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2. Zusammenfassung 

Das MECP2-Gen ist auf dem X-Chromosom in der Region Xq28 lokalisiert und 

kodiert für das Methyl-CpG-Bindeprotein 2. Mutationen im MECP2-Gen sind die primäre 

Ursache für die  postnatale neuronale Entwicklungsstörung, das Rett-Syndrom (RTT, Verlust 

der Funktion). Im Gegensatz dazu führt die Überexpression von MECP2 zum 

Duplikationssyndrom (Zugewinn von Funktion). In beiden Fällen, Zugewinn und Verlust von 

MECP2, kommt es zu neurologischen Erkrankungen. 

Im ersten Teil der Arbeit war es mein Ziel, den Pathomechanismus zu 

charakterisieren, der mit der humanen Mutation R279X assoziiert ist. Dies ist die am 

häufigsten vorkommende Mutation in RTT-Patientenkollektiven. Die R270X-Mutation ist in 

der TRD-NSL (transcriptional repression domain-nuclear localization signals) des MeCP2-

Proteins lokalisiert. Diese nonsense Mutation ruft im Vergleich zu anderen Mutationen einen 

schweren Phänotyp mit hoher Mortalitätsrate hervor. Um die funktionelle Rolle der R270X-

Mutation zu evaluieren, haben wir mittels BAC-Rekombinationstechnologien eine transgene 

Maus generiert (Mecp2
R270_EGFP

), die equivalent zur humanen Mutation ist. Die 

Mecp2
R270_EGFP

 zeigte ähnliche Expression wie das endogene MeCP2. Weiterhin haben wir 

die männliche transgene Maus Mecp2
R270_EGFP

 mit weiblichen Mecp2 knockout Mäusen 

verpaart, um Mecp2
R270

 knockin (KI) Mäuse zu generieren. Leider konnten wir keine 

neurologischen Beeinträchtigungen in den Mecp2
R270_EGFP

 –transgenen Mäusen beobachten, 

aber die KI Mäuse waren positiv für „hindlimb clasping“. Des Weiteren haben wir keinen 

Unterschied in der Neuronenlänge, der Somafläche und der Dendritendichte zwischen 

Wildtyp und transgenen Mecp2
R270_EGFP 

Neuronen erkennen können, aber dafür in KI 

Neuronen. Ausgehend von unseren experimentellen Daten schließen wir, dass das 

MeCP2
R270_EGFP

 Protein einen negativen Effekt auf die neuronale Morphologie hat und die 

Dendritendichte beeinflusst.  
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Im zweiten Teil meiner Arbeit habe ich ein Mecp2 transgenes Mausmodell generiert, um den 

Dosiseffekt von MECP2 beim Duplikationssyndrom zu bestimmen. Die generierte 

Mecp2
WT_EGFP 

transgene Maus zeigt eine 1,5 fache Überexpression. Auf Grund unserer 

intensiven Verhaltensanalysen können wir zeigen, dass eine gesteigerte Aggressivität und eine 

höhere Verletzungstoleranz nach Behandlung mit epileptogenen Komponenten wie 

Pentylenetetrazole (PTZ) in transgenen Mäusen bestehen. Weiterhin führte die Induktion von 

kultivierten Neuronen der transgenen Maus mit PTZ zu einer gesteigerten Calcium-Amplitude 

mit einer höheren Frequenz. Zusätzlich zeigten in Mecp2
WT_EGFP 

transgenen Mäusen die ex 

vivo und in vivo Evaluationen der neuronalen Parameter von hippokampalen Neuronen eine 

vergrößerte Somafläche, reduzierte tertiäre Verzweigungsstellen und größere Dendritendichte. 

Zusammenfassend weissen unsere Ergebnisse darauf hin, dass eine milde MeCP2-

Überexpression in Mäusen zu epileptischen Anzeichen als einem ersten Symptom führt. Es ist 

eine fein regulierte Dosierung von MeCP2 nötig, um eine normale neuronale Entwicklung in 

Mäusen zu gewährleisten.  

Im dritten Teil meiner Arbeit habe ich gezeigt, dass die MeCP2-Expression nicht auf 

Neurone beschränkt ist, sondern dieses Protein auch in Astrocyten exprimiert wird. Neueste 

Studien heben die Rolle von MeCP2 in Astrocyten hervor. Das Co-Kultur System mit Mecp2 

Null Astrocyten mit Wildtyp Neuronen zeigte weniger sowie kürzere Dendriten. Dieses 

Ergebnis deutet daraufhin, dass unbekannte Faktoren von Mecp2 defizienten Astrocyten einen 

toxischen Effekt auf benachbarte Neurone haben. Um die MeCP2 Targets in Astrocyten zu 

bestimmen und zu charakterisieren, haben wir eine Proteomanalyse durchgeführt und ca. 5000 

verschiedene Proteine in Astrocyten in drei unabhängigen technischen Replikaten 

charakterisiert. Unsere Analyse offenbarte im Vergleich zu Wildtyp Astrocyten 69 rauf- und 

29 runterregulierte Proteine in KI sowie 50 rauf- und 32 runterregulierte Proteine in KO. Die 

identifizierten Mecp2 Targetproteine aus der Proteomanalyse zeigten, dass MeCP2 in 

Zelladhäsionen durch desmosomale Proteine (Dsp und Pkp1), in der Regulation der ROS 



  Zusammenfassung 

 vi 

(Reactive Oxygen Species) und der Glutamathomöostase via Slc25a18 in Astrocyten 

involviert ist. Wir konnten die differentielle Expression mittels Western Blot bestätigen, 

wobei die Proteine wie Dsp und Pkp1 eine geringere Expression in Mecp2 KO Astrocyten im 

Vergleich zu Wildtyp Astrocyten aufwiesen. Nach Validierung der Proteomdaten kann 

zukünftig ein ex vivo Assay etabliert werden, um den Effekt von non-cell autonomen 

Faktoren durch Proteomics zu identifizieren. Die Aufklärung der Rolle von glialer 

Dysfunktion in RTT kann das Verständnis von RTT verbessern und uns helfen, eine neue 

Therapie für diese Krankheit zu entwickeln 
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1. Summary 

The MECP2 gene is located in the Xq28, which encodes for methyl-CpG binding 

protein 2 (MeCP2). Mutations in MECP2 gene is the primary cause of postnatal 

neurodevelopmental disorder, Rett syndrome (RTT) (loss-of-function). In contrast the over 

expression of MECP2 leads to duplication syndrome (gain-of-function). In both cases, gain 

and loss-of function of MECP2 leads to neurological disorders.  

 In the first part of the thesis, we attempted to characterize the pathomechanism 

associated with human R270X mutation in MECP2, which is one of the most frequent 

mutation in RTT cohorts. The R270X mutation is located within the transcriptional repression 

domain- nuclear localization signals (TRD-NLS) of MeCP2 protein. This nonsense mutation 

exhibits severe phenotype with higher mortality rate as compared to the other mutations in 

RTT cohorts. To evaluate the molecular and functional role of R270X mutation, we generated 

a Mecp2
R270_EGFP

 transgenic mouse by BAC recombineering technology, which is equivalent 

to human R270X mutation. The Mecp2
R270_EGFP 

transgenic mouse showed similar pattern of 

expression as compared to the endogenous MeCP2. Further, we bred the Mecp2
R270_EGFP

 

transgenic male mouse with Mecp2 knockout female to obtain Mecp2
R270 

knockin (KI) mouse. 

Phenotypical evaluation revealed no neurological impairment in Mecp2
R270_EGFP

 transgenic 

mice, but KI mice were positive for hindlimb clasping. In addition, we observed no difference 

in neurite length, area of soma and spine density between wildtype and Mecp2
R270_EGFP 

neurons, but detected reduced neurite length, soma size and spine number in KI neurons. 

