficulties, a novel DS mouse model has been recently generated by 

the Dravet Syndrome Foundation Spain and is currently available through the Jackson 

Laboratory repository. It is a heterozygous conditional knock-in mouse expressing the 

Scn1a-A1783V missense mutation upon Cre-driven recombination. Already published 

studies using these mice have shown that models with a widespread mutation 

(expression under CMV promoter) exhibit a profound mortality rate ranging from 50-

60% (Almog et al., 2021; Fadila et al., 2020) to 75% (Ricobaraza et al., 2019), and even 

an extreme 100% mortality when the mutation is expressed exclusively in GABAergic 

neurons under the Slc32a1 promoter (Kuo et al., 2019). For the purpose of this Doctoral 

Thesis, we selected a Cre recombinase under the control of synapsin 1 promoter, so that 

breeding pairs gave rise to mice expressing the Scn1a-A1783V mutation only in CNS 

neurons. Our DS mice exhibited a remarkably lower mortality rate, around 25%, which 

has enabled us to perform a long-term characterization focused on behavioral and 

cognitive alterations, as well as pharmacological studies aimed at evaluating the disease-

modifying effects of cannabinoid compounds on DS-associated comorbidities. It is 

important to remark that those experiments requiring daily handling of mice slightly 

increased mortality, probably due to the higher vulnerability of DS mice, although this 

rate was still lower than in the other models. Interestingly, both in our model and in the 
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rest, the majority of deaths occur within a small window (PND21-24), correlating with 

sudden death typically occurring in DS patients during the worsening stage (Figure I1) 

(Skluzacek et al., 2011). 

We commonly observed that beginning around PND17 and continuing until 

approximately PND23, DS mice showed spontaneous seizures during animal handling, 

which correlates with the marked presence of epileptic activity at early ages both in DS 

patients (Dravet & Oguni, 2013; Gataullina & Dulac, 2017, Genton et al., 2011) and other 

DS animal models, including those using these conditional Scn1a-A1783V mice (Almog 

et al., 2021; Fadila et al., 2020; Kuo et al., 2019; Ricobaraza et al., 2019) as well as others 

previously generated (Ogiwara et al., 2007; Tsai et al., 2015). Since we did not have 

access to EEG recording systems, we were not able to measure and specifically quantify 

this spontaneous seizure activity in our DS mice. However, we indirectly quantified 

seizure susceptibility to the proconvulsant agent PTZ, which is an accepted biomarker of 

epilepsy (Barker-Haliski et al., 2016; Brandt et al., 2015). These measurements revealed 

that the seizuring response was markedly more prominent in DS mice. 

In addition, DS mice showed a marked absence in the appearance of hindlimb grasp 

reflex at PND10, suggesting a delayed motor development from very early ages, as occurs 

in patients (Verheyen et al., 2019). Moreover, hyperactivity and stereotypies were 

evident at PND25 but disappeared at later stages, which correlates with the hyperactive 

behavior notably observed in DS patients during childhood but less prominently during 

juvenile and adult ages (Berkvens et al., 2015; Gataullina & Dulac, 2017). Additionally, 

DS mice exhibited some cognitive and emotional features, such as a subtle short-term 

spatial memory impairment and apparently less anxiety, which were again more 

prominent at PND25. Contrary, autistic-like behaviors were observed at all the evaluated 

ages, which is in agreement with the persistence of autism spectrum disorders in adult 

patients with DS (Berkvens et al., 2015). Of note, all these observations are in agreement 

with the main clinical features of DS patients (Dravet & Oguni, 2013; Gataullina & Dulac, 

2017; Genton et al., 2011). In fact, as mentioned in the Introduction, behavioral 

comorbidities in DS patients are particularly relevant in the worsening stage (although 

some alterations, such as social deficits, persist during adulthood) which correlates with 

our results obtained at PND25. Other publications using conditional Scn1a-A1783V 

mice, but with a generalized expression of the mutation, have also reported similar 

behavioral findings (Fadila et al., 2020; Ricobaraza et al., 2019), which confers 

reproducibility and robustness to this model. However, our lower mortality has enabled 

us to detect alterations at later ages, which supports the suitability of this model for long-

term studies.  
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Therefore, we have generated a DS mouse model that recapitulates key phenotypic 

aspects of the disorder, including epileptic activity, behavioral comorbidities and 

premature death, thus resembling what occurs in DS patients. Given that PND25 was the 

age at which behavioral disturbances were particularly prominent, we focused our 

subsequent studies on this age in order to explore possible neuropathological alterations 

that could contribute to DS pathophysiology.  

