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Sísifo 

Recomeça…. 

Se puderes 

Sem angústia 

E sem pressa. 

E os passos que deres, 

Nesse caminho duro 

Do futuro 

Dá-os em liberdade. 

Enquanto não alcances 

Não descanses. 

De nenhum fruto queiras só metade. 

E, nunca saciado, 

Vai colhendo ilusões sucessivas no pomar. 

Sempre a sonhar e vendo 

O logro da aventura. 

És homem, não te esqueças! 

Só é tua a loucura 

Onde, com lucidez, te reconheças… 

Miguel Torga 
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Resumo  

A Síndrome de Rett (RTT) é uma doença do neurodesenvolvimento rara e de causa 

genética que afeta cerca de 1:10.000-15.000 raparigas em todo o mundo. Caracteriza-se por 

um desenvolvimento aparentemente normal até aos 6 a 18 meses de idade, seguido de uma 

fase de regressão, na qual ocorre a perda de capacidades já adquiridas. Durante a progressão 

desta doença, que decorre ao longo de quatro etapas distintas, destacam-se: aparecimento 

de movimentos estereotipados e repetitivos das mãos com progressiva perda da sua 

funcionalidade, disfunção cognitiva e motora, e epilepsia. Atualmente, esta doença não tem 

cura existindo apenas algumas opções terapêuticas para controlo sintomático o que torna 

esta doença devastadora tanto para os seus portadores como para os respetivos cuidadores.  

Estudos genéticos realizados nos últimos anos estabeleceram que esta síndrome se 

deve, maioritariamente, a mutações no gene methyl-CpG-binding protein 2 (MECP2), localizado 

no cromossoma X. Este gene codifica a proteína MeCP2, que desempenha múltiplas funções 

onde se destacam a sua atuação como modulador epigenético e regulador da estrutura da 

cromatina, controlando a expressão de vários outros genes. É, por isso, uma proteína 

primordial no desenvolvimento e maturação do sistema nervoso central (central nervous 

system – CNS). Uma das proteínas cuja expressão é controlada pela MeCP2 é o fator 

neurotrófico derivado do cérebro (brain-derived neurotrophic factor - BDNF), uma 

neurotrofina com funções essenciais na maturação e diferenciação celular, plasticidade 

sináptica e sobrevivência neuronal. Consequentemente, alterações na MeCP2 comprometem 

os níveis de expressão e função do BDNF, tendo esta evidência sido já demonstrada em 

múltiplos estudos em modelos animais de RTT 

Simultaneamente, estudos nestes modelos demonstraram também que o aumento da 

expressão do BDNF consegue reverter algumas das disfunções e sintomas associados a esta 

síndrome. Contudo, a utilização terapêutica de BDNF não é ainda aplicável uma vez que a 

barreira hematoencefálica (blood-brain barrier - BBB) é impermeável a este fator 

neurotrófico, impedindo-o de chegar ao cérebro e desempenhar adequadamente as suas 

funções. Na tentativa de facilitar os efeitos do BDNF, têm-se desenvolvido novas estratégias 

envolvendo, por exemplo, a utilização de moléculas que atravessando a BBB potenciam a ação 
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neuroprotetora do BDNF. Uma das moléculas que tem merecido particular atenção é a 

adenosina. A adenosina é um neuromodulador do CNS que exerce as suas funções através da 

ativação de quatro recetores, A1, A2A, A3 e A2B (AR). Em particular, a ativação dos recetores A2A 

é fulcral para a manutenção dos níveis de BDNF e do seu recetor, TrkB-FL (tropomyosin-related 

kinase B full-length), assim como para os seus efeitos sinápticos. É de realçar que, o sistema 

adenosinérgico, para além de ser crucial na sinalização mediada pelo BDNF, também tem um 

papel de destaque no controlo da excitabilidade sináptica através da ativação dos recetores 

inibitórios A1R, reconhecidos como potenciais alvos terapêuticos no controlo da epilepsia. 

Estas ações da adenosina, assim como a presença de alguns sintomas nos doentes com RTT 

sobreponíveis a doenças com disfunção adenosinérgica já descrita, sugerem a possibilidade 

deste neuromodulador também estar afetado na RTT.  

Assim, este projeto teve como objetivos: 1) caracterizar detalhadamente o sistema 

adenosinérgico e a sinalização mediada pelo BDNF, através da utilização de modelos com 

fenótipos distintos: 1.1) modelo animal com um fenótipo agressivo, ratinhos machos 

mutantes Mecp2-null (Mecp2-/y); 1.2) modelo animal com um fenótipo intermédio, ratinhos 

fêmeas heterozigóticas para Mecp2 (Mecp2+/-); e 2) explorar o aumento dos níveis de 

adenosina como uma possível estratégia terapêutica. 

Através de ensaios de Western-Blot (WB) foi possível detetar níveis proteicos de BDNF 

diminuídos em homogenatos de hipocampo, córtex, tronco cerebral e cerebelo obtidos de 

animais Mecp2-/y na fase sintomática. As alterações detetadas na fase pré-sintomática foram 

menos marcadas, tendo-se apenas se observado a diminuição dos níveis de BDNF no estriado 

de animais Mecp2-/y com 3 semanas de idade. Também nos animais Mecp2+/- foram detetadas 

diminuições nos níveis de BDNF tanto no córtex como no hipocampo na fase sintomática. 

Relativamente aos níveis proteicos dos recetores do BDNF, observaram-se diminuições de 

TrkB-FL na fase sintomática em homogenatos de córtex e de hipocampo, e na fase pré-

sintomática no córtex e no estriado. Também no estriado, observou-se um aumento dos níveis 

de TrkB-FL na fase sintomática. Analisando os níveis proteicos das isoformas truncadas do 

recetor TrkB (TrkB-Tc), moduladores negativos da ação do BDNF, detetaram-se aumentos em 

homogenatos de tronco cerebral de animais Mecp2-/y com 1 semana e 6 semanas de idade. 
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Nos animais Mecp2+/- não foram detetadas alterações em nenhum dos recetores do BDNF 

estudados.  

Registos eletrofisiológicos realizados na área CA1 do hipocampo permitiram o estudo 

da plasticidade sináptica, nomeadamente através do estudo da potenciação de longa duração 

(long-term potentiation - LTP). Nos animais Mecp2-/y observou-se uma diminuição da 

magnitude da LTP e uma ausência do efeito facilitador por parte do BDNF sobre a LTP. Nos 

animais Mecp2+/-, apesar da magnitude basal da LTP não estar afetada, o BDNF perdeu 

também a sua capacidade potenciar este fenómeno.  

O estudo do sistema adenosinérgico, através da quantificação por cromatografia 

líquida de alta performace (high performance liquid cromotography – HPLC), permitiu detetar 

uma diminuição dos níveis de adenosina e do seu percursor adenosina monofosfato (AMP), 

tanto em homogenatos de hipocampo como de córtex dos animais Mecp2-/y na fase 

sintomática do modelo animal. Simultaneamente, foram encontrados aumentos nos níveis 

proteicos dos A1R no córtex e no hipocampo e uma diminuição dos A2AR no córtex. As mesmas 

alterações nos receptores de adenosina foram encontradas nos animais Mecp2+/-, acrescendo 

também uma diminuição dos níveis de A2AR no hipocampo. Apesar da diminuição dos níveis 

de BDNF, em ambos os modelos, foi possível recuperar o efeito facilitador do BDNF na 

magnitude da LTP hipocampal através da ativação dos A2AR, pelo agonista seletivo CGS21680.  

Estes dados apoiam a hipótese de que uma terapêutica tendo como alvo o sistema 

adenosinérgico poderá ser benéfica. Assim, animais Mecp2-/y com 5-6 semanas de idade foram 

administrados intraperitonealmente com um fármaco inibidor do enzima adenosina cinase 

(adenosine kinase – ADK), 5-iodotubercidina (ITU). Este fármaco permite o aumento dos níveis 

de adenosina através da inibição da sua metabolização pelo enzima ADK. Para além da eficácia 

da inibição da ADK já demonstrada noutras doenças, como em modelos de epilepsia, nos 

animais Mecp2-/y, por análise WB, foram detetados aumentos dos níveis proteicos da ADK em 

homogenatos de córtex durante a fase pré-sintomática, apoiando o estudo da ADK como alvo 

terapêutico.  

Através do estudo da administração da ITU, realizado in vivo, foi possível observar uma 

recuperação do efeito do BDNF sobre a potenciação da LTP, em registos eletrofisiológicos 
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realizados em fatias de hipocampo, assim como uma recuperação dos níveis proteicos dos 

recetores TrkB-FL em homogenatos de hipocampos dos animais Mecp2-/y tratados com ITU. 

Globalmente, os resultados apontam para uma disfunção na sinalização mediada quer 

pelo BDNF quer pelo sistema adenosinérgico, em dois fenótipos diferentes da doença, 

sugerindo um possível envolvimento de ambos na fisiopatologia da doença. A obtenção de 

dados positivos na reversão de alguns défices presentes nos modelos animais estudados, 

através da inibição farmacológica da ADK reforça esta importância, ao mesmo tempo que 

sugere o aumento dos níveis de adenosina como uma estratégia a explorar na RTT.  

 

 

 

Palavras-Chave: Síndrome de Rett; Sistema adenosinérgico; Recetores A1 e A2A; BDNF; Terapias com 

aumento da adenosina 
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Abstract  

Rett Syndrome (RTT) is a rare, genetically caused neurodevelopmental disorder that 

affects approximately 1:10000-15000 girls worldwide. It is characterized by an apparently 

normal development up to 6 to 18 months of age, followed by a regression phase, in which 

there is a loss of acquired abilities. During the progression of this disease, which takes place 

over four distinct stages, the following stand out: appearance of stereotyped and repetitive 

hand movements with progressive loss of functionality, cognitive and motor dysfunction and 

epilepsy. Currently, this disease has no cure and there are few therapeutic options for 

symptomatic control, which makes this disease devastating for both patients and caregivers. 

Genetic studies carried out in recent years have established that this syndrome is 

mainly due to mutations in the methyl-CpG-binding protein 2 (MECP2) gene, located on the X 

chromosome. This gene encodes the MeCP2 protein, which performs multiple functions 

where its role stands out as an epigenetic modulator and regulator of the structure of 

chromatin, controlling the expression of several other genes, making it a key protein in the 

development and maturation of the central nervous system (CNS). One of the proteins whose 

expression is controlled by MeCP2 is the brain-derived neurotrophic factor (BDNF), a 

neurotrophin with essential functions in cell maturation and differentiation, synaptic plasticity 

and neuronal survival. Consequently, alterations in MeCP2 compromise BDNF expression 

levels and function, and this evidence has already been demonstrated in multiple studies in 

RTT animal models. 

Those studies have also shown that the increase in BDNF expression can reverse some 

of the dysfunctions and symptoms present in RTT animal models. However, the therapeutic 

use of BDNF is not yet applicable since the blood-brain barrier (BBB) is impervious to this 

neurotrophic factor, preventing it from reaching the brain and performing its functions 

properly. In an attempt to facilitate the effects of BDNF, new strategies have been developed 

involving, for example, the use of molecules that cross the BBB and potentiate the 

neuroprotective action of BDNF. One of the molecules that has deserved particular attention 

is adenosine. Adenosine is a CNS neuromodulator that exerts its functions through the 

activation of four receptors, A1, A2A, A3 and A2B (AR). In particular, the activation of A2AR is 
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crucial for the maintenance of BDNF and its receptor, TrkB-FL (full-length tropomyosin-related 

kinase B), levels as well as for its synaptic effects. It is noteworthy that the adenosinergic 

system, in addition to be crucial in BDNF-mediated signaling, also has a prominent role in the 

control of synaptic excitability through the activation of inhibitory A1 receptors, recognized as 

potential therapeutic targets in the control of epilepsy. These actions of adenosine, as well as 

the presence of some symptoms in patients with RTT overlapping with diseases with 

adenosinergic dysfunction already described, suggest the possibility that this neuromodulator 

is also affected in RTT. 

Thus, this project aimed to: 1) characterize in detail the adenosinergic system and 

BDNF-mediated signaling, through the use of models with distinct phenotypes: 1.1) animal 

model with an severe phenotype, Mecp2-null mutant male mice (Mecp2-/ y); 1.2) animal model 

with a moderate phenotype, female mice heterozygous for Mecp2 (Mecp2+/-); and 2) explore 

the augmentation of adenosine levels as a possible therapeutic strategy. 

Through Western-Blot (WB) assays it was possible to detect decreased BDNF protein 

levels in hippocampus, cortex, brainstem, and cerebellum homogenates obtained from 

Mecp2-/y symptomatic animals. The changes detected in the pre-symptomatic stage were less 

marked, with only a decrease in BDNF levels observed in the striatum of 3-week-old Mecp2-/y 

animals. Also, in Mecp2+/- animals, decreases in BDNF levels were detected both in the cortex 

and in the hippocampus in the symptomatic stage. Regarding protein levels of BDNF receptors, 

decreases in TrkB-FL were observed in the symptomatic stage in cortical and hippocampal 

homogenates, and in the pre-symptomatic phase in the cortex and striatum. In this brain area, 

an increase in TrkB-FL levels was also observed in the symptomatic phase. Analyzing the 

protein levels of truncated isoforms of the TrkB receptor (TrkB-Tc), negative modulators of 

BDNF action, an increase were detected in brainstem homogenates from 1-week and 6-week-

old animals. In Mecp2+/- animals, no alterations were detected in any of the studied BDNF 

receptors. 

Electrophysiological recordings performed in the hippocampus allowed the study of 

synaptic plasticity, namely through the study of long-term potentiation (LTP). In Mecp2-/y 

animals there was a decrease in the magnitude of LTP and an absence of the facilitatory effect 
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of BDNF upon LTP. In Mecp2+/- animals, although the basal magnitude of LTP was not affected, 

BDNF also lost its ability to potentiate this phenomenon associated with synaptic plasticity. 

The study of the adenosinergic system, analyzed by high performance liquid 

chromatography (HPLC), allowed to detect a decrease in the levels of adenosine and its 

precursor adenosine monophosphate (AMP), both in hippocampal and cortical homogenates 

of Mecp2-/y animals in the symptomatic stage. Simultaneously, increases in protein levels of 

A1R in the cortex and hippocampus and a decrease in A2AR in the cortex were found. The same 

changes in adenosine receptors were found in Mecp2+/- animals, but also a decrease in A2AR 

levels in the hippocampus. Despite the decrease in BDNF levels, in both models, it was possible 

to recover the facilitatory effect of BDNF upon the magnitude of hippocampal LTP, through 

the activation of A2AR by the selective agonist CGS21680. 

These data supported the hypothesis that a therapy targeting the adenosinergic 

system could be beneficial. Thus, 5-6 weeks old Mecp2-/y animals were administered 

intraperitoneally with an adenosine kinase (ADK) inhibitor drug, 5-iodotubercidin (ITU). This 

drug allows an increase in adenosine levels by inhibiting its metabolism. In addition to the 

efficacy of ADK inhibition already demonstrated in other diseases, such as epilepsy models, in 

Mecp2-/y animals, by WB analysis, increased ADK protein levels were detected in cortex 

homogenates during the pre-symptomatic stage, supporting the study of ADK as a potential 

therapeutic target in RTT. 

Through the study of ITU administration, carried out in vivo, it was possible to observe 

a recovery of the effect of BDNF upon LTP potentiation, in electrophysiological recordings 

performed in hippocampal slices, as well as a recovery of protein levels of TrkB-FL receptors 

in hippocampal homogenates from ITU-treated Mecp2-/y animals. 

Overall, the results point to a dysfunction either in signaling mediated by BDNF and in 

adenosinergic system, in two different phenotypes of the disease, suggesting a possible 

involvement of both in the pathophysiology of the disease. The positive data obtained 

regarding the reversal of some deficits present in the animal models studied, through the 

pharmacological inhibition of ADK, reinforces the importance of adenosinergic system 

involvement while suggesting the increase of adenosine levels as a strategy to be explored in 

RTT. 
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Chapter 1 – General introduction 
 

1.1 Rett Syndrome 

In the 1960s, Dr. Andreas Rett was puzzled after observing two young girls with an identical 

presentation and clinical history: prominent hand stereotypies with a normal early development 

followed by a regression period, during which the loss of hand purposeful movements become 

evident. These findings motivated Dr. Rett to investigate other patients with similar clinical 

profile, and in 1966, with a total of 22 girl patients, he described these symptoms as a metabolic 

disorder named “cerebroatrophic hyperammonaemia” (Rett, 1966). 

However, just 17 years later, when Dr. Bengt Hagberg and colleagues described 35 additional 

patients with identical clinical histories overlapping with the syndrome previously described by 

Dr. Rett, this syndrome was recognized by medical community. The clinical cases were published, 

as well as the diagnosis criteria for what is nowadays known as Rett Syndrome (RTT) (Hagberg et 

al., 1983).  

RTT is recognized as a severe, progressive, and monogenic neurodevelopmental disorder. This 

syndrome primarily affects girls, and involves a wide range of clinical symptoms including  

neurological and behavioral alterations, autonomic dysfunctions, with significant respiratory 

abnormalities (Chahrour and Zoghbi, 2007; Banerjee et al., 2012). It is the second most common 

cause of intellectual disability in females after Down Syndrome, with no currently known cure 

available (Krajnc, 2015; Gomathi et al., 2020).  

 

1.1.1  Clinical basis of Rett Syndrome 

RTT is a neurodevelopmental disorder, which in most cases is caused by alterations in the 

methyl-CpG-binding protein 2 (MECP2) gene (Amir et al., 1999).  However, mutations in other 

genes can also be implicated in some forms of RTT (see subchapter 1.1.2)(Percy et al., 2018). RTT 

presents an incidence of 1:10000-15000 live female births, corresponding to 350000 affected 

individuals worldwide. Considering the non-diagnosed cases, still in a significant number, it is 

expected that the incidence would increase in the next years (Katz et al., 2016; Banerjee et al., 

2019). 
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Typically, RTT patients clinically present a normal development, reaching all the expected 

development milestones up to 6-18 months after birth, when some overt symptoms start to 

emerge (Chahrour and Zoghbi, 2007; Neul et al., 2011). However, there is evidence of molecular 

changes impacting development during gestation, mainly upon cell fate, early neurogenesis, cell 

signaling, synaptogenesis, and synaptic function (Feldman et al., 2016). 

During syndrome progression, several symptoms may appear, such as stereotypic hand 

movements, loss of purposeful hand movements, altered motor coordination, epileptic seizures, 

language and learning deficits, and cognitive impairments ranging from mild to severe (Banerjee 

et al., 2012).  

Indeed, four stages of disease progression have been described: 1) Developmental stagnation; 

2) Rapid regression; 3) Stationary stage, and 4) Late motor deterioration (Figure 1.1). Although 

Figure 1.1| Progression of RTT and respective symptomatology. RTT patients develop normally during the first 

months of life. After this period, a phase of developmental stagnation begins followed by a rapid deterioration with 

loss of acquired speech, loss of purposeful hand use and midline stereotypies. Autistic  features and epilepsy also 

emerge. Following this rapid regression, a stationary stage can be observed with autonomic dysfunction, anxiety, and 

scoliosis as prominent symptoms. In advanced disease stages, clinical condition deteriorates, with loss of motor skills 

(late motor deterioration). In addition, patients suffer from impactful autonomic abnormalities, (adapted from 

Chahrour and Zoghbi, 2007). 
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not all symptoms appear simultaneously, all of them severely impact the life of both patients and 

caregivers (Chahrour and Zoghbi, 2007; Kyle et al., 2018).  

In detail, the first stage, “Development stagnation”, occurs from the 6-18 month of age.  In 

this stage, one of the earliest signs of neurological involvement can be found: the deceleration of 

head growth, with consequent microcephaly, mainly caused by the suppressed proliferation of 

glial cells with MECP2 dysfunction, and by abnormally small, densely packed neurons with 

reduced dendritic complexity and synapse density (Nagai et al., 2005; Leonard et al., 2016a; Kyle 

et al., 2018). Simultaneously, general growth retardation, weight loss, and muscle hypotonia 

resulting in weak posture, can also manifest (Chahrour and Zoghbi, 2007). 

The second stage “Rapid regression”, spans from 1-4 years of age, and is the period where the 

most debilitating symptoms emerge. Patients acquire stereotypic hand movements such as 

wringing, washing, clapping, or tapping, as well as repeatedly moving the hands to the mouth 

which led to the loss of purposeful hand movements. The loss of language function, and social 

interaction withdrawal also become apparent at this stage. Behavior changes, such as irritability 

and self-aggressive actions, as well as autistic features, such as expressionless face, lack of eye-

to-eye contact, hypersensitivity to sound, indifference to surrounding environment and 

unresponsiveness to social cues usually emerge in this stage  (Nomura, 2005; Chahrour and 

Zoghbi, 2007; Quest et al., 2014). Both mental retardation and motor coordination deficits, like 

ataxia and gait apraxia, frequently appear simultaneously (Chahrour and Zoghbi, 2007). The first 

manifestations of autonomic dysfunction, characterized by hyperventilation during wakefulness, 

also appear during this stage (Chahrour and Zoghbi, 2007). Additionally, RTT patients also present 

multiple respiratory abnormalities, such as breath-holding, aerophagia, forced expulsion of air 

and saliva, and apnea (Ramirez et al., 2013). In the typical RTT form, even though 

electroencephalogram (EEG) records present pattern changes during the four syndrome stages, 

the occurrence of seizures only becomes apparent during the second stage, losing prominence at 

the fourth stage, and commonly is unlikely its onset after 20 years of age (Glaze et al., 2010; 

Operto et al., 2019). Nevertheless, the epilepsy could range from easily controlled to refractory, 

with seizures usually being partially complex and tonic-clonic (Jian et al., 2006; Operto et al., 

2019).  

The third stage, “Stationary stage”, ranges from 3-10 years old or, in some cases, until the end 

of life. In this stage an amelioration of the social deficits can be observed, as well as a stagnation 
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of the progression of cognitive function deficits. However, osteopenia, scoliosis and rigidity start 

to develop at this stage. At the same time, teeth grinding, night laughing or crying, screaming fits, 

but also low mood and anxiety episodes caused by distressful external events may appear. 

Additional autonomic disabilities, including severe constipation, oropharyngeal dysfunction, as 

well as cardiac abnormalities, such as prolonged QT interval, and tachycardia may occur (Nomura, 

2005; Chahrour and Zoghbi, 2007; Kumar et al., 2017). 

The last stage “Late motor deterioration”, lasting from the age of 10 years to the end of life, 

is characterized by severe deterioration of motor function, with significant loss of mobility, 

leading most RTT affected girls become wheelchair dependent during the adolescence. 

Parkinsonian features usually appear at this stage (Chahrour and Zoghbi, 2007; Leuzzi et al., 

2020).  

RTT patients typically reach a plateau. Although completely dependent on a caregiver, mild 

cases, when properly accompanied, can live up to age 60-70, despite presenting a very sensitive 

clinical condition (Chahrour and Zoghbi, 2007).  

 In addition to this general view over the typical clinical RTT manifestations, it was necessary 

to stablish strict and recognized clinical criteria, so as to facilitate the exclusion of other 

neurological conditions whose symptoms overlap with those present in RTT patients. Accordingly, 

in 2011, the diagnosis criteria were revised, establishing a necessary period of regression followed 

by a recovery or stagnation, with a presence of four main criteria and two exclusion criteria for 

the diagnosis, as presented in table 1.1 (Neul et al., 2011).  

Table 1.1| Revised diagnosis criteria for typical RTT, (adapted from Neul et al., 2011). 

 

Table 0.2.1| Revised diagnosis criteria for typical RTT (adapted from Neul et al., 2011). 

 

Figure 1.2| Most common mutations in RTT. T158M; R255X; R306C; R294X; R270X; R133C, R168X and R106W are 

the eight most common mutation present in RTT, located in methyl-binding domain (pink, MBD) and 

transcriptional repression domain (blue, TRD) of the Mecp2 protein. The representative percentage is shown in the 

bars, with missense mutations in purple and nonsense mutations in red. N-terminal domain (green, NTD); 

interaction domain (red, NID); C-terminal domain (yellow, CTD), (adapted from Kyle et al., 2018).Table 3.1| Revised 

diagnosis criteria for typical RTT, (adapted from Neul et al., 2011). 

 

Table 0.4.1| Revised diagnosis criteria for typical RTT (adapted from Neul et al., 2011). 
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1.1.2  Molecular basis of Rett Syndrome 

Molecular basis of RTT involves a high complexity and multiple influencing factors which 

manifest several forms of this disease (Matijevic et al., 2008).  

The first identified RTT cases were in female individuals. This led the scientific community to 

hypothesize that RTT could be a X-linked syndrome, fatal to hemizygous males (Chahrour and 

Zoghbi, 2007).  

The familial cases were crucial in deciphering the narrow location of the gene in Xq28 locus 

(Schanen et al., 1997; Sirianni et al., 1998). In 1999, Amir and colleagues (Amir et al., 1999) 

screened DNA from sporadic and familial RTT cases, analyzing more than 100 gene candidates 

present in that locus. This study allowed the identification of several types of mutation, such as 

missense, frameshift and nonsense mutations, in the coding region of the MECP2 gene (Amir et 

al., 1999).  

Nowadays, it is well known that mutations in MECP2 gene are found in 95% of typical RTT 

cases, and in 73.2% of atypical RTT cases (Ehrhart et al., 2018). In 99% of RTT cases the mutations 

in MECP2 occur de novo, and less than 1% are inherent from one parent (Wan et al., 1999; Operto 

et al., 2019). The de novo mutations usually emerge from the paternal germline, and usually 

involve a C to T transition in CpG dinucleotides (Girard et al., 2001; Trappe et al., 2001). The 

familial cases identified are often originated from inherited mutations from healthy to mildly 

affected mothers, from gonadal mosaicism, or favorable X-chromosome inactivation (XCI) 

(Matijevic et al., 2008). 

More than 800 mutations in MECP2 have been found to be associated to RTT, including 

different mutations types, such as point mutations, insertions, duplications, small or large 

deletions, which can be found in almost every location of the gene sequence (Ehrhart et al., 2018). 

However, 8 single-nucleotide polymorphism hotspots, such as missense and nonsense mutations, 

have been identified as the causative RTT mutation in approximately 70% of cases: T158M; 

R255X; R306C; R294X; R270X; R133C, R168X and R106W (presented by order of frequency) (Amir 

and Zoghbi, 2000; Percy et al., 2010) (Figure 1.2). It has also been described that C-terminal 

mutations represent 8% of cases, while large deletions represent 5% (Neul et al., 2008). This 

diversity in the genetic mechanisms underlying RTT may partially explain the wide range of 

phenotypic severity observed in different patients. Nonetheless, it is possible to find  individuals 
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with the some mutation but different phenotypic severity (Kyle et al., 2018). Despite this lack of 

perfect correlation between mutation and phenotype, some studies have shown a correlation 

between genotype and the severity of clinical manifestations. Accordingly, early truncated 

mutations, such as R168X, R255X, and R270X, as well as large insertions and deletions, are 

associated to severe phenotypes (Neul et al., 2008). On the other hand, missense mutations, such 

as R133C and R306C, late truncating mutations, like R294X and others in the 3’ with an intact 

MBD (methyl binding domain) and TRD (transcription repression domain) domain (see 

subchapter 1.1.2.1),  are associated with the mildest phenotypes (Neul et al., 2008; Cuddapah et 

al., 2014). Additionally, mutation type tends to be located in specific MeCP2 domains, which will 

affect the respective protein function, thus impacting phenotype. Accordingly, missense 

mutations most commonly occur in the MBD domain, nonsense mutations generally occur 

downstream of the MBD domain, and frameshift mutations, resulting from small deletions, 

usually occur in the C-terminus (Lee et al., 2001; Neul et al., 2008).  

Another important contributor for the phenotypic variability, besides the location and type of 

mutation, is the XCI. The majority of RTT patients are heterozygous for MECP2, carrying a normal 

(or wild-type - WT) and a mutant allele of the gene.  