From our experimental data, we conclude that MeCP2
R270_EGFP 

protein has a deleterious effect 

on neuronal morphology and alters the spine density.   

 In the second part of the thesis, we generated a Mecp2 transgenic mouse model to 

determine the MECP2 dosage effect on duplication syndrome.  The generated Mecp2
WT_EGFP

 

transgenic mice mildly overexpressed MeCP2 (~1.5X) (MeCP2 transgenic with endogenous). 
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From our extensive behavioral analyzes, we observed increased aggressiveness and higher 

seizures in Mecp2
WT_EGFP

 transgenic mice propensity after treatment with epileptogenic 

compound pentylenetetrazole (PTZ). Furthermore, induction of Mecp2
WT_EGFP 

transgenic 

cultured neurons with PTZ caused increase calcium amplitude with a higher frequency. 

Additionally, the ex vivo and in vivo evaluation of neuronal parameters of hippocampal 

neurons revealed an increased area of soma, reduced tertiary branching sites and increased 

spine density in Mecp2
WT_EGFP

 transgenic mouse. Collectively, our results suggest that mild 

MeCP2 overexpression in mice leads to epileptic seizures as a first symptom. Furthermore, 

precise MeCP2 dosage is necessary for proper neurodevelopment in mice. 

 In the third part of the thesis, we reported that the MeCP2 expression is not restricted 

only in the neurons but also expressed in astrocytes. Recent studies highlighted the role of 

MeCP2 in astrocytes. The co-cultured assay system with Mecp2 null astrocytes together with 

wild type neurons displayed shorter and small number of dendrites. These findings suggested 

the unknown secreted factor(s) from Mecp2 deficient astrocytes cause toxic effect to the 

neighboring neurons in non-cell-autonomous manner. In order to determine and characterize 

the MeCP2 targets in astrocytes, we performed proteomic analysis and characterized ~5000 

different proteins in astrocytes with three independent technical repeats. Our proteomic 

analysis revealed 69 up-regulated and 29 down-regulated proteins in knockin (KI) and 50 up-

regulated and 32 down-regulated proteins in knockout (KO), when compared to wildtype 

astocytes. The identified Mecp2 target proteins from proteomic analysis revealed that MeCP2 

is involved in cell adhesions through desmosomal proteins (Dsp and Pkp1), regulation of 

reactive oxygen species (ROS) (Txn2) and glutamate homeostasis via Slc25a18 in astrocytes. 

We could validate the differential expression of Mecp2 target proteins such as Dsp and Pkp1 

in Mecp2 knockout astrocytes compared to wild type astrocytes through Western blot 

analysis. After validating the proteomic data, in future an ex vivo assay can be established to 

test the effect of non-cell autonomous astrocytes factors identified through proteomics 
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approach. Establishing the role of glial dysfunction in RTT pathogenesis could provide a new 

avenue for understanding RTT and will assist us in developing novel therapy for this disease.  
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2. Introduction 

2.1. Rett syndrome 

The postnatal neurodevelopmental disorder, Rett syndrome (RTT, MIM #312750) was 

first reported by Andreas Rett in 1966 (Rett et al., 1966). It is an X-linked dominant 

neurodevelopmental disorder that primarily affects girls at a frequency of 1:10,000 to 15,000 

live female births (Rett et al., 1966; Hagberg et al., 1985; Laurvick et al., 2006; Neul et al., 

2010). Although RTT infants develop normally up to the age of 6-18 months, thereafter they 

show developmental stagnation followed by rapid regression of phenotypes (Figure 2.1). 

Subsequently, these patients fail to meet psychomotor milestones and fall into regression 

(Amir et al., 2000; Francke et al., 2006; Chahrour et al., 2007; Samaco et al., 2011). Affected 

RTT individuals develop stereotypic hand movements and autistic features during the 

regression period followed by difficulties in social behavior (Zappella et al., 1998; Glaze et 

al., 2004). Recent studies have reported few additional symptoms such as anxiety, seizures, 

breathing abnormalities, sleep disturbances, and autonomic dysfunction in RTT patients 

(Chahrour et al., 2007). The subsequent screening of candidate genes in familial RTT cases 

revealed mutations in MECP2 gene (Amir et al., 1999). Mutations in MECP2 gene are found 

in 95-97% of patients showing classical Rett syndrome symptoms (Neul et al., 2008). 

Majority of RTT patients display classically defined (typical) phenotypes, however some RTT 

individuals display mild or more severe clinical phenotypes with a late age of onset, which 

appears between 1 to 3 years and is known as atypical RTT (Amir et al., 2000). The most 

atypical RTT patients manifest the ‘forme fruste’ phenotype with less severe regression, 

milder mental retardation, congenital hypotonia, loss of hand skills and develop seizures 

(Amir et al., 2000). About 10% of atypical RTT cases are caused by mutations in the cyclin 

dependent kinase like 5 (CDKL5) gene (Guerrini et al., 2012). In addition, mutations in the 
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forkhead box G (FOXG1) gene cause a congenital variant of RTT with severe cognitive 

impairment, early epilepsy and dyskinetic movement disorders (Guerrini et al., 2012).   

Due to random X-chromosome inactivation (XCI), females are mosaics for MECP2 

mutations, justifying a spectrum of phenotypes ranging from classic RTT to asymptomatic 

individuals (Wan et al., 1999). Conversely, male patients carrying MECP2 mutations manifest 

very severe phenotype, including neonatal encephalopathy and lead to early childhood death 

(Kriaucionis et al., 2003).  

  

Figure 2.1. Schematic diagram outlining the beginning and progression of phenotypes in RTT patients. 

A healthy looking RTT infant shows normal development after birth and falls into developmental stagnation, 

rapid regression and develops autistic features, followed by loss of hand skills and abnormalities in respiration. 

The patients also suffer from motor abnormalities, autonomic dysfunction, seizures and undergo to stationary 

stage and anxiety (Figure adapted from Chahrour et al., 2007). 
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2.2. Structure and molecular function of MeCP2  

The MECP2 gene (OMIM:*300005) is located on the X-chromosome and encodes for 

Methyl-CpG-binding Protein 2 (MeCP2), that recognizes methylated CpG dinucleotides and 

binds symmetrically to target DNA sequences (Meehan et al., 1992; Nan et al., 1993). To date 

over 700 mutations causing RTT (HGMD database; https//:portal.biobase-

international.com/hgmd/pro/all.php) have been reported which include missense, nonsense, 

splice site, deletions and insertions (Amir et al., 1999). The MECP2 gene consists of 4 exons 

and transcribes into two different isoforms of MECP2 (MECP2-e1 and MECP2-e2) through 

the alternative codon usage and splicing of exon 2 (Figure 2.2). These two isoforms differ 

only in their N-terminal sequence. The protein product of MECP2-e1 isoform consists of 21 

additional amino acids encoded by exon 1, and  is abundantly expressed  in the brain (Dragich 

et al., 2007). The translation of MECP2-e2 isoform starts at exon 2 and the protein product 

consists of 9 amino acids encoded by exon 2 (Esposito et al., 1996; Kriaucionis et al., 2004; 

Dragich et al., 2007). No unique function has been described to the MeCP2 (e1 and e2) 

isoforms (Mnatzakanian et al., 2004; Dragich et al., 2007).  