As mentioned in the Introduction, five randomized controlled clinical trials have recently 

demonstrated that the non-psychotropic cannabinoid CBD exerts anticonvulsant effects 

in DS and other infantile epileptic syndromes (Devinsky et al., 2017, 2018; Miller et al., 

2020; Thiele et al., 2018, 2019). Based on these positive results, an oral solution of CBD 

is currently used (under the trade name of Epidyolex®) as an adjunctive therapy for 

seizures in children with DS, LGS and TSC. Little is known regarding the mechanisms of 

action underlying this anticonvulsant effect, but cannabinoids could exert their 

beneficial effects in drug-resistant epilepsies by directly or indirectly correcting 

alterations in the ECS, as it has been shown to occur in other neurological disorders 

(Cristino et al., 2020). In this sense, the evaluation of the ECS status in different CNS 

structures of our DS mice revealed some alterations within this system.  

We have demonstrated that there is a significant decrease in CB1 receptor in the 

hippocampus and the cerebellum of DS mice. As already mentioned, CB1 activation can 

mediate proconvulsant or anticonvulsant responses depending on whether it is 

expressed in inhibitory or excitatory presynaptic terminals, respectively (Marsicano et 

al., 2003, Figure I15). In experimental models of epilepsy, acute seizures have been 

shown to induce a homeostatic redistribution of CB1 receptor expression in the short-

term, with upregulations in excitatory terminals and downregulations in inhibitory 

terminals, thus reducing network excitability (Falenski et al., 2007, 2009). Conversely, 

in situations of prolonged and pharmacoresistant epilepsy, CB1 receptor homeostasis has 

proven to be disrupted, with reduced levels in excitatory terminals and increased levels 

in inhibitory terminals, which triggers a long-term tendency towards neuronal 

hyperexcitability (Ludányi et al., 2008; Soltesz et al., 2015). Regarding our data, further 

research is needed in order to evaluate the specific cell type affected by this 

downregulation in our DS mice, since it could involve different responses.  
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Although little is known regarding GPR55 role in epilepsy, CBD has been shown to exert 

anticonvulsant effects in DS mice by antagonism of this receptor (Kaplan et al., 2017). 

According to this study, blockade of GPR55 receptor results in an enhancement of 

inhibitory transmission, thus contributing to correcting the imbalance between the 

inhibition and excitation typically occurring in epilepsy. In our DS model, there is a trend 

towards a decreased GPR55 expression in striatum, hippocampus and cerebellum, which 

could represent a compensatory response aimed at enhancing inhibitory signalling.  

Another protective mechanism that could partially explain the anticonvulsant properties 

of CBD involves the enhancement of the endocannabinoid tone by inhibition of the 

FAAH enzyme (De Petrocellis et al., 2011). Although we have not specifically measured 

brain endocannabinoid levels in our DS mice, we have evaluated the expression of those 

enzymes responsible for anandamide and 2-AG degradation, which could be considered 

as an indirect measurement of the endocannabinoid tone. In this sense, reduction of 

FAAH expression in the hippocampus and cerebellum, but particularly the significant 

reduction of MAGL expression in prefrontal cortex and cerebellum, may be compatible 

with a possible elevation of the endocannabinoid tone, especially for 2-AG. Since 2-AG is 

the main endogenous ligand of CB1 receptors, this elevation may be compatible with an 

acute protective response in situations of brain hyperexcitability (De Petrocellis et al., 

2011; Ludányi et al., 2008). Additionally, blockade of endocannabinoid inactivating 

enzymes in several preclinical models of epilepsy has been demonstrated to be an 

effective strategy against brain hyperexcitability (Karanian et al., 2007; Naidoo et al., 

2011, 2012; von Rüden et al., 2015). This protective response has been also observed in 

other situations of brain damage, including chronic neurodegenerative disorders (Xu & 

Chen, 2015) and brain trauma (Panikashvili et al., 2001).  