Figure 1.2| Most common mutations in RTT. T158M; R255X; R306C; R294X; R270X; R133C, R168X and R106W are 

the eight most common mutation present in RTT, located in methyl-binding domain (pink, MBD) and transcriptional 

repression domain (blue, TRD) of the Mecp2 protein. The representative percentage is shown in the bars, with 

missense mutations in purple and nonsense mutations in red. N-terminal domain (green, NTD); interaction domain 

(red, NID); C-terminal domain (yellow, CTD), (adapted from Kyle et al., 2018). 
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XCI allows the presence of a mosaicism in heterozygous females. Depending on the skewing 

of the mutant X chromosome, and of its consequent stochastic expression, the clinical severity 

changes: with symptom severity being inversely proportional to skewing (Ishii et al., 2001; 

Hoffbuhr et al., 2002). However, even with same mutations and equivalent XCI pattern in 

peripheral blood, clinical severity could differ between individuals. This has been explained by the 

presence of additional gene mutations that can either ameliorate or aggravate the clinical 

outcome (Zeev et al., 2009). 

Despite RTT being a X-linked syndrome, males can also be affected. Indeed, some clinical cases 

had been reported, previous to the discovery of the gene involved in the disease. The first MECP2 

mutation was described in a male in 1999 (Wan et al., 1999). Hence, males with symptoms 

included in RTT clinical criteria, started to be screened for MECP2 mutations and classified in four 

different groups: 1) severe neonatal encephalopathy and infantile death; 2) classical RTT; 3) less 

severe neuropsychiatric phenotypes and 4) MECP2 duplication syndrome (Kyle et al., 2018) (Table 

1.2).  

   

Importantly, 3%-5% of RTT patients do not have MECP2 mutations (Neul et al., 2008). There 

are mutations in other genes responsible for RTT variants, being the most common: the FOXG1, 

associated to the Rolando atypical RTT variant, and the CDKL5, associated to the Hanefeld atypical 

RTT variant (Weaving et al., 2004; Ariani et al., 2008).  

Table 1.2| RTT classification found in males: genetic profile and respective clinical features, (adapted from 

Oporto et al 2019). 

 

 

Table 1.0.5| RTT classification found in males: genetic profile and respective clinical features (adapted from Oporto 

et al 2019). 

 

 

Figure 1.3| New genes associated with RTT. In this figure are represented the 46 new mutations, described since 

2017, associated with RTT.Table 1.2 | RTT classification found in males: genetic profile and respective clinical 

features, (adapted from Oporto et al 2019). 

 

 

Table 1.0.6| RTT classification found in males: genetic profile and respective clinical features (adapted from Oporto 

et al 2019). 
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FOXG1 is located in 14q12 chromosome and encodes a homonymous transcriptional 

repressor involved in neuronal differentiation. Its location, outside the X chromosome, has been 

associated to the congenital variant of RTT (Ariani et al., 2008). Patients carrying this type of 

mutation have a clinical history characterized by postnatal growth deficiency, microcephaly, 

developmental delay with absent speech, defective social reciprocity, poor sleep, stereotypies, 

dyskinesia, and severe early onset epilepsy (Brunetti-Pierri et al., 2011; Guerrini and Parrini, 

2012). 

Like MECP2, CDKL5 is also an X chromosome gene, more precisely located on Xq22, encoding 

the CDKL5 protein, a ubiquitous protein with a key role in neuronal maturation. Mutations in this 

gene are associated with the early seizure variant of RTT (Mari et al., 2005; Rusconi et al., 2008; 

Guerrini and Parrini, 2012).  

In recent years, the development of genetic and sequencing technology, such as the whole 

sequencing genome, allowed the identification of more genes associated with typical or atypical 

RTT. Around 69 new genes have recently been described, as causative of RTT, wherein 46 were 

described since 2017 (Vidal et al., 2019)(Figure. 1.3).  

Figure 1.3| New genes associated with RTT. In this figure are represented the 46 new mutations, described since 

2017, associated with RTT. 
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According to the RTT National History Study (NCT02738281), atypical RTT variants represent 

14.9% of RTT patients in United States of America. Clinical criteria for these variants includes a 

period of regression, followed by recovery or stabilization, and at least two of the four main 

criteria and five of the eleven supportive criteria (Neul et al., 2011, 2014) (Table 1.3). Despite part 

of atypical RTT variants being associated with mutations in non-MECP2 genes, the Zappella or 

preserved speech variant is primarily associated to MECP2 gene mutations (Zappella et al., 2001; 

Townend et al., 2018). This variant is characterized by a regression stage from ages 1-3, followed 

by a prolonged plateau stage, a milder compromise of purposeful hand movements, as well as 

significant epilepsy and intellectual disability (Operto et al., 2019). Interestingly, in this variant, 

the patients can recover language functions, after their regression (Zappella, 1992; Zappella et 

al., 2001). 

 

Undoubtedly, mutations in MECP2 are the primary cause of RTT. Accordingly, in the next 

subchapters, MECP2 gene and MeCP2 protein expression, as well as its structure, will be detailed.  

 

Table 1.3| Revised diagnosis criteria for atypical RTT, (adapted from Neul et al., 2011). 

 

Table 1.0.7| Revised diagnosis criteria for atypical RTT (adapted from Neul et al., 2001). 

 

Figure 1.4| MECP2 gene structure. In A MECP2/Mecp2 gene location is represented: in X-chromosome (Xq28), 

surrounded by the RCP and IRAK genes. In B it is shown that the MECP2/ Mecp2 gene is composed by four exons 

(exon 1–4) and three introns (intron 1–3). The gene has three polyadenylation sites at the 3’UTR. The sizes of each 

exonic and intronic region in human MECP2 and mouse Mecp2 genes are represented. The translation in two 

MeCP2 isoforms: MeCP2E1 and MeCP2E2 is represented in C. The translation start site (ATG) for each isoform is 

indicated by arrows. MeCP2E1 isoform is encoded by exons 1, 3 and 4. MeCP2E2 isoform is encoded by 2,3 and 4. 

IRAK1, interleukin-1 receptor associated kinase gene; MeCP2E1, MeCP2_exon1; MeCP2E2, MeCP2_exon2; RCP, red 

opsin, (adapted from Liyanage and Rastegar, 2014).Table 1.3 | Revised diagnosis criteria for atypical RTT, (adapted 

from Neul et al., 2001). 

 

Table 1.0.8| Revised diagnosis criteria for atypical RTT (adapted from Neul et al., 2001). 



12 
 

1.1.2.1 From MECP2 gene to MeCP2 protein 

MECP2, located on the long arm of the X chromosome (Xq28), maps between interleukin-1 

receptor associated kinase gene (IRAK1) and red opsin (RCP/GCP) loci, spans around 76kb and, as 

mentioned before, undergoes XCI (Matijevic et al., 2008; Liyanage and Rastegar, 2014). This gene 

is constituted by four exons and three introns, encoding two isoforms of the MeCP2 protein, in 

both humans and rodents,: MeCP2_exon1 (MeCP2E1), in which the exon 2 is skipped, and 

MeCP2_exon2 (MeCP2E2), in which exon 1 is skipped, starting the translation at exon 2 

(Mnatzakanian et al., 2004). MeCP2E1 has a ten times greater expression in the brain relative to 

MeCP2E2, in both humans and rodents, suggesting that MeCP2E1 isoform is the primary MeCP2 

isoform in the brain. MeCP2E1 also shows an higher expression in the lung and thymus of mice 

but an equal ratio of both isoforms is described in the testis and liver of the same animals (Olson 

et al., 2014). 

Exon 4 contains a long 3’-untranslated region (3’UTR), presenting three different 

polyadenylation sites (polyA), corresponding to four different transcripts that show quantitative 

changes in expression across tissues as well as across pre- and postnatal development. The 10.1-

kb transcript shows an higher expression in the fetal brain, whereas in the adult brain it is the 5-

kb transcript that becomes the most expressed transcript (Coy et al., 1999; Pelka et al., 2005). In 

this way, it is speculated that 3’-UTR could be a regulator of downstream MECP2 transcription, 

controlling mRNA degradation and stability, nucleocytoplasmic transport, mRNA localization, and 

modulation of translation (McGowan and Pang, 2015) (Figure 1.4). 
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MeCP2 is a nuclear protein that is ubiquitously expressed in all human cells, but is particularly 

abundant in neurons (Zachariah et al., 2012; Liyanage and Rastegar, 2014). It is composed by five 

different domains: NTD (N-terminal domain), MBD, ID (Inter domain), TRD and CTD (C-terminal 

domain). From these, three are functional, with specific functions already uncover: 1) MBD is 

responsible for binding to 5-methyl cytosine with high affinity, and for transporting MeCP2 to the 

nucleus (Lyst et al., 2018); 2) TRD is responsible for interacting with histone deacetylase (HDAC), 

and transcriptional corepressor deacetylase complexes, SIN3A. It also contains the nuclear 

receptor co‑repressor (NCoR)-ID; 3) CTD facilitates MeCP2 binding to the nucleosome core, 

allowing chromatin compaction, and consequent inaccessibility to transcriptional machinery 

(Matijevic et al., 2008; Hite et al., 2009). Although these well-defined domains, MeCP2 is classified 

as an intrinsically disordered protein (IDP), with around 60% of the protein being unstructured, 

just obtaining a tertiary structure when bounded to other proteins (Liyanage and Rastegar, 2014) 

(Figure 1.5). In this way, posttranslational modifications, such as acetylation, phosphorylation, 

B 

C 

A 

Figure 1.4| MECP2 gene structure. In A MECP2/Mecp2 gene location is represented: in X-chromosome (Xq28), 

surrounded by the RCP and IRAK genes. In B it is shown that the MECP2/ Mecp2 gene is composed by four exons 

(exon 1–4) and three introns (intron 1–3). The gene has three polyadenylation sites at the 3’UTR. The sizes of each 

exonic and intronic region in human MECP2 and mouse Mecp2 genes are represented. The translation in two MeCP2 

isoforms: MeCP2E1 and MeCP2E2 is represented in C. The translation start site (ATG) for each isoform is indicated 

by arrows. MeCP2E1 isoform is encoded by exons 1, 3 and 4. MeCP2E2 isoform is encoded by 2,3 and 4. IRAK1, 

interleukin-1 receptor associated kinase gene; MeCP2E1, MeCP2_exon1; MeCP2E2, MeCP2_exon2; RCP, red opsin, 

(adapted from Liyanage and Rastegar, 2014). 
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ubiquitination and SUMOylation, gain an important role in controlling MeCP2 binding to proper 

elements critical for its function (for review see (Kyle et al., 2018)).  

 

Initially, MeCP2 was thought to act as an epigenetic transcriptional repressor (Lewis et al., 

1992). Multiple studies have been performed during the last years, to better unravel the functions 

of MeCP2, and its involvement in disorders, such as RTT. Its pleiotropic effects in multiple genes 

and signaling targets make a difficult task deciphering a linear correlation between MeCP2 

functions and RTT pathophysiology.  Work in this area, clarified that MeCP2 is an important 

regulator of transcription, acting as a transcriptional activator or repressor, depending on the 

context (Chahrour et al., 2008). Its ability to bind in DNA methylated cytosines was one of the first 

interactions associated to MeCP2, namely methylated cytosines followed by a guanine (Scarsdale 

et al., 2011). However, it was found recently that the MBD domain also binds methylated 

cytosines in the C-H context (where H = A/T/C), with similar affinity being observed both in vitro 

and in vivo (Lombardi et al., 2015). Insofar DNA methylation is an important epigenetic process, 

involved in the regulation of genomic imprinting, XCI, cellular differentiation and transposable 

silencing  (Villicaña and Bell, 2021). MeCP2, a methyl binding protein, plays a key role in all of 

these processes (Lombardi et al., 2015). In addition, MeCP2 can interact with multiple proteins, 

such as histone SIN3A, NCOR and SMRT, already mentioned, which fine-tune the transcriptional 

regulation role of MeCP2 (Adachi and Monteggia, 2014).  

The ability of MeCP2 to control the gene expression has been amply explored. Some of the 

most well-known genes under the influence of MeCP2, in neuronal cells, are: 1) Brain-derived 

neurotrophic factor (BDNF); 2) Long interspersed nuclear elements (LINE-1); 3) Leukosialin; 4) 

Distal-less homeobox 5 (DLX5); 5) Corticotropin-releasing hormone (Crh); and 6) FXYD domain-

Figure 1.5| MeCP2 protein structure. Human MeCP2E1 and MeCP2E2 are 498 and 486 amino acids in size, 

respectively, while mouse MeCP2E1 and MeCP2E2 are 501 and 484 amino acids in size, respectively. CTD, C-terminal 

domain; ID, Inter domain; MBD, Methyl binding domain; MeCP2E1, MeCP2_exon1; MeCP2E2, MeCP2_exon2; TRD, 

Transription repression domain (adapted from Liyanage and Rastegar, 2014). 
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containing transport regulator 1 (FXYD1) (Matijevic et al., 2008). In astrocytes a set of other target 

genes has been described, all of which are important for adequate astrocytic function (Liyanage 

and Rastegar, 2014). 

In addition, MeCP2 also plays a crucial role in chromatin remodeling, protein synthesis, 

regulation of alternative splicing, and microRNA (miRNA) processing, all of which are important 

for neuronal migration, differentiation, and dendritic morphogenesis  (Leonard et al., 2016; 

Banerjee et al., 2019). miRNA, in turn, in parallel with activity-dependent phosphorylation, 

reciprocally regulates MeCP2 function (Leonard et al., 2016).  

Despite the ubiquitous expression of MeCP2, the higher expression levels are  detected in the 

brain, lungs and spleen and the lowest in the liver, heart, kidney and small intestines (Liyanage 

and Rastegar, 2014; Gulmez Karaca et al., 2019). Particularly, in the central nervous system (CNS), 

during the prenatal stage, MeCP2 expression is low, progressively increasing during neuronal 

maturation and synaptogenesis, with peaking in mature and post-migratory neurons (Figure 1.6) 

(Shahbazian et al., 2002; Kishi and Macklis, 2005; Bedogni et al., 2016). Across different brain 

regions, expression in whole cell extracts is higher in the cortex and cerebellum, comparing with 

the olfactory bulb, striatum, hippocampus, thalamus, and brainstem (Zachariah et al., 2012; Olson 

et al., 2014). Interestingly, MeCP2 expression is different in multiple brain regions implicated in 

the specific functional and behavioral impairments observed in RTT mouse models (Liyanage and 

Rastegar, 2014). At cellular level, MeCP2 expression is highest in neurons but it is also detected 

in astrocytes, microglia, and oligodendrocytes (Liyanage and Rastegar, 2014).  
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1.1.2.2 Modelling Rett Syndrome 

The finding that mutations in the MECP2 gene are the main cause of RTT, as well as the 

advance of genetic and molecular techniques, allowed the development of different models of 

the disease. This development allowed a better understanding of RTT pathogenesis, and the 

exploration of possible therapeutic targets, and strategies. 

  

A 

B 

Figure 1.6| Mecp2 expression across the development. In A it is shown MeCP2 expression across ages:  MeCP2 

expression increases during the prenatal stage, remaining significant until adulthood. Initially, MeCP2 has an 

important role in neurogenesis and differentiation, later in neuronal maturation and postnatally, in driven 

remodeling. MeCP2 also regulates neuronal differentiation in early embryonic development, neuronal maturation, 

and circuit formation. B shows MeCP2 brain expression. Cajal-Retzius (C-R) neurons are the first cortical neurons 

to mature and express MeCP2, followed by midbrain, thalamus, cerebellum, and deep cortical neurons. Expression 

in basal ganglia, hypothalamus, hippocampus, and superficial cortical layers occurs later, and the number of MeCP2-

positive neurons in the cerebral cortex continues to increase until ten years of age. Wg, weeks of gestation, 

(adapted from Karaca et al., 2019 and Zoghbi 2003). 

 

Figure 1.6| Mecp2 expression across the development. In A it is shown MeCP2 expression across ages:  MeCP2 

expression increases during the prenatal stage, remaining significant until adulthood. Initially, MeCP2 has an 

important role in neurogenesis and differentiation, later in neuronal maturation and postnatally, in driven 

remodeling. MeCP2 also regulates neuronal differentiation in early embryonic development, neuronal maturation, 

and circuit formation. B shows MeCP2 brain expression. Cajal-Retzius (C-R) neurons are the first cortical neurons 

to mature and express MeCP2, followed by midbrain, thalamus, cerebellum, and deep cortical neurons. Expression 

in basal ganglia, hypothalamus, hippocampus, and superficial cortical layers occurs later, and the number of MeCP2-

positive neurons in the cerebral cortex continues to increase until ten years of age. Wg, weeks of gestation, 

(adapted from Karaca et al., 2019 and Zoghbi 2003). 



17 
 

Non-rodent animal models 

The possibility of replicating a RTT-representative phenotype is limited to vertebrate genetic 

models, as Mecp2 is not expressed in non-vertebrate species, thereby excluding fruit flies and 

nematodes as possible models (Hendrich and Tweedie, 2003). In fish, zebrafish Mecp2Q63*/Q63*  

was generated for the first time in 2013, leading to Mecp2 protein truncation (Pietri et al., 2013). 

This animal model presents minor motor abnormalities and shortened lifespan, but did not 

reproduce some of the disease features observed in humans, having normal viability and 

reproduction (Pietri et al., 2013). More recently, a Mecp2-mutant cynomolgus monkey was 

generated presenting some important features observed in RTT patients: impaired motor 

function, social withdrawal, increased stereotypical behavior and sleep abnormalities (Chen et 

al., 2017). This suggests simians as robust and consistent RTT models. However, the high costs 

associated with such models, limited their study to highly sophisticated analyses, or for specific 

assessment that are not possible to perform in other available models (Kyle et al., 2018).  

 

Rodent animal models 

Rodent models, in particular mouse models, are widely used, since mice are easy to 

genetically manipulate, require low maintenance costs, and can mimic the majority of RTT 

symptoms. Two years after MeCP2 loss-of-function was described as the cause of RTT (Amir et 

al., 1999), two null mouse models were generated, and remain as the most studied RTT models 

to this day: 1) Mecp2tm1.1Bird/Y, lacking any Mecp2 protein product and 2) Mecp2tm1.1Jae, expressing  

smaller Mecp2 transcript and protein fragments. Both models show similar phenotypes with rapid 

regression, in which the symptomatology starts around 4 to 6 weeks of age and surviving being 

around 8 to 12 weeks of age. Microcephaly, reduced body weight, smaller somas, decreased 

dendritic branches, impaired synaptic plasticity, changes in neurotransmitters, motor and 

cognitive dysfunction, and seizures, are some of the typical features present in these mice models 

(Chen et al., 2001b; Guy et al., 2001). Despite these models had been develop in male mice, it is 

important to note that Mecp2 heterozygous female mice present a more accurate genetic 

representation of the majority of RTT patients, due to XCI influence. On the other hand, Mecp2-

null male mice are representative of more severe phenotypes, usually associated with truncated 

mutations in RTT patients (Neul et al., 2008). Due to XCI, Mecp2 heterozygous female mice show 
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a more variable phenotype starting to develop the first symptoms, such as hypoactivity and 

hindlimb clasp, at around 3 months of age, much later than null male mice, or human patients 

(comparing development timepoints) (Leonard et al., 2016). However, female mice can remain 

asymptomatic until one year of age, with approximately 50% of the heterozygous females 

showing an almost overlapping phenotype with null male mice at around 9 months of age (Table 

1.4) (Lombardi et al., 2015; Kyle et al., 2018). 

 

To study the phenotypic association with specific MECP2 mutations and the impact of the 

mutated domain on MeCP2 function, some alleles have been constructed to replicate common 

MECP2 mutations observed in RTT patients. Some of the already available allele mice models are: 

Mecp2308 and R168X, mutations resulting in a truncated protein and Mecp2 T308A, Mecp2 R306C, 

and Mecp2 T158A that recapitulate mutations with partial loss of Mecp2 function (Goffin et al., 

2011; Ebert et al., 2013; Lyst et al., 2013). These models usually present milder phenotypes, with 

Table 1.4| Differences between Mecp2-null male mice and heterozygous (Het) female mice. In red are highlighted 

the features discrepant between both genders. + feature present; - feature absent; +/- decreased; ND – not 

determined (adapted from Lombardi et al., 2015). 

 

 

Table 1.0.9| Differences between Mecp2-null male mice and heterozygous (Het) female mice. In red are highlighted 

the features discrepant between both genders. + feature present; - feature absent; +/- decreased; ND – not 

determined (adapted from Lombardi et al 2015). 

 

 

Figure 1.7| Shared features between RTT mouse models and Human RTT patients. In each circle is included: on 

left, phenotypic features present in human RTT patients; on right, in mouse models; in center, shared features 

between both, (Vashi and Justice, 2019).Table 1.4| Differences between Mecp2-null male mice and heterozygous 

(Het) female mice. In red are highlighted the features discrepant between both genders. + feature present; - feature 

absent; +/- decreased; ND – not determined (adapted from Lombardi et al., 2015). 

 

 

Table 1.0.10| Differences between Mecp2-null male mice and heterozygous (Het) female mice. In red are highlighted 

the features discrepant between both genders. + feature present; - feature absent; +/- decreased; ND – not 

determined (adapted from Lombardi et al 2015). 
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later onset of neurological symptoms, and tend to not recapitulate the complete disease 

phenotype (for review see (Liyanage and Rastegar, 2014; Kyle et al., 2018)).  

In rat models where the expression of Mecp2 is reduced in the brain, such as the Mecp2 zinc-

finger nuclease rat model, it is possible to observe transient abnormalities in behavior with 

decreased BDNF levels but without significant RTT phenotypes being present (Jin et al., 2008; 

Veeraragavan et al., 2016). In addition to this unfavorable characteristic, the high cost associated 

to their maintenance, and the lack of availability of genetic tools, support the use of mouse rather 

than rat models despite their advantages in physiologic and pre-clinical tests of the latter (Kyle et 

al., 2018) (Figure 1.7). 

 

 Non-animal models 

In addition to animal models, in the last two decades it became possible to model RTT using 

human patient cells. The development of induced pluripotent stem cell (iPSC) technology allowed 

the generation of different types of human neurons from somatic cells of RTT patients, thus 

creating an alternative strategy to understand specific disease mechanisms and allowing an 

alternative platform for drug-screening (Dajani et al., 2013). Despite in vitro studies allowing the 

answering of some  questions, they inherently present some research caveats (for review see 

(Chailangkarn et al., 2012; Dajani et al., 2013). More recently, organoid technology allowed to 

model brain development and neurological disorders in a 3D platform, adding some 

Figure 1.7| Shared features between RTT mouse models and Human RTT patients. In each circle is included: on 

left, phenotypic features present in human RTT patients; on right, in mouse models; in center, shared features 

between both, (Vashi and Justice, 2019).    
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sophistication to usual 2D studies using iPSCs, where analysis of brain development was more 

limited (Lancaster et al., 2013). Studies carried out in these models have shown decreases in 

neurite growth, dendritic spines, axonal branches, neurite coalescence, soma size, and 

glutamatergic synapses, as well as impaired neurogenesis, neural progenitor migration deficits, 

and electrophysiological changes, such as decreased frequency of spontaneous postsynaptic 

currents (Chailangkarn et al., 2012; Mellios et al., 2018; Paiva Miranda et al., 2020; Xiang et al., 

2020). 

 

1.1.3  Drug development in RTT 

Given that RTT is still a disease for which there is no cure, in the last 20 years, vast effort was 

made in the search for new drugs able to improve patients’ life, mostly by controlling some 

symptoms. A recent review identified 70 investigated drugs in pre-clinical and clinical trials. 

Unfortunately, no clinical trial reached III/IV phase (Gomathi et al., 2020). This clearly show an 

urgent need of develop new therapeutic strategies to treat RTT.  

Pre-clinical trials have been mostly conducted in MECP2 transfected cell lines, Mecp2 

heterozygous female mice, or in Mecp2-null male mice, especially for in vivo gene therapy studies 

(Smeets et al., 2011; Gadalla et al., 2013; Garg et al., 2013). The neuropathology and the multiple 

systems affected in RTT make it so that different drug classes could be explored as possible 

strategies, targeting one or more specific RTT phenotypes (Ip et al., 2018; Gomathi et al., 2020). 

Given the already disclosed mechanisms affected in RTT, the most explored targets involve gene 

therapy or epigenetic modifiers, modulation of neurotransmitters and for their respective 

receptors, enhancement of growth factors, and metabolic and mitochondrial control  (Vashi and 

Justice, 1234; Li and Pozzo-Miller, 2014; Kyle et al., 2018; Gomathi et al., 2020). The rationale 

beyond each of these components allows the study of new drugs, or compounds already 

approved for other diseases, which can be divided in 17 categories: 1)  Genetic/epigenetic 

modifiers, (Nelson et al., 2006; Yu et al., 2011; Goldmann et al., 2012; Robinson et al., 2012; 

Pitcher et al., 2015); 2) Growth factor therapy (Tropea et al., 2009; Pitcher et al., 2013; Castro et 

al., 2014); 3) BDNF boosters or mimetics (explored in subchapter 1.2.4); 4) Protein tyrosine 

phosphatase 1B (PT1B) inhibitors (Zhang and Zhang, 2007; Krishnan et al., 2015); 5) NMDA 

receptor antagonists, (Mierau et al., 2016; Patrizi et al., 2016); 6) HDAC inhibitors (Guo et al., 
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2014); 7) Antidepressants (Roux et al., 2007; Zanella et al., 2008; Bittolo et al., 2016); 8) 

Serotonergic Drugs, (Toward et al., 2013; Valenti et al., 2017); 9) Dopaminergic drugs, (Szczesna 

et al., 2014); 10) Adrenergic drugs (Mellios et al., 2014); 11) Gabaergic drugs (Jin et al., 2013; El-

Khoury et al., 2014; Chin et al., 2016); 12) Cholinergic drugs  (Ricceri et al., 2011); 13) 

Glutamatergic Drugs (Gogliotti et al., 2016, 2017; Tao et al., 2016); 14) Mitochondrial effectors, 

(De Filippis et al., 2012; Panighini et al., 2013); 15) Metabolic boosters (Buchovecky et al., 2013; 

Park et al., 2014; Villani et al., 2016; Nance et al., 2017); 16) Anti-seizures drugs (ASD) and 17) 

Electrolyte Modifiers (De Filippis et al., 2013; Herrera et al., 2015).  

 In Figure 1.8 is detailed the multiple compounds belonging to each drug class studied in RTT 

stated above, with the exception for BDNF mimics and boosters (explored in subchapter 1.2.4).  

 

All of these compounds demonstrated positive results at least in one of the following features 

present in RTT mouse models: behavioral deficits, cardiorespiratory abnormalities, defects in 

neuronal circuits, and lifespan (Vashi and Justice, 1234; Gomathi et al., 2020). Additionally, 

Gentamicine, IGF-1, HDAC inhibitors, and Choline have also been screened and studied in 

human-IPSCs, corroborating the potential beneficial observed in RTT mouse models (Marchetto 

et al., 2010; Chin et al., 2016; Delépine et al., 2016; Strebl et al., 2017; Landucci et al., 2018). 

Figure 1.8| Drugs explored in non-clinical RTT studies. In each box is detailed the several compounds studied in 

RTT models, integrated in sixteen of the seventeen different drug categories.  
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Of the above mentioned 17 classes explored in pre-clinical trials, only 13 progressed to clinical 

trials. Since 1994, 50 clinical trials have been conducted targeting drug efficacy endpoints, 

including: motor function, respiratory and gastrointestinal abnormalities, chewing, swallowing, 

constipation, epilepsy, muscle tone, and communication. The primary outcome measure in RTT 

trials is the quality of life (QoL), derived from clinical scores, communication assessments, EEG, 

plethysmography, breathing pattern recordings, and analysis and actigraphy studies to evaluate 

stereotypic hand movements (Gomathi et al., 2020). Table 1.5 summarizes the clinical trials 

conducted since 2017.  
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Table 1.5| Clinical trials conducted since 2017 in RTT patients, (adapted from Gomathi et al., 2020). 