The MECP2 have multiple polyadenylation sites in 3 untranslated region, which 

generate several transcript variants (Chahrour et al., 2007). The MeCP2 protein encoded by 

MECP2e1 and MECP2e2 transcript belong to the methyl-CpG binding protein family 

(Hendrich et al., 1998). The MeCP2 protein consists of two conserved functional domains, 

namely a methyl-CpG-binding domain (MBD, 90-174 amino acids location in protein) and a 

transcriptional repression domain (TRD, 219-322 amino acids location in protein) (Quaderi et 

al., 1994; Esposito et al., 1996) (Figure 2.3). The function of MBD protein is to bind the 

methylated CpG sequences symmetrically (Lewis et al., 1992; Meehan et al., 1992; Nan et al., 

1993). While, the TRD recruits transcriptional corepressors such as Sin3A and histone 

deacetylases (HDAC1 and HDAC2) at the target promoter sites. The histone acetyl groups 
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will be removed by HDACs thus leading to a chromatin compaction structure, which 

suppresses the gene expression (Nan et al., 1997, 1998; Jones et al., 1998; Samaco et al., 

2011). The MeCP2 also harbors two nuclear localization signals (NLS) embedded within the 

TRD. The C-terminal region of MeCP2 comprises a proline-rich region named as C-terminal 

domain (CTD, 376- 405 amino acids) (Adams et al., 2007), which might facilitate the binding 

of MeCP2 to the DNA (Shahbazin et al., 2002; Chahrour et al., 2008).  

 

             

 

 

 

  

 

Figure 2.2. Schematic representation of the MECP2 gene and its splice variants.  The MECP2 gene 

contains  of four exons and the alternative splicing and codon usage produce two isoforms: MECP2-e1 and 

MECP2-e2. The coding sequence of each isoform is highlighted in blue color. 

 

          

Figure 2.3. The graphic representation of MeCP2 protein and its functional domains. The methyl binding 

domain (MBD), transcriptional repression domain (TRD), two nuclear localization signals (NLS1 and NLS2) 

located within the TRD and the C-terminally located proline-rich domain (CTD) are highlighted. The amino acid 

numbering corresponding to each domain is indicated below. 

 

Exon1 Exon2 Exon3 Exon4 

MECP2-e1 

Exon1 Exon2 Exon3 Exon4 

MECP2-e2 

Coding sequence Noncoding sequence 
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Although, MeCp2 was regarded as a transcriptional repressor for a long time, recent 

studies have shown the role of MeCP2 in various cellular processes, hence it has been 

recognized as a multifaceted protein (Chahrour et al., 2008). Various experiments evidenced 

that MeCP2 is actively involved in RNA splicing and chromatin compaction (George et al., 

2003; Young et al., 2005). An elegant study by Chahrour and colleagues showed that MeCP2 

also functions as an transcriptional activator by associating with transcriptional activators 

such as CREB1 (cAMP responsive element binding protein 1) (Chahrour et al., 2008). The 

various functions of MeCP2 are summarized in Figure 2.4. 

 

 

 

 

 

Figure 2.4. Schematic diagram showing the multifunctional role of MeCP2 during development. The 

MeCP2 protein plays a role in neurite extension, chromatin architecture and looping, binding to the methylated 

DNA and it contributes to both activation and repression of transcription.  

2.3.    The mutational spectrum of MECP2 in Rett syndrome 

It is interesting to note that over 700 different types of mutations in the MECP2 gene 

causing RTT have been reported (https//:portal.biobase international.com/hgmd/pro/all.php). 

However, 8 recurrent missense and nonsense mutations (R106W; R133C; T158M; R168X; 

R255X; R270X; R294X; and R306C) account for up to two thirds of total RTT cases (Figure. 

2.5) (Dragich et al., 2000; Chahrour et al., 2007; Bebbington et al., 2008).  Among the 

different classes of mutations, the missense mutations manifest milder phenotypes as 

MeCP2 

Possible histone binding capacity (Nikitina et al., 2007a) 

Splicing regulation (Young et al., 2003) 

Chromatin architecture (George et al., 2003) 

Bound to actively transcribed promoters (Yasui et al., 2007) 

Methylated DNA binding protein (Young et al., 2003) 

Transcriptional repression and activation  
(Nan et al., 1997; Chahrour et al., 2008) 

Neurite extension (Cusack et al., 2004) 

DNA-MeCP2-DNA bridges (Nikitina et al., 2007) 

Chromatin looping (Horike et al., 2005) 

Recruitment of Histone deacetylases (Nan et al., 

1998) 
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compared to truncated mutations (Amir et al., 2000; Huppke et al., 2002; Colvin et al., 2004). 

Similarly, the mutations in MBD exhibit milder clinical phenotype in comparison to 

mutations in the TRD domain (Colvin et al., 2004). Further studies have revealed that the 

truncated mutations in TRD-NLS region (R255X; R270X) manifest a significantly more 

severe phenotypes as compared to the rest of mutations located in other regions of the MeCP2 

(Huppke et al., 2002; Colvin et al., 2004). In this context, the R294X, R306C mutations that 

are situated after the TRD-NLS domain manifest milder phenotypes (Colvin et al., 2004).  

 

Figure 2.5. Representative diagram showing the frequency of the eight most recurrent de novo 

mutations in MECP2/ RTT syndrome. The R106W, R133C and T158M mutations are located in the methyl 

binding domain (MBD). The R255X and R270X mutations are situated in the nuclear localization signal (NLS2) 

is located within the transcriptional repression domain (TRD) while the R294X and R306C mutations are located 

after the NLS2 region. The R168X mutation is present in between the MBD and TRD and is termed as 

interdomain mutation.   

 

Interestingly, the R270X mutation results in one of the most severe phenotypes among 

the other mutational cohort (Dragich et al., 2000; Bebbington et al., 2008). According to 

recent reports, the R270X represents 10.9% of the pathogenic mutations that are recorded in 
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RettBase (Christodoulou et al., 2005; Jain et al., 2005). The phenotypic characteristic features 

of the R270X mutation include epilepsy, loss of social interactions and motor skills, 

stereotypical hand movements, and breathing abnormalities resulting in a higher mortality rate 

(Figure 2.6) (Colvin et al., 2004; Jian et al., 2005). Truncating mutations in the TRD-NLS 

region were predicted to result in failure of the truncated MeCP2 protein (presuming if 

structurally stable protein) to be moved to the nucleus. These assumptions were further 

supported by a remarkable reduction in the MeCP2 specific transcription, which could 

possibly lead to a more severe phenotype (Colvin et al., 2004).  In addition, the truncated 

protein resulted from mutations in the TRD, but distal to the NLS, could still be translocated 

into the nucleus and displayed a partial effect on transcriptional activity with a milder 

phenotype (Colvin et al., 2004). However, to our knowledge no functional in vitro studies of 

mutations in the TRD-NLS have been performed. 

                                                

Figure 2.6. Schematic representation of the survival of R270X mutation carrying patients compared to 

other   mutations. The R270X mutation within the TRD – NLS2 region showed higher mortality as compared to 

other types of mutations (n=524). (Figure adapted from Jain et al., 2005). 
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2.4.   gain-of-function mutations cause neurological disorder 

 Loss-of-function mutations in MECP2 causes RTT syndrome, whereas duplication of 

the MECP2 gene causes another neurological disorder termed as MECP2 duplication 

syndrome (Carvalho et al., 2009; Ramocki et al., 2010; Carvalho et al., 2011). It primarily 

affects boys and the incidence rate is 1-4 in 50,000 live male births and 1 in 600,000 live 

female births (http://mecp2.wordpress.com/2012/02/06/how-many-children-and-adults-have-

mecp2-duplication-syndrome/#more-868). The major symptoms of MECP2 duplication 

syndrome include severe mental retardation, hypotonia, epileptic seizures, progressive 

spasticity, autistic features, anxiety and severe respiratory infections (Ramocki et al., 2010; 

Van Esch et al., 2012). The severity of symptoms increases in patients who have the 

triplication of MECP2 locus as compared to the duplication syndrome (Van Esch et al., 2005; 