The majority of preclinical research demonstrating the beneficial effects of cannabinoids 

in epilepsy refers to the ability of some cannabinoid compounds to activate CB1 receptors 

(Rosenberg et al., 2017); however, little is known regarding the role that CB2 receptors 

may play in the context of epilepsy. In this sense, the upregulation of CB2 receptor in the 

hippocampus of our DS model was a remarkable finding that was in agreement with a 

previous study in which we demonstrated that CB2 receptor is also upregulated in 

lymphocytes of DS patients, together with an increase in other inflammatory elements, 

including proinflammatory cytokines, PPARγ receptor and the lymphocyte activation 

marker Cd70 (Rubio et al., 2016). This upregulation has been also found in 

microglia/macrophages in postmortem brains of intractable epilepsy patients (Zurolo et 

al., 2010), as well as in many neurodegenerative diseases typically associated with 

inflammatory responses (Fernández-Ruiz et al., 2007). In parallel, loss of CB2 receptor 
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activity has been shown to increase seizure susceptibility in mice (Shapiro et al., 2019), 

and administration of both positive allosteric modulators (Shapiro et al., 2021) as well 

as full agonists (de Oliveira et al., 2016; Liu et al., 2015; Tchekalarova et al., 2018) has 

shown to exert anticonvulsant effects, which suggest that activation of this receptor may 

also play a protective effect on seizures. Overall, we suggest that CB2 receptor 

upregulation may be an endogenous protective response aimed at attenuating 

inflammatory responses typically occurring in DS and other forms of epilepsy, as it 

occurs in other neurological disorders (Fernández-Ruiz, 2019).  

With this idea in mind, we further explored the possible existence of events related to 

inflammation in our DS model, since there is a large body of evidence supporting the link 

between epilepsy and brain inflammation (Dupuis & Auvin, 2015). Most studies have 

focused on acquired forms of epilepsies, where brain inflammation caused by viral 

infections, autoimmune diseases, head trauma and other nongenetic causes can trigger 

seizures (Aronica et al., 2017). However, little is known regarding those epilepsy forms 

in which neuroinflammation may be a consequence of seizures, as it is believed to occur 

in genetic epilepsies such as DS. To our knowledge, very few studies have looked at the 

role of inflammation in DS, but recently, as it has been already explained, our laboratory 

has published an article in which we observed an increase in inflammatory markers in 

lymphocytes of DS patients (Rubio et al., 2016).  

In line with previous reports in other DS mouse models (Hawkins et al., 2019; Martín-

Suárez et al., 2020; Shen et al., 2020), we have reported the existence of prominent 

events of reactive astrogliosis and microgliosis in the prefrontal cortex and the 

hippocampal dentate gyrus in our DS mice. These reactive glial cells can contribute to 

hyperexcitability and have been described to release pro-inflammatory cytokines and 

mediators that initiate a cascade of inflammatory responses, which ultimately exert a 

proconvulsant action (Aronica & Crino, 2011; Vezzani & Granata, 2005; Vezzani et al., 

2008). In agreement with this evidence, reactive gliosis was also associated with a strong 

tendency towards elevated mRNA levels of TNFα in the hippocampus of our DS mice. 

These local neuroinflammatory events within specific CNS structures, concurrently with 

seizures, may induce a decrease in the seizure threshold and contribute to the 

development of some of the behavioral comorbidities of our DS mice. Moreover, it is 

important to remark that the upregulation of CB2 receptor in the hippocampus could be 

associated with the existence of gliosis, since this receptor has been shown to be primarily 

expressed in these cells (Fernández-Ruiz et al., 2007), which further positions this 

receptor as a promising therapeutic target in this disorder. 
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Glia-derived brain inflammation, concurrently with seizures, has been described to affect 

the permeability properties of the BBB, which in turn may aggravate epilepsy 

development (Librizzi et al., 2012; Vezzani et al., 2011). We evaluated BBB integrity in 

our DS mouse model and observed a loss in the tight junction molecules ZO-1 and 

claudin-5 in the hippocampus, and to a lesser extent in laminin, a basement membrane 

protein, thus suggesting the existence of BBB leakage in DS mice. This BBB disruption 

was accompanied by the extravasation of blood-circulating IgG into the hippocampus, 

accordingly with the well-established blood-to-brain extravasation of serum proteins in 

situations of BBB compromise (Kassner & Merali, 2015). These findings are in agreement 

with the hippocampal reactive gliosis and the increased levels of TNFα observed in our 

DS mice, suggesting that brain inflammation and BBB breakdown are very closely linked 

in an epileptic context as DS. 