 

Table 1.0.11| Clinical Trials conducted since 2017 in RTT patients. (adapted from Gomathi et al., 2020). 

 

Figure 1.8| BDNF expression and synthesis. BDNF is synthesized as pre-pro-BDNF which is proteolytically cleaved to pro-BDNF. In the 

regulatory pathway, pro-BDNF is cleaved by proteases within secretory vesicles to form mature BDNF (mBDNF) to be extracellularly 

released through calcium-dependent mechanisms. In the constitutive pathway, pro-BDNF, localized to the Golgi apparatus, is cleaved 

by furin to form mBDNF, which is released by calcium-independent vesicular fusion with the plasma membrane. Alternatively, pro-BDNF 

is released as such and mBDNF maturation occurs extracellularly by tPA/plasmin system and matrix-metalloproteinases. mBDNF binds 

the high-affinity receptor. pre-pro-BDNF, precursor protein form pro-BDNF; immature protein precursor; mBDNF, mature BDNF; tPA, 

tissue plasminogen activator (adapted from Miranda-Lourenço et al. 2020b).Table 1.5 | Clinical Trials conducted since 2017 in RTT 

patients, (adapted from Gomathi et al., 2020). 

 

Table 1.0.12| Clinical Trials conducted since 2017 in RTT patients. (adapted from Gomathi et al., 2020). 
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1.2 The neurotrophin BDNF 

Neurotrophins belong to the neurotrophic factor family, and include nerve growth factor 

(NGF), BDNF, neurotrophin 3 (NT3) and neurotrophin 4 (also known as neurotrophin 5, NT4/5) 

(Bibel and Barde, 2000; Skaper, 2018). These proteins act both in CNS and in peripheral nervous 

system (PNS), and have relevant endogenous roles in neuronal proliferation, growth, 

differentiation, migration and survival (Skaper, 2018).  

These molecules are first synthetized as immature forms, being later converted into their 

respective mature forms, which primarily act by binding to their high affinity receptors: 

tropomyosin-related kinase (Trk) receptors. However, they can also bind to a low affinity 

receptor, the p75 neurotrophin receptor (p75NTR) (detailed in subchapter 1.2.2) (Pattarawarapan 

and Burgess, 2003).  

BDNF is expressed in neuronal and non-neuronal cells, and exerts crucial functions in synaptic 

plasticity, neuronal maturation and differentiation, functions severely compromised in RTT 

patients. Moreover, BDNF is one of the most studied neurotrophins, given its involvement in 

several pathologies, and its potential use as a therapeutic agent, namely in RTT context (for 

review see (Miranda-Lourenço et al., 2020c)).  

 

1.2.1 BDNF expression 

BDNF was first purified in 1980s by Barde and colleagues (Barde et al., 1982). In the 1990s, 

the human BDNF gene was mapped, disclosing its location, on 11p14.1 loci, and its structure 

(Hanson et al., 1992; Kolbeck et al., 1999; Pruunsild et al., 2007). The BDNF gene is constituted by 

a total of 11 coding and noncoding exons, and it is regulated by 9 functional promoters. These 

promotors control, through alternative splicing, the expression of different transcripts of the 

same protein. Depending on the tissue, different transcripts are expressed with specific functions 

(Pruunsild et al., 2007).  

BDNF is synthetized in the endoplasmic reticulum in its precursor protein form (pre-pro-

BDNF), which is then cleaved to an immature precursor protein form (pro-BDNF) (Lessmann et 

al., 2003). Pro-BDNF is transported to the Golgi apparatus, where it is proteolytically transformed 

into the mature protein (mBDNF), by two distinct secretory pathways (Seidah et al., 1996; Mowla 
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et al., 1999). The constitutive pathway, occurs intracellularly, in the trans-Golgi, and under the 

action of the furin, a convertase responsible for pro-BDNF cleavage (Al-Qudah and Al-Dwairi, 

2016; Miranda-Lourenço et al., 2020c). This pathway ends with mBDNF being packaged in small 

vesicles, that can be fuse with the cellular membrane and released in a calcium-independent way. 

On the other hand, the regulatory pathway occurs within secretory vesicles, where pro-BDNF is 

cleaved by convertases, with its transport and fusion with plasma membrane being calcium-

dependent (Seidaha et al., 1996; Mowla et al., 1999; Lessmann et al., 2003). In addition, pro-BDNF 

processing could occur extracellularly, by the action of tissue plasminogen activator/plasmin 

system and by matrix-metalloproteinases (MMP) (Pang et al., 2004; Mizoguchi et al., 2011). 

Furthermore, pro-BDNF can be secreted without being cleaved in which case it will activate p75NTR 

(Miranda-Lourenço et al., 2020c) (Figure 1.9). 

Figure 1.9| BDNF expression and synthesis. BDNF is synthesized as pre-pro-BDNF which is proteolytically cleaved to 

pro-BDNF. In the regulatory pathway, pro-BDNF is cleaved by proteases within secretory vesicles to form mature 

BDNF (mBDNF) to be extracellularly released through calcium-dependent mechanisms. In the constitutive pathway, 

pro-BDNF, localized to the Golgi apparatus, is cleaved by furin to form mBDNF, which is released by calcium-

independent vesicular fusion with the plasma membrane. Alternatively, pro-BDNF is released as such and mBDNF 

maturation occurs extracellularly by tPA/plasmin system and matrix-metalloproteinases. pre-pro-BDNF, precursor 

protein form pro-BDNF; immature protein precursor; mBDNF, mature BDNF; tPA, tissue plasminogen activator 

(adapted from Miranda-Lourenço et al. 2020b). 
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1.2.2 BDNF signaling 

BDNF has high affinity for the TrkB receptor, encoded by neurotrophic receptor tyrosine kinase 

2 (NTRK2) gene, and low affinity for p75NTR encoded by an homonymous gene (Bothwell, 1996; 

Reichardt, 2006; Bathina and Das, 2015). The TrkB full-length (FL) isoform is constituted by an 

intracellular domain composed by a tyrosine kinase domain flanked by a Shc binding site within 

the juxtamembrane region, and a C-terminal tail containing the phospholipase C gamma (PLCγ) 

binding site  (Middlemas et al., 1991). Its extracellular domain is composed by a short 

transmembrane sequence, two immunoglobulin-like domains, two cysteine-rich domains, and a 

cluster of three leucine-rich motifs (Middlemas et al., 1991; Huang and Reichardt, 2003). In 

addition, NTRK2 gene expression can also generate other TrkB isoforms, by alternative splicing, 

known as TrkB truncated isoforms (TrkB-Tc). These truncated forms lack the intracellular tyrosine 

kinase domain and include: isoform 1 (TrkB-T1), isoform 2 (TrkB-T2), and isoform containing Src 

homologous and collagen-like adaptor protein binding site (TrkB-T-Shc) (Klein et al., 1990; 

Middlemas et al., 1991).  

After BDNF binds to TrkB-FL, the receptor dimerizes, and the autophosphorylation of tyrosine 

residues on the intracellular kinase domain occurs. This phosphorylation activates distinct 

intracellular signaling pathways:  phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) and 

mitogen-activated protein kinases (MAPK)/extracellular signal-regulated kinases (ERK) pathways 

linked to cell survival and neuronal differentiation, and the PLC-γ pathway associated with 

synaptic activity and plasticity phenomena (Finkbeiner et al., 1997; Huang and Reichardt, 2003).  

Importantly, both the expression and function of BDNF and TrkB receptor differ slightly 

according to cell type. In neurons, BDNF binds to TrkB-FL activating the previously mentioned 

intracellular signaling pathways and in addition it is also able to bind to TrkB-Tc receptors, which 

act as dominant negative modulators of TrkB-FL receptors (Eide et al., 1996; Dorsey et al., 2006). 

Otherwise, in astrocytes, the predominant TrkB isoform is the TrkB-T1, that respond to brief 

exposure to BDNF by triggering calcium release from intracellular stores (Holt et al., 2019). The 

BDNF/TrkB-T1 signaling is crucial for the maintenance of astrocytic morphology (Rose et al., 

2003). Microglia expresses both TrkB-FL and TrkB-Tc receptors. The activation of these receptors, 

by BDNF, promotes survival and proliferation of microglia itself (Mizoguchi et al., 2011). In 

addition, upon microglial activation, BDNF secretion plays an important autocrine/paracrine role 

for microgliosis (Mizoguchi et al., 2011). 
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p75NTR consists of an extracellular cysteine-rich domain, a single transmembrane domain, and 

a cytoplasmic death domain. The activation of this receptor by BDNF regulates transcriptional 

activity and cellular survival, through the recruitment of specific signaling pathway mediators, 

such as nuclear factor-κB (NF-κB), and Jun kinase (Bamji et al., 1998; Reichardt, 2006). On the 

other hand, p75NTR signaling through pro-BDNF mediated action, promotes cJun N-terminal 

kinase signaling pathway, involved in cellular apoptosis (Bamji et al., 1998; Teng et al., 2005) 

(Figure 1.10).  

Nevertheless, BDNF signaling can be influenced by other important players, where adenosine 

gain a important role.   

 

1.2.3 An important player for BDNF action: the adenosinergic system 

The phosphorylation of TrkB-FL can also be achieved in the absence of BDNF in a mechanism 

known as transactivation, mainly mediated by ligands of the G-protein-coupled receptor (GPCR), 

Figure 1.10| BDNF signaling pathways. mBDNF binds the high-affinity receptor, TrkB-FL, promoting receptor 

dimerization and further signal transduction. The signaling cascades serve many regulatory purposes pertaining 

survival, axonal and dendritic growth, differentiation, and synaptic plasticity. Pro-BDNF binds to p75NTR, thereby 

activating apoptotic pathways and modulating synaptic plasticity. Akt, protein kinase B. BDNF, brain-derived 

neurotrophic factor; CAMKII, calcium/calmodulin-dependent kinase; CREB, cyclic adenosine monophosphate (cAMP) 

response element-binding protein; DAG, diacylglycerol; ERK, extracellular signal-regulated protein kinase; IP3, 

Inositol triphosphate; MAPK, mitogen-activated protein kinase; MMPs, matrix-metalloproteinases; p75NTR, p75 

neurotrophin receptor. PI3K, phophotydilinositol-3-kinase; PKC, Protein Kinase C. PLC-γ, phospholipase C; pre-pro-

BDNF, precursor protein form; pro-BDNF, immature protein precursor; TrkB-FL, full-length tropomyosin-related 

kinase B, (adapted from Miranda-Lourenço et al., 2020b). 
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family of transmembrane receptors, such as adenosine receptors (Rajagopal et al., 2004). Indeed, 

it has been shown that adenosine and adenosine A2A receptors (A2AR) agonists (see section 3.2.2) 

can directly transactivate TrkB-FL receptors within specialized membrane domains (Lee and Chao, 

2001) (Figure 1.11). Additionally, A2AR activation is also able to rapidly boost the effects of BDNF 

triggered TrkB activation, by promoting the translocation of receptors to lipid rafts (Assaife-Lopes 

et al., 2014). This crosstalk between TrkB-FL and A2AR, facilitates the effects of BDNF on Hebbian 

forms of synaptic plasticity, modulates BDNF effects on GABA uptake by astrocytes and 

synaptosomes, and BDNF effects on GABA and glutamate release from nerve terminals (Fontinha 

et al., 2008; Vaz et al., 2008; Diógenes et al., 2011; Sebastião et al., 2011; Jerónimo-Santos et al., 

2014; Rodrigues et al., 2014; Vaz et al., 2015). Moreover, the expression of Bdnf and Nrtk2 genes 

also involves A2AR activation. Briefly, BDNF increased expression occurs through stimulation of 

ERK-CREB pathway, in a feed-forward mechanism, that allow a strong induction of BDNF 

expression that consequently implies a more efficient BDNF signaling  (Tebano et al., 2008; Jeon 

et al., 2011). Since A2AR are Gs-coupled receptors, their activation results in an increased of cAMP 

followed by ERK-CREB phosphorylation (Huang et al., 2001), which contributes for the promotion 

of BDNF expression.  
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This evidence highlights the existence of significant crosstalk between the adenosinergic 

system and BDNF expression and signaling, that could be relevant in overcoming some BDNF 

signaling deficits.  

1.2.4 BDNF and RTT 

Similarly to Mecp2, BDNF expression is low during prenatal development, but it dramatically 

increases during postnatal period, in the rodent brain (Kolbeck et al., 1999). The coincidence of 

the two expression patterns also becomes evident in data showing that BDNF levels remain 

unaffected in the cortex, cerebellum, brainstem and nuclear ganglia of Mecp2-null mice up to the 

onset of the first symptoms (Chang et al., 2006; Wang et al., 2006). In addition, postnatal 

conditional deletion of Bdnf in the forebrain of mice promotes a phenotype resembling that of 

Mecp2-null mice, while the overexpression of Bdnf in Mecp2-null mice reverses symptoms, 

 

 

 

 

 

Figure 1.11| Crosstalk between A2AR and BDNF. Physiologically, adenosine acts through its two high affinity 

receptors, A1R, and A2AR (see chapter 1.3.2). A2AR crosstalk with TrkB-FL receptors, promoting BDNF action, such as 

synaptic plasticity, highlighted in this figure, (adapted from Miranda-Lourenço et al., 2020b) 
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indicating a high relevance of BDNF in RTT pathophysiology (Chang et al., 2006).  It is known that 

MeCP2 binds to BDNF at methylated CpG sites adjacent to A/T runs (Klose et al., 2005).  But the 

mechanism behind the regulation of BDNF gene expression by MeCP2 is not fully understood. 

Two opposite models were proposed to explain the specific mechanism underlying this 

regulation: a repression model and an activation model (Li and Pozzo-Miller, 2014). Nowadays, a 

mixed model was constructed, integrating both views: the dual operation model, where BDNF 

control by MeCP2 changes dynamically between the activation or repression (Li and Pozzo-Miller, 

2014). Here, epigenetic modifications of DNA and phosphorylation of Mecp2 are apparently 

relevant mechanisms for this process regulation (Li and Pozzo-Miller, 2014). 

The proof-of-concept that the recovery of BDNF expression is able to blunt the phenotypic 

abnormalities of Mecp2-null mice opened multiple research lines focused on BDNF boosting 

strategies (Chang et al., 2006; Li and Pozzo-Miller, 2014).  

Although the administration of recombinant BDNF could be considered the best way to 

restore BDNF levels in the brain, its low permeability to blood-brain barrier (BBB) constitutes a 

significant limitation to its application in humans (Poduslo and Curran, 1996). To overcome this 

limitation, other pharmacological approaches have been tested, in order to boost or mimic BDNF 

actions, such as AMPAkines, LMM22A-4, Fingolimod, 7,8-dihydroxyflavone (7,8-DHF) and 

Copaxone.  

Briefly, AMPAkines are a family of nootropic agents that increase BDNF expression by slow 

desensitization of AMPA-type glutamate receptors, which strengthen excitatory input, 

consequently promoting the opening of voltage-sensitive calcium channels and NMDA receptors, 

known to be involved in the stimulation of BDNF gene expression (Ghosh et al., 1994; Lynch and 

Gall, 2006). These compounds showed good results in restoring breathing abnormalities of 

Mecp2-null mice (Ogier et al., 2007).  

Copaxone or Glatiramer acetate (GA) is an anti-inflammatory drug, already approved for 

multiple sclerosis, and was shown to efficiently increase BDNF expression in Mecp2-mutant mice.  

This effect upon BDNF expression mainly occurs through GA-induced infiltrating T cells and 

bystander CNS resident cells (Aharoni et al., 2005; Ben-Zeev et al., 2011).  
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Fingolimod activates the Erk pathway, which promotes an increase of BDNF expression, with 

a consequent improvement of the RTT-like phenotype in Mecp2-null mice (Deogracias et al., 

2012).   

LM22A-4 mimics BDNF actions by selectively activating TrkB-FL receptors, leading to a 

significant amelioration of respiratory problems present in Mecp2 heterozygous females (Schmid 

et al., 2012).  

7,8-DHF is TrkB-FL agonist which demonstrates improvements on motor function, prevention 

of both weight loss and breathing pattern abnormalities which, in turn, result in increased lifespan 

in Mecp2-null mice (Johnson et al., 2012; Jang et al., 2014).  

Cysteamine improves BDNF transport and secretion, leading to a decrease of motor deficits, 

and to increased lifespan in Mecp2-null mice (Borrell-Pagès et al., 2006; Roux et al., 2012) (Figure 

1.12).  

Of these drugs, only Copaxapone and Fingolimod entered in clinical trials.  Copaxone was 

screened both in phase I and II, with reported improvements in gait velocity, memory, and breath 

holding, but with life-threatening effects caused by the daily injections (Nissenkorn et al., 2017). 

Simultaneously, a big discrepancy between human and mouse model results was obtained (Djukic 

et al., 2016).  Fingolimod is now being tested in a phase I clinical trial (NCT02061137) to assess 

the safety and efficacy of its oral administration. Importantly, no adverse event has this far been 

reported in the RTT children enrolled in the study (Naegelin et al., 2021) (Figure 1.12). 

Besides pharmacological approaches, it is known that physical exercise and cognitive 

stimulation promote an increase of BDNF levels (Baraldi et al., 2013; Hötting and Röder, 2013; 

Hannan, 2014; Hötting et al., 2016) (Figure 1.12). Indeed, Mecp2 heterozygous female mice 

exposed to environmental enrichment during early postnatal stages show a slight increase in 

motor function (Kondo et al., 2008). Moreover, Mecp2-null mice subjected to environmental 

enrichment during the pre-weaning stage present increased motor coordination, improved 

spatial learning,  reduced anxiety (Lonetti et al., 2010) and restored ex vivo LTP in cortical 

synapses (Kondo et al., 2008; Lonetti et al., 2010). Notably, the improvements in behavioral 
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phenotypes were correlated with increased levels of BDNF (Kondo et al., 2008; Lonetti et al., 

2010). 

 

 

 

 

 

 

 

 

 

 

Figure 1.12| BDNF boosting strategies.  Boosting BDNF actions could be achieve by pharmacological tools that 

enable to increase BDNF expression, mimics BDNF function (mainly through TrkB-FL agonists) and improve BDNF 

transport and secretion. For each mechanism are identified the associated drugs. Whitin these drugs just 

Copaxone and Fingolimod were tested in clinical trials. In non-pharmacological strategies, physical exercise, and 

environmental enrichment allow an increase of BDNF expression.   

 

Figure 1.9| Adenosine metabolism. Intracellular adenosine is produced via dephosphorylation from the main 

source, AMP, via both cN I and cN-II and hydrolysis of S-adenosyl-homocysteine through the enzyme S-adenosyl-

L-homocysteine hydrolase. The extracellular formation of adenosine is the result of enzymatic cascades consisting 

of ATP transport, hydrolysis of ATP and ADP by CD39 to form AMP, and dephosphorylation of AMP by CD73. ADA, 

adenosine deaminase; ADP, adenosine diphosphate, ADO, adenosine; AMP, adenosine monophosphate; AP, 

alkaline phosphatase; ATP, adenosine triphosphate; ADK, Adenosine kinase; CD39, ectonucleotidase cluster of 

differentiation 39; CD73, ectonucleotidase cluster of differentiation 73; ENT, equilibrative nucleoside transporters; 

ENTPase, Ecto-nucleoside triphosphate diphosphydrolase; GMP, guanosine monophosphate; IMP, inosine 

monophosphate; INO, inosine; SAH, S-adenosil-homocysteine; SAM, S-adenosil-methionine, (adapted from Gomes 

et al. 2021).Figure 1.10| BDNF boosting strategies.  Boosting BDNF actions could be achieve by pharmacological 

tools that enable to increase BDNF expression, mimics BDNF function (mainly through TrkB-FL agonists) and 

improve BDNF transport and secretion. For each mechanism are identified the associated drugs. Whitin these 

drugs just Copaxone and Fingolimod were tested in clinical trials. In non-pharmacological strategies, physical 

exercise, and environmental enrichment allow an increase of BDNF expression.   
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1.3  Adenosine 

Adenosine has a key physiological role in several tissues and organs, most importantly  in the 

CNS, where it acts as a neuromodulator (Sebastião and Ribeiro, 2009). Indeed, alterations in the 

adenosinergic system have been implicated in several pathological processes (for review see 

(Effendi et al., 2020)). As already mentioned, adenosine also exerts a crucial interaction with 

BDNF signalling (Sebastião and Ribeiro, 2009) (see subchapter 1.2.3).  

Therefore, understanding metabolism and signalling of adenosine should be considered in 

pathologies with BDNF signalling altered. Its pertinence become more evident when those 

pathologies present symptomatology usually associated with adenosine dysfunction, such as RTT.  

 

1.3.1 Adenosine metabolism  

Adenosine is an endogenous purine nucleoside (Soliman et al., 2018) formed by a nucleobase 

adenine linked to a ribose by a glycosidic linkage.  

Adenosine is produced either intra- or extracellularly (Klotz, 2000; Effendi et al., 2020). The 

main source of intracellular adenosine production is through dephosphorylation of the nucleotide 

5´-adenosine monophosphate (AMP) by cytosolic 5´-nucleotidase (cN)-I. In turn, inosine 

monophosphate (IMP)/guanosine monophosphate (GMP)-selective cN-II is responsible for 

respectively converting IMP and GMP to inosine and guanosine. In addition, intracellular 

adenosine production also results from hydrolysis of S-adenosyl-homocysteine (SAH) by the 

enzyme SAH hydrolase (Broch and Ueland, 1980). Comparing the two intracellular mechanisms 

described, the adenosine production by adenosine monophosphate (AMP) dephosphorylation is 

faster than that relying on SAH hydrolysis. Since adenosine can be formed through endogenous 

purine synthesis, these alternative mechanisms are important to preserve adequate levels of 

adenosine triphosphate (ATP) in conditions of ischemia or hypoxia, where there is a mismatch 

between ATP formation and consumption, resulting in the accumulation of other purines besides 

adenosine (Kroll et al., 1993; Saito et al., 1999).  

Adenosine is bidirectionally transported by sodium-dependent concentrative nucleoside 

transporters (CNT), in an active way, and by sodium-independent equilibrative nucleoside 

transporters (ENT), passively (Latini and Pedata, 2001; Gomes et al., 2021).  
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In physiologic conditions, extracellular adenosine concentration is usually low. Its levels are 

dependent on: 1) adenosine release from cells, 2) adenosine reuptake by bidirectional adenosine 

transport processes, and 3) adenosine conversion by ectonucleotidases located on the cell 

surface (Boison et al., 2010).  Extracellular synthesis of adenosine results from the hydrolysis of 

intracellular nucleotides (AMP; ADP – adenosine diphosphate; ATP), released by exocytosis from 

vesicles, as well as membrane protein transport during stress, hypoxia, inflammation, or injury 

(Zimmermann, 1996). The ectonucleotidase cluster of differentiation (CD) 39 is main 

ectonucleotidase responsible for dephosphorylating ATP and ADP to AMP. This is a surface-

located enzyme, mainly expressed in the endothelium, and its action can be reverted by 

adenylate kinase or extracellular diphosphate kinases, such as the nucleoside diphosphate (NDP) 

kinase (Kaczmarek et al., 1996; Chadwick and Frischauf, 1998; Bono et al., 2015). The final 

conversion of AMP to adenosine is mediated by CD73 ectonucleotidase, also known as glycosyl 

phosphatidyl inositol (GPI)-anchored enzyme, ecto-5’-nucleotidase (Zimmermann, 1992). The 

action of CD73 is only reversible by intracellular transport of adenosine, after which it can be 

reconverted to AMP by adenosine kinase (ADK). Alternatively,  adenosine can also be metabolized 

to inosine by ADA (Blackburn and Kellems, 1996; Bono et al., 2015). ADK is the main enzyme 

responsible for the metabolic clearance of adenosine in physiological conditions, presenting a 

low-capacity and low-Km, and rapidly changing its activity when adenosine concentration changes 

(Bontemps et al., 1983, 1993). ADK expression is highest in organs such as liver and placenta, 

where adenosine clearance demand is elevated (Fredholm et al., 2005; Boison et al., 2010). On 

the other hand, ADA, characterized by an high-capacity and - Km, regulates adenosine levels when 

these become so elevated as to surpass the capacity of ADK (Boison et al., 2010) (Figure 1.13). 
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Additionally, extracellular adenosine is produced by inflammatory cells, such as mast cells, 

leucocytes, neutrophils and eosinophils, promoting healing process after injury and to regulate 

anabolic and catabolic hormones during stress (Marquardt et al., 1984; Mann et al., 1986; Madara 

et al., 1993; Effendi et al., 2020).  

 

1.3.2 Adenosinergic signalling  

The action of adenosine are accomplished through its binding to four different adenosine 

receptors (AR): A1R, A2AR, A2BR and A3 (Fredholm et al., 2001). All of these receptors were isolated 

and purified from mammalian and nonmammalian species, including mice and humans, and are 

expressed in most cell types (Peleli et al., 2017). Regarding receptor affinity, A1R and A2AR are the 

high affinity receptors, with KD ranging from 10-100 nM, whereas the KD for A2BR and A3R range 

from 1-5 μM (Soliman et al., 2018). 

Figure 1.13| Adenosine metabolism. Intracellular adenosine is produced via dephosphorylation from the main 

source, AMP, via both cN I and cN-II and hydrolysis of S-adenosyl-homocysteine through the enzyme S-adenosyl-L-

homocysteine hydrolase. The extracellular formation of adenosine is the result of enzymatic cascades consisting of 

ATP transport, hydrolysis of ATP and ADP by CD39 to form AMP, and dephosphorylation of AMP by CD73. ADA, 

adenosine deaminase; ADP, adenosine diphosphate, ADO, adenosine; AMP, adenosine monophosphate; AP, alkaline 

phosphatase; ATP, adenosine triphosphate; ADK, Adenosine kinase; CD39, ectonucleotidase cluster of differentiation 

39; CD73, ectonucleotidase cluster of differentiation 73; ENT, equilibrative nucleoside transporters; ENTPase, Ecto-

nucleoside triphosphate diphosphydrolase; GMP, guanosine monophosphate; IMP, inosine monophosphate; INO, 

inosine; SAH, S-adenosil-homocysteine; SAM, S-adenosil-methionine, (adapted from Gomes et al. 2021). 
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Despite the fact that these receptors are all G-coupled receptors, they can be grouped into 

two sets, based on their sequence and its specific G protein binding: 1) A1R and A3R which share 

49% of overlapping sequence, preferentially couple to Gαi/o and act as inhibitors of adenyl cyclase 

and 2) the second group is composed by A2AR and A2BR, sharing  59% of its sequence and coupling 

to Gαs, which induce the stimulation of adenyl cyclase (Piirainen et al., 2011) (Figure 1.14). 

 

1.3.2.1 A1 Receptor 

A1R couples to Gi-1, Gi-2, Gi-3, and Go, but does not couple to Gs or Gz  (Fredholm et al., 1994). 

As such, this receptor promotes several cellular responses that include an increase of potassium 

conductance, activation of PLC, inhibition of N-type calcium channels, and generation of calcium, 

protein kinase C (PKC) and PI3K/MAPK (Effendi et al., 2020).  