Velinov et al., 2009; Prescott et al., 2009; Samaco et al., 2011). To elucidate the 

pathomechanism of the MECP2 duplication syndrome, several different mouse models were 

generated. The MECP2 transgenic mouse model expressing MeCP2 at double the normal 

protein level (MeCP2-2X) displayed motor defects, stereotypies, seizures, spasticity and 

ataxia (Collins et al., 2004; Samaco et al., 2011). In addition, the MeCP2-2X mice showed 

heightened anxiety, less interest in new partners, decreased activity and premature death 

between 20 weeks to 1 year of age (Collins et al., 2004). Interestingly, the transgenic mice 

expressing in excess of threefold MeCP2 protein expression (MeCP2-4X) exhibited very 

severe phenotypes as compared to MeCP2-2X transgenic mice and die within 3 weeks of age 

(Collins et al., 2004; Na et al., 2012). 
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2.5. The non-cell-autonomous role of MeCP2  

The predominant expression of MeCP2 in neurons (Shahbazian et al., 2002; Kishi et 

al., 2004) led to the speculation that the loss of MeCP2 function in neurons is solely 

responsible for the majority of the observed RTT phenotypes. In addition, it has been shown 

that the deficiency of MeCP2 causes abnormalities in neuronal structure and function such as 

abnormal dendritic arborization (Kishi et al., 2004; Armstrong et al., 2005), and spine density 

(Belichenko et al., 1994), reduced basal synaptic transmission (Moretti et al., 2006), 

excitatory synaptic plasticity (Moretti et al., 2006; Chao et al., 2007), and spontaneous 

cortical activity (Dani et al., 2005). In summary, these studies pointed out that the 

neuropathology is the underlying cause for RTT. Interestingly, several lines of evidence 

showed that MeCP2 expression is not only restricted to neurons, but is also detected in 

astrocytes, microglia, oligodendrocyte progenitor cells (OPCs) and oligodendrocytes (Ballas 

et al., 2009; Maezawa et al., 2009). Astrocytes are the major component as glial population in 

the central nervous system (CNS) (Molfsky et al., 2012). They mainly regulate the brain 

microenvironment, such as guidance of neuronal migration, synaptic transmission and 

neuronal excitability, energy metabolism, detoxification, free radical scavenging, and immune 

function (Davalos et al., 2005; Markiewicz et al., 2006; Barres et al., 2008). Recently, a 

number of elegant experiments showed that the wild type as well as MeCP2-deficient neurons 

displayed lesser and shorter dendrites, when co-cultured with MeCP2-null
 
astrocytes (Figure 

2.7). These findings suggested that some unknown secreted factors from MeCP2-deficient 

astrocytes inhibit the maturation of neurons (Ballas et al., 2008; Maezawa et al., 2009; Zoghbi 

et al., 2009). Furthermore, conditioned media from the MeCP2-null astrocytes phenocopied 

the astrocytic effect, suggesting that unknown secreted factor(s) by the mutant astrocytes 

contribute to the neuronal damage thereby to developmental defects in a non-cell-autonomous 

manner (Ballas et al., 2009).  
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Figure 2.7. Schematic diagram showing the toxic effect of Mecp2-null astrocytes in neuronal culture. (a) 

Wild type neurons (green) show normal dendrite structure in presence of wild type astrocytes (purple). (b) In the 

presence of Mecp2-null astrocytes (red), the adjacent neurons exhibit decreased dendrite structure. (c) Wild type 

astrocytes failed to rescue the neuronal abnormalities from the toxic effect from the Mecp2-null astrocytes. (d) 

Conditioned media from wild-type astrocytes support neighboring neurons. (e) Conditioned media from Mecp2-

null astrocytes are toxic to neuronal growth. (f) Astrocyte conditioned media from both wild type and Mecp2-

null
  
showed toxic effect on neuronal growth (Figure adapted from Zoghbi et al., 2009). 

2.6. Objective of the thesis   

To elucidate the molecular mechanism leading to a severe phenotype due to R270X 

mutation in RTT patients, we generated a mouse model expressing the human R270X 

equivalent mutation (MeCP2
270_EGFP

) and utilized it for a comprehensive functional analysis 

of mutant MeCP2. 

To study the pathomechanism associated with MECP2 duplication syndrome, we 

generated a transgenic mouse model with a mild (1.5X) overexpression of MeCP2 using BAC 

transgenesis. The generated mouse model was used to identify and characterize the earliest 

pathologies manifested due to MeCP2 gain of function. 
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Further, a proteomic approach was employed to identify and characterize MeCP2 

target proteins in astrocytes. This study will help us to establish the role of glial dysfunction in 

RTT pathogenesis, hence, could provide not only a new avenue for understanding RTT 

pathogenesis but to develop novel therapies for this disease. 
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3.1 MeCP2
270

 Mutant Protein Is Expressed in Astrocytes as well as in Neurons and 

Localizes in the Nucleus 

 

 In the first part of the thesis, we characterize the function of most frequent human 

associate mutation R270X in MECP2. To evaluate the molecular and functional role of 

nonsense mutation R270X, we generated a Mecp2
R270_EGFP 

transgenic mouse. The 

Mecp2
R270_EGFP  

transgenic mouse showed similar pattern of protein expression as compared 

to the endogenous MeCP2. However, we didn’t observe any neurological impairment in 

Mecp2
R270_EGFP 

transgenic mice and these mice were phenotypically normal up to 1 year of 

age. Further studies, in ex-vivo system showed no difference in neuronal growth and 

differentiation. Interestingly, we observed the Mecp2
R270_EGFP

 expression in astrocytes as well 

as neurons. 
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3.2 Mild overexpression of Mecp2 in mice causes a higher susceptibility toward 

seizures 

 In the second part of the thesis, we generated a Mecp2 transgenic model to determine 

the MECP2 dosage effect on duplication syndrome. To evaluate the MeCP2 dosage effects, 

we generated Mecp2
WT_EGFP 

transgenic mouse which was mildly overexpressed MeCP2 

(~1.5X) (MeCP2 transgenic with endogenous).  The Mecp2
WT_EGFP 

transgenic mouse showed 

increased aggressiveness and higher seizures propensity after pentylenetetrazole (PTZ) 

(epiliptogenic compound) treatment. Additional studies in Mecp2
WT_EGFP 

transgenic cultured 

neurons revealed that after PTZ treatment there was an increase in calcium amplitude as 

frequency. Further evaluation of ex vivo and in vivo neuronal parameters showed an increase 

in soma size and reduced tertiary branching sites with increased spine number in 

Mecp2
WT_EGFP 

transgenic mouse. From our various results, we conclude that mild MeCP2 

overexpression in mice leads to epileptic seizures as a first symptom.  

Chiranjeevi Bodda*, 
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Karolina Can, Albert Rosenberger, Sergej L. Mironov, Hannelore Ehrenreich and Ashraf U. 
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4. Discussion 

The Rett syndrome (RTT) is a postnatal neurodevelopmental disorder, primarily 

affecting girls. Mutations in X-linked MECP2 gene encoding for the methyl-CpG- binding 

protein (MeCP2) is the primary cause for RTT. However, a wide range of studies suggests a 

multifaceted role of MeCP2 protein. Various studies showed that MeCP2 is actively involved 

in transcriptional modulation, chromatin compaction, RNA splicing and chromatin looping  

(Nan et al., 1997; Nan et al., 1998; George et al., 2003; Young et al., 2003; Cusack et al., 

2004; Horike et al., 2005; Young et al., 2005; Yasui et al., 2007; Nikitina et al., 2007a; 

Nikitina et al., 2007b; Chahrour et al., 2008; Skene et al., 2010; Mellen et al., 2012). In the 

current study, we elucidated the function of MeCP2 using different mouse model systems. 