In addition, BBB breakdown has been associated with the infiltration of peripheral 

immune cells into the brain parenchyma under neuroinflammatory conditions in some 

epilepsy contexts, which may facilitate the activation of brain endogenous glial cells and 

aggravate brain inflammation and BBB damage (Yamanaka et al., 2021). In fact, seizure 

activity can promote the mobilization of these peripheral immune cells from the BM and 

force them out to circulate into the systemic blood, which might facilitate their 

infiltration into the brain tissue (Marchi et al., 2012). Flow cytometry studies in our DS 

mice reported a remarkable mobilization of neutrophils, with a decreased number in BM 

and a parallel increase in circulating blood. However, immunofluorescence analysis 

revealed that these cells did not finally cross into the brain parenchyma. In agreement 

with this absence of infiltration, it is not surprising that ICAM-1 levels remain unchanged 

in our DS mice, since it is an endothelial signalling molecule that facilitates the adhesion 

and migration of immune cells through the endothelium and subsequent crossing into 

the CNS (Carman & Martinelly, 2015). In contrast, marked BBB damage and robust 

infiltrates have been reported in other forms of acute epilepsy, especially temporal lobe 

epilepsy (Broekaart et al., 2018; Liu et al., 2016; Zattoni et al., 2011). BBB disruption in 

our DS mice is not severe enough to induce the recruitment of peripheral immune cells, 

but the observed loss of endothelial tight junctions suggests that BBB alteration in our 

DS mice is subtle and sufficient to promote extravasation of serum components that 

aggravate reactive gliosis and consequently increase seizure susceptibility, thus 

establishing a vicious pathological cycle that is similarly found in neurodegenerative 

disorders with a chronic and progressive development (Takechi et al., 2010), even during 

normal aging (Elahy et al., 2015). 
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Another mechanism by which local neuroinflammatory events may contribute to 

increase seizure susceptibility and aggravate comorbidities is via seizure-induced 

aberrant hippocampal neurogenesis (Bielefeld et al., 2019; Chen et al., 2020). Our data 

are consistent with previous studies reporting an initial increase in the rate of 

hippocampal neurogenesis after epileptic seizures (Muro-García et al., 2019; Sierra et 

al., 2015), and accordingly, our DS mice present an elevated cell proliferation of NSCs. 

Although it was not precisely quantified, these cells are apparently multibranched and 

present basal prolongations, which is in agreement with their transformation into 

reactive-NSCs that has been observed in other models of DS (Martín-Suárez et al., 2020) 

and experimental epilepsy (Muro-García et al., 2019; Sierra et al., 2015). These reactive-

NSCs can further differentiate into reactive astrocytes, thus contributing to astrogliosis 

(Sierra et al., 2015). Of note, data in our DS mice were obtained at PND25, when 

phenotypic alterations and seizure-activity are maximal, in agreement with the 

upregulation of the rate of neurogenesis in juvenile stages. However, it would be of great 

interest to further investigate this process at later ages, since it has been described that 

after an initial burst of neurogenesis, a long-lasting decline is induced due to NSCs 

population depletion, thus triggering cognitive deficits associated with an abnormal 

hippocampal function (Hattiangady et al., 2014; Kralic et al., 2005; Sierra et al., 2015), 

which could partially explain the behavioral disturbances observed in DS mice at later 

ages. This NSCs “exhaustion” is tightly associated with long-term inflammation, which 

has been demonstrated to reduce neurogenesis and promote astroglial differentiation 

(Zonis et al., 2013).  

Overall, it seems clear that an aberrant neurogenic response, together with 

neuroinflammation and a subtle BBB disruption, may act synergistically and contribute 

to disease severity and progression, thus establishing a vicious pathological cycle by 

which seizure susceptibility is increased, which could be potentially responsible, at least 

in part, for cognitive and memory dysfunctions (Figure D1). In this context, the 

upregulation of CB2 receptor may be aimed at counteracting these inflammation-related 

events, as occurs in other neurological disorders (Fernández-Ruiz, 2019), again 

supporting the suitability of targeting this receptor as a therapeutic target for DS, and 

without triggering psychotropic effects associated with CB1 receptor activation.  
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Figure D1. Schematic representation of the proposed neuropathological aspects 

contributing to DS phenotype. Representation of the cascade of events occurring within 

the hippocamps and that may be triggered by initial seizures. Neuroinflammation, BBB 

breakdown and aberrant neurogenesis act synergistically to contribute to DS progression.  
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Therapeutic potential of cannabinoids for the treatment of DS 