These receptors are mainly expressed in CNS, testis, kidney and adipose tissue, presenting 

less expression in the lung and pancreas (Fredholm et al., 2001). In the CNS, they are abundantly 

expressed in neurons, but also in glial cells, such as astrocytes and microglia (Rebola et al., 2003; 

Cristóvão-Ferreira et al., 2013). Cortex, cerebellum, hippocampus and dorsal horn of spinal cord 

Figure 1.14| Adenosine receptors and respective signaling pathways. A1R are Gi/o protein coupled, 

while A2AR are Gs protein coupled, leading to opposite effects on cyclic-AMP (cAMP) levels. cAMP can 

act as a secondary messenger; among other effects, its levels regulate the activity of protein kinase A 

(PKA), which is necessary for the A2AR-mediated facilitatory effect of BDNF fast synaptic actions. A1R, 

adenosine 1A receptor. A2AR, adenosine 2A receptor. A2BR, adenosine 2B receptor. A3R, adenosine 3 

receptor. AKT, protein kinase B. ATP, adenosine triphosphate. BDNF, brain-derived neurotrophic 

factor. cAMP, cyclic adenosine monophosphate. PKA, Protein Kinase A. TrkB-FL, full-length 

tropomyosin-related kinase B, (adapted from Miranda-Lourenço et al., 2020b). 
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are the CNS regions where A1R are most expressed (Fredholm et al., 2011). A1R located pre-

synaptically decrease the release of several neurotransmitters, such as glutamate, acetylcholine, 

serotonin and dopamine. At postsynaptic level, A1R inhibit NMDA mediated currents and voltage 

sensitive calcium channels, increase potassium conductance, and disinhibit inhibitory neurons. 

Therefore, A1R work as important modulators of synaptic plasticity and synaptic transmission, 

allowing adenosine to act as a powerful endogenous antiepileptic agent (Boison, 2013a).  

Importantly, adenosine action upon CNS is mainly conquered by the balance established 

between A1R and A2AR (Fredholm et al., 2005).   

 

1.3.2.2 A2A Receptor  

A2AR activation recruits Gs, activating adenylate cyclase which promotes cAMP-dependent 

protein kinase A (PKA) and PKC activation. The final result of this signaling pathway, is the 

phosphorylation of several important subtracts such as receptors, ion channels, enzymes and 

other proteins.  

Regarding A2AR distribution, they can be found in the liver, heart, lungs, the immune 

system (spleen, thymus, leucocytes, and blood platelets) and CNS (Fredholm et al., 2007).  

In the striatum, where these receptors are highly  expressed, they  interact with Golf that 

presents a considerable expression in both dorsal and ventral striatum (Gessi et al., 2011). 

Additionally, A2AR are co-expressed with D2 dopamine receptors in GABAergic striatopalliatal 

neurons (Fink et al., 1992; Chen et al., 2001a). On opposite to A1R, when activated pre-

synaptically, they increase the release of glutamate, acetylcholine, dopamine, serotonin and 

GABA (Gomes et al 2021). Postsynaptically, A2AR modulate the activation of NMDA receptors, 

cannabinoid type 1 receptor, mGluR5 and dopamine receptor type 2 receptors (D2R) (Gomes et 

al 2021). Importantly, A2AR stablish an important crosstalk with TrkB-FL receptors, already 

detailed in 1.2.3 section (Sebastião and Ribeiro, 2009).  

 

1.3.2.3 A2B Receptor 

Similarly to A2AR, A2BR are Gs-coupled receptors, promoting PKA signaling and consequent 

stimulation of cAMP. Additionally, A2BR activation promotes Gq11-mediated activation of PLC 
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resulting in increased levels of 1,4,5-inositol triphosphate (IP3)/diacylglycerol (DAG), activation of 

PKC, and elevation of intracellular calcium levels (Kalla et al., 2009). Their affinity to adenosine 

can be increased by interaction with PKC, which enhances the affinity of these receptors, 

important for their participation in physiological responses, namely in myocardium ischemic 

conditions (Cohen et al., 2010). 

A2BR have been found to be distributed in the bowel, bladder, heart, lungs, vas deferens, 

and mouse mast cells, but also in the CNS, where it was found to be expressed in both rat 

hypothalamus and in human hippocampus (Pierce et al., 1992; Rivkees and Reppert, 1992; Gessi 

et al., 2011). 

 

1.3.2.4 A3 Receptor  

Likewise A1R, A3R are coupled to Gi protein, inhibiting adenylate cyclase, resulting in 

decreased cAMP stimulation as well as PKA activity. However, A3R activation can also increase 

calcium levels and modulate PKC activity, through recruitment of Gq proteins that stimulate PLC 

(Jacobson et al., 2009; Effendi et al., 2020). 

Contrary to what is seen in rats, where A3R is primarily expressed in testis, in humans its 

expression is widespread, being most abundant in the lungs and liver (Zhou et al., 1992). In brain, 

A3R are the AR with a lower expression, mainly distributed in hippocampus and cerebellum (Liu 

et al., 2019).  

 

 1.3.3 Adenosine and pathology 

As the involvement of adenosine in several diseases has been studied, the importance of this 

physiological system in the maintenance of crucial biological functions has been observed. 

Moreover, understanding the involvement of adenosine in homeostasis has helped to uncover 

possible new therapeutic strategies for multiple disorders involving the adenosinergic system 

(Peleli et al., 2017). However, there is considerable complexity in applying adenosinergic system-

targeting compounds in the treatment of any disease, insofar the highly integrated widespread 

influence of this system makes the prediction of its pharmacological modulation upon disease 

state and/or progression difficult (Chen et al., 2013). Despite this complexity, the role of AR in 

pathophysiological processes as well as the therapeutic ends have already been explored in 
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multiple systems, such as the cardiovascular, pulmonary, inflammatory, renal system, and, most 

importantly in CNS (Chen et al., 2013; Effendi et al., 2020). 

 RTT patients present many symptoms superimposed to those caused by the dysregulation of 

adenosinergic system (Figure 1.15). However, adenosine has never been explored in RTT so far.  

  

 

 

 

 

Regarding cardiovascular system, A1R and A3R are important protective receptors in 

arrhythmia and ischemia context while A2AR gain relevance in vasodilatory action (Effendi et al., 

2020). Concerning pulmonary disease it was suggested that A1R could have a protective role in 

lung injury while in asthma the blockage of A2BR and A3R or the activation of A2AR could be 

beneficial to contradict adenosine actions as an irritant and bronchoconstrictor (Polosa and 

Blackburn, 2009; Effendi et al., 2020).  

In CNS, adenosine system dysregulation has been reported in several type of disorders: 

ischemic, neurodegenerative, neuropsychiatric, neurodevelopmental, and circadian rhythm 

dysfunction, some of them overlapping symptomatology with RTT. In dementia, A1R antagonism 

showed potential benefits as a possible pharmacological strategy, since they promote an 

enhancement of cognitive function, while in pathological conditions A1R agonism can control 

anxiety (Gomes et al., 2011; Vincenzi et al., 2017). In the specific case of Parkinson’s Disease, the 

antagonists of A2AR appear as a possible solution, with an already approved drug, istradefylline, 

Figure 1.15| Common features find in RTT and in adenosine deficiency associated pathologies. 
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by the Food and Drug Administration (FDA) (Chen and Cunha, 2020; Paton, 2020). The pre-clinical 

basis of this approach relates to co-expression and -localization of A2AR and D2R in the striatum, 

and the formation of heterodimers by both receptors (Ribeiro et al., 2002; Diógenes et al., 2015). 

Given that striatopallidal pathway dopamine levels are reduced, A2AR antagonism allows to 

promote D2R-mediated neurotransmitter release, early gene expression, and striatal D2R  binding, 

which contribute to the re-establishment of dopaminergic signaling (Ferré et al., 1997; Soliman 

et al., 2018).  

Studies focusing on the action of caffeine, an inhibitor of AR, have helped to decipher 

adenosine role on sleep-wake cycle (Peleli et al., 2017). In sleep regulation, adenosine has been 

shown to be an important endogenous sleep promotor (Porkka-Heiskanen, 2009). The most 

relevant AR for sleep regulation are the A1R and A2AR. Accordingly, the activity of wakefulness-

promoting neurons in the cholinergic basal forebrain is inhibited by A1R activation. On the other 

hand, in the subarachnoid space below the rostral forebrain, A2AR have a role in the prostaglandin 

D2R-mediated somnogenic effects of adenosine (Soliman et al., 2018).  

 In epilepsy, where a brain circuit imbalance between excitatory and inhibitory transmission 

is observed, adenosine has been a focus of interest. Its important action as an anti-epileptic agent 

has been demonstrated to be mediated by A1R, widely distributed in excitatory synapses, when 

inhibiting glutamate release, decreasing glutamatergic responsiveness and hyperpolarising 

neurons (Boison, 2012). Additionally, it has been reported that adenosine levels increase during 

seizure, while in some forms of epilepsy a pathologic decrease of adenosine levels has been 

observed (During and Spencer, 1992; Etherington et al., 2009). Congruently,  the activation of A1R 

and/or the enhancement of adenosine levels have  been shown to be  promising strategies to 

combat epilepsy  (Boison, 2009; Gomes et al., 2011). Since the outcomes from AR modulation 

might be different in the context of different pathologies, approaches targeting these receptors 

should be carefully studied. Adenosine augmentations therapies (AAT) are one possible strategy 

to be implemented, particularly when the activation of more than one AR has beneficial effects  

(Boison, 2009). 
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1.3.4 Adenosine augmentation therapies 

The existing evidence showing adenosinergic system changes in multiple disorders 

encouraged the exploration of this system as a possible therapeutic target. Some strategies 

involve the use of specific receptor agonists or antagonists, according to the particular situation 

(Chen et al., 2013). However, the increase of adenosine levels, rather than specific receptor 

activation, has also been proven to be a beneficial strategy in select disorders, such as epilepsy 

(Boison, 2009), a condition significantly present in RTT patients.  

As described in section 1.3.1, ADK is a key enzyme in adenosine metabolism (Boison, 2013b). 

Given the role of ADK in adenosine metabolism and, consequently, in adenosine homeostasis, 

several studies explored inhibition of ADK as possible way of increasing adenosine levels 

(Theofilas et al., 2012; Boison, 2013b). In epilepsy, this strategy was shown to be highly beneficial, 

since a link between increased ADK protein levels, and decreased adenosine levels, associated to 

neuronal dysregulation, were described (Li et al., 2008). Simultaneously, small increases in 

adenosine are sufficient to promote inhibitory A1R-mediated effects, with importance in the 

control of epileptic states, suggesting that modulation of A1R function is also useful in the context 

of epilepsy (Boison, 2013b). In fact, A1R are the AR with the most significant involvement in 

seizures  (Masino et al., 2014). In multiple types of experimental epilepsies and seizures it has 

been shown that both systemic and intracranial administration of A1R agonists decrease seizures 

and convulsions (Gouder et al., 2003; Güttinger et al., 2005; Heidarianpour et al., 2006; Girardi et 

al., 2007, 2010). Conversely, systemic administration of A1R antagonists aggravates seizures and 

convulsions (Fukuda et al., 2010). Interestingly, it has also been reported that A1R agonists 

promote the efficacy of standard ASD while, A1R antagonists have the opposite action (Borowicz 

et al., 2002; Łuszczki et al., 2005; Zuchora et al., 2005). 

 Despite its efficiency in the suppression of seizures, the systemic delivery of A1R agonists or 

ADK inhibitors could be associated to side effects. ADK interferes with methionine metabolism in 

liver, leading to hypermethioninemia, inhibition of transmethylation, and severe liver pathology 

(Bjursell et al., 2011; Boison, 2013b). In addition, it  and can  increase the risk of brain hemorrhage  

(Jarvis, 2019). On the other hand A1R agonism can lead to cardiac side effects (Tosh et al., 2012). 

 To overcome these problems alternative methods using  focused delivery of these 

compounds have been tried, such as: synthetic slow-release polymers and pump systems, which 



42 
 

can be coupled to integrated seizure prediction systems (Boison, 2009). However, these systems 

demand repetitive device implantations, or specific procedures to refill the device over the 

lifespan of the patient. Long-term solutions are being tested, such as cell therapy, including stem 

cell transplantation, or gene therapy approaches to locally augment the adenosine levels (Boison, 

2009). 

The beneficial effects of adenosine upon seizure control have been demonstrated by the 

ability of adenosine to regulate epigenetic mechanisms, namely DNA methylation (Williams-

Karnesky et al., 2013; Boison, 2016). It is known that DNA methylation inhibits epileptogenesis in 

multiple seizure models, which correlates with increased DNA methyltransferase activity, 

disruption of adenosine homeostasis, and spontaneous recurrent seizures when 

hypermethylation occurs (Williams-Karnesky et al., 2013). Given that, AAT can exert beneficial 

effects by different mechanisms.  

Additionally, a link between ADK overexpression and cognitive impairment has been pointed 

in some pathological conditions, such as epilepsy,  Alzheimer’s Disease, Parkinsons’s Disease and 

amyotrophic lateral sclerosis (Boison, 2007; Boison et al., 2010). All of these diseases have 

significant astrogliosis as an histopathological hallmark (Schiffer et al., 1996; Renkawek et al., 

1999; Ala et al., 2000; Yamanaka et al., 2008), suggesting that astrogliosis-associated to ADK 

overexpression might be implicated in cognitive dysfunction present in different neurological 

conditions (Boison, 2013b). 

Given the multiple evidence showing that increased adenosine tonus could be beneficial, 

strategies other than ADK inhibition could be leveraged to increase adenosine levels through 

decreased adenosine metabolism (Schmidt et al., 2009; Essawy and Elbaz, 2013). Allopurinol 

increases A1R activity, and acts as an inhibitor of xanthine oxidase, increasing all the metabolites 

upstream of its action, from adenosine to acid uric pathway (Schmidt et al., 2009).  Additionally, 

allopurinol is already used as an uricosuric drug, and is well tolerated by patients. Furthermore, 

it  showed positive results in controlling seizures, in two double-blind and placebo-controlled 

studies (Coppola and Pascotto, 1996; Togha et al., 2007). 

Non-pharmacological strategies, such as the ketogenic diet, also present some beneficial 

effects over seizure control, with the adenosinergic system participating in this action. The 

ketogenic diet increases ATP, involved in adenosine metabolism. Simultaneously, ketogenic 
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metabolism increases extracellular adenosine, leading to A1R mediate anticonvulsant effect 

reliant on presynaptic inhibition of glutamatergic terminals and postsynaptic hyperpolarization 

by increasing potassium channel permeability (Masino et al., 2011; Ruskin et al., 2020).  

Thereby, AAT, mainly through ADK inhibition, can target simultaneously different pathological 

mechanisms present in neurological disorders.  
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Chapter 2 - Aims 

 

RTT is an X-linked dominant disorder with severe intellectual disability and epilepsy among 

other symptoms. Abnormal expression and function of brain-derived neurotrophic factor (BDNF) 

have been highlighted as important contributor for neurological dysfunctions present in RTT patients. 

Therefore, restoring BDNF signaling would be an important achievement, but it has been hampered 

by the difficulty of BDNF to cross the blood-brain barrier and, consequently, to reach the brain when 

peripherally administered.  

BDNF synaptic actions are facilitated by the activation of A2AR, therefore agonists of A2AR 

would be a good strategy to potentiate BDNF actions. Simultaneously, it is known that A1R act as an 

important anticonvulsant modulator which could be important in RTT context given the present 

imbalance of excitatory/inhibitory tonus. However, adenosinergic system has never been addressed 

in RTT. 

Accordingly, the following specific objectives were pursued in this work:   

AIM 1: Characterize adenosinergic system and BDNF signaling:  

AIM 1.1: in a severe model of RTT (Chapter 4.1); 

AIM 1.2: in a mild model of RTT (Chapter 4.2). 

AIM 2: Explore adenosine augmentation therapy (AAT) as a possible strategy 

for RTT (Chapter 4.3). 
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Chapter 3 - Methods 

 

3.1 Animals  

The experiments were performed in Mecp2tm1.1Bird/J (Mecp2 knockout/null (KO), deletion 

of exons 3 and 4 of the Mecp2 gene) mice (Guy et al., 2001), in particular in null male adult mice 

(Mecp2-/y) in pre-symptomatic stage (1 and 3 weeks old animals) and in symptomatic stage (6 to 

10 weeks old animals) and in heterozygous female adult mice (Mecp2-/+) at symptomatic stage 

(26 to 30 weeks old). 

Age- and sex-matched WT littermates were used as controls. The genotype of animals was 

determined by polymerase chain reaction, as previously described (Guy et al., 2007). 

The animals were housed on a 12 hours light/dark cycle, with food and water provided ad 

libitum. Experiments involving animals were taken into careful consideration in order to reduce 

the number of animals sacrificed. All animals were handled according to the Portuguese law on 

Animal Care and European Union guidelines (86/609/EEC). 

 

3.1.1 Adenosine Augmentation Therapy: 5-Iodotubercidin treatment 

5-Iodotubercidin (ITU, Sigma-Aldrich, I100-5MG, Darmstadt, Germany) was properly 

reconstituted and stored in 10 mg/mL aliquots at -20ºC. ITU was dissolved in 20% DMSO at a final 

concentration of 0.16 mg/ml. During five consecutive days, at 36-41 days after birth (5 to 6 week 

of age), two intraperitoneal (i.p.) injections within 8 hours interval, in a dose of 1.6 mg/kg was 

injected in each test animal. Control injections of vehicle (20% DMSO in saline (v/v)) alone were 

performed (Sandau et al., 2019). Experimental design consisted of four groups defined by 

genotype (WT or Mecp2-/y) and drug treatment (vehicle or ITU). Note that this set of experiments 

were just performed in Mecp2-/y symptomatic animals.  

Animal weights were recorded before each i.p. injection. Animal well-fare were daily 

controlled, and any necessary support were given by the veterinarian of iMM Biotério (Rodent 

Facility).  
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3.2 Ex vivo electrophysiological recordings 

3.2.1 Hippocampus isolation and slice preparation 

 The animals were first anesthetized with isoflurane (1,2-Propylenglycol 50% (v/v)) in an 

anaesthesia chamber. When animals showed the first signs of anaesthesia state, like reduction of 

respiratory rate and lack of reflexes, they were sacrificed by decapitation. In order to have access 

to the brain, the skull was exposed by cutting the skin at the top of the head and then the brain 

was carefully removed and placed in ice-cold artificial cerebrospinal fluid (aCSF) containing: 124 

mM NaCl; 3 mM KCl; 1.25 mM NaH2PO4, 26 mM NaHCO3, 1 mM MgSO4, 2 mM CaCl2 and 10 mM 

glucose previously gassed with 95% O2 and 5% CO2, pH 7.4. The two brain hemispheres were 

separated through the midline and the hippocampus was isolated. After isolated, the 

hippocampus was cut perpendicularly to the long axis into slices with 400 µm thickness with the 

Mcllwain tissue chopper. Slices were then placed in a resting chamber in Krebs’ solution 

permanently oxygenated at room temperature for one hour in order to recover.  

 

3.2.2 Basal synaptic transmission 

After functional and energetic recovery, slices were transferred to the recording chamber for 

submerged slices, continuously superfused with bathing solution (aCSF) gassed with 95% O2 and 

5% CO2 at 32˚C. The flux of bathing solution was established at 3ml/min and the drugs used were 

added to this superfusion solution. 

Recordings were obtained with Axoclamp 2B amplifier and digitized (Axon Instruments, Foster 

City, CA). Individual responses were monitored and averages of eight consecutive responses were 

continuously store on personal computer with LTP program (Anderson and Collingridge, 2001). 

Field excitatory postsynaptic potentials (fEPSPs) were recorded through an extracellular 

microelectrode (2-8 MΩ resistance, Harvard apparatus LTD, Fircroft way, Edenbridge, Kent) 

placed in the stratum radiatum of the CA1 area (Figure 3.1 A). Stimulation (rectangular 0.1 ms 

pulses, once every 15 seconds) was delivered through a concentric electrode placed on the 

Schaffer collateral-commissural fibers, in the stratum radiatum near CA3-CA1 border. The 

stimulus intensity (80-200 µA) was initially adjusted to obtain a large fEPSP with a minimum 

population spike contamination (Figure 3.1 B).  
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Alteration on synaptic transmission was evaluated as the % change in the average slope of the 

fEPSP in relation to the average slope of the fEPSP measured during the 10 minutes preceded the 

addiction of the drugs used in the experiment (baseline), as previously described (Diógenes et al., 

2004).  

These experiments were performed in Mecp2-/+ symptomatic animals and aged matched WT 

animals.  

  

3.2.3 Long-term potentiation (LTP) induction and quantification 

  fEPSPs were elicited and recorded as outlined above. Stimulation was delivered alternatively 

to two independent pathways. LTP was induced by a θ-burst protocol consisting of three trains 

of 100 Hz, three stimuli, separated by 200 ms as previously described (Diógenes et al., 2011).  

 

LTP was quantified as the % change in the average slope of the fEPSP taken from 50-60 min 

after LTP induction in relation to the average slope of the fEPSP measured during the 10 min that 

preceded the induction of LTP. In each individual experiment, the same LTP-inducing paradigm 

was delivered to each pathway. After 1 h of LTP induction in one of the pathways, BDNF (20 ng/ml) 

was added to the superfusion solution and LTP was induced in the second pathway, no less than 

15-20 min after BDNF perfusion and only after stability of fEPSP slope values was observed for at 

least 10 min (Figure 3.1B). The effect of BDNF upon LTP was evaluated by comparing the 

magnitude of LTP in the first pathway in the absence of BDNF (control pathway), with the 

Figure 3.1| Extracellular recording from hippocampal slices. A Represents the stimulation of two sets of the Shaffer 

collateral-commissural pathway (S1, S2) in a hippocampal slice to record extracellular responses in the CA1 dendritic 

layer (stratum radiatum). B Representative tracing obtained, composed by stimulus artefact, followed by  

presynaptic/fiber volley and the field excitatory postsynaptic potentials (fEPSP),  (adapted from Martin and Kosik, 

2002; Anderson et al., 2017). 
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magnitude of LTP in the second pathway in the presence of BDNF (test pathway); each pathway 

was used as control or test on alternate days.  

These experiments were performed both in Mecp2-/y and Mecp2-/+ symptomatic animals and 

aged matched WT animals. 

 

3.2.4 Input–output curve (I/O) 

After obtaining a stable baseline for at least 10 min, the stimulus delivered to the slice was 

decreased until no fEPSP was evoked and subsequently increased in 20 μA steps. For each 

stimulation intensity, data from three consecutive averages of 8 fEPSP were collected. Inputs 

delivered to slices typically ranged from 60 μA to a supramaximal stimulation of 320 μA. The I/O 

curve was plotted as the relationship of fEPSP slope vs stimulus intensity, which provides a 

measure of synaptic efficiency, as previously described (Diogenes et al., 2012). 

These experiments were performed both in Mecp2-/y and Mecp2-/+ symptomatic animals and 

aged matched WT animals. 

 

3.2.5 Pharmacological tools 

               

          Table 3.1| Drugs used in electrophysiology experiments. 

Note: CGS was aliquoted as stock solutions of 5mM in DMSO (CPA and DPCPX) and BDNF in 1.0 mg/ml stock 

solution in 150 mM NaCl, 10 mM sodium phosphate buffer, and 0.004% Tween 20. 

 

 

Abbreviation Designation Function Used 
Concentration 

Supplier 

BDNF 
Brain-derived neurotrophic 

factor 

TrkB-FL 
endogenous 

ligand 
20 ng/mL 

Regeneron 
Pharmaceuticals 

 
DPCPX 

1,3-Dipropyl-8-
cyclopentylxanthine 

A1R selective 
antagonist 

50 nM 
Tocris (Natick, 

MA, USA) 

 
CGS-21680 

(CGS) 

2-p-(2-
Carboxyethyl)phenethylamino-

5′-N-
ethylcarboxamidoadenosine 

A2AR selective 
agonist 

10 nM 
Tocris (Natick, MA, 

USA) 



55 
 

3.3 Molecular techniques 

3.1.1 Western-Blot (WB) 

3.1.1.1 Protein Extraction 

The respective brain areas intended to study were first dissected in ice-cold aCSF solution: 

NaCl 124 mM; KCl 3 mM; NaH2PO4 1.25 mM; NaHCO3 26 mM; MgSO4 1 mM; CaCl2 2 mM; and 

glucose 10 mM, previously gassed with 95% O2 and 5% CO2, pH 7.4) solution, washed in PBS 

solution (NaCl 137mM, KCl 2.1mM, KH2PO4 1.8mM and Na2HPO4.2H2O 10mM, pH 7.4) and 

immediately snap-frozen and stored at -80ºC until homogenates preparation.  

Snap-frozen brain samples were disrupted using a sonicator (Sonic & Materials Inc., CT, USA) 

in 250μl (hippocampus and striatum) or 500μl (cerebellum, cortex and brainstem) of Ristocetin 

Induced Platelet Agglutination (RIPA) lysis buffer (1 M Tris pH 8.0, 0.5 M EDTA pH 8.0, 5 M NaCl, 

0.1% Sodium Dodecyl Sulfate (SDS), 10% Nonidet P-40 (NP-40), 50% Glycerol) supplemented with 

cOmpleteTM Mini protease inhibitor cocktail tablets (Mini-Complete EDTA-free; Roche Applied 

Science, Penzberg, Germany). 

All lysates were then vortexed and sonicated (3 cycles of 15 seconds). The protein content in 

the supernatant was determined by Bio-Rad DC reagent, a commercial Bradford assay (Sigma®). 

 

3.1.1.2 Protein Electrophoresis, Transfer and Detection/Quantification 

Equal amounts of protein were loaded (70 μg except for A2AR blot: 200 μg) and separated on 

10-12% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and then 

transferred to polyvinylidene fluoride (PVDF) membrane (GE Healthcare). To check protein 

transfer efficiency, membranes were stained with Ponceau S solution. After blocking with a 5% 

non-fat dry milk solution in TBS-T (20 mM Tris base, 137 mM NaCl and 0.1% Tween-20), 

membranes were washed three times with TBS-T, before incubation with the primary antibody, 

diluted in 3% BSA solution in TBS-T (overnight at 4˚C) and secondary antibodies diluted in blocking 

solution (1 hour at room temperature). 

Immunoreactivity was visualized using ECL chemiluminescence detection system (Amersham-

ECL Western Blotting Detection Reagents from GE Healthcare) and band intensities were 

quantified by digital densitometry (ImageJ 1.45 software). GAPDH was used as loading control. 
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3.1.1.3 Antibodies 

          Table 3.2| Western-Blot primary antibodies. 

Note: A2AR protein levels were assessed by WB using an antibody validated using A2AR KO samples (Figure 3.2).  

 

Table 3.3| Western-Blot secondary antibodies. 

 

 

 

 

 

Protein Primary Antibody Dilution Supplier 

A1R 
Rabbit polyclonal, Anti-

A1R 
1:1000 

Santa Cruz Biotechnology 
(sc-28995) 

A2AR 
Mouse monoclonal, Anti-

A2AR, clone 7F6-G5-A2 
1:1500 Merk Millipore (05–717) 

ADK 
Rabbit polyclonal anti-

ADK 
1:1500 

Bethyl Laboratories 
(A304-280A) 

BDNF 
Recombinant Anti-BDNF 

antibody [EPR1292] 
1:1500 Abcam (ab108319) 

GAPDH 
Mouse monoclonal anti-

GAPDH 
1:5000 

Ambion® by life 
technologies (AM4300) 

TrkB-FL and 
TrkB-TC 

Mouse monoclonal anti-
TrkB 

 
1:1500 

 

BD Transduction 
Laboratories (610101) 

Secondary Antibody Dilution Supplier 

Goat anti-mouse IgG-HRP 1:10000 
Santa Cruz Biotechnology 

(sc-2005) 

Goat anti-rabbit IgG-HRP 1:10000 
Santa Cruz Biotechnology 

(sc-2004) 

Figure 3.2| A2AR detection by WB. A represents A2AR density bands obtained in WT mouse striatum (positive 

control), WT and Mecp2 KO cortex (test samples from Mecp2-/y) and in A2AR KO mouse cortex (negative control). 