Firstly, we generated a mouse model with human equivalent mutation R270X to evaluate the 

role of this mutation at cellular (neuronal and non-neuronal) and behavioral levels. In 

addition, we identified several MeCP2 target proteins in the astrocytes by using proteomics 

approach. Furthermore, we characterized a transgenic mouse mildly overexpressing MeCP2 

to determine the gene dosage effect.    

4.1 Functional characterization of Mecp2 mutant mouse models 

 

4.1.1 Various Mecp2 model systems 

To investigate the pathomechanism of RTT, numerous mouse models that alter the 

expression or function of MeCP2 have been generated in different laboratories (Guy et al., 

2001; Shahbazian et al., 2002a; Collins et al., 2004; Guy et al., 2007; Lawson-Yuen et al., 

2007; Samaco et al., 2011; Goffin et al., 2012). 

4.1.1.1 Mecp2
tm1.1Bird

  knockout mouse model 

 

The first Mecp2 mouse model was generated by Guy et al, (2001). This Mecp2 
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conditional knockout mice lacked both exon 3 and exon 4 of Mecp2 and no expression of 

MeCP2 mRNA and protein were detectable. The Mecp2
tm1.1Bird

 knockout mouse displayed 

stiffness, uncoordinated gait and reduced spontaneous movements at the age of 3-8 weeks. In 

addition, this mouse undergoes severe weight loss, reduced brain size, shivering, abnormal 

breathing, hindlimb clasping and die at the age of ~8-10 weeks (Guy et al., 2001).  

4.1.1.2 Reversal of neurological defects in Mecp2
lox-stop

/y mouse model  

 

 Interestingly, another mouse model Mecp2
lox-stop

/y was generated by Guy et al. 

(2007), in order to demonstrate that the robust neurological phenotype of Mecp2
lox-stop

/y mice 

can be reversed. To understand the reversal of Mecp2 mechanism, the authors generated a 

mouse model wherein the Mecp2 gene was silenced by insertion of a lox-stop cassette with in 

exon 3 and exon 4 (Guy et al., 2007). The Mecp2
lox-stop

/y mice showed symptoms at the age of 

6 weeks, such as irregular breathing, hyperventilation, long apnea, abnormal gait and 

hindlimb clasping. The symptoms of Mecp2
lox-stop

/y mice were similar to those in phenotypes 

of Mecp2
tm1.1Bird

 knockout mice (Guy et al., 2007). Remarkably, when the Mecp2 expression 

was activated under its own promoter through cre mediated release of lox-stop cassette either 

in neonatal or adult Mecp2
lox-stop

/y mice, led to rescue of the RTT phenotype. 

4.1.1.3   Mecp2
R308X

 mutant mouse expressing a truncated MeCP2 protein 

In RTT patients the Mecp2
R308X

 mutation causes neonatal encephalopathy, ataxia, 

severe mental retardation with seizures and premature death (Shahbazian et al., 2001; Zoghbi 

et al., 2001). To elucidate the molecular role of R308X mutation, Shahbazian et al, (2002a) 

generated a Mecp2
308/y

 mutant mouse. They inserted a stop codon after R308 (R308X, arginin 

residue was replaced by stop codon) amino acid residue in the carboxy terminal position of 

murine Mecp2. The mutant mice developed normally until 6 weeks, however, later they 

developed most of the neurological deficits similar to Mecp2
tm1.1Bird

 knockout mice. The 

major symptoms of Mecp2
308

/y mice are hypoactivity, hindlimb clasping, tremors, seizures, 



  Discussion 

 43 

ataxia, motor dysfunction and social impairments (Shahbazian et al., 2002a; Moretti et al., 

2005; Chao et al., 2010).  

4.1.1.4   Mecp2
T158A

 mutant mouse model 

The substitution of threonine to alanine at 158 position (T158A) in MeCP2 is one of 

the most common missense mutations which occurs in RTT patients (Colvin et al., 2004). To 

elucidate the pathomechanism associated with T158A mutation, Goffin et al, (2012) generated 

a knockin mouse model wherein they mutated threonine 158 to alanine that is equivalent to 

the human T158A mutation. The Mecp2
T158A

/y mouse recapitulated almost all the phenotypic 

features of Mecp2
tm1.1Bird

 knockout mouse, including progressive motor impairments, 

hindlimb clasping and premature lethality. 

4.1.1.5   Mecp2
R168X

 nonsense mutation mouse model 

 Furthermore, Lawson and colleagues generated a knockin mouse by replacing 

arginine 168 with a stop codon (Lawson-Yuen et al., 2007). The R168X is one of the most 

frequent mutations detected in RTT patients (Colvin et al., 2004). The Mecp2
R168X

/y mutant 

mouse recapitulated most of the phenotypic features of the Mecp2
tm1.1Bird

 knockout mouse, 

including irregular breathing, weight loss and scoliosis (Lawson-Yuen et al., 2007). The 

phenotypic features of different mouse models of RTT are summarized in table 4.1 and figure 

4.1. 
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Table 4.1. Summary of different mouse models of RTT with molecular defects and behavioral 

characteristics. MBD: Methyl Binding Domain, TRD: Transcriptional Repression Domain.  
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Figure 4.1. Spectrum of phenotypes of various mouse models with different types of Mecp2 mutations.  

In case of loss of function (Rett syndrome), phenotypic severity is associated with decreased expression activity 

of MeCP2 as shown by comparison of wild type (Mecp2
+/y

), Mecp2
loxP/y

, Mecp2
T158A/y

, Mecp2
R168X/y 

and Mecp2 

knockout mice (Mecp2
−/y

). In contrast, in case of gain of function of MeCP2,  which is associated with 

duplication syndrome, the phenotypic severity is higher with increased expression of MeCP2 as shown by 

comparison of Mecp2
+/y

, MECP2
Tg1

 (2 fold overexpression) and MECP2
Tg3

 (4 fold overexpression). (Adapted 

from Chao et al., 2012). 

4.1.2 Functional characterization of Mecp2
R270X_EGFP 

mutant mouse model 
 

A wide spectrum of MECP2 mutations have been reported in RTT patients. However 

8 recurrent missense and nonsense mutations (R106W; R133C; T158M; R168X; R255X; 

R270X; R294X; and R306C) account for up to two thirds of the total mutations reported in 

RTT patients (Dragich et al., 2000; Chahrour et al., 2007). Among the ~700 different 

mutations, the R270X is one of the most frequent mutations reported in RTT cohorts (Dragich 

et al., 2000; Bebbington et al., 2008). The R270X nonsense mutation is located within the 

TRD-NLS region of MeCP2 protein and exhibits more severe phenotype and higher mortality 

rate as compared to other mutations (Colvin et al., 2004; Jain et al., 2005). In contrast, the 

R294X and R306C mutations that are situated after the TRD-NLS domain in MeCP2 manifest 

milder phenotypes (Colvin et al., 2004). 
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4.1.2.1 Generation of Mecp2
R270X_EGFP 

mutant mouse model 
 

To evaluate the pathomechanism associated with R270X mutation, we generated a 

Mecp2
R270_EGFP

 transgenic mouse that is equivalent to the human mutation. We used Bacterial 

Artificial Chromosome (BAC) construct for generating the Mecp2
R270_EGFP

 transgenic mouse, 

which consists of endogenous promoter and regulatory elements of Mecp2. In addition, the 

Enhanced Green Fluorescent Protein/Kanamycin (EGFP/Kan) cassette was inserted after 270 

amino acids of the murine Mecp2 gene. We bred the Mecp2
R270X_EGFP

 transgenic male mouse 

with Mecp2 knockout female to obtain Mecp2
R270X 

knockin (KI) mouse (Figure 4.2.A). To 

determine the Mecp2
R270_EGFP

 protein expression, we performed Western blot analysis with 

total protein from brain samples. The Western blot confirmed an additional MeCP2 protein 

band of 65kDa size, corresponding to transgenic protein in Mecp2
R270_EGFP 

and KI mice 

(Figure 4.2.B). 