Currently available treatments for DS involve antiepileptic drugs that are merely focused 

on neuronal excitability and seizure control (Wirrell et al., 2017). However, not only 

neurons, but also glial cells, may play a key role in DS pathogenesis. In addition to 

hyperexcitability, inflammation and oxidative stress could be targetable hallmarks, thus 

suggesting that compounds modulating these processes may improve the long-term 

outcome of the disorder. In this context, cannabinoids have proven to be effective in a 

wide variety of experimental situations characterized by these neuropathological events 

(Fernández-Ruiz, 2019). Moreover, our results have revealed that CB2 receptor could 

play a key role in this disorder, so that cannabinoids modulating this receptor may 

represent a promising therapeutic strategy. Importantly, CB2 receptor is devoid of the 

psychotropic adverse effects associated with CB1 receptor stimulation, thus making it a 

suitable pharmacological target for infantile or adolescence population (when the brain 

is still undergoing rapid development and change and is particularly sensitive to any 

effects), as it is the case for DS (Sagredo et al., 2018). However, it is important to remark 

that some CB2-selective ligands could trigger immunosuppression as an adverse effect 

(Basu & Dittel, 2011; Lombard et al., 2007); therefore, this issue should be carefully 

addressed before considering human application.  

In addition to CBD, several preclinical studies have suggested that other components of 

C. sativa could also exert beneficial effects against seizures and associated pathological 

mechanisms (Rosenberg et al., 2017). Taking into account these considerations, we 

assessed whether the non-psychotropic cannabis constituent BCP, which has been 

described as a full agonist of CB2 receptors (Gertsch et al., 2008), meets this 

pharmacological profile. Interestingly, we have reported for the first time that BCP is an 

effective therapeutic strategy for DS treatment, since our results revealed that it is able 

to alleviate not only seizure activity in our DS mice, but also associated glial reactivity 

and behavioral disturbances.  

To the best of our knowledge, only three studies have previously investigated the 

anticonvulsant effect of this molecule; in these studies, BCP showed positive effects 

against both seizure activity and seizure-induced neuroinflammation, oxidative stress 

and behavioral alterations (de Oliveira et al., 2016; Liu et al., 2015; Tchekalarova et al., 

2018). In accordance with these previous studies, an acute dose of BCP (100 mg/kg) 

showed efficacy against PTZ-induced seizures. However, it is important to remark that 

this efficacy was much greater in DS mice if compared with controls, since BCP was 
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capable of attenuating parameters related to a more aggressive seizure-like behavior 

(such as the time spent in generalized seizures) only in DS mice.  

Beneficial effects of the chronically administered BCP dose (10 mg/kg) became apparent 

from very early stages of development, with great improvements regarding hindlimb 

grasping and clasping disturbances. Moreover, BCP was also able to reduce locomotor 

activity and hyperactive behavior in DS mice, in accordance with previous reports 

(Ogawa et al., 2016). The benefits of the long-term treatment with BCP were not only 

restricted to motor impairment, but also involved weight gain and improvements in 

cognition. In this sense, Y-maze and T-maze tests revealed that BCP was able to decrease 

spatial working memory impairment, as it has been previously shown (Lindsey et al., 

2019; Youssef et al., 2019); moreover, more complex cognition tasks (such as the Morris 

water maze test) have also revealed this capability (Kanojia et al., 2021; Tchekalarova et 

al., 2018), thus further confirming the capacity of BCP to improve cognitive performance. 

BCP also demonstrated positive results in the social interaction test; although it is the 

first time that BCP is demonstrated to be effective in attenuating autistic-like behaviors, 

it had been already reported to exert beneficial effects in other emotional aspects, such 

as anxiety or depression (Bahi et al., 2014; Youssef et al., 2019). Perhaps, one of the most 

striking results was its effects on mortality; although BCP exerted a slight decrease in the 

mortality rate, it was remarkably capable of delaying the age at death, which undoubtedly 

has a great translational value. Altogether, this experiment revealed that this molecule is 

capable of attenuating most of the phenotypic characteristics of the disease progression 

in our DS mouse model.  

A curious aspect is that a high dose of BCP (100 mg/kg) is required to protect against 

seizures, whereas a much lower dose (10 mg/kg) is enough to improve behavioral 

disturbances. Although we did not perform in vivo dose-response curves, these dosages 

were defined according to previous studies using BCP (de Oliveira et al., 2016; 

Hernández-León et al., 2020; Viveros-Paredes et al., 2017). This discrepancy between a 

high dose required for seizure protection and a lower dose necessary for the improved 

behavioral outcome is similarly found in studies using CBD (Kaplan et al., 2017) or 

clonazepam (Han et al., 2012, 2014) in other DS mouse models. This fact could represent 

a conundrum for defining an appropriate pharmacological approach that both attenuates 

seizures and long-term outcome. However, in the case of BCP, this issue would be less 

relevant, since safety of BCP at high doses is well-demonstrated (Sharma et al., 2016). 