57 
 

3.4 Liquid chromatography with diode array detection (LC/DAD) 

The purines (ATP, AMP, adenosine and inosine) content of extracts from the cortex and 

hippocampus of WT and Mecp2-/y or Mecp2-/+ mice was measured by liquid chromatography with 

diode array detection (LC/DAD). Snap-frozen cortex and hippocampus tissue samples were stored 

at -80ºC until use. For extraction, the samples were defrosted (250 ul) in round-bottom 

microcentrifuge tubes followed by thorough tissue homogenisation using a mixture of ice-cold 

acetonitrile : methanol : water (1:2:2) solution (Jackson et al., 2017) containing 2-chloro-

adenosine (5 µM) as internal standard; the obtained mixture was centrifuged at 16000 g for 20 

min at 4◦C. Tissue homogenization and centrifugation were repeated twice. The two recovered 

supernatant extracts (~250 µl each) were mixed together and, then, centrifuged again at 16000 g 

(for 20 min at 4◦C) using a 50-kDa cutoff filter (Amicon Ultra-0.5 50K Filter Device; Merck KGaA, 

Darmstadt, Germany). After filtration, supernatant extracts were divided in 15 µl aliquots and 

stored at -80ºC until analysis. Using this procedure, recovery of adenine nucleosides was higher 

than 95%, as determined by adding 2-chloro-adenosine (5 µM) as internal standard before 

extraction. 

Extraction media containing purines were 1:10 diluted with water before LC/DAD analysis. 

Chromatographic separation of nucleosides was carried out using an elution gradient composed 

of ammonium acetate (5 mM, with a pH of 6 adjusted with acetic acid) and methanol (Silva et al., 

2017, 2020; Vieira et al., 2017). Separation of adenine nucleotides was carried using a paired-ion 

chromatography reagent (PIC Reagent A; Waters Chromatography Europe BV, Etten-Leur, The 

Netherlands) containing tetrabutylamonium phosphate (1 mM) in KH2PO4 (100 mM, at pH=6) 

(Waters) and methanol. Separation of adenine nucleotides and nucleosides using both elution 

systems was achieved by reversed–phase liquid chromatography through a Hypersil GOLD C18 

column (5 μM, 2.1 mm × 150 mm) equipped with a guard column (5 μm, 2.1 mm × 1 mm) and 

assayed using a Finigan Thermo Fisher Scientific System LC/DAD, equipped with an Accela Pump 

coupled to an Accela Autosample, a diode array detector and an Accela PDA running the X-Calibur 

software chromatography manager. Quantification of adenine nucleotides and nucleosides was 

carried out using calibration curves made of high-purity external standards, namely ATP, AMP, 

adenosine and inosine.    

Experiments regarding this technique were performed in collaboration with Professor Paulo 

Correia de Sá in ICBAS, Porto. 
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3.4 Statistics 

The data are expressed as mean ± SEM of the n number of independent experiments. The 

significance of differences between the means of 2 conditions was evaluated by paired or 

unpaired t-test; between the mean of 4 different groups by two-way ANOVA. Welch correction 

was used in unpaired t-test as appropriate. Nonlinear regressions were used to fit data pertaining 

I/O curves. Pearson correlation analyses were performed to analyze correlation between Mecp2 

protein levels and BDNF. Values of p < 0.05 were considered to represent statistically significant 

differences. GraphPad Prism 5.00 was used to performed statistical analysis. 
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Chapter 4.1 – Alterations of BDNF signaling and 
adenosinergic system in a severe model of RTT 
 

1. Rational 

Previous studies have shown that BDNF levels are decreased in RTT mouse models. Thus, 

dysregulation of BDNF functions in RTT has been suggested as a disease mechanism for the 

deficits in synaptic transmission and plasticity, neuronal survival and development (Asaka et al., 

2006; Moretti et al., 2006; Li et al., 2012; Robinson et al., 2012; Li and Pozzo-Miller, 2014). 

Accordingly, BDNF mRNA levels were shown to be decreased in post-mortem brain samples from 

human patients affected with this disease. However, no changes were detected in BDNF protein 

levels on cerebrospinal fluid and on blood serum samples collected from RTT patients (Vanhala 

et al., 1998; Riikonen, 2003; Abuhatzira et al., 2007; Deng et al., 2007). Experiments where BDNF 

expression levels were genetically manipulated, in RTT mouse models, have shown that BDNF 

overexpression led to symptomatic improvements (Chang et al., 2006; Guy et al., 2007; Li and 

Pozzo-Miller, 2014). However, the therapeutic designs involving BDNF delivery to the brain are 

still inefficient, because the BBB is impermeable to this neurotrophin (Poduslo and Curran, 1996; 

Li and Pozzo-Miller, 2014). In order to overcome this limitation, other strategies should be 

considered, including the use of other molecules able to boost BDNF actions.  

It is now currently accepted that most of BDNF synaptic actions are dependent on the 

activation of a specific type of AR, the A2AR (Sebastião et al., 2011). On the other hand, another 

subtype of AR, the A1R, have well-known inhibitory actions upon synaptic transmission with 

impact in epilepsy control (Rombo et al., 2016). Modulation of AR, mostly through A1R and A2AR, 

has long been considered as a useful strategy to treat several neurologic disorders, such as sleep 

disorders, epilepsy and neurodegenerative diseases (Jacobson and Gao, 2006; Sebastião and 

Ribeiro, 2009; Gomes et al., 2011), but it has never been put forward for RTT. Clinical trials using 

drugs that modulate AR have been developed already (Chen et al., 2007; Jacobson et al., 2019), 

but  RTT had  never been under focus. On the light of the knowledge on: i) the crosstalk between 

BDNF and AR, ii) the advantages of potentiating BDNF actions in RTT, and iii) the dysregulation of 

the adenosinergic system in several pathological conditions co-occurring with epilepsy; we 

hypothesized that AR or adenosine signalling could be valid therapeutic targets to explore in RTT.  
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To tackle that hypothesis, we used a well-recognized RTT mice model, Mecp2-null mice 

(Mecp2-/y) to identify putative changes in the adenosinergic system and to assess if 

pharmacological modulation of AR could potentiate BDNF effects in this RTT model. 

The data presented on this chapter have been partially published in the paper (Miranda-

Lourenço et al., 2020a) (Attachment 1), exception for the characterization of the different BDNF 

and adenosinergic system proteins in multiple brain areas, excluding cortex and hippocampus 

during symptomatic stage (data in pre-symptomatic animals from subchapter 2.1, 2.2 and 2.3 – 

Figure 4.1.6 and 4.1.8). Some results here presented were integrated in Sofia Duarte PhD thesis 

(data from subchapter 2.3 - Figure 4.1.4 C and B; and subchapter 2.6) and in Cátia Palminha 

Master thesis (data from subchapter 2.3 – Figure 4.1.4 F). Adenosine measurements by HPLC 

(subchapter 2.2 – Figure 4.1.5) were performed in collaboration with Prof. Paulo Correia de Sá 

from ICBAS, Porto. 
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2. Results 

2.1 BDNF protein levels evaluation  

 Previous data suggest that MeCP2 acts both as a repressor and as an activator of gene 

expression (Chahrour et al., 2008). Given that the BDNF gene is under MeCP2 transcriptional 

regulation (Chen et al., 2003) attention has been directed to BDNF protein changes on RTT. It was 

described that the profile of BDNF expression coincides with profile of MeCP2 expression: BDNF 

and Mecp2 present low expression levels during prenatal period, raising its level postnatally, in 

rodent brain (Kolbeck et al., 1999). Interestingly, it has been shown that BDNF levels remain 

unaffected during pre-symptomatic stage of Mecp2-null mice. However, its decrease in cortex, 

cerebellum, nodose ganglia and brainstem is observed with the onset of behavioral and 

neurological changes characteristic of RTT features (Chang et al., 2006; Wang et al., 2006).  These 

descriptions were made during pre-symptomatic stage (2 weeks after birth) in all brain 

homogenates, not allowing a discrimination between brain regions (Chang et al., 2006). Or, when 

performed in different brain regions, the timepoints studied were limited to P0 (Wang et al., 

Figure 4.1.1| BDNF protein levels in pre-symptomatic and symptomatic stage in different brain areas. In panels A-E 

are shown the averaged BDNF density levels, respectively, in hippocampus, cortex, striatum, brainstem and cerebellum 

by Western Blot analysis of WT (grey bar, n=3-8) and Mecp2-/y (blue bars, n=3-6) animals with 1 (1w), 3 (3w) and 6-10 

(6w) weeks of age. The results are represented in % of WT protein. Representative bands are shown for each brain 

area. All values are mean±standard error of mean (SEM). *p<0.05; **p<0.01 (Student’s t-test). 
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2006). Given that, we characterized BDNF protein levels by WB in pre-symptomatic stage at 

different time points: 1 week (w) and 3w of age (week before the beginning of the symptoms); 

and also in symptomatic stage at 6w.  

Regarding the results obtained in pre-symptomatic stage, we observed similar BDNF protein 

levels both at 1w and 3w in cortex (CTX) and hippocampus (HIP) of Mecp2-/y comparing with WT 

(Figure 4.1.1 A;B). Concerning brainstem (BS), BDNF protein levels in this brain region showed a 

tendency to lower levels at 1w and 3w despite not statistically different (Figure 4.1.1 D). In 

cerebellum (CB), we found a slight increase of BDNF protein levels at 1w, with protein levels 

similar to WT levels at 3w (Figure 4.1.1 E). From all brain regions studied, significant differences 

in BDNF protein levels were only detected in pre-symptomatic stage (3w) in striatum (ST), (1w: 

STWT = 100.0 ± 14.3%, n = 4 vs STMecp2−/y = 86.6 ± 20.2%, n = 4, p = 0.61; 3w: STWT = 100.0 ± 16.1%, 

n = 7 vs HIPMecp2−/y = 52.5 ± 3.9%, n = 6, p = 0.02; unpaired t-test; Figure 4.1.1 C). 

The results obtained in symptomatic stage were in line with the already published studies 

showing decreased BDNF protein levels in cortex, brainstem and cerebellum. Besides the changes 

in these brain areas, in the present work, a decrease of BDNF levels was also detected in 

hippocampus, in symptomatic stage (HIPWT = 100.0 ± 4.8%, n = 8 vs HIPMecp2−/y = 75.0 ± 7.2%, n = 

9, p = 0.01; CTXWT = 100.0 ± 10.9%, n = 8 vs CTXMecp2−/y = 56.1 ± 3.7%, n = 6, p = 0.006; BSWT = 

100.00 ± 14.9%, n = 5 vs BSMecp2−/y = 49.02 ± 6.6%, n=5, p = 0.01; CBWT = 100.00 ± 8.2%, n = 6 vs 

CBMecp2−/y = 62.8 ± 5.5%, n = 6, p = 0.004, unpaired t-test; Figure 4.1.1 A;B;D;E). In striatum was 

not observed statistically significant differences in symptomatic stage (Figure 4.1.1 C).  

To facilitate all the analyses, a summarizing table (Table 4.1.1) is presented below. 

Table 4.1.1| Resumed results for BDNF protein levels in Mecp2-/y mice. In red are shown the values 

significantly different, ↓ - significant decreased values, when compared to WT age-matched animals. 

 

 

Table 4.1.2| Resumed results for BDNF protein levels in Mecp2-/y mice. In red are shown the values 

significantly different, ↓ - significant decreased values, when compared to WT age-matched animals. 

 

 

Table 4.1.3| Resumed results for BDNF protein levels in Mecp2-/y mice. In red are shown the values 

significantly different, ↓ - significant decreased values, when compared to WT age-matched animals. 

 

 

Table 4.1.4| Resumed results for BDNF protein levels in Mecp2-/y mice. In red are shown the values 

significantly different, ↓ - significant decreased values, when compared to WT age-matched animals. 

 



65 
 

2.2 TrkB-FL Protein levels evaluation 

Despite BDNF levels had been  already explored in some studies (for review see (Li and Pozzo-

Miller, 2014), the protein levels of TrkB-FL and of its truncated isoforms (TrkB-Tc), crucial players 

in BDNF-mediated synaptic actions, had not yet been fully addressed. Therefore, in this work the 

levels of TrkB receptors were evaluated in Mecp2−/y mice.  

 

In pre-symptomatic stages, as shown in Figure 4.1.2, while in hippocampus no changes in 

TrkB-FL protein levels were found, in cortex it was possible to observe decreased TrkB-FL levels, 

particularly at 3w (CTXWT = 100.0 ± 1.5%, n = 6 vs CTXMecp2-/y = 67.1 ± 4.8%, n = 6, p < 0.0001, 

unpaired t-test; Figure 4.1.2 A;B). Additionally, in striatum a decrease in protein levels of TrkB-FL, 

at 3w, was detected (3w: STWT = 100.0 ± 6.7%, n = 6 vs STMecp2-/y = 58.1 ± 13.9%, n = 5, p = 0.02). 

Intriguingly at 6w, TrkB-FL protein levels were increased in striatum of Mecp2-/y mouse (6w: STWT 

= 100.0 ± 2.4%, n = 6 vs STMecp2-/y = 128.5 ± 7.7%, n = 6, p = 0.05; unpaired t-test; Figure 4.1.2 C). 

Regarding brainstem and cerebellum no changes were detected in TrkB-FL protein levels (Figure 

4.1.2 D;E).  

Figure 4.1.2| TrkB-FL protein levels during pre-symptomatic and symptomatic stage in different brain areas. In 

panels A-E are shown the averaged TrkB-FL density levels, respectively, in hippocampus, cortex, striatum, brainstem 

and cerebellum by Western Blot analysis of WT (grey bar, n=4-14) and Mecp2-/y (blue bars, n=4-13) animals with 1 

(1w), 3 (3w) and 6-10 (6w) weeks of age. The results are represented in % of WT protein.  Representative bands are 

shown for each brain area. All values are mean±standard error of mean (SEM). *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001 (Student’s t-test). 
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In symptomatic stage, a significant decrease of TrkB-FL protein levels was detected in cortex 

and hippocampus (HIPWT = 100.0 ± 5.6%, n = 13 vs HIPMecp2-/y = 70.0 ± 9.4%, n = 12, p = 0.01; CTXWT 

= 100.0 ± 5.3%, n = 14 vs CTXMecp2-/y = 66.2 ± 5.7%, n = 13, p = 0.0002, unpaired t-test; Figure 4.1.2 

A;B). In Table 4.1.2 all obtained results are summarized.  

 

In some neurological pathologies, changes in TrkB-FL protein levels have been associated to 

alterations in other TrkB isoforms, mainly in truncated isoforms (Wong et al., 2013; Fenner et al., 

2014; Jerónimo-Santos et al., 2015). In order to understand if the same dysregulation could be 

found in RTT, TrkB-Tc levels were studied in the same brain regions and at the same disease 

progression stages that BDNF and TrkB-FL were.  

 

Table 4.1.2| Resumed results for TrkB-FL protein levels in Mecp2-/y mice. In red are shown the values significantly 

decreased and in green, the results significantly increased; ↓ - significant decreased values. ↑ - significant 

increased values when compared to WT age-matched animals. 

 

 

Table 4.1.5| Resumed results for TrkB-FL protein levels in Mecp2-/y mice. In red are shown the values significantly 

decreased and in green, the results significantly increased; ↓ - significant decreased values. ↑ - significant 

increased values when compared to WT age-matched animals. 

 

 

Table 4.1.6| Resumed results for TrkB-Tc protein levels in Mecp2-/y mice. In green, the results significantly 

increased are represented; ↑ - significant increased values, when compared to WT age-matched animals.Table 

4.1.7| Resumed results for TrkB-FL protein levels in Mecp2-/y mice. In red are shown the values significantly 

decreased and in green, the results significantly increased; ↓ - significant decreased values. ↑ - significant 

increased values when compared to WT age-matched animals. 

 

 

Table 4.1.8| Resumed results for TrkB-FL protein levels in Mecp2-/y mice. In red are shown the values significantly 

decreased and in green, the results significantly increased; ↓ - significant decreased values. ↑ - significant 

increased values when compared to WT age-matched animals. 
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As shown in figure 4.1.3, among the brain areas studied, the brainstem was the only in which 

alterations in TrkB-Tc levels were detected. Data show increased levels of TrkB-Tc protein in 

Mecp2-/y mouse at 1w and 6w when compared to WT aged-matched animals (1w: BSWT = 100.0 ± 

7.8%, n = 6 vs BSMecp2-/y = 157.2 ± 24.7%, n = 5, p = 0.04; 6w: BSWT = 100.0 ± 7.0%, n = 6 vs BSMecp2-

/y = 122.3 ± 22.0%, n = 5, p = 0.04; unpaired t-test; Figure 4.1.3 D).  In table 4.1.3 all obtained 

results are summarized.  

 
Table 4.1.3| Resumed results for TrkB-Tc protein levels in Mecp2-/y mice. In green, the results significantly 

increased are represented; ↑ - significant increased values, when compared to WT age-matched animals. 

 

 

Table 4.1.10| Resumed results for TrkB-Tc protein levels in Mecp2-/y mice. In green, the results significantly 

increased are represented; ↑ - significant increased values, when compared to WT age-matched animals. 

 

 

Table 4.1.11| Resumed results for TrkB-Tc protein levels in Mecp2-/y mice. In green, the results significantly 

increased are represented; ↑ - significant increased values, when compared to WT age-matched animals. 

 

 

Table 4.1.12| Resumed results for TrkB-Tc protein levels in Mecp2-/y mice. In green, the results significantly 

increased are represented; ↑ - significant increased values, when compared to WT age-matched animals. 

Figure 4.1.3| TrkB-Tc protein levels in pre-symptomatic and symptomatic stage in different brain areas. In panels 

A-E are shown the averaged TrkB-Tc levels density, respectively, in hippocampus, cortex, striatum, brainstem and 

cerebellum by Western Blot analysis of WT (grey bar, n=4-14) and Mecp2-/y (blue bars, n=4-14) animals with 1 (1w), 

3 (3w) and 6-10 (6w) weeks old. The results are represented in % of WT protein. Representative bands are shown 

for each brain area. All values are mean±standard error of mean (SEM). *p<0.05 (Student’s t-test). 

 

 

 

Table 4.1.9| Resumed results for TrkB-Tc protein levels in Mecp2-/y mice. In green, the results significantly 

increased are represented; ↑ - significant increased valuesFigure 4.1.3| TrkB-Tc protein levels in pre-symptomatic 

and symptomatic stage in different brain areas. In panels A-E are shown the averaged TrkB-Tc levels density, 

respectively, in hippocampus, cortex, striatum, brainstem and cerebellum brain samples by Western Blot analysis of 

WT (grey bar, n=4-14) and Mecp2-/y (blue bars, n=4-14) animals with 1 (1w), 3 (3w) and 6-10 (6w) weeks old. The 

results are represented in % of WT protein. Representative bands are shown for each brain area. All values are 

mean±standard error of mean (SEM). *p<0.05 (Student’s t-test). 

 

 



68 
 

 

2.3 Evaluation of LTP magnitude and BDNF actions in hippocampal slices from 

symptomatic animals 

LTP is generally regarded as the neurophysiological correlate for learning and memory and 

BDNF has a well-documented ability to increase its magnitude on hippocampal CA1 area through 

TrkB-FL receptors activation (Figurov et al., 1996; Minichiello et al., 1999). To assess the functional 

impact of the decrease in BDNF and TrkB-FL levels in RTT (see section 3.1 and 3.2), we evaluated 

the effect of exogenously applied BDNF (20 ng/ml) upon LTP.  

 

Figure 4.1.4| LTP defects in Mecp2-/y mice. A shows schematic representation of a transverse hippocampal slice and 

the recording configuration used, as described in methods section. B represents the protocol used to evaluate the 

effect of BDNF upon LTP (see methods). Panels C and D show time courses of averaged changes in fEPSP slope induced 

by the θ-burst stimulation in the absence (light circles) or in the presence (dark circles) of BDNF in hippocampal slices 

taken from WT (grey symbols,n=5) animals or from Mecp2-/y (blue symbols,n=5) animals. Traces from representative 

experiments are shown for WT and Mecp2-/y animals on the top of the panel (1,3 – baseline; 2.4 – LTP after 1 hour). 

The arrow marks LTP induction. Histogram E depicts the magnitude of LTP in the absence (light bars) and the presence 

of BDNF (20 ng/ml, dark bars) in hippocampal slices from WT (gray) or Mecp2-/y animals (blue). F shows the 

input/output (I/O) curves corresponding to responses generated by various stimulation intensities (60–340 μA) in WT 

slices (grey circles,n=4) and Mecp2-/y slices (blue circles,n=4). G represents the PTP magnitude in the absence (light 

bars) and the presence of BDNF (20 ng/ml, dark bars) in hippocampal slices from WT (gray) or Mecp2-/y animals (blue) 

*p<0.05 (paired Student’s t-test) as compared with absence of BDNF in the same experiments; # p<0.05 (paired 

Student’s t-test) as compared with respective baseline. 

 

Figure 4.1.4| LTP defects in Mecp2-/y mice. A shows schematic representation of a transverse hippocampal slice and 

the recording configuration used, as described in methods section. B represents the protocol used to evaluate the 

effect of BDNF upon LTP (see methods). Panels C and D show time courses of averaged changes in fEPSP slope induced 

by the θ-burst stimulation in the absence (light circles) or in the presence (dark circles) of BDNF in hippocampal slices 

taken from WT (grey symbols,n=5) animals or from Mecp2-/y (blue symbols,n=5) animals. Traces from representative 
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As expected (Fontinha et al., 2008; Diógenes et al., 2011), the θ-burst paradigm applied to 

hippocampal slices, taken from 6 weeks old WT animals induced a robust LTP in the presence of 

BDNF (48.2 ± 4.5%, n = 5; Figure 4.1.4 A;E), which was significantly higher than the obtained in 

the absence of BDNF (27.5 ± 5.8%, n = 5; p = 0.02, paired t-test; Figure 4.1.4 A;E). Importantly, in 

the absence of BDNF, θ-burst stimulation induced a small, yet significant LTP in WT mice 

(comparing with fESPs baseline (p = 0.009, paired t-test)), but not in Mecp2−/y mice (p = 0.45, 

paired t-test). Moreover, BDNF (20 ng/ml) did not further increase LTP magnitude in hippocampal 

slices taken from Mecp2−/y animals (LTPCTR = 10.2 ± 11.9%, LTPBDNF 14.5 ± 7.0%, n = 5; p = 0.72, 

paired t-test; Figure 4.1.4 B;E). To evaluate whether the impairment of LTP in Mecp2−/y animals 

could be due to changes in baseline synaptic efficiency, I/O curves were performed. Hippocampal 

slices taken from Mecp2−/y animals displayed higher Emax values when compared with WT 

animals (EmaxWT = 0.99 ± 0.04, n = 4; EmaxMecp2−/y = 1.78 ± 0.21, n = 4; p = 0.01, unpaired t-

test; Figure 4.1.4 G). Regarding post-tetanic potential (PTP), representing the increase of 

neurotransmitters release after a high-frequency train (Powell and Castillo, 2007), such as LTP 

protocol, BDNF had no statistically significant effect on WT mice beside its tendency to an 

increased PTP magnitude (PTPCTR = 36.3 ± 6.9%, PTPBDNF 70.8 ± 16.7%, n = 5; p = 0.06, paired t-

test; Figure 4.1.4 F). At the same time, in Mecp2−/y animals, BDNF also did not show an effect 

upon PTP magnitude (PTPCTR = 45.9 ± 11.4%, PTPBDNF = 29.6 ± 9.7%, n = 5; p = 0.09, paired t-test; 

Figure 4.1.4 F). Simultaneously, there was no significant differences between PTP control in both 

animal groups (p = 0.5; unpaired t-test).  

All together, these data indicate higher neuronal excitability in the hippocampus of Mecp2−/y 

animals and that LTP impairment in Mecp2−/y animals is not due to a decrease in basal synaptic 

transmission efficiency. 

 

2.4 Adenosine extracellular levels quantification 

The lack of BDNF effect upon LTP could be explained by the decreased expression of TrkB-FL 

receptors in the hippocampus. However, since BDNF-induced facilitation of hippocampal LTP is 

tightly dependent on the activation of A2AR by endogenously generated adenosine (Fontinha et 

al., 2008), we next characterized the adenosinergic system in Mecp2−/y mice.  
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Brain extracts from Mecp2−/y mice exhibited lower adenosine amounts compared to WT 

animals in the cortex (WT = 35.49 ± 4.04 nmol, n = 8 vs Mecp2−/y = 20.60 ± 2.91 nmol; n = 9, p = 

0.009, p < 0.05, Welch's t-test, Figure 4.1.5 A) and in the hippocampus (WT = 9.62 ± 0.99 nmol, n 

= 8 vs. Mecp2−/y = 5.55 ± 0.92 nmol; n = 8, p = 0.023, p < 0.05, Welch's t-test, Figure 4.1.5 B), 

without any measurable changes in the levels of inosine. These results suggest that adenosine 

deficiency in RTT animals might not be related to increases in adenosine ADA activity. This 

prompted us to measure the amount of adenosine precursors (e.g. ATP and AMP) in the same 

samples. Brain extracts exhibited very small amounts of ATP, which levels did not differ among 

WT and Mecp2−/y mice both in the cortex (WT = 8.36 ± 1.77 nmol vs. Mecp2−/y = 6.34 ± 2.07 nmol; 

n = 4; p > 0.05, Figure 4.1.5 A) and in the hippocampus (WT = 3.76 ± 1.77 nmol vs. Mecp2−/y = 2.19 

± 0.84 nmol; n = 4; p > 0.05, Figure 4.1.5 B). Contrariwise, higher AMP amounts compared to 

adenosine were extracted from the cortex (57.88 ± 3.57 nmol; n = 4) and hippocampus (30.28 ± 

3.12 nmol; n = 4) of WT animals, but these levels also significantly (p < 0.05) decreased to 41.19 

± 1.30 nmol (n = 4) and 24.26 ± 2.64 nmol (n = 4) in the cortex and hippocampus of Mecp2−/y mice, 

respectively (Figure 4.1.5 A;B). The observed increase in the proportion of AMP vis a vis adenosine 

in cortical and hippocampal extracts of Mecp2−/y mice may indicate a decrease in 5′-nucleotidase 

Figure 4.1.5| Adenosine levels measurement. In figure A and B the ordinates represent the amount of ATP, AMP, 

adenosine (ADO) and inosine (INO) in nmol extracted from the cortex and hippocampus, respectively, of WT (grey 

bars) and Mecp2-/y (blue bars) mice and detected by LC/DAD (for details, see Materials and Methods). Represented 

are box-and-whiskers plots, with whiskers ranging from minimum to maximum values; horizontal lines inside boxes 

indicate the corresponding medians. Each data point represents four to eight individuals (see text for details); 

duplicate measurements were performed for each individual experiment. p<0.05 (one-way ANOVA; uncorrected 

Fisher’s LSD, with a single pooled variance) represent significant differences when compared to WT animals. 
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activity, the enzyme responsible for AMP dephosphorylation into adenosine, and/or a higher 

competence of intracellular ADK mediating phosphorylation of adenosine back to AMP. 

 To test this last hypothesis, we evaluated ADK protein levels by WB, in the hippocampus, 

cortex, striatum, brainstem and cerebellum in the three ages previously studied (1w, 3w and 6w). 

In the CNS, ADK is considered the main driving force to take up adenosine from the extracellular 

milieu by promoting the phosphorylation of adenosine with the consequent formation of AMP 

(Boison, 2013b). Overexpression of ADK has been detected in astrocytes of epileptic brains of 

mice, and humans (Aronica et al., 2011). This is consistent with the hypothesis that the 

pathophysiology of epilepsy involves lower levels of endogenous adenosine and, thus, a deficient 

inhibition of synaptic transmission (Boison, 2013).  

 

In pre-symptomatic stage, we observed that in cortex, ADK protein levels are increased in 

Mecp2-/y animals at 1w, while in hippocampus, a tendency for increased levels are dected at 3w, 

(3w: HIPWT = 100.0 ± 9.7%, n = 6 vs. HIPMecp2−/y = 146.0 ± 18.4%, n = 6, p = 0.05; 1w: CTXWT = 100.0 

± 3.8%, n = 7 vs. CTXMecp2−/y = 150.8 ± 20.3%, n = 7, p = 0.03 Figure 4.1.6 A-E). 