A)  

B)                     

                                                              

Figure 4.2. Schematic diagram of mouse breeding and validation of MeCP2 protein expression             

A) Schematic breeding strategy between Mecp2
R270_EGFP

 heterozygous transgenic male andMecp2 knockout 
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(KO) heterozygote female to obtain Mecp2
  
knockin (KI). B) Western blot analysis using MeCP2 antibody on the 

total brain protein revealed the endogenous MeCP2 protein at 70 kDa size and an additional transgenic MeCP2 

protein corresponding to 65 kDa in Mecp2
R270_EGFP

 (TG
270

) transgenic mice. In Mecp2 knockin (KI) brain no 

endogenous MeCP2 protein was detectable (70 kDa) and only expression of transgenic Mecp2
R270_EGFP

 (65 kDa) 

was observed. In addition, immunoblots with anti-GFP antibody confirmed the protein band at 65 kDa was 

indeed transgenic MeCP2
R270_EGFP

 protein.  

Initial assessment showed no neurological impairments in Mecp2
R270_EGFP

 transgenic 

mice, but KI mice were positive for hindlimb clasping (Figure 4.3). The Mecp2
R270_EGFP

 mice 

were phenotypically normal up to age of 1 year. However, to characterize the phenotypes of 

the Mecp2
270_EGFP

 transgenic and KI mice, an extensive battery of behavioral tests including 

motor, sensory, social and cognitive functions will be necessary.  

         

Figure 4.3. Hindlimb clasping test. The Mecp2
R270_EGFP

 transgenic mice (TG
270

) were negative for hindlimb 

clasping test as were the wild-type mice. Interestingly we observed delayed onset of hindlimb clasping in 

knockin mouse at the age of 4 months. The Mecp2-knockout mice was postitive for hindlimb clasping at the age 

of 40 days.  

4.1.2.2. Evaluation of neuronal parameters of Mecp2
R270_EGFP

 mutant mice 

To characterize the phenotype at the cellular level, we evaluated the neuronal 

parameters of primary hippocampal neurons prior to the manifestation of the symptoms. In 

order to determine the defects in the neuronal differentiation and development, we prepared 

hippocampal primary neuronal cultures from P7 stage of Mecp2
R270_EGFP 

(TG
270

), KI and KO 

male mice. After 14 days of the culture, we evaluated the neuronal parameters such as soma 
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size, total length of the neurites and the complexity of the branching sites, such as primary, 

secondary and tertiary branching sites. These parameters were measured by blind genotyping. 

We did not observe any differences in the neurite length and soma size between WT and 

Mecp2
R270_EGFP 

(TG
270

) neurons, but we detected reduced neurite length and soma size in KI 

as compared to WT (Figure 4.4.A and 4.4.B). Notably, the complexity of branching sites, 

particularly the secondary and tertiary branching sites of Mecp2
R270_EGFP 

(TG
270

) and KI 

neurons were decreased compared to WT neurons (Figure 4.4.C-D).   

    

Figure 4.4. Evaluation of hippocampus neuronal parameters. The hippocampal neurons were 

immunostained with MAP2 antibody and neuronal parameters were analyzed for the stained neurons by 

Image J and Neuron J softwares. A) The area of soma size in Mecp2
R270_EGFP

 (TG
270

) neuron was larger than 

wildtype soma. In contrast the soma size of knockin (KI) neuron was smaller as compared to wild type neurons. 

B) The total lengths of knockin (KI) and knockout (KO) neurites were significantly smaller as compared to 

wildtype and Mecp2
R270_EGFP

 (TG
270

) neurons. C-D) The number of secondary and tertiary branching sites were 

significantly reduced in Mecp2
R270_EGFP 

(TG
270

), knockin (KI) and knockout (KO) neurons compared to wildtype 

neurons. *p<0.05, **p<0.001, ***p<0.0001, ns- not significant. 

The Golgi-Cox staining is a widely used technique to characterize the neuronal phenotype 

in in vivo in the whole brain (Corsi et al 1987; Ramon-Moliner et al., 1970; Robinson et al., 

1997). The whole brains of 6 weeks old mice were dissected and Golgi staining was 

performed. The dissected brains were immersed in impregnation solution (mixture of A/B) for 

7 days followed by cryoprotection solution C treatment for 2 days. Subsequently, the brains 

were sectioned into 150 m thick slices and dehydrated. Later, images of pyramidal neurons 
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were captured from Golgi-Cox stained neurons and the spine density were calculated by using 

Image J software. There was no significant difference in spine density between 

Mecp2
R270_EGFP 

and WT, but we observed reduced spine density in KI and KO as compared to 

WT neurons (Figure 4.5).  

  A)                                                                B) 

                 

Figure 4.5. Evaluation of spine density in Mecp2 mouse models. A) Decreased spines in the basal dendrites 

of CA1 pyramidal neurons observed in knockin (KI) and knockout (KO) mice but no changes were found in 

Mecp2
R270_EGFP

 (TG
270

) mice compared to WT mice. B) The spine density of Wildtype, Mecp2
270_EGFP

, knockin 

(KI) and knockout (KO) was plotted as mean value of 10 µm per unit length for neurite length.  

Collectively from these results, we speculate that the MeCP2
R270_EGFP 

protein has a 

deleterious effect on neuronal morphology and alters the spine density.  

Further studies such as neuro-physiological and molecular studies with Mecp2
R270_EGFP

 

transgenic and KI mice will shed light on the effect of R270X mutation on synaptic plasticity, 

connectivity, transmission and synaptic functional changes in the brain.  
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4.2 Phenotypical consequences of mild Mecp2 overexpression and             

estimation of gene-doses effects in a mouse model 

A loss-of-function mutation in MECP2 causes RTT syndrome and gain of MECP2 leads 

to duplication syndrome. In both cases it leads to neurological impairments (Amir et al., 1999; 

Collins et al., 2004; Ramocki et al., 2009; Ramocki et al., 2010; Carvalho et al., 2011) (Figure 

4.6).  

                               

Figure 4.6. Schematic diagram showing consequence of loss and gain of MeCP2 function. Loss of 

function mutation causes Rett syndrome, in contrast, gain of function of MeCP2 lead to duplication syndrome. In 

both incidences, neurological impairments are manifested in patients.  

The MECP2 duplication syndrome primarily affects 1-4 boys in 50,000 male births 

(http://mecp2.wordpress.com/2012/02/06/how-many-children-and-adults-have-mecp2-

duplication-syndrome/#more-868). The symptoms of MECP2 duplication syndrome includes 

severe mental retardation, hypotonia, epileptic seizures, anxiety, aggression and severe 

respiratory infections (Ramocki et al., 2010; Van Esch et al., 2012). The patients with 

triplication of MECP2 manifest even more severe phenotype than duplication syndrome 

patients (Gaudio et al., 2006; Carvalho et al., 2009). To determine the consequence of MECP2 

dosage, different mouse models were generated (Collins et al., 2004; Samaco et al., 2011; Na 

et al., 2012). The MECP2 transgenic mouse model expressing MeCP2 at double the amount 

as compared to endogenous level, displayed motor defects, stereotypies, seizures, 
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aggressiveness, spasticity and ataxia (Table 4.2) (Collins et al., 2004; Samaco et al., 2011). In 

addition, the MeCP2-2X mice showed heightened anxiety, decreased activity and premature 

death between 20 weeks to 1 year of age (Collins et al., 2004). Interestingly, the transgenic 

mice expressing in excess of threefold MeCP2 protein (MeCP2-4X) exhibited very severe 

phenotypes as compared to MeCP2-2X transgenic mice and die within 3 weeks of age (Table 

4.2) (Collins et al., 2004; Samaco et al., 2011; Na et al., 2012). 