Nevertheless, it should be carefully considered, since different doses could involve 

different mechanisms of action.  
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Importantly, in both acute and chronic paradigms, BCP has been shown to attenuate 

reactive gliosis in our DS mice. This ability of BCP to reduce astroglial and microglial 

activation has been also reported in experimental models of different CNS conditions, 

such as normal aging (Chávez-Hurtado et al., 2020), Alzheimer’s disease (Cheng et al., 

2014), Parkinson’s disease (Javed et al., 2016; Ojha et al., 2016; Viveros-Paredes et al., 

2017) or stroke (Tian et al., 2019), among others. In these inflammatory states, it is 

widely demonstrated that BCP-mediated gliosis attenuation is associated with a decrease 

in pro-inflammatory markers such as TNFα, IL1β or NF-κB (Scandiffio et al., 2020), and 

it is likely that cognitive and behavioral improvements observed in our DS mice are due 

to the beneficial effects that BCP exerts on neuroinflammation.  

Although we have not investigated the specific molecular targets that may explain BCP 

effects on our DS mouse model, it is well-established that BCP elicits a full agonist action 

over CB2 receptor (Gertsch et al., 2008). In fact, available data suggest that BCP exerts 

its anti-inflammatory and antioxidant effects through multiple mechanisms normally 

initiated by the activation of this receptor (Machado et al., 2018; Sharma et al., 2016). In 

addition, some studies have recently demonstrated BCP activation of PPARs. However, 

direct binding of BCP has been reported only for PPARα, whereas PPARγ activation 

depends on the binding of BCP to CB2 receptors (Wu et al., 2014). Particularly, 

stimulation of CB2 receptor by BCP promotes an intracellular signalling cascade which 

augments MAP kinase activity, that further activates PPARγ via direct phosphorylation 

(O’Sullivan, 2016). In this way, cross-talk between CB2 and PPARγ receptors may also 

contribute to activate anti-inflammatory signals (Picciolo et al., 2020; Youssef et al., 

2019) (Figure D2).  

It must be highlighted that in addition to displaying important pharmacological 

activities, other aspects make BCP a promising candidate for pharmacological and 

clinical development. It is designed as “generally recognized as safe” by American and 

European regulatory agencies, which supports its safety profile (Gertsch et al., 2008). 

Importantly, the lack of psychoactivity associated with its negligible activity at the CB1 

receptor, together with the extensive accessibility to this molecule due to its natural 

availability, make BCP highly suitable for pharmaceutical development. However, 

despite all these potential advantages, its application into the human biopharmaceutical 

field must overcome some limitations, since BCP volatility and lipophilicity properties 

reduce its bioavailability (Sharma et al., 2016).  In this sense, some ongoing studies are 

trying to develop delivery systems (such as inclusion complexes with cyclodextrins, 

liposomes and nanoparticles, among others) to improve BCP oral bioavailability (Santos 

et al., 2018).  
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Therefore, we have demonstrated for the first time that BCP has a marked efficacy in DS 

mice, thus holding a great promise for an improved therapy of this devastating disorder. 

However, although studies on the molecule are promising, these are only preclinical data, 

so further reports in the clinical setting are required for a possible human application. 

Although CBD is already approved for DS treatment and has demonstrated efficacy in 

mouse models of DS (Kaplan et al., 2017) as well as other models of epilepsy (Patra et 

al., 2019), beneficial effects observed in our preclinical model of DS opened the 

possibility of hypothesizing that the combination with BCP may offer additional benefits 

compared to monotherapy. Some previous evidence pointed to the possibility that 

cannabinoids and terpenes work better when used in combination according to the so-

called “entourage effect’’ (Russo, 2011), mainly considering potentially common action 

mechanisms (e.g., anti-inflammatory and antioxidant) shared by both compounds. 

Moreover, it is important to remark that investigating both molecules in combination is 

pivotal, since CBD is already used for DS treatment and BCP might not undergo clinical 
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Figure D2. Proposed mechanisms of action for BCP in DS. 
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trials without being combined with pre-existing medication. For this reason, future 

preclinical research should consider combining BCP with other commonly used drugs, 

such as valproic acid, clobazam or stiripentol (Wirrell et al., 2017). 