Figure 4.1.6| ADK protein levels in pre-symptomatic and symptomatic stage in different brain areas. In panels A-E are 

shown the averaged ADK levels density levels, respectively, in hippocampus, cortex, striatum, brainstem and cerebellum 

by Western Blot analysis of WT (grey bar, n=4-7) and Mecp2-/y (blue bars, n=3-8) animals with 1 (1w), 3 (3w) and 6-10 

(6w) weeks old. The results are represented in % of WT protein. Representative bands are shown for each brain area. All 

values are mean±standard error of mean (SEM). *p<0.05 (Student’s t-test). 

 

 

Table 4.1.13| Resumed results for ADK protein levels in Mecp2-/y mice. In green are shown the values significantly 

decreased and in yellow the results with a tendency to increase but not significant; ↑ - significant increased values; ↕ - 

tendency to increased resultsFigure 4.1.7| ADK protein levels in pre-symptomatic and symptomatic stage in different 

brain areas. In panels A-E are shown the averaged ADK levels density levels, respectively, in hippocampus, cortex, 

striatum, brainstem and cerebellum brain samples by Western Blot analysis of WT (grey bar, n=4-7) and Mecp2-/y (blue 

bars, n=3-8) animals with 1 (1w), 3 (3w) and 6-10 (6w) weeks old. The results are represented in % of WT protein. 

Representative bands are shown for each brain area. All values are mean±standard error of mean (SEM). *p<0.05 

(Student’s t-test). 
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In symptomatic stage of Mecp2-/y animals, none of the studied brain regions show differences 

in ADK levels when compared to control animals (Figure 4.1.6 A-E). In table 4.1.4, these results 

are resumed. 

 

Therefore, these results show that adenosine levels as well as AMP are decreased in Mecp2-

/y animalls and that ADK expression is altered in pre-symptomatic stage in some brain regions. It 

is, however, worth noting that WB and HPLC data reflects protein levels in whole tissue 

homogenates, not allowing the access to cell-specific protein contents at the synaptic level. 

 

 

 

 

Table 4.1.4| Resumed results for ADK protein levels in Mecp2-/y mice. In green are shown the values significantly 

decreased and in yellow the results with a tendency to increase but not significant; ↑ - significant increased values; 

when compared with age-matched WT animals. 

 

 

Table 4.1.16| Resumed results for ADK protein levels in Mecp2-/y mice. In green are shown the values 

significantly decreased and in yellow the results with a tendency to increase but not significant; ↑ - significant 

increased values; ↕ - tendency to increased results, when compared with age-matched WT animals. 

 

 

Table 4.1.17| Resumed results for ADK protein levels in Mecp2-/y mice. In green are shown the values 

significantly decreased and in yellow the results with a tendency to increase but not significant; ↑ - significant 

increased values; when compared with age-matched WT animals. 

 

 

Table 4.1.18| Resumed results for ADK protein levels in Mecp2-/y mice. In green are shown the values 

significantly decreased and in yellow the results with a tendency to increase but not significant; ↑ - significant 

increased values; ↕ - tendency to increased results, when compared with age-matched WT animals. 
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2.5 A2AR and A1R protein levels evaluation 

To further understand how the adenosinergic system is disturbed in Mecp2−/y mice, we 

evaluated the A1R and A2AR protein levels.  

 

WB analysis of cortical and hippocampal homogenates showed that A2AR protein levels were 

significantly decreased in Mecp2−/y mice cortex when compared to WT littermates and showed a 

discreet decreased of A2AR protein levels in hippocampus (HIPWT = 100.00 ± 11.78%, n = 8 and 

HIPMecp2−/y = 82.19 ± 9.86%, n = 8; p = 0.258; CTXWT = 100.0 ± 24.8%, n = 6 vs CTXMecp2−/y = 37.5 ± 

11.3%, n = 6; p = 0.04; unpaired t-test; Figure 4.1.7 A;C). 

Regarding A1R protein levels, WB analysis showed increased levels in cortex and hippocampus 

of Mecp2-/y animals comparing with WT animals (HIPWT= 100.00 ± 7.88%, n = 5 vs. HIPMecp2−/y = 

119 ± 5.17, n = 5; p = 0.049; CTXWT = 100.0 ± 6.34%, n = 6 vs CTXMecp2−/y = 144 ± 17.81%, n = 6; p = 

0.041, unpaired t-test; Figure 4.1.7 B;D). 

 Overall, data show that A1R protein levels are significantly increased in cortex and 

hippocampus while A2AR protein levels are decreased in cortex of Mecp2−/y. 

Figure 4.1.7| A2AR and A1R protein levels in cortex and hippocampus during symptomatic stage. In A and B panels 

are shown the averaged A2A and A1 receptors density levels, respectively, all evaluated in hippocampal and cortical 

brain samples by Western Blot analysis of WT (grey bar, nhipA2AR=8; nctxA2AR=6; and nhipA1R=5; nctxA1R=6) and Mecp2-/y 

(blue bars, nctxA2AR=6; nhipA2AR=8 and nctxA1R=6; nhipA1R=5) animals 6-10 weeks old. The results are represented in % of 

WT protein. C and D representative bands. All values are mean±standard error of mean (SEM). *p<0.05 (Student’s t-

test). 
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Given the higher levels of A2AR expression in the striatum comparing to the other brain 

regions, we evaluated the levels of these receptors in this specific brain region.  

 

 

The obtained results showed no significant alterations in A2AR protein levels at different ages 

explored, despite some tendencies could be explored at 6w (1w: STWT = 100.00 ± 19.4%, n = 4 and 

STMecp2−/y = 105.8 ± 25.0%, n = 4; p = 0.9; 3w: STWT = 100.0 ± 13.6%, n = 5 vs STMecp2−/y = 78.6 ± 

13.7%, n = 4; p = 0.3; 6w: STWT = 100.0 ± 5.4%, n = 4 vs STMecp2−/y = 140.2 ± 19.0%, n = 4; p = 0.08; 

unpaired t-test; Figure 4.1.8 A;B). 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.8| A2AR protein levels in pre-symptomatic and symptomatic stage in striatum. In A panel is shown the 

averaged A2AR density levels, respectively, in striatum brain samples by Western Blot analysis of WT (grey bar, n=4-

5) and Mecp2-/y (blue bars, n=4) animals with 1 (1w), 3 (3w) and 6-10 (6w) weeks old. The results are represented in 

% of WT protein. B shows representative bands. All values are mean±standard error of mean (SEM). *p<0.05 

(Student’s t-test). 
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2.6 Activation of A2AR to restore BDNF actions upon LTP magnitude 

The results reported above indicate that endogenous levels of adenosine and, thus, the 

adenosine-mediated control of synaptic transmission are deficient in the hippocampus of 

Mecp2−/y mice. Therefore, we hypothesized that reduced adenosine tonus could also contribute 

to impairment of BDNF-mediated actions in RTT. Indeed, a strong body of evidence demonstrates 

that several BDNF actions rely on the activation of A2AR (Sebastião et al., 2011). Furthermore, this 

crosstalk was shown to be dynamic, for instance, during aging where the reduction of TrkB-FL 

receptor levels is accompanied by increases in A2AR levels (Diogenes et al., 2007). This prompted 

us to investigate whether activation of A2AR could be a feasible strategy to overcome BDNF 

signaling deficits in RTT patients, along with the reduced levels of this neurotrophin and to the 

partial loss of its TrkB-FL receptors.  

 

The selective A2AR agonist, CGS21680 (10 nM) (Jarvis et al., 1989) had no effect on the 

magnitude of LTP when it was applied alone to hippocampal slices of Mecp2−/y mice 1 h after LTP 

induction in the first pathway and at least 30 min before LTP induction in the second pathway; 

Figure 4.1.9| CGS effect upon LTP. A shows averaged time courses changes in field excitatory postsynaptic potential 

(fEPSP) slope induced by the θ-burst stimulation in the absence (grey circles) or in the presence (green circles) of the 

selective A2A receptor agonist, CGS21680 (10nM) in hippocampal slices taken from Mecp2-/y mice (n=7). CGS21680 

(10nM) was applied 60 min after the induction of LTP in the first pathway (grey circles) and at least 20 min before 

induction of LTP in the second pathway (green circles). B shows time courses changes of averaged fEPSP slopes in 

response to θ-burst stimulation in the absence (grey circles) or presence (red circles) of both CGS21680 (10nM) and 

BDNF (20ng/ml) in hippocampal slices taken from Mecp2-/y animals (n=6). Representative traces from representative 

experiments are shown on the top of the panel (1,3 – baseline; 2.4 – LTP after 1 hour). The arrow marks LTP induction. 

Panel C depicts corresponding LTP magnitudes. All values are mean±standard error of mean (SEM). *p<0.05 

(Student’s t-test) #p<0.05 (Student’s t-test). 
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the magnitude of LTP in the absence (LTPCTR = 17.51 ± 6.70, n = 7) and presence (LTPCGS = 25.52 ± 

5.79, n = 7) of CGS21680 did not significantly differ (p = 0.25, paired t-test; Figure 4.1.9 A;C). 

However, in the presence of CGS21680, the LTP magnitude (LTPCGS = 25.52 ± 5.79, n = 7) was 

significantly different from the baseline (values obtained before the θ-burst; n = 7; p = 0.01, paired 

t-test, Figure 4.1.9 A;C), in contrast with what occurred in the absence of CGS21680. Next, we set 

to test whether activation of A2AR with CGS21680 could rehabilitate the facilitatory effect of BDNF 

on LTP when the neurotrophin was applied in a concentration (20 ng/ml) that was devoid of effect 

in hippocampal slices of Mecp2−/y mice (see section 3.3). In these experiments, LTP was induced 

in the first pathway in the absence of test drugs, then CGS21680 (10 nM) was applied 1 h after 

induction of the first LTP and BDNF (20 ng/ml) was applied 20 min after starting CGS21680 

perfusion. The second pathway LTP was induced at least 30 min after starting BDNF application 

together with CGS21680. Co-application of BDNF (20 ng/ml) plus CGS21680 (10 nM) increased 

the magnitude of LTP in the hippocampus of Mecp2−/y mice (LTPCTR = 9.6 ± 10.2% vs. LTPCGS+BDNF = 

43.9 ± 4.3%, n = 6; p = 0.048, paired t-test; Figure 4.1.9 B;C); the LTP magnitude attained under 

these conditions was fairly comparable to that obtained with BDNF alone in WT animals (see 

section 3.3).  

Data suggest that exogenous activation of A2AR with CGS21680 may rehabilitate BDNF 

signaling deficits observed in hippocampal LTP in Mecp2−/y mice, strengthening our theory that 

inadequacy of endogenous adenosine plays a major role in synaptic transmission deficits in RTT 

patients. 
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3.Discussion 

In this part of the work, we addressed an innovative strategy to potentiate BDNF effects in 

RTT through pharmacological modulation of AR. While evaluating potential causes for the 

inability of exogenous BDNF to facilitate synaptic plasticity, we demonstrated that TrkB-FL 

receptors are decreased in the hippocampus at symptomatic stage and in cerebral cortex both at 

pre- and symptomatic stage in Mecp2-/y mice. Simultaneously, the adenosinergic system is fully 

dysregulated, both at the receptor expression and basal adenosine levels. Nevertheless, 

pharmacological activation of A2AR was shown to recover the facilitatory action of BDNF upon 

synaptic plasticity. 

BDNF is widely accepted as a neuroprotective molecule and, thus, BDNF-based therapies have 

been thoroughly explored to prevent neurodegeneration (Lu et al., 2013). Although RTT is not 

considered a neurodegenerative disorder, this interest has been extended to RTT were BDNF 

levels are known to be altered mainly in cortex, cerebellum and brainstem (Chang et al., 2006; 

Wang et al., 2006; Abuhatzira et al., 2007; Li et al., 2012). A decrease of mRNA BDNF levels in 

post-mortem human brain samples of RTT patients has also been reported (Abuhatzira et al., 

2007), though differences in BDNF protein levels in blood serum and cerebrospinal fluid from RTT 

human patients have been more difficult to show (Vanhala et al., 1998; Riikonen, 2003). Here we 

could observe that during symptomatic stage, BDNF protein levels are decreased in cortex, 

cerebellum and brainstem (as previously reported, (Chang et al., 2006; Wang et al., 2006; 

Abuhatzira et al., 2007; Li et al., 2012)) but also in hippocampus. Regarding pre-symptomatic 

stage, only in striatum it is possible to find changes, with decreased BDNF protein levels at 3w. 

These decrease of BDNF levels in striatum could be a reflex of already impaired BDNF protein 

levels in cortex, since it is known that BDNF transport through cortico-striatal projections is 

impaired in RTT neuronal cultures (Roux et al., 2012). However, it would be interesting to explore 

why striatum is the only brain area with affected BDNF levels during pre-symptomatic stage.  

Much less was known about BDNF receptor signaling in RTT, and the existing data are 

conflicting. One study showed no differences in TrkB-FL mRNA levels between human embryonic 

stem cell derived from RTT neurons and controls (Li et al., 2013). Another study (Abuhatzira et 

al., 2007) showed that TrkB-FL mRNA expression levels are increased in a mouse model and in 

RTT human cortical brain samples, a change interpreted as a compensatory mechanism for the 

reduced BDNF protein levels detected in whole brain homogenates collected from newborn 
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asymptomatic female mutant mice (Abuhatzira et al., 2007). By analysing the hippocampus and 

cortex of symptomatic male Mecp2-/y mice separately, we detected a significant decrease of BDNF 

protein levels while mRNA expression studied in other project showed a tendency for an increase 

in mRNA levels of TrkB-FL and Trk-B-Tc in both brain areas (Miranda-Lourenço et al., 2020a). A 

tendency for an increase in TrkB-FL mRNA in a post-mortem temporal cortex sample from a RTT 

patient was also observed (Miranda-Lourenço et al., 2020a). Importantly, none of the previous 

studies analysed, in detail, the protein levels of the different isoforms of the TrkB receptor. In 

particular, if putative alterations in the complete signaling form of the TrkB receptor, the TrkB-

FL, were accompanied by changes in the truncated form of the receptor, the TrkB-Tc form, known 

to counteract TrkB signaling. Our data clearly shows that TrkB-FL protein levels are decreased in 

the hippocampus and in the cortex of symptomatic Mecp2-/y mice, without appreciable 

alterations in the other brain areas. Coincident with BDNF decreased levels at pre-symptomatic 

stage, more precisely at 3w, in striatum we can also observe decreased TrkB-FL levels. However, 

in cortex it is also observed diminished TrkB-FL levels at 3w besides no changes in BDNF levels at 

this age. This may alter the way we should think about treatment, since nor only it is important 

to increase BDNF levels, but it is also crucial to assure the presence of functional TrkB-FL 

receptors. Interestingly, no significant changes were found in TrkB-Tc protein levels, with 

exception for brainstem presenting increased levels both in pre- (1w) and symptomatic stage. The 

presence of increased TrkB-Tc levels is important to explore in this brain region given its role as 

negative modulator of TrkB-FL signaling (Skaper, 2018).  

The idea that BDNF impairment could contribute to RTT pathophysiology was greatly 

reinforced by the finding that BDNF overexpression could partially ameliorate some of RTT 

symptoms in Mecp2-/y mice, including locomotor function, lifespan and the deficits on cortical 

electrophysiological activity (Chang et al., 2006). Overexpression of BDNF is, however, of very 

limited therapeutic use, if feasible at all. Other strategies are thus necessary to rescue BDNF 

function and to assure proper levels of TrkB-FL receptor. We aimed to potentiate BDNF actions 

through the major neuromodulator in the brain, adenosine. The reason to try this strategy is the 

previous evidence that, at least in healthy conditions, the synaptic actions of BDNF can be 

potentiated by activation of an adenosine receptor, the A2AR (Diógenes et al., 2004). A2AR 

activation induces transactivation of TrkB-FL (Lee and Chao, 2001), promotes translocation of 

TrkB receptors to lipid rafts (Sebastião et al., 2011; Assaife-Lopes et al., 2014) and regulates BDNF 
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(Tebano et al., 2008) and TrkB-FL (Jerónimo-Santos et al., 2015) levels. Moreover, the effect of 

exogenous BDNF upon hippocampal synaptic transmission and LTP is dependent on a fully 

functional adenosinergic tonus via activation of A2AR (Fontinha et al., 2008; Diógenes et al., 2011; 

Diogenes et al., 2014). However, not all BDNF functions are adenosine dependent, which explain 

why some BDNF actions can be revealed even in the presence of an adenosinergic dysfunction, 

as shown in some previous papers (Chang et al., 2006). Dysfunction of adenosine signaling has 

been highlighted in several pathologies, such as sleep/arousal dysfunction, neurodegeneration, 

epilepsy, pain, neuronal maturation and central control of breathing (Ribeiro et al., 2002; Gomes 

et al., 2011), but has never been considered for RTT. This is surprising on the light of the putative 

dual role of adenosine in this pathology: on one hand, and as mentioned above, adenosine 

through A2AR influences BDNF actions; on the other hand, adenosine, mostly through A1R, can 

control seizures in epileptic syndromes such it is RTT (Boison, 2007; Sandau et al., 2016). 

Adenosine is an endogenous homeostatic regulator of network activity (Dunwiddie and Masino, 

2001; Theofilas et al., 2012; Diogenes et al., 2014) and adenosine deficiency has been identified 

as a pathologic hallmark of the epileptic brain (Aronica et al., 2013). The work developed in this 

thesis and the work developed in other related projects revealed that Mecp2-/y mice displayed 

lower tonic inhibitory adenosinergic signaling in the hippocampus, as indicated by: 1) the lower 

disinhibition of excitatory synaptic transmission while blocking inhibitory A1R (Miranda-Lourenço 

et al., 2020a); 2) the lower inhibition of synaptic transmission caused by an adenosine-releasing 

drug, as an ADK inhibitor (Miranda-Lourenço et al., 2020a); 3) lower levels of adenosine and AMP. 

This lower tonic adenosinergic inhibition is mostly likely due to the decreased levels of adenosine 

which might be related to lower expression and/or activity of 5’-nucleotidase resulting in the 

increased AMP/adenosine concentration ratio detected by us in hippocampus and cortex. On 

contrary, lower tonic adenosinergic inhibition cannot be accounted by lower ADK levels. Although 

an increase in ADK levels had been detected in hippocampus, at 1w of age, the Mecp2-/y mice 

have maintained ADK protein levels in the evaluated symptomatic stage. Adenosine levels are 

also dependent on ATP levels (Boison, 2016), therefore, we cannot exclude the potential role of 

deregulated bioenergetics due to dysfunctional mitochondria in RTT. Although lower levels of 

ATP were already reported in the brain of Mecp2-/y mice (Saywell et al., 2006; Toloe et al., 2014), 

in the present work, we did not detected significant differences on the content of ATP when 

comparing hippocampus and cortex from WT and Mecp2-/y mice. Interestingly, studies performed 

in organotypic hippocampal cultures have shown a downregulation on mitochondrial gene 
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expression (Großer et al., 2012). Moreover, a quantitative decrease in electron transport chain 

units and reduced efficiency of glucose metabolism were found in RTT mouse models (Kriaucionis 

et al., 2006; Saywell et al., 2006; De Filippis et al., 2015). Also lower A1R receptor number or lower 

responsiveness of the A1R did not explain lower tonic adenosinergic inhibition because Mecp2-/y 

mice had enhanced A1R protein levels (as revealed by binding assays and WB technique), and the 

response to an added A1R agonist was even higher in slices of Mecp2-/y mice (Miranda-Lourenço 

et al., 2020a). The mechanism underlying the overall increased levels of A1R remains unknown. 

However, we can speculate that this could be a compensatory mechanism to decrease levels of 

adenosine and to the overexcitability associated to this pathology. Indeed, in the brain of Mecp2-

/y mice there is a tendency for hyperexcitability, associated to changes in basal inhibitory rhythms 

and pre- and postsynaptic defects in GABAergic synapses (Calfa et al., 2011). Low intracellular 

adenosine levels may favour DNA methylation and hence epileptogenesis (Williams-Karnesky et 

al., 2013). Consequently, adenosine augmentation therapies constitute an effective strategy to 

reduce seizures, even in cases refractory to conventional antiepileptic drugs (Boison, 2009, 

2013b). 

In contrast with A1Rs, the protein levels of A2AR were decreased in cortex of Mecp2-/y mice. 

The available receptors in hippocampus were although slight decreased enough to respond to 

exogenous activation with a selective agonist, which was able to rescue the action of BDNF on 

synaptic plasticity (LTP). This further reinforces the hypothesis that AAT may be a particularly 

useful strategy in a disease that simultaneously involves low BDNF signaling and low capability of 

endogenous adenosine to act as an endogenous anticonvulsant. As it occurred with the mRNA of 

the A1R, the mRNA expression level of A2AR was not significantly affected in Mecp2-/y mice 

(Miranda-Lourenço et al., 2020a). The discrepancy between mRNA and protein expression levels 

could be attributed to several posttranscriptional mechanisms such as dysregulation of 

AKT/mTOR in RTT, an important signaling pathway for protein synthesis and which it is under the 

regulatory influence of MeCP2 (Li et al., 2013). Intriguingly, it was possible to detect changes in 

the mRNA levels of both A1R and A2AR in one post-mortem human brain sample from an RTT 

patient, and the changes detected closely mimicked the changes detected at the protein level in 

Mecp2-/y mice (Miranda-Lourenço et al., 2020a).  

Taken together, the results show a decrease on endogenous adenosine levels and a 

consequent impairment on adenosinergic signaling in RTT. This dysregulation could hamper BDNF 
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signaling and may account for epileptogenesis and decrease seizure control opening a new 

avenue for RTT therapy: AAT. Augmentation adenosine strategies have been already explored in 

other pathologies, such as epilepsy (Boison, 2009). In fact, RTT presents some disturbances 

related with adenosinergic system changes as already mentioned in this chapter. Our finding that 

adenosine changes are also present in RTT reinforces a possible contribution of adenosinergic 

system in RTT pathophysiology. AATs could have a higher benefit comparing with A2AR activation 

alone (using a specific agonist, p.e.), since we demonstrate in this paper that adenosine levels are 

decreased. Augmentation of adenosine levels could act on both dominant adenosine receptor 

and trigger their activation, promoting: 1) the rescue of BDNF effects, through A2AR; 2) a control 

of hyperexcitability through A1R. In addition, it was already shown that adenosine also plays an 

important role in epileptogenesis through an epigenetic action: adenosine contributes to DNA 

methylation which inhibits epileptogenesis (Williams-Karnesky et al., 2013). The adenosine-

enhancing strategies could be performed by genetic approaches and cell-therapy strategies, still 

under investigation, or pharmacologically, taking into account possible side effects (as discussed 

in Boison, 2009). However, it is crucial to understand if the adenosinergic system changes are 

focal or systemic in order to achieve a better strategy for RTT patients. 

Subsequent work should elucidate whether MeCP2 directly affects the expression of enzymes 

that regulate adenosine and its receptors. Nevertheless, it is possible that changes in receptor 

levels result of homeostatic mechanisms (Sandau et al., 2016), attempting to preserve inhibitory 

adenosine synaptic actions by increasing inhibitory A1R and decreasing excitatory A2AR expression 

levels. However, in the case of RTT where BDNF expression and signaling is impaired, the decrease 

of A2AR further aggravates the disease. Importantly, as we herein show, in spite of the reduction 

of A2AR expression and the decreased levels of endogenous adenosine, the pharmacological 

activation of A2AR could efficiently rescue BDNF effects upon synaptic plasticity.  
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Chapter 4.2 – BDNF signaling and adenosinergic system 
changes in a mild model of RTT 
 

1. Rational 

The previous results presented and discussed in the Chapter 4.1 of this dissertation 

corroborated changes in BDNF protein levels and clarify that TrkB-FL receptors are also decreased 

in symptomatic stage of the mouse model studied. The molecular changes found in multiple 

stages of the disease progression, but mainly in symptomatic stage, and in different brain regions, 

highlight how BDNF signaling is widely dysregulated in Mecp2-/y animals. This might contribute to 

better understand how BDNF signaling dysregulation could impact RTT pathophysiology. 

Additionally, for the first time, adenosinergic system was added to this equation, with results 

pointing out to decreased levels of adenosine and changes in its A1R and A2AR protein levels. 

Reported these new findings, showing a dysregulation of adenosinergic system in RTT, a new 

possible target emerged: adenosinergic system. Indeed, the activation of A2AR in hippocampal 

slices taken from male Mecp2-/y mice was able to restore BDNF action upon LTP. 

Although male Mecp2-null mice are the most well studied RTT model, by better recapitulate 

the severe forms of the disorder, RTT is a disease that affects mainly girls and it is characterized 

by a broad spectrum of clinical manifestations with a variable severity (Kyle et al., 2018). These 

considerations prompted the investigators to also conduct studies in heterozygous females 

(Mecp2+/-). These animals manifest a more variable phenotype due to XCI, which represents a 

closer scenario of what occurs in human patients (Leonard et al., 2016; Shah and Bird, 2017). In 

fact, the use of different animal models in RTT field is nowadays highly recommended (Katz et al., 

2012). In this way, in this chapter, similarly to the previous chapter, we evaluated BDNF and 

adenosinergic systems in a milder RTT animal model phenotype, Mecp2+/-. 

 

Note that A1R protein levels obtained by WB analysis present in these chapter (subchapter 

2.4, Figure 4.2.6A;C) were obtained in collaboration with Nadia Rei from ASebastião lab.  



83 
 

2. Results 

2.1 BDNF protein levels evaluation 

Given the role of BDNF in CNS, the known regulation of BDNF gene by Mecp2 is already 

assumed as an important factor for RTT pathophysiology (Chang et al., 2006). Despite several 

descriptions showing BDNF decreased levels in RTT mouse models, most of the studies were 

conducted in Mecp2-null male animals neglecting heterozygous female mice, representative of a 

milder phenotype. Given that, we evaluated the BDNF protein levels in Mecp2+/- mice, in 

symptomatic stage. Cortex and hippocampus were the two brain regions studied, since these 

were the two brain regions where more alterations were detected in the Mecp2-/y animals. 

 

 

Figure 4.2.1| BDNF and Mecp2 protein levels in Mecp2+/- animals. In A and C are shown the averaged of BDNF density 

levels (WThip, n=7;WTctx, n=13;Mecp2+/-
hip, n=5;Mecp2-/y

ctx, n=13) while B and D show Mecp2  (WThip, n=7;WTctx, 

n=9;Mecp2+/-
hip, n=6;Mecp2+/-

ctx, n=8) density levels evaluated by Western-Blot analysis in hippocampal and cortical 

homogenates from WT (grey) and Mecp2+/- (pink) animals with 26-30 weeks of age. E and F show representative bands 

obtained. All values are mean±standard error of mean (SEM). *p<0.05; **p<0.01 (Student’s t-test). 
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BDNF protein levels, in line to what had been previously described for  Mecp2-/y, were 

decreased both in hippocampus and cortex of Mecp2+/- when compared with aged-matched WT 

animals (HIPWT = 100.0 ± 11.31%, n = 7 and  HIPMecp2+/- = 64.6 ± 8.02, n = 5; p = 0.03; CTXWT = 100.0 

± 12.26%, n = 13 and CTXMecp2+/- = 63.2 ± 10.09, n = 13; p = 0.04; unpaired t-test; Figure 4.2.1 

A;C;E). Due to the heterozygosity present, Mecp2 expression may diverge among the Mecp2+/- 

animals. To clarify this, Mecp2 levels were analyzed. Data show that Mecp2 protein levels were 

significantly decreased in hippocampal brain homogenates of Mecp2+/- animals (HIPWT = 100.0 ± 

12.80%, n = 7 and HIPMecp2+/- = 38.0 ± 4.31, n = 6; p = 0.001; CTXWT = 100.0 ± 12.98%, n = 9 and 

CTXMecp2+/- = 74.3 ± 6.40, n = 8; p = 0.11; unpaired t-test; Figure 4.2.1 B;D;E).  