Table 4.2. Mouse models of MECP2 duplication syndrome with their behavioral studies. 

                

To determine the effect of MeCP2 dosage, we generated a Mecp2
WT_EGFP

 transgenic 

mouse that mildly (1.5X) overexpresses MeCP2 (endogenous plus transgenic). A detailed 

behavioral analysis of Mecp2
WT_EGFP 

mice revealed an increase in aggressiveness and seizures 

propensity like behavior. Evaluation of neuronal parameters both at ex vivo and in vivo levels 

showed impaired secondary and tertiary branching sites and increased spine density in 

Mecp2
WT_EGFP 

transgenic neurons. Treatment of Mecp2
WT_EGFP 

transgenic neurons with 
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pentylenetetrazole (PTZ) causes an increased calcium spikes amplitude with a higher 

frequency.  

 Overall, from these studies we can conclude that precise regulation of MeCP2 

expression is necessary for appropriate neurodevelopment. These finding has an important 

ramification regarding devising potential therapeutic strategies for correcting the expression 

level of MeCP2 in RTT and MECP2 duplication syndrome patients. Any step towards 

increasing the levels of MeCP2 either through gene/protein therapy in the RTT patients or 

reducing MeCP2 expression through siRNA mediated down-regulation in the MECP2 

duplication syndrome must be considered carefully to avoid further neurological impairments. 

4.2.1. Mild overexpression of Mecp2 has negligible effect on differential regulation of 

target genes  

To estimate the gene dosage effects and predict the level at which potential non-

tolerable side effects might occur, mouse models with mild overexpression have been 

instrumental. Evaluation of the quantitative effect of MeCP2 expression level on phenotypes 

is highly relevant, as duplication of MECP2 causes severe neurological impairment and have 

substantial effects on target gene expression (Collins et al., 2004; Ramocki et al., 2009; 

Ramocki et al., 2010). To determine how MECP2 target genes expression is regulated in 

Mecp2
WT_EGFP 

mouse, we performed qRT-PCR analysis on a selected set of MeCP2 target 

genes (Gdf11, Lrp1b, Pygm, Robo1, Bdnf and Ddc) (Ben-Shachar et al., 2009; Urdinguio et 

al., 2008), which showed substantial differential regulation in Mecp2
Tg

2X and Mecp2 

knockout mice. 

The qRT-PCR was performed with total RNA isolated from cerebellum and hippocampus of 

P40 stage Mecp2
WT_EGFP

 transgenic and Mecp2 knockout mice. Overall, the expression pattern 

of target genes in cerebellum of null mice was similar to that previously reported (Chahrour et 
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al., 2008; Ben-Shachar et al., 2009), thus validating our qRT-PCR assay (Figure. 4.7). In 

transgenic cerebellum, the expression pattern of target genes showed minor changes as 

compared to wild type cerebellum (Figure. 4.7). When, we compared the expression pattern of 

MeCP2 target genes between cerebellum and hippocampus, we observed region specific 

regulations for Bdnf, Gdf11 and Lrp1b genes (Figure. 4.7).Interestingly, we observed a mild 

overexpression of Robol in transgenic cerebellum (Figure. 4.7), which is contrasting to 

expression pattern reported for Robol in MECP2-Tg cerebellum, where it shows significant 

down-regulation (Ben-Shachar et al., 2009). The effect of MeCP2 dosage on Robo1 regulation 

is highly relevant, as we observed a mild up-regulation of Robol in Mecp2
WT_EGFP

; however 

2X expression of MeCP2 causes a considerable down-regulation of this target gene in the 

cerebellum (Ben-Shachar et al., 2009). Thus, a reduced dosage of MeCP2 by half fold elicits 

an opposite effect on the expression pattern of Robo1. 

          

 

Figure 4.7. To determine the effect of mild Mecp2 overexpression (~1.5X) on target genes regulation. We 

selected several of the known genes, whose expression is significantly regulated by MeCP2, namely Ddc, Bdnf 

Gdf11, Lrp1b, Pygm and Robo1, for quantitative (q)RT-PCR) analysis. The expression pattern of target genes 

showed minor changes in transgenic cerebellum as compared to wild type. Furthermore, we observed region 

specific regulations of Bdnf, Gdf11, Robo1 and Lrp1b genes between cerebellum and hippocampus. KO, 

knockout; TG, transgenic; WT, wild type.  
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Overall, through the characterization of our generated mouse model overexpressing 

~1.5X level of MeCP2, we could reinforce the notion that the effect of MeCP2 on 

neurodevelopment is quantitative. Furthermore, unlike doubling of MeCP2 dosage  causing 

the severe neurological impairment, a ~1.5X level of MeCP2 only elicit milder phenotype 

with epileptic seizures propensity. Importantly, the complementation of Mecp2 null mice with 

a half dosage of transgenic Mecp2
WT_EGFP

 was sufficient to alleviate the major symptoms and 

led to prolongation of the life span. We conclude, that RT-PCR assay of Mecp2 target genes 

may be a suitable approach to evaluate the success of MeCP2 supplementary therapy in the 

future. This assay will particularly assist in determining the optimal dosage of MeCP2, which 

will not elicit deleterious side-effects yet will be sufficient to rescue the major symptoms. 

4.3 Role of Mecp2 in astrocytes 

Previous studies suggested that Mecp2 is exclusively expressed in neurons 

(Shahbazian et al., 2002; Kishi et al., 2004; Zoghbi et al., 2009). However recently several 

studies including our own report have shown that MeCP2 is also expressed in non-neuronal 

cells like glia, astrocytes, microglia and oligodendrocytes (Ballas et al., 2009; Maezawa et al., 

2009; Zoghbi et al., 2009; Kifayathullah et al., 2010). These studies concluded that the 

differences with previous studies are due to the use of different antibodies and various 

immunohistochemical methods (Tochiki et al., 2012; Zoghbi et al., 2009). Recent studies have 

shown that the role of MeCP2 in non-neuronal cell types such as glia, astrocytes, 

oligodendrocytes and microglias is to promote neuronal maturation and differentiation 

(Davalos et al., 2005; Markiewicz et al., 2006; Barres et al., 2008; Ballas et al., 2009; 

Maezawa et al., 2009; Zoghbi et al., 2009). In fact, these non-neuronal cells expressing 

MeCP2 are in close contact with neighboring neurons for supporting growth and preventing 

them from the neuronal excitotoxity (Ballas et al., 2009).  
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Astrocytes are the major component of the glial cell population in the central nervous 

system (CNS) (Molfsky et al., 2012). Astrocytes play key roles in guidance of neuronal cell 

migration, synaptic transmission, plasticity, excitability, energy metabolism, detoxification, 

free radical scavenging and preventing neuronal excitotoxicity (Davalos et al., 2005; 

Markiewicz et al., 2006; Barres et al., 2008). 

Recently, Ballas and colleagues demonstrated, that the wild type as well as Mecp2-

deficient neurons displayed shorter and lesser number of dendrites, when co-cultured with 

Mecp2-null
 
astrocytes (Ballas et al., 2009; Zoghbi et al., 2009). These findings suggests that 

some unknown factors from Mecp2-deficient astrocytes cause toxic effect to the neighboring 

neurons and inhibit the maturation of neurons (Ballas et al., 2008; Maezawa et al., 2009; 

Zoghbi et al., 2009). Furthermore, conditioned media from the Mecp2-knockout astrocytes 

phenocopied the astrocytic effect, suggesting that the unknown factor(s) secreted by the 

mutant astrocytes contribute to the neuronal damage thereby to developmental defects in a 

non-cell-autonomous manner (Ballas et al., 2009). These findings prompted us to determine 

the non-cell-autonomous role of Mecp2 in astrocytes contributing to RTT pathogenesis.  