In our DS mice, CBD alone exerted positive effects on motor and cognitive alterations. 

However, BCP was notably more potent than CBD in attenuating the body weight loss 

and diminishing mortality rate. Besides, BCP was also more effective than CBD in 

attenuating reactive gliosis in prefrontal cortex and hippocampal dentate gyrus, which 

correlated with studies carried out in an in vitro model of inflammation. The evaluation 

of BCP and CBD effects on the pro-inflammatory phenotype triggered by the stimulation 

of BV2 microglial cells with LPS (Kim et al., 2019; Li et al., 2021; Rahimi et al., 2018) 

revealed that single treatment with the optimal dose of 10 μM of BCP is more effective 

than single treatment with the optimal dose of 0,1 μM of CBD in terms of attenuating 

inflammatory and oxidative biomarkers. Although the anti-inflammatory profile of CBD 

and BCP is highly demonstrated, it appears that BCP is more effective, probably due to 

the fact that potential molecular targets of BCP (such as CB2 receptor) may be more 

relevant in DS pathogenesis than CBD ones. 

Interestingly, the combination of both molecules yielded additional benefits, being 

particularly prominent in some parameters recorded in the Y-maze and social interaction 

tests, as well as in attenuating reactive gliosis. Importantly, as already widely mentioned, 

premature mortality is a major problem in DS, and CBD + BCP combination 

demonstrated a potent ability to decrease mortality rate, as well as to greatly delay the 

age at death, if compared to their single administration. 

Particularly, both previous data (Rubio et al., 2016) and results obtained in this Doctoral 

Thesis suggest that CB2 receptor could play a key role in this disorder. Although BCP and 

CBD share some common mechanisms, agonism of CB2 is well-established for BCP 

(Gertsch et al., 2008) but not for CBD, which may explain the additional positive effects 

exerted by BCP. However, it should be carefully considered, since CBD has been shown 

to indirectly modulate the ECS under some experimental conditions (Pazos et al., 2013; 

Vilela et al., 2017), leading to an enhancement of endocannabinoid levels (e.g., FAAH 

inhibition), which may facilitate cannabinoid signalling and may also be indirectly 

activating CB2 receptors (De Petrocellis et al., 2011). 

What seems to be clear is that BCP + CBD co-administration exerts additional effects if 

compared to their individual administration, which is in agreement with the “entourage 

effect”. This phenomenon could be due to different factors, including multi-target 

additive effects or increased pharmacokinetic efficiency, among others (Ferber et al., 
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2020; Russo, 2011). This combination has also yielded promising results in a mouse 

model of cerebral permanent ischemia (Yokubaitis al., 2021), thus supporting our 

findings. However, to the best of our knowledge, this is the first report of the efficacy of 

this unique combination not only in DS, but also in epilepsy as a whole, which confirms 

the great interest in continuing investigating these effects. Interestingly, in addition to 

providing an additive effect, BCP might potentially limit CBD dose-related toxicity.   

Interestingly, recent studies have reported anticonvulsant effects of CBGA and CBDA 

(the acid forms of CBG and CBD, respectively), as well as of CBC, in other DS mouse 

models (Anderson et al., 2019, 2021a, 2021b). Therefore, it seems clear that other 

cannabinoids beyond CBD might be of great interest for future drug development 

programs, and should be considered in the context of a cannabinoid-based combined 

therapy. 

As an overall conclusion, results obtained in this Doctoral Thesis have allowed us to 

validate a novel DS mouse model that faithfully recapitulates the main aspects of the 

disorder. This mouse model is characterized by particular neuropathological features 

whose study has served to confirm the importance of designing pharmacological 

strategies with anti-inflammatory and antioxidant effects, rather than focusing only on 

preventing seizure activity. Since most patients currently require several antiepileptic 

drugs, new and effective therapeutic approaches should improve their efficacy, but also 

reduce side effects of polypharmacy. In this context, a preclinical cannabinoid-based 

treatment has been demonstrated to be safe and effective against long-term DS-

associated comorbidities, thus positioning the ECS as a good therapeutic target to be 

explored in the context of DS. However, further clinical research is needed, with a focus 

on the long-term safety of compounds targeting this system, as well as drug-drug 

interactions.  
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CONCLUSIONS 

The results obtained in this Doctoral Thesis allow us to conclude that: 

1. Scn1a-A1783V mouse model recapitulates main features of DS progression, including 

premature death, epileptic activity and behavioral comorbidities such as developmental 

delay, hyperactivity, cognitive decline and autistic traits.  