Although a similar profile of BDNF and Mecp2 proteins were detected, both decreased in 

Mecp2+/- animals, the Pearson correlation analysis, only revealed a statistically significant 

correlation between BDNF and Mecp2 protein levels in the hippocampus of WT animals (HIPWT = 

0.6396, p = 0.03; n = 7; Figure 4.2.2).  

The results show that in hippocampus and cortex of Mecp2+/- animals, BDNF levels were 

significantly decreased in the evaluated symptomatic stage (26w), clarifying that in a milder 

phenotype BDNF levels are also affected. Simultaneously, it was possible to stablish a correlation 

between Mecp2 and BDNF levels in the hippocampus of WT animals and a complete dissociation 

between both proteins in Mecp2+/- animals, both in hippocampus and cortex. It is important to 

Figure 4.2.2| Correlation between BDNF and Mecp2 protein levels in Mecp2+/- animals. In A and B are shown the 

correlations of BDNF and Mecp2 in hippocampus (WThip, n=7;Mecp2+/- hip, n=5) and in cortex (WTctx, n=8;Mecp2+/-

ctx, n=8), respectevely, analysed by Pearson method. 
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state that these analyses only included the samples where it was possible to quantify both 

proteins by WB (in the same gel).  

 

2.2 TrkB receptors protein levels evaluation 

Enlightened the similarities in BDNF changes, both in Mecp2-/y and Mecp2+/- animals, it was 

considered to study possible changes in TrkB protein levels in Mecp2+/- animals. The knowledge 

about possible alterations in protein levels of TrkB receptors is fundamental to elucidate the 

severity of BDNF dysfunction.  

Contrary to what was observe in Mecp2-/y animals, no statistically significant changes were 

detected in TrkB-FL levels (HIPWT = 100.0 ± 33.21%, n = 6 and HIPMecp2+/- = 66.6 ± 19.07, n = 6; p = 

0.4; CTXWT = 100.0 ± 12.08%, n = 11 and CTXMecp2+/- = 109.2 ± 15.88, n = 11; p = 0.65; unpaired t-

Figure 4.2.3| TrkB-FL and TrkB-Tc protein levels in Mecp2+/- animals. In A and C are shown the averaged of TrkB-

FL levels density (WThip, n=;6;WTctx, n=11;Mecp2+/-hip, n=6;Mecp2+/-ctx, n=11) while B and D show TrkB-Tc (WThip, 

n=6;WTctx, n=10;Mecp2+/-hip, n=5;Mecp2+/-ctx, n=11) density evaluated by Western-Blot analysis in hippocampal 

and cortical homogenates from WT (grey) and Mecp2+/- (pink) animals with 26-30 weeks of age. E shows 

representative bands obtained. 
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test; (Figure 4.2.3 A;C;E). In addition, in accordance to what was already described in Mecp2-/y 

animals, no changes in TrkB-Tc protein levels were found in Mecp2+/- animals at 26 weeks (HIPWT 

= 100.0 ± 12.14%, n = 6 and HIPMecp2+/- = 103.5 ± 8.51, n = 5; p = 0.8; CTXWT = 100.0 ± 11.06%, n = 

10 and  CTXMecp2+/- = 109.9 ± 10.95, n = 11; p = 0.16; unpaired t-test; Figure 4.2.3 B;D;E).  

In this way, in a milder phenotype model of RTT syndrome, TrkB-FL levels present normal 

protein levels which could reflect a BDNF signaling less affected comparing to the severe 

phenotype studied.  
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2.3 Evaluation of LTP magnitude and BDNF actions in hippocampal slices from 

symptomatic animals 

 Given the changes in BDNF levels depicted in RTT syndrome and the importance of this 

neurotrophin through synaptic plasticity, the magnitude of LTP was evaluated as well as the effect 

of exogenous BDNF upon LTP in hippocampal slices from Mecp2+/- animals.  

 

It was possible to observe that LTP magnitude was not changed in hippocampal slices taken 

form Mecp2+/- when compared to hippocampal slices taken from aged-matched WT animals (WT-

LTPCTR = 28.3 ± 4.2%, n = 6 and Mecp2+/--LTPCTR = 39.1 ± 6.5%, n = 8; p = 0.2, unpaired t-test; Figure 

Figure 4.2.4| BDNF loses the facilitatory effect upon LTP in Mecp2+/- animals. A shows schematic representation of 

a transverse hippocampal slice and the recording configuration used, as described in methods section. B represents 

the protocol used to evaluate the effect of BDNF upon LTP (see methods). Panels C and D show time courses of 

averaged changes in fEPSP slope induced by the θ-burst stimulation in the absence (dark circles) or in the presence 

(light circles) of BDNF in hippocampal slices taken from WT (grey symbols, n=6) animals or from Mecp2+/- (pink sym-

bols, n=9) animals. Traces from representative experiments are shown for WT and Mecp2+/- animals, on the top of the 

panel (1,3 – baseline; 2.4 – LTP after 1 hour). The arrow marks LTP induction.  Histogram E depicts the magnitude of 

LTP in the absence (dark bars) and the presence of BDNF (20 ng/ml, dark bars) in hippocampal slices from WT (gray) 

or Mecp2+/- animals (pink) while F the PTP magnitude. H shows the input/output (I/O) curves corresponding to 

responses generated by various stimulation intensities (60–340 μA) in WT slices (grey circles, n=5) and Mecp2+/- slices 

(pink circles, n=7) and G the respective means of top parameter. *p<0.05;**p<0.01 (paired Student’s t-test) as 

compared with absence of BDNF in the same experiments. 

 

 

Figure 4.2.5| BDNF loses the facilitatory effect upon LTP in Mecp2+/- animals. A shows schematic representation of 

a transverse hippocampal slice and the recording configuration used, as described in methods section. B represents 

the protocol used to evaluate the effect of BDNF upon LTP (see methods). Panels C and D show time courses of 

averaged changes in fEPSP slope induced by the θ-burst stimulation in the absence (dark circles) or in the presence 

(light circles) of BDNF in hippocampal slices taken from WT (grey symbols,n=6) animals or from Mecp2+/- (pink sym-

bols,n=8) animals. Traces from representative experiments are shown for WT and Mecp2+/- animals, on the top of the 

panel (1,3 – baseline; 2.4 – LTP after 1 hour). The arrow marks LTP induction.  Histogram E depicts the magnitude of 

LTP in the absence (dark bars) and the presence of BDNF (20 ng/ml, dark bars) in hippocampal slices from WT (gray) 

or Mecp2+/- animals (pink) while H the PTP magnitude. F shows the input/output (I/O) curves corresponding to 
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4.2.4 C;D;E). However, in Mecp2+/- animals, it was possible to observe the loss of BDNF functions 

upon LTP: exogenous BDNF was unable to further potentiate LTP as previously observed in 

hippocampal slices from Mecp2-/y animals (WT-LTPBDNF = 52.0 ± 8.2%, n = 6, paired t-test; p = 0.02; 

Figure 4.2.4 C;E; Mecp2+/--LTPBDNF = 48.2 ± 6.3%, n = 9; p = 0.5, paired t-test; Figure 4.2.4 D;E). On 

the other side, despite BDNF presented a tendency to increase PTP in WT animals, in Mecp2+/- 

animals was possible to observe a significant effect of BDNF upon PTP, not reflected in LTP, as 

previously mentioned (WT: PTPCTR = 86.3 ± 12.0% and PTPBDNF = 133.3 ± 12.5%, n = 5; p = 0.06 and 

Mecp2+/-: PTPCTR = 66.0 ± 7.6% and PTPBDNF = 131.3 ± 19.0%, n = 7; p = 0.009; Figure 4.2.4 C;D;F).  

I/O curves were performed to evaluate synaptic efficiency (Figure 4.2.4 G;H) as mentioned in 

chapter 4.1. Higher levels of Emax parameter were obtained in hippocampal sliced from Mecp2+/- 

animals (EmaxWT = 1.12 ± 0.09, n = 8; EmaxMecp2+/- = 1.86 ± 0.21, n = 8; p = 0.005, unpaired t-

test; Figure 4.2.4 G;H), demonstrating a higher excitability in Mecp2+/- animals. 
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2.4 A1R and A2AR protein levels evaluation 

Similarity to what had been evaluated in brain samples from Mecp2-/y, the levels of both A1R 

and A2AR were also evaluated.  

 

Similar changes to what were  found in A1R and A2AR protein levels of Mecp2-/y animals were 

detected in hippocampal and cortical homogenates of Mecp2+/- animals when compared to 

respective controls: 1) significant increase of A1R protein levels in the hippocampus (~16%) and 

cortex (~21%) of Mecp2+/- animals (HIPWT = 100.00 ± 3.89%, n = 5 and HIPMecp2+/- = 116.60 ± 3.62%, 

n = 5, p = 0.01, unpaired t-test; Figure 4.2.5 A;F and CTXWT = 100.0% ± 7.6%, n = 5 and CTXMecp2+/-  

= 121.3 ± 3.2%, n = 5, p = 0.03, unpaired t-test, 4.2.5 C;F); 2) significant decreased of A2AR protein 

levels in the hippocampus (~47 %) and in the cortex (~45%) of  Mecp2+/- animals (HIPWT = 100.00 

± 17.78%, n = 6 and HIPMecp2+/-  = 52.47 ± 8.54%, n = 6, p = 0.04, unpaired t-test; Figure 4.2.5 B;E 

Figure 4.2.5| A1R and A2AR protein levels in Mecp2+/- animals. In A and C are shown the averaged of A1R density 

levels (WThip, n=5;WTctx, n=5;Mecp2+/-hip, n=5;Mecp2-/yctx, n=5) while B and D shows A2AR  (WThip, n=7 ;WTctx, 

n=9;Mecp2+/-hip, n=6;Mecp2+/-ctx, n=8) density levels evaluated by Western-Blot analysis in hippocampal and 

cortical homogenates from WT (grey) and Mecp2+/- (pink) animals with 26-30 weeks of age. E and F show 

representative bands obtained. All values are mean±standard error of mean (SEM). *p<0.05 (Student’s t-test). 
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and CTXWT = 100.0 ± 14.16%, n = 7 and CTXMecp2+/-  = 55.12 ± 9.40%, n = 8, p = 0.02, unpaired t-

test; Figure 4.2.5 D;E).  

Taken together, and in line to what was observed in BDNF signaling, these data show that that 

adenosinergic system is altered in several types of RTT severity. 

 

2.5 Activation of A2AR to restore BDNF actions on LTP magnitude 

Although no significant changes were found in the levels of hippocampal TrkB-FL protein in 

Mecp2+/- animals, the obtained results have shown that BDNF levels and its effects upon synaptic 

plasticity are impaired. Simultaneously, A2AR were found to be decreased in this brain region. 

With these two systems impaired and taking into account the well-known crosstalk between 

them (Ribeiro et al., 2002), we next investigated if the selective A2AR agonist, CGS21680 (10 nM) 

(Jarvis et al., 1989), could recover BDNF action on LTP magnitude as it did in a severe phenotype 

study (chapter 4.1, Miranda-Lourenço et al, 2020a).  

 

Figure 4.2.6| Acute A2AR activation restores BDNF effect upon LTP. A shows averaged time courses changes in field 

excitatory postsynaptic potential (fEPSP) slope induced by the θ-burst stimulation in the absence (grey circles) or in 

the presence (orange circles) of the selective A2A receptor agonist, CGS21680 (10nM) in hippocampal slices taken 

from Mecp2+/- mice (n=5). CGS21680 (10nM) was applied 60 min after the induction of LTP in the first pathway (grey 

circles) and at least 15 min before induction of LTP in the second pathway (orange circles). B shows time courses 

changes of averaged fEPSP slopes in response to θ-burst stimulation in the absence (grey circles) or presence (pink 

circles) of both CGS21680 (10nM) and BDNF (20ng/ml) in hippocampal slices taken from Mecp2+/- animals (n=6). 

Representative traces from representative experiments are shown, on the top of the panel (1,3 – baseline; 2.4 – LTP 

after 1 hour). The arrow marks LTP induction. Panel C depicts corresponding LTP magnitudes. All values are 

mean±standard error of mean (SEM). *p<0.05 (paired t-test). 

 

 

Table 4.2.1| Molecular and functional differences found between Mecp2-/y (Males) and Mecp2+/- (Females) mice. 

 - increased;  - decreased;  without differences.  

 

 

Table 4.2.0.2| Molecular and functional differences found between Mecp2-/y (Males) and Mecp2+/- (Females) mice. 
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CGS21680, when applied alone to hippocampal slices 1h after LTP induction in first pathway 

and at least 15 min alone before LTP induction in the second pathway, caused no statistically 

significant effect on LTP magnitude (LTPCTR = 32,74 ± 5.739, n = 5 and LTPCGS = 46.37 ± 7.00, n = 4; 

p = 0.46, paired t-test; Figure 4.2.6 A;C). However, when applied concomitantly with BDNF 

(20ng/ml), the LTP magnitude significantly increased (LTPCTR = 32.60 ± 9.7, n = 6 and LTPCGS+BDNF = 

45.36 ± 5.90, n = 6; p = 0.04, paired t-test; Figure 4.2.6 B;C), suggesting that exogenous activation 

of A2AR with CGS21680 recovers BDNF signaling deficits.  

 Taken together, the results obtain in a RTT mouse model representative of a milder 

phenotype, present in the majority of RTT patients, corroborates the initial hypothesis that 

adenosinergic system dysregulation contributes for a worsen efficiency of BDNF signaling.  

 Importantly, in both phenotypes, the recovery of BDNF action upon synaptic plasticity is 

possible to achieve by the activation of A2AR.  
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3. Discussion 

Data obtained in this chapter showed decreased levels of BDNF protein levels both in cortex 

and hippocampus of symptomatic Mecp2 heterozygous females, Mecp2+/-, and a loss of BDNF 

effect upon hippocampal LTP facilitation. Although a dysregulation of adenosinergic system had 

also been detected at molecular level, the pharmacological activation of A2AR allowed the 

recovery of BDNF effect upon LTP. These findings are in line with the results previously described 

in Mecp2-/y mice (Chapter 4.1), suggesting that the dual dysregulation of BDNF signaling and 

adenosinergic system is inherent to RTT pathophysiology, presenting small variation concordant 

with the disease severity. 

The work presented in Chapter 4.1 of this dissertation together with work published recently 

by the group (Miranda-Lourenço et al., 2020a) clearly showed that BDNF signaling and 

adenosinergic system are molecularly and functionally dysregulated in Mecp2-/y symptomatic 

mice. The well known crosstalk between A2AR and TrkB-FL receptors, as well as the dependency 

on A2AR activation to maintain proper BDNF and TrkB-FL levels (Tebano et al., 2008; Jerónimo-

Santos et al., 2015) and to translocate TrkB-FL to lipid rafts (Assaife-Lopes et al., 2010), should be 

further addressed to better understand the mechanisms contributing for BDNF impairment in 

RTT. Indeed, the pharmacological activation of A2AR was shown to recover the facilitatory action 

of BDNF upon synaptic plasticity, supporting the need of a proper adenosinergic system for the 

efficient function of BDNF in RTT (Chapter 4.1 of this thesis and Miranda-Lourenço et al., 2020a). 

Considering the genetic characteristics of RTT, comparing with Mecp2-null male mice, the 

heterozygous female mice are more representative of the genetics’ phenomena that occurs in 

human patients (Leonard et al., 2016). Undoubtably, XCI is an important event present in RTT 

heterozygous patient (the majority), explaining why patients with the same mutation show 

different phenotypes (Ishii et al., 2001; Hoffbuhr et al., 2002). However, heterozygous female 

mice are still considered as a supportive/backup model for RTT studies since the advantages 

associated with studies with Mecp2-null mice are many, such as high reproducibility, good model 

characterization, and rapid establishment of symptomatology that mimics much of the symptoms 

present in patients (Calfa et al., 2011b; Lombardi et al., 2015). 

Although the regulation of BDNF gene by MeCP2 has already been stated, the exact 

mechanism beyond this regulation is not yet completely clarified (Li and Pozzo-Miller, 2014). Most 
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of the studies described BDNF decreased protein levels in Mecp2-null male mice, detectable 

within the beginning of the first behavioral impairments, and with a progression from the caudal 

brain regions to rostral brain regions, with all brain showing BDNF decreased levels around 7 

weeks of age (Wang et al., 2006; Lonetti et al., 2010). In heterozygous female, less studies are 

available, with only one study describing decreased BDNF levels in medulla, pons and nodose 

ganglia during symptomatic stage have been published so far (Schmid et al., 2012). In this thesis, 

in a different heterozygous female model from the mentioned study (Schmid et al., 2012), 

decreased BDNF levels were also detected in two brain regions, cortex and hippocampus. In 

addition, it was possible to correlate BDNF and Mecp2 levels in hippocampus of WT animals but 

not in Mecp2+/- animals, indicating that BDNF dysregulation could be beyond Mecp2 dysfunction, 

with other factors contributing to BDNF impairment. However, in cortex it was not possible to 

observe a correlation between the two protein levels. Similarly to BDNF, Mecp2 expression 

progress from posterior to more rostral brain structures, being cerebral cortex the last brain 

region where Mecp2 is expressed. This expression is dependent on diverse epigenetic 

mechanisms (Balmer et al., 2003) and indeed, these epigenetic phenomena could explain why 

different patterns of Mecp2 expression could be found in different brain regions, influencing 

differently other proteins under Mecp2 regulation in each brain region, like it was observed in 

hippocampus and cortex. Simultaneously, the dimension of cerebral cortex and its functional 

heterogeneity could also contribute for the differences found between Mecp2 and BDNF levels 

correlation in both brain areas.  

Contrary to what was found in Mecp2-null males animals (Chapter 4.1) (Miranda-Lourenço et 

al., 2020a), no significant changes were found in TrkB-FL receptor protein levels, in the 

hippocampus and cortex of Mecp2+/- animals. Nevertheless, BDNF decreased protein levels were 

also found in the milder phenotype model, indicating BDNF signaling dysregulation as a possible 

hallmark of RTT.  

In opposite to what was observe in Mecp2-/y animals (Asaka et al., 2006; Miranda-Lourenço et 

al., 2020a), hippocampal slices from Mecp2+/- animals did not present changes in LTP magnitude. 

One possible explanation is the non-detectable alterations in TrkB-FL levels, since TrkB-FL 

receptors are one of the multiple factors contributing to fine-tuning LTP fenomena.  However, 

other study using a different heterozygous female model (and a different LTP protocol) had 

shown a decreased LTP in Mecp2 heterozygous females (Li et al., 2017). Indeed, these results 
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suggests that further studies should be done to better understand which mechanism is causing 

such changes in hippocampal LTP in different RTT models. Additionally, these differences found 

between models could be explained by the high variability associated to heterozygous female 

mice, demanding more studies in the future.  

Exogenous BDNF had no effect upon LTP in a similar way of what was observed in hippocampal 

slices from Mecp2-null male mice. These results could indicate that BDNF signaling is impaired 

despite TrkB-FL protein levels are not altered. 

On opposite to what was observed in Mecp2-/y animals PTP was potentiated by exogenous 

BDNF in hippocampal slices from Mecp2+/- animals. Indeed, it was previously shown that BDNF 

increases PTP in hippocampal neurons, via MAPK-dependent phosphorylation of synapsin I 

(Valente et al., 2012). Although we did not observe a statistically significant effect of BDNF upon 

PTP in hippocampal slices from WT animals, the p-value revealed a strong tendency for an 

increase (p=0.06). One could speculate on whether the BDNF loss of function on PTP, only 

detected in Mecp2-/y animals, could be related to a dysregulation on MAPK-dependent 

phosphorylation of synapsin I together with the decreased levels of TrkB-FL.  

 Regarding adenosinergic system, and concomitantly to what was observed in Mecp2-/y 

animals, A1R protein levels are increased and A2AR protein levels are decreased, both in cortex 

and hippocampus of heterozygous females. As already discussed chapter 4.1 and in (Miranda-

Lourenço et al., 2020a), the mechanism underlying the overall increased levels of A1R and 

decreased levels of A2AR remains unknown. However, the overexcitability associated to this 

pathology could be a trigger for these changes in order to compensate the excitatory-inhibitory 

imbalance described in Mecp2-null animals (Boggio, 2010). Despite the lower levels of A2AR, the 

available receptors were enough to respond to exogenous activation with the selective agonist, 

CGS21680, which was able to rescue the action of BDNF on synaptic plasticity (LTP).  

The demonstrated efficiency of A2AR activation in restoring BDNF actions upon LTP, in two 

different phenotypes of the same disease, gives strength to explore AAT as a possible therapeutic 

strategy for RTT, in future.  

Besides these findings suggesting that adenosinergic changes and BDNF signaling 

dysregulation are transversal to different RTT phenotypes, it is necessary to elucidate if these 

changes are focal or systemic, and if these changes could be prevented rather than reverted. This 
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would allow to better understand which type of AAT should be considered as well as the 

therapeutic schedule in future experimental work.   

Table 4.2.1 summarizes the results obtained in both phenotypes regarding BDNF signaling and 

adenosinergic system. It is clear an overlap between the two studied models. 

 

 

 

 

 

 

 

 

 

 

Table 4.2.1| Molecular and functional differences found between Mecp2-/y (Males) and Mecp2+/- (Females) mice.  

- increased;  - decreased;  without differences.  

 

 

Table 4.2.0.4| Molecular and functional differences found between Mecp2-/y (Males) and Mecp2+/- (Females) mice.  

- increased;  - decreased;  without differences.  

 

 

Table 4.2.5| Molecular and functional differences found between Mecp2-/y (Males) and Mecp2+/- (Females) mice.  

- increased;  - decreased;  without differences.  

 

 

Table 4.2.0.6| Molecular and functional differences found between Mecp2-/y (Males) and Mecp2+/- (Females) mice.  

- increased;  - decreased;  without differences.  

 

 

Table 4.2.7| Molecular and functional differences found between Mecp2-/y (Males) and Mecp2+/- (Females) mice.  

- increased;  - decreased;  without differences.  

 

 

Table 4.2.0.8| Molecular and functional differences found between Mecp2-/y (Males) and Mecp2+/- (Females) mice.  

- increased;  - decreased;  without differences.  

 

 

Table 4.2.9| Molecular and functional differences found between Mecp2-/y (Males) and Mecp2+/- (Females) mice.  

- increased;  - decreased;  without differences.  

 

 

Table 4.2.0.10| Molecular and functional differences found between Mecp2-/y (Males) and Mecp2+/- (Females) mice. 

 - increased;  - decreased;  without differences.  
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Chapter 4.3 – Adenosine augmentation therapy  
 

1. Rational 

Our work placed adenosinergic system as a new player in RTT, revealing new possible 

therapeutic targets for this pathology. In fact, the lower levels of adenosine detected in Mecp2-/y 

animals together with the ability of exogenous activation of A2AR recovers BDNF action upon LTP 

support AAT as a possible strategy to be explored in RTT. Actually, in other pathologies such as 

epilepsy and pain, AAT has been explored as possible therapeutic strategy (Theofilas et al., 2012; 

Boison and Jarvis, 2021), mainly through ADK inhibition . 

Different approaches could be used in order to promote an augmentation of adenosine levels: 

i) polymer-based brain implants loaded with adenosine; ii) brain implants composed by cells 

engineered to release adenosine and embedded in a cell-encapsulation device; iii) direct 

transplantation of stem cells engineered to release adenosine; iv) focal adenosine augmentation 

by genetic disruption of ADK using viral tools and v) pharmacological blockage of ADK (Boison, 

2009).  

ADK due to its high affinity and activity is the most important enzyme involved in the clearance 

of adenosine under physiological levels (Boison, 2013b). Its important function allied with its 

potential role in pathophysiological mechanisms become this enzyme a potential target to 

promote the increase of adenosine levels (Li et al., 2008). Some evidences showed that promoting 

ADK inhibition using an ADK inhibitor, like 5-iodotubercidine (ITU),  could suppress seizures in 

epileptic models (Gouder et al., 2004; Sandau et al., 2019). 

Considering that augmentation of adenosine levels in RTT could be useful to: 1) promote the 

inhibition of synaptic transmission throughout A1R activation; 2) boost BDNF actions through the 

crosstalk between A2AR and TrkB-FL and 3) promote epigenetic mechanisms involved in 

prevention of epileptogenesis, ITU was systemically administered to Mecp2-/y animals to evaluate 

if BDNF signaling and its actions upon LTP could be re-established in symptomatic stage.  
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2. Results 

2.1 Adenosine augmentation therapy in Mecp2-/y symptomatic animals: efficacy of 

ITU administration  

As shown in Chapter 4.1, adenosine and AMP levels present in cortical and hippocampal 

extracts from Mecp2-/y animals are lower when compared with samples from WT animals. The 

lower adenosine levels present in the brain of Mecp2-/y animals could contribute for functional 

repercussions in synaptic transmission, as hypothesized in Chapter 4.1 and in (Miranda-Lourenço 

et al., 2020a). To explore if the increase of adenosine levels could revert some dysfunctions found 

in Mecp2-/y animals, ITU was intraperitoneally administrated (Sandau et al., 2019) to 

symptomatic Mecp2-/y animals (see protocol in Methods 3.1.1).  

  First, to set out if the implemented AAT  was efficient, a supramaximal concentration of 

DPCPX (50 nM; Ki value of 0.5 nM in the hippocampus (Sebastião et al., 1990)) was used to 

evaluate the effect of A1R blockage on basal synaptic transmission in hippocampal slices from 

Mecp2−/y animals and WT littermates. Previously we showed that the magnitude of the decrease 

of fEPSP slope in the presence of DPCPX (50 nM) is significantly higher in hippocampal slices from 

WT when compared to those obtained from Mecp2−/y mice. This difference reflects  a reduction 

in adenosine inhibitory tonus in Mecp2−/y mice (Miranda-Lourenço et al., 2020a). Given this, the 

re-establishment of adenosine levels promoted by ITU administration should produce an higher 

disinhibition of synaptic transmission in presence of DPCPX, similarly to the effect produced in 

WT non-treated animals, described before (Miranda-Lourenço et al., 2020a).  

Figure 4.3.1| Synaptic transmission evaluation upon DPCPX effect. The histogram A represents the averaged 

normalized fEPSPs slope in each animal group in response to DPCPX (50 nM). The right panel B shows the averaged 

time courses of changes in fEPSP slope induced by application of DPCPX in slices taken from WT-VHC (grey, n=9), 

WT-ITU (black, n=10) and Mecp2−/y-VHC (light green, n=6), Mecp2−/y-ITU (dark green, n=7) animals.  

 

 

Figure 4.3.2| Synaptic transmission evaluation upon DPCPX effect. The histogram A represents the averaged 

normalized fEPSPs slope in each animal group in response to DPCPX (50 nM). The right panel B shows the averaged 

time courses of changes in fEPSP slope induced by application of DPCPX in slices taken from WT-VHC (grey, n = 9), 

WT-ITU (black, n = 10) and Mecp2−/y-VHC (light green, n = 6), Mecp2−/y-ITU (dark green, n = 7) animals.  
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ITU administration has no significant effect in the disinhibition of synaptic transmission 

promoted by DPCPX (Figure 4.3.1). In fact, not even the expected differences between the 

controlled groups, already described (Miranda-Lourenço et al., 2020a), were found (WT-VHC vs 

Mecp2-/y-VHC). Analyzing more carefully, although there are no significant differences between 

the groups it is possible to observe that Mecp2-/y animals treated with ITU presented a response 

to DPCPX more similar to the response observed in WT-VHC animals (WT-VHC = 71.84 ± 11.52, n 

= 9; WT-ITU = 53.96 ± 14.63, n = 10; Mecp2-/y-VHC = 52.50 ± 18.32, n = 6; Mecp2-/y-ITU = 76.66 ± 

24.95, n = 7; two-way ANOVA; Figure 4.3.1 A;B).   

  

2.2 Evaluation of LTP magnitude and BDNF actions in hippocampal slices from 

symptomatic treated animals 

The dysregulation found both in BDNF signaling and in adenosinergic system apparent to be 

an important feature present in RTT, as described in the previous chapters. One of the observed 

impacts, at functional level, associated with the dysfunction of both systems is the loss of BDNF 

effect upon LTP. It was shown that the activation of A2AR, with a selective agonist, is able to 

recover BDNF effect upon LTP. In this way, the augmentation of adenosine levels should trigger 

a higher efficiency of AR activation, including A2AR. The efficient activation of these receptors 

would promote the re-establishment of their functions, including the crosstalk between A2AR and 

TrkB-FL receptors, boosting BDNF actions indirectly. To prompt this hypothesis, LTP magnitude 

were evaluated in the four studied group of animals. 
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 As observed in Figure 4.3.2, as expected, BDNF shows an effect upon LTP potentiation in both 

WT animal groups (WTVHC-CTL = 25.75 ± 3.81%, n = 6 and WTVHC-BDNF = 42.06 ± 4.07%, n = 6, p = 

0.006, paired t-test; Figure 4.3.2 A;E; WTITU-CTL = 17.12 ± 6.67%, n = 5 and WTITU-BDNF = 38.70 ± 

2.89%, n = 5, p = 0.02, paired t-test; Figure 4.3.2 C,E). Additionally, and as observed previously, in 

Mecp2-/y VHC group, BDNF lost its effect upon LTP (Mecp2-/y
VHC-CTL = 7.4 ± 3.59%, n = 4 and Mecp2-

/y
VHC-BDNF = 20.96 ± 6.19%, n = 4, p = 0.25, paired t-test; Figure 4.3.2 B;E). Remarkably, in Mecp2-/y 

ITU treated animals, BDNF effect upon LTP was restored, congruous to A2AR selective agonist 

(CGS21680) results showed in chapter 4.1 (Mecp2-/y
ITU-CTL = 17.84 ± 7.97%, n = 7 and Mecp2-/y

ITU-

BDNF = 42.55 ± 5.81%, n = 7, p = 0.005 0.25, paired t-test; Figure 4.3.2 D;E).  

Figure 4.3.2| BDNF facilitatory effect upon LTP in ITU treated animals. Panels A-D show time courses of averaged 

changes in fEPSP slope induced by the θ-burst stimulation in the absence (dark circles) or in the presence (light circles) 

of BDNF in hippocampal slices taken from WT-VHC (grey, n=6), WT-ITU (black, n=5) and Mecp2−/y-VHC (light green, 

n=4), Mecp2−/y-ITU (dark green, n=7) animals. Traces from representative experiments are shown on the top of the 

panel (1,3 – baseline; 2.4 – LTP after 1 hour). The arrow marks LTP induction. Panel  E depicts the magnitude of LTP 

in the absence (dark bars) and the presence of BDNF (20 ng/ml, dark bars) in hippocampal slices from each group of 

animals. *p<0.05, **p<0.01 (paired Student’s t-test). 

 

Figure 4.3.3| BDNF facilitatory effect upon LTP in ITU treated animals. Panels A-D show time courses of averaged 

changes in fEPSP slope induced by the θ-burst stimulation in the absence (dark circles) or in the presence (light circles) 

of BDNF in hippocampal slices taken from WT-VHC (grey, n = 6), WT-ITU (black, n = 5) and Mecp2−/y-VHC (light 

green,n = 4), Mecp2−/y-ITU (dark green, n = 7) animals. Traces from representative experiments are shown on the top 

of the panel (1,3 – baseline; 2.4 – LTP after 1 hour). The arrow sign LTP induction. Panel  E depicts the magnitude of 

LTP in the absence (dark bars) and the presence of BDNF (20 ng/ml, dark bars) in hippocampal slices from each group 

of animals. *p<0.05, **p<0.01 (paired Student’s t-test). 

 

Figure 4.3.4| BDNF facilitatory effect upon LTP in ITU treated animals. Panels A-D show time courses of averaged 

changes in fEPSP slope induced by the θ-burst stimulation in the absence (dark circles) or in the presence (light circles) 

of BDNF in hippocampal slices taken from WT-VHC (grey, n = 6), WT-ITU (black, n = 5) and Mecp2−/y-VHC (light 

green,n = 4), Mecp2−/y-ITU (dark green, n = 7) animals. Traces from representative experiments are shown on the top 

of the panel (1,3 – baseline; 2.4 – LTP after 1 hour). The arrow marks LTP induction. Panel  E depicts the magnitude 

of LTP in the absence (dark bars) and the presence of BDNF (20 ng/ml, dark bars) in hippocampal slices from each 

group of animals. *p<0.05, **p<0.01 (paired Student’s t-test). 

 

Figure 4.3.5| BDNF facilitatory effect upon LTP in ITU treated animals. Panels A-D show time courses of averaged 

changes in fEPSP slope induced by the θ-burst stimulation in the absence (dark circles) or in the presence (light circles) 

of BDNF in hippocampal slices taken from WT-VHC (grey, n = 6), WT-ITU (black, n = 5) and Mecp2−/y-VHC (light 

green,n = 4), Mecp2−/y-ITU (dark green, n = 7) animals. Traces from representative experiments are shown on the top 

of the panel (1,3 – baseline; 2.4 – LTP after 1 hour). The arrow sign LTP induction. Panel  E depicts the magnitude of 

LTP in the absence (dark bars) and the presence of BDNF (20 ng/ml, dark bars) in hippocampal slices from each group 

of animals. *p<0.05, **p<0.01 (paired Student’s t-test). 
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 However, when evaluating LTP magnitude in the control pathway (the first LTP induced in 

each group of animals, in the absence of BDNF), it was observed, once again, that θ-burst 

stimulation induced a small, yet significant LTP in WT animals (WTVHC-CTL: p = 0.0024, paired t-test; 

WTITU-CTL: p = 0.023, paired t-test; Figure 4.3.3 A;B), but not in Mecp2−/y animals (Mecp2-/y
VHC-CTL: 

p = 0.14, paired t-test; Mecp2-/y
ITU-CTL: p = 0.067, paired t-test; Figure 4.3.3 A;B). Despite the 

statistical significance was not achieved in the θ-burst stimulation induced in both groups of 

Mecp2−/y animals, Mecp2−/y-ITU treated animals were closer to the statistical significance, with a 

LTP magnitude similar to WT-ITU group.  

 Given these results, it is possible to affirm that in vivo ITU administration is able to restore 

BDNF effect upon LTP in Mecp2-/y animals. Moreover, ITU treatment increases LTP magnitude, in 

the absence of exogenous BDNF, to levels close to those observed in WT animals.  

Figure 4.3.3| Comparison of basal LTP. Histogram A depicts the magnitude of LTP in the absence  of BDNF (20 ng/ml, 

dark bars) in hippocampal slices from each group of animals: WT-VHC (grey, n=6), WT-ITU (black, n=5) and Mecp2−/y-

VHC (light green, n=4), Mecp2−/y-ITU (dark green, n=7). The arrow marks LTP induction. Panel B shows time courses of 

averaged changes in fEPSP slope induced by the θ-burst stimulation in the absence (dark circles) of BDNF in 

hippocampal slices taken from animals. # p<0.05, (paired Student’s t-test).  
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  To investigate if any changes in baseline synaptic efficiency were induced by ITU treatment, 

I/O curves were performed, as in previous chapters.  

 

It was observed that the increased synaptic efficiency detected in hippocampal slices from 

Mecp2-/y animals was not affected by ITU administration. Accordingly, the two-way ANOVA 

analyzes revealed that the differences found in Emax are only influenced by the genotype but not 

by the treatment (EmaxWT-VHC = 1.89 ± 0.24, n = 11; EmaxWT-ITU = 1.59 ± 0.16, n = 5; EmaxMecp-/y-VHC 

= 2.61 ± 0.11, n = 7; EmaxMecp-/y-ITU = 2.67 ± 0.11, n = 8; two-way ANOVA multiple comparisons; 

Figure 4.3.4 A;B).  

 

2.3 BDNF and TrkB-FL protein levels evaluation upon ITU treatment 

Given the promising results obtained regarding LTP recovery in Mecp2-/y treated animals, it 

was explored if this regain of function could be related to molecular changes in BDNF signaling 

promoted by ITU treatment. Taking into account that  an efficient A2AR activation is required for 

maintenance and regulation of both BDNF and TrkB expression (Tebano et al., 2008; Jerónimo-

Santos et al., 2015), and knowing that BDNF and TrkB-FL levels are decreased in Mecp2-/y animals 

Figure 4.3.4| ITU treatment effect on input-output curves recordings. A shows the input/output (I/O) curves 
corresponding to responses generated by various stimulation intensities (60–340 μA) in WT-VHC (grey, n=11), WT-
ITU (black, n=5) and Mecp2−/y-VHC (light green,n=7), Mecp2−/y-ITU (dark green, n=8) and B the respective means of 
top parameter. *p<0.05 (two-way ANOVA). 
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(as described in chapter 4.1), in this chapter , the levels of BDNF and its receptors were evaluated 

in ITU-treated animals.  

 

 

As observed in figure 4.3.5, ITU treatment did not promote any significant changes in BDNF 

protein levels in both brain regions studied (cortex and hippocampus). At the same time, the 

significant changes described in chapter 4.1, regarding decreased BDNF protein levels in Mecp2-

/y animals, were not detected in this set of experiments (HIPWT-VHC = 100.0 ± 8.95%, n = 9 vs HIPWT-

ITU = 139.9 ± 22.41%, n = 10 vs HIPMecp2−/y-VHC = 96.2 ± 18.49%, n = 7, HIPMecp2−/y-ITU = 100.7 ± 15.23%, 

n = 7; CTXWT-VHC = 100.0 ± 7.10%, n = 10 vs CTXWT-ITU = 113.6 ± 15.29%, n = 8 vs CTXMecp2−/y-VHC = 

83.7 ± 12.40%, n = 10 vs CTXMecp2−/y-ITU = 95.6 ± 11.58%, n = 10, two-way ANOVA; Figure 4.3.5 

A;B;C).  

Figure 4.3.5| BDNF protein levels after ITU treatment. In A and B are shown the averaged of BDNF density  levels 

evaluated by Western-Blot analysis in hippocampal (WT-VHC, n=9; WT-ITU, n=10; Mecp2−/y-VHC, n=7; Mecp2−/y-ITU, 

n=7) and cortical (WT-VHC, n=10; WT-ITU, n=8; Mecp2−/y-VHC, n=10; Mecp2−/y-ITU, n=10) homogenates, 

respectively. ITU treated animals are represented in green circles while control animals in open circles. C shows 

representative bands obtained. All values are mean±standard error of mean (SEM).     
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However, when TrkB-FL protein levels were analyzed, it was possible to detect changes in 

hippocampus of Mecp2-/y treated animals. In these animals, TrkB-FL protein levels recovered its 

levels. (HIPWT-VHC = 100.0 ± 3.48%, n = 10 vs HIPWT-ITU = 102.7 ± 8.14%, n = 10 vs HIPMecp2−/y-VHC = 

76.0 ± 15.40%, n = 6, HIPMecp2−/y-ITU = 113.0 ± 9.42%, n = 7; CTXWT-VHC = 100.0 ± 2.56%, n = 11 vs 

CTXWT-ITU = 78.28 ± 7.33%, n = 9 vs CTXMecp2−/y-VHC = 81.7 ± 14.26%, n = 12 vs CTXMecp2−/y-ITU = 84.8 ± 

9.15%, n = 12, two-way ANOVA; Figure 4.3.6 A-C). This recovery of hippocampal TrkB-FL protein 

levels could contribute for the recovery of BDNF effect upon LTP observed in Mecp2-/y animals. 

Once again, no changes in TrkB-Tc levels were detected between genotype or treatment 

groups (HIPWT-VHC = 100.0 ± 8.75%, n = 10 vs HIPWT-ITU = 103.6 ± 10.41%, n = 9 vs HIPMecp2−/y-VHC = 

100.7 ± 10.32%, n = 7, HIPMecp2−/y-ITU = 120.8 ± 11.10%, n = 8; CTXWT-VHC = 100.0 ± 7.72%, n = 11 vs 

CTXWT-ITU = 123.8 ± 11.39%, n = 11 vs CTXMecp2−/y-VHC = 112.2 ± 16.78%, n = 12 vs CTXMecp2−/y-ITU = 

101.70 ± 14.19%, n = 12, two-way ANOVA; Figure 4.3.6 A-C). 

In this way, ITU treatment showed an effect in hippocampus, promoting a recovery of TrkB-

FL protein levels, crucial for synaptic plasticity also recovered in Mecp2-/y treated animals. 

Figure 4.3.6| TrkB-FL and -Tc levels after ITU treatment. In A and B are shown the averaged TrkB-FL density levels 

evaluated by Western-Blot analysis in hippocampal (WT-VHC, n=10; WT-ITU, n=10; Mecp2−/y-VHC,  n=6; Mecp2−/y-ITU, 

n=7) and cortical (WT-VHC, n=11; WT-ITU, n=9; Mecp2−/y-VHC, n=12; Mecp2−/y-ITU, n=12) homogenates, respectively. 

In C and D are shown the averaged TrkB-Tc density levels evaluated by Western-Blot analysis in hippocampal (WT-

VHC, n=10; WT-ITU, n=9; Mecp2−/y-VHC, n=7; Mecp2−/y-ITU, n=8) and cortical (WT-VHC, n=11; WT-ITU, n=11; Mecp2−/y-

VHC, n=12; Mecp2−/y-ITU, n=12) homogenates, respectively. ITU treated animals are represented in green circles while 

control animals in open circles. E show representative bands obtained. All values are mean±standard error of mean 

(SEM). *p<0.05 (two-way ANOVA). 
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3. Discussion 

In this chapter, ADK blockage was studied as an AAT.  ITU intraperitoneal administration 

showed to have a positive impact in the recovery of BDNF effect upon LTP animals. 

Simultaneously, ITU treatment also restored TrkB-FL protein levels in hippocampus of Mecp2-/y 

animals. These results set a promising new strategy to be explored in RTT, stablishing 

adenosinergic system dysregulation as an important contributor for RTT pathophysiology. 

The first two chapters of results of this dissertation revealed that BDNF signaling is impaired 

in two RTT mouse models with different phenotypic severity (Mecp2-/y and Mecp2+/- animals). In 

both, significant changes in BDNF signaling were observed, but more prominently in Mecp2-/y 

animals (Miranda-Lourenço et al., 2020a). Importantly, it was shown that adenosinergic system 

is dysregulated. The decreased levels of adenosine found in the hippocampus and cortex of 

symptomatic Mecp2-/y add new information about RTT pathophysiology and how other systems  

might contribute for BDNF signaling impairment and for excitatory-inhibitory imbalance widely 

discussed in this field (Boggio, 2010; Li and Pozzo-Miller, 2014). Moreover, it was shown that a 

proper activation of A2AR can recover BDNF effect upon LTP lost in both models studied. This 

opened a new avenue to be explored in RTT: the modulation of adenosinergic system, namely 

through AAT. The re-establishment of adenosine levels would promote the activation of both 

A2AR and A1R, acting in two signaling pathways potentially beneficial in RTT: while the activation 

of A2AR would potentiate BDNF actions, A1R activation could be useful to control hyperexcitability 

present in RTT. 

AAT have been discussed as possible alternative to be applied in several pathologies, such us 

epilepsy, chronic pain, trauma and inflammation (Kowaluk and Jarvis, 2000; Boison, 2009; Jarvis, 

2019). Although several strategies could be used to increase adenosine levels, the blockage of 

ADK is one of the strategies that have been already tested in epilepsy. ITU is one of the drugs 

used for this purpose, already studied in epilepsy models with a good outcome as an ASD, 

reducing seizures burden and activity (Sandau et al., 2019). In fact, in epilepsy, ADK have been 

considered as an important player in epileptogenesis, presenting increased expression levels in 

epileptic models (Li et al., 2008; Theofilas et al., 2012). The data obtained in the present thesis 

(chapter 4.1), revealed increased ADK protein levels in cortex and a tendency for increased ADK 

protein levels in hippocampus of pre-symptomatic Mecp2-/y animals. These alterations, congruent 

to what is described in epilepsy, may suggest that the alterations in ADK protein levels might have 
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repercussions in the decreased adenosine levels found in these animals. Indeed, these results 

further support the implementation of ADK blockage as a strategy to increase adenosine levels 

also in RTT. 

Despite promising results, the blockage of ADK by ITU has some hindrances related to liver 

toxicity, cardiovascular side effects, and neurovascular toxic effects. These side effects are  

transposable to the majority of ADK inhibitors (Boison et al., 2002; McGaraughty et al., 2005; 

Jarvis, 2019) and could limit long term administration of ADK inhibitors. One way to overcome 

this problem would be the short-time administration of the ADK inhibitor. However it would 

require a precise determination of the critical timepoints where it should be administered  

(Sandau et al., 2019). Other option would be the use of more selective ADK inhibitors, as already 

screened in the last years and explored for renal injury treatment (Köse et al., 2016; Zhu et al., 

2016). The selectivity increase of these compounds could be achieved by developing ADK 

inhibitors selective for ADK-nuclear isoform instead for ADK-cytoplasmatic isoform, as the 

majority of ADK inhibitors are (Toti et al., 2016; Jarvis, 2019). ADK exists in two isoforms: 1) a 

cytoplasmatic isoform, with a shorter length; 2) a nuclear isoform, with longer length (Cui et al., 

2011). The side effects associated to systemic administrations of ADK inhibitors, despite not 

completely deciphered, could be related with a mediated-AR toxicity instead of adenosine 

increased concentrations per se. In this way, developing ADK inhibitors selective to nuclear-ADK 

isoform could overcome this unwanted effects (Toti et al., 2016; Jarvis, 2019). Targeting 

selectively nuclear-ADK, with a prominent effect upon epigenetic modulation, would possibly 

allow to reach satisfying safety and toxicity outcomes once it would allow to obtain therapeutic 

effects using a lower dose or a shorter administration time when compared with non-selective 

ADK inhibitors. The epigenetic effects associated to adenosine, which in higher levels promotes 

an increase of SAH and a consequent inhibition of DNA methyltransferases would allow to reduce 

the duration of drug administration,  avoiding toxicity associated to chronic therapy and high dose 

administration (Williams-Karnesky et al., 2013; Boison, 2016; Toti et al., 2016).  

Regarding dose optimization, it was shown in pain studies that to reach therapeutic effects, 

in particular analgesia, it would be necessary three to ten-folder lower doses than those needed 

to cause psychomotor and cardiovascular side effects (Jarvis, 2019).  In this way, impactful side 

effects consequent of ADK administration usually happen for higher doses and/or long duration 

administrations. However, in specific context of RTT where adenosine levels are decreased, and 
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AR are altered, these noxious effects would not be probably observed once the adenosine 

augmentation strategy will re-establish adenosine levels rather than increase it above the 

physiological levels not causing an overactivation of AR.  

Specifically considering ITU, hepatic side effects are described but those are observed at an 

half maximal inhibitory concentration (IC50, usually used as a measure of an antagonist drug 

potency in pharmacological studies), about 1000-fold higher than the IC50 for ADK (26 nM) 

(Boison, 2013b; Sandau et al., 2019). In addition, an advantage of ITU is its ability to block 

adenosine transport at a similar IC50 (Foga et al., 1996). This allows to trap adenosine inside the 

cell and consequently enable adenosine receptor-independent epigenetic activity to play a key 

role in epilepsy prevention, where it was shown that adenosine inhibits DNA methylation 

important for epileptogenesis process  (Williams-Karnesky et al., 2013).  

Interestingly, it was possible to observed that ITU administration: 1) recovered BDNF effect 

upon LTP; 2) increased basal LTP; and 3) restored hippocampal TrkB-FL protein levels in Mecp2-/y 

animals. This site- and event-specific effects were already described in other studies that showed 

that systemically administration of non-selective ADK inhibitors induces endogenous stress, 

enhancing adenosine actions in cells undergoing accelerated adenosine release (Newby et al., 

1983; Pak et al., 1994; Britton et al., 1999). This means that ADK inhibition effect is more 

pronounced in tissues where pathological changes resulted in adenosine release, already 

observed in hippocampus, spinal cord (in vitro) and in striatum after peripheral inflammation and 

excitotoxic insults in rats (in vivo) (Pak et al., 1994; Golembiowska et al., 1996; Liu et al., 2000). 

Besides the noted decreased adenosine levels, no information regarding adenosine release was 

obtain in Mecp2-/y animals. ADK effectiveness in cells undergoing pathological adenosine release 

point to explore if the brain regions where we obtained positive results under ITU administration 

could be related with this feature.  

However, it should be explored why in cortex no specific changes were promoted after ITU 

treatment. Some aspects like the administration timepoints, the administered dose or the cell-

specific effect (given the high cortical heterogeneity) should be address and properly explored to 

better interpret the results. Besides the differences in BDNF and Mecp2 across different brain 

regions that could explain this different outcome in cortex, it has been explored how A2AR 

activation exerts its effect upon TrkB transactivation over different brain regions. Indeed, it has 

been suggested that A2A receptor KO mice shows reduced BDNF levels in hippocampus and 
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striatum, but not cerebral cortex (Tebano et al., 2008). This suggests that A2AR may not be 

involved in BDNF expression in cerebral cortex (Jeon et al., 2011). Additionally, different 

regulatory mechanisms have been proposed for A2AR subtype distribution across all brain, which 

could influence A2AR action in each brain region (Weaver, 1993; Latini et al., 1996; Rebola et al., 

2005). 

Despite the positive outcome obtained in this first exploratory study, present in this chapter, 

more studies should be performed. It should be explored adenosine augmentation effects upon 

other impaired functions associated to BDNF/adenosine impairment in RTT, but should be also 

clarified possible toxicity and safety issues that could arise.  

Given the endogenous anticonvulsant effect of adenosine, it should be expected a decreased 

excitability in I/O performed in ITU treated animals. However, no significant effect was obtained, 

even considering the increased A1R expression in Mecp2-/y, with no changes in these receptors 

affinity or in its function (Miranda-Lourenço et al., 2020a). More specific techniques should be 

performed to characterize hyperexcitability in Mecp2-/y after adenosine augmentation, to ensure 

that this particular RTT feature could also be re-established. Simultaneously, the previous 

mentioned caveats should be addressed to understand what optimizations should be done in this 

therapeutic strategy to also revert the hyperexcitability in RTT.  

In fact, it is necessary to confirm with more precision if the AAT applied increased adenosine 

levels in an effective way (e.g. using HPLC). The study of DPCPX effect upon synaptic transmition 

did not show any differences between the four groups studied, when was expected, at least, 

differences between WT-CTL and Mecp2-/y-CTL, replicating the results obtained in (Miranda-

Lourenço et al., 2020a). In this way, it is not possible to understand if ITU administration 

augmented adenosine levels as desirable. Indeed, these group of experiments should be 

performed again to clarify the real effect of DPCPX upon synaptic transmission and if it is possible 

to extrapolate more information regarding ITU administration efficiency in increasing adenosine 

levels. Simultaneously, BDNF decreased protein levels were not found in Mecp2-/y animals as 

previously described, adding necessity to clarify the results obtained in this set of experiments.  

In fact, one of the main advantages of using ADK inhibitors is that its action allows to target 

multiple AR by increasing adenosine levels. This strategy was shown to be useful in specific 

pathologies, such as chronic pain and in inflammation, where multiple AR are beneficial to target 
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(Williams and Jarvis, 2000; McGaraughty et al., 2005). The results present in this dissertation 

show that A2AR targeting brings positive outcomes, allowing a recover of BDNF functions. It is now 

crucial to understand if this strategy is also efficient in promoting inhibitory tonus through A1R 

activation. 

All together, these results point to a promising action of ADK inhibitors throughout 

hippocampal BDNF signaling recovery. However further investigation is needed in order to 

understand how AAT could be applied as a therapy for RTT.  
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General Conclusions and Future Perspectives 

 

For the first time, adenosinergic system was considered as a possible disrupted system 

influencing RTT pathophysiology. 

Overall, the results here obtain showed that, as initially hypothesized, adenosinergic system 

is significantly altered, with both adenosine and/or its receptor levels changed, in two different RTT 

mouse models. These changes accompany BDNF signaling alterations. Besides to corroborate studies 

already published showing decreased BDNF levels in RTT, our study added new information about 

BDNF dysregulation in RTT: 1) TrkB-FL receptor protein levels are decreased in cortex and 

hippocampus of symptomatic Mecp2-null mice; 2) changes in BDNF signaling occur across disease 

progression in Mecp2-null animals, and 3) BDNF loss its facilitatory action  upon synaptic plasticity in 

both studied models. Moreover, an in vivo AAT strategy was tested, reaching positive results by 

recovering BDNF facilitatory effect upon hippocampal LTP and re-establishing hippocampal TrkB-FL 

protein levels, in Mecp2-/y animals.  

It will be important to address new questions to better explore these new findings. 

Understanding why adenosine levels are decreased in Mecp2-null male mice may allowed to find a 

more direct target that could revert or prevent changes in adenosine levels. A deep analysis of 

adenosine metabolic regulators, such as ADA, endonucleotidases and ADK should be considered. 

Both its expression levels and enzymatic activities could give us important data to better understand 

why adenosine levels are affected. Moreover, a timeline of these changes, but also of AR alterations, 

will allow to observe when adenosinergic disruption starts, which will also facilitate to optimize a 

better target. Unfortunately, in results present in this dissertation, it was only possible to perform 

this timeline for ADK protein levels, in Mecp2-null animals.   

Remarkably, this study brings to discussion an important topic regarding RTT, which reinforces 

its strength: the high variability of RTT phenotypes caused by its highly complex genetic background.  

Studying, in parallel, two different RTT phenotypes through Mecp2-null male and -heterozygous 

female mice depicted that BDNF and adenosinergic changes could be transversal to different disease 

severities. However, some details are missing regarding heterozygous female characterization. 

Adenosine levels quantification is primordial to understand if the less severity observed in this model 



112 
 

is also supported by minor impacts detected in adenosinergic system. Moreover, no information 

regarding BDNF and adenosinergic changes were obtained during the pre-symptomatic stage of this 

model. Considering the high difficulty of this study, since the symptoms establishment do not start 

simultaneously in all heterozygous females, correlation studies between behavior, molecular 

changes, and functional responses might be a good strategy to address this question and decipher 

how symptoms and molecular changes in adenosine and BDNF signaling could be related.  

Regarding the study using an in vivo ATT strategy, the data obtain reinforces adenosinergic 

system as a promising pharmacological target in RTT. However, this study was mainly exploratory. 

First, it is important to clarify why systemic ADK blockage only revert TrkB-FL protein levels in 

hippocampus, functionally translated in the recovery of BDNF potentiation over hippocampal LTP. 

Additionally, to understand if this treatment has an important repercussion at behavioral level, in 

particular in cognitive functions, it is crucial to validate the pertinence of this strategy by performing 

behavioral tests. Furthermore, given that choosing an AAT as a beneficial strategy for RTT is related 

to its ability to simultaneously target A1R and A2AR, it is also important to study ADK blockage in 

inhibitory/excitatory imbalance.   

It is also important to notice that ADK blockage through ITU administration worked as a proof-

of-concept. In future work, a careful follow-up study should be performed in order to detect possible 

side effects promoted by ADK blockage, and if necessary to explore other alternatives to increase 

adenosine levels. Simultaneously, different timepoints of AAT administration should be tested to 

understand if this treatment could also give the possibility to prevent the progression of this 

syndrome rather than revert symptomatology. Importantly, if reasonable, all these questions should 

be address to other RTT models before clinical studies, to guaranteed that AAT is beneficial for 

different RTT phenotypes.  

Overall, this project added valuable information to RTT pathophysiology understanding, 

bringing questions to be explored and a new possible therapeutic strategy to be studied in RTT.  
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