2. The endogenous cannabinoid system is altered in Scn1a-A1783V mice. These changes 

are focused on cannabinoid receptors, with an increased expression of CB2 receptor in 

hippocampus and a decrease in CB1 receptor in hippocampus and cerebellum, together 

with a decrease in the inactivation enzyme MAGL in prefrontal cortex and cerebellum.  

3. Neuroinflammatatory events may play a key role in the pathogenesis of Scn1a-A1783V 

mice, including a subtle increase in BBB permeability, an enhanced production of 

proinflammatory cytokines and a prominent reactive gliosis.  

4. Adult hippocampal neurogenesis is altered in Scn1a-A1783V mice, since neural stem 

cells with a reactive-like phenotype are present in the neurogenic niche and exhibit high 

rates of activation and proliferation. However, this process might be induced in an 

aberrant way, since granule cells nuclei present a distorted morphology.   

5. An acute administration of BCP shows anticonvulsant potential in Scn1a-A1783V 

mice, since it is able to attenuate the proconvulsant action of PTZ. This effect is 

associated with a marked reduction in glial reactivity. Importantly, these benefits are 

observed in both DS mice and their controls.  

6. A chronic treatment with BCP attenuates the long-term behavioral comorbidities 

associated with DS and delays premature death in Scn1a-A1783V mice. Again, these 

effects are associated with a reduction of glial reactivity.  

7. The combination of BCP and CBD shows more positive effects than each compound 

alone in Scn1a-A1783V mice, exerting greater benefits against behavioral abnormalities 

and reactive gliosis. These findings are also corroborated in microglial BV2 cells, since 

the combination of both compounds effectively reduces LPS-induced activation. 

Therefore, this evidence may help to improve cannabinoid-based therapeutic strategies 

for DS patients. 
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CONCLUSIONES 

Los resultados obtenidos en esta Tesis Doctoral nos permiten concluir que: 

1. El modelo animal Scn1a-A1783V recapitula las principales características del progreso 

del SD, incluyendo la muerte prematura, la actividad epiléptica y las comorbilidades 

comportamentales tales como retraso en el desarrollo, hiperactividad, deterioro 

cognitivo y rasgos autistas.  

2. El sistema cannabinoide endógeno se encuentra alterado en los ratones Scn1a-

A1783V. Estos cambios implican a los receptores cannabinoides, con un incremento en 

la expresión del receptor CB2 en hipocampo y una disminución del receptor CB1 en 

hipocampo y cerebelo, así como una disminución de la enzima de inactivación MAGL en 

corteza prefrontal y cerebelo. 

3. Eventos relacionados con la neuroinflamación juegan un papel esencial en la 

patogénesis de los ratones Scn1a-A1783V, lo que incluye un sutil incremento en la 

permeabilidad de la BHE, una producción eleveada de citoquinas proinflamatorias y una 

prominente gliosis reactiva. 

4. La neurogénesis hipocampal adulta se encuentra alterada en los ratones Scn1a-

A1783V, dado que las células madre neurales que se encuentran en el nicho neurogénico 

presentan un fenotipo reactivo y niveles incrementados de activación y proliferación. No 

obstante, este proceso se induce de una manera aberrante, dado que los núcleos de las 

células granulares presentan una morfología anormal.  

5. La administración aguda de BCP tiene efecto anticonvulsivante en los ratones Scn1a-

A1783V, ya que es capaz de atenuar la acción proconvulsivante del PTZ. Este efecto se 

asocia con una potente redución de la reactividad glial. Cabe destacar que estos 

beneficios se observan tanto en los ratones SD como en sus controles.  

6. El tratamiento crónico con BCP atenúa las comorbilidades comportamentales a largo 

plazo asociadas con el SD y retrasa la muerte prematura en los ratones Scn1a-A1783V. 

De nuevo, estos efectos se asocian con una reducción de la reactividad glial.  

7. La combinación de BCP y CBD ejerce efectos positivos adicionales a cada compuesto 

por separado en los ratones Scn1a-A1783V, mostrando mayores beneficios frente a las 

anomalías comportamentales y la reactividad glial. Estos resultados son corroborados en 

las células microgliales BV2, ya que la combinación de ambos compuestos reduce de 

manera eficaz la activación inducida por LPS. Por ello, estas evidencias podrían ayudar 

a mejorar las estrategias terapéuticas badas en cannabinoides para los pacientes de SD. 
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