4.3.1 Establishment of astrocyte culture  

To characterize the role of Mecp2 deficient astrocytes in the neuronal defects in a non-

cell-autonomous manner, we prepared astrocytes from hippocampus and cortex from P0-P2 

stage of wildtype, knockin and knockout male mice. After 16 days of pure astrocyte culture, 

we immunostained the cells with astrocyte markers such as GFAP (Glial fibrillary acidic 

protein) and EAAT1 (Excitatory amino acid transporter 1) antibodies (Figure 4.8.A). Later, 

the images of stained astrocytes were analyzed with Image J software to quantify the purity of 

the astrocytes (Figure 4.8.B). The Image J analysis revealed the astrocyte purity was over 

90% (Figure 4.8.B).   
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A)               B) 

   

Figure 4.8. Immunostaining of astrocyte cell culture. A) After 16 day of culturing astrocytes were stained 

with GFAP and EAAT1 antibodies. Immunostaining with GFAP and EAAT1 revealed majority of cultured cells 

were astrocytes. B) Image J software quantification of immunostained cells revealed that the astrocytes purity 

was over 90% in cultured cells. Scale bar 50 µm.  

4.3.2 Proteomics approach to identify the MeCP2 target proteins in astrocytes 

The 16 days old cultured astrocytes from wild type, knockout and knockin mice were 

washed in PBS and lysed with RIPA buffer. After lysis, the extracted astrocyte protein was 

denatured and resolved on the SDS-PAGE (4%-12% mini gel) and stained with Colloidal 

Coomassie. Subsequently, small sections of gel of various band sizes were extracted from the 

gel and digested overnight with trypsin. After digestion, peptides were extracted and run on 

the Liquid Chromatography-Mass Spectrometry/Mass or Liquid Chromatography- tandem 

Mass Spectrometry (LC-MS/MS) and proteomics analysis in combination with Label free 

quantification algorithms (LFQ) was performed (Quintana et al., 2009; Luber et al., 2010). 

The proteomic experiments were performed in three independent technical repeats and data 

were combined to obtained average values by using MaxQuant (version 1.0.13.13) analyser 

(Cox et al., 2008). Before analyzing the results from LC-MS/MS, we removed the major 

contaminating peptides by filtering . Later, we standardized the average peptides number and 
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the intensity peak values were normalized. The abundance of the proteins and their peptides 

that showed significant differential expression were obtained from volcano plot (log2 ratio vs -

log10 (p)) (Luber et al., 2010) between knockin, knockout as compared to wildtype by 

statistical simulations. In our proteomic evaluation, we reliably and reproducibly identified 

~5000 differentially expressed proteins from each subset of wildtype, knockin and knockout 

samples. The identified proteins and their gene IDs were obtained from International Protein 

Index (http://www.ebi.ac.uk/IPI/IPIhelp.html, http://www.genenames.org/ and 

http://www.uniprot.org/). Furthermore, we used harvester portal 

(http://harvester.kit.edu/HarvesterPortal) to identify the molecular function of differentially 

expressed proteins according to their Gene Ontology (GO) using a False discovery rate (FDR) 

corrected value as p<0.05. To summarize, we identified 69 proteins which were up-regulated 

and 29 proteins which were down-regulated in knockin (KI) astrocytes compared to wildtype. 

Furthermore, 50 proteins were up-regulated and 32 proteins were down-regulated in knockout 

(KO) over wildtype. Gene ontology analysis of the Mecp2 target proteins disclosed the 

functional groups, such as desmosomal proteins, mitochondrial, transporter proteins, signaling 

transduction, oxidative stress, ribosomal and RNA processing in knockin (KI) and knockout 

(KO) compared to wildtype (WT) astrocytes as summarized in the pie charts (Figure 4.9).  

 

http://www.ebi.ac.uk/IPI/IPIhelp.html
http://www.genenames.org/
http://www.uniprot.org/
http://harvester.kit.edu/HarvesterPortal
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Figure 4.9. Summary of functional groups of differentially expressed Mecp2 target proteins in 

astrocytes. By using Gene Ontology (GO), we identified 69 proteins which were up-regulated and 29 proteins 

were down-regulated in knockin over wildtype astrocytes. Additionally, 50 proteins were up-regulated and 32 

proteins were down-regulated in knockout compared to wildtype astrocytes. GO category for each target protein 

was determined using the Harvester portal resources (http://harvester.kit.edu/HarvesterPortal). The percentage of 

differentially expressed genes in each GO categorized set, such as mitochondrial, transporter, demosomal, signal 

transduction and oxidative stress in knockin (KI) and knockout (KO) as compared to wildtype (WT) astrocyte 

protein samples are represented in the form of pie chart.  

4.3.3 Validation of differential expression of selected MeCP2 target proteins by 

Western blot  

In order to validate the Label Free Quantification (LFQ) proteomics results we 

selected a set of MeCP2 target proteins that were significantly altered in knockin, knockout 

and wildtype astrocytes. The selected MeCP2 target proteins those are involving in cell to cell 

interaction and desmosome formation (Dsp, Pkp1), glutamate transportation (Slc25a18) and 

oxidative stress (Txn2). The differential expression in knockin and knockout as compared to 

http://harvester.kit.edu/HarvesterPortal
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wildtype astrocytes was confirmed by Western blot analysis. A brief description of selected 

MeCP2 target proteins are provided below.  

Dsp (Desmoplakin) 

Desmoplakin also known as desmosomes, is located in intercellular junctions, where it assist 

in tightly anchoring the adjacent cells (Bomslaeger et al., 1996; Kathleen et al., 1996). The 

Label Free Quantification (LFQ) proteomic analysis revealed down regulation of Dsp in 

knockin and knockout as compared to wildtype (Figure 4.10). Interestingly, Western blot 

analysis confirmed that the relative expression of Dsp protein was 2 fold lower in knockout as 

compared to wildtype (Figure 4.11). However, due to lack of knockin mice we validated of 

knockout mice through Western blot analysis.   

Pkp1 (Plakophilin 1) 

Plakophilin 1 belongs to plakophilin family, is localized to cell desmosomes and is involved 

in the linking of the cytoskeleton (McMillan et al., 2003). The LFQ intensity analysis 

indicated that PKP1 showed lower expression in knockin and knockout as compared to 

wildtype (Figure 4.10). In Western blot analysis, the expression of Pkp1 showed minor down-

regulation (75%) in knockout compared to wildtype (Figure 4.11).  

Slc25a18 (Solute carrier family 25 member 18) 

Slc25a18 gene encodes for a protein that function as mitochondrial glutamate carrier. The 

main function of this transporter protein is the transport of glutamate from across the inner 

mitochondrial membrane (Pardo et al., 2001; Giuseppe et al., 2002). The LFQ analysis 

showed that Slc25a18 protein showed down regulation in knockin and knockout as compared to 

wildtype (Figure 4.10). Currently, we are in the process of standardization of conditions for Western 

blot analysis. 
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Txn2 (Thioredoxin 2)  

Txn2 gene belongs to thioredoxin family. This mitochondrial membrane protein protects 

against oxidant induced apoptosis and plays an essential role in cell apoptosis 

(Damdimopoulos et al., 2002; Chen et al., 2002; Zhou et al., 2007). Mutations in Txn2 causes 

damage of mitochondria that leads to overproduction of reactive oxygen species (ROS) that 

can lead to neurodegeneration (Martin et al., 2006). The LFQ analysis revealed that protein 

Txn2 was up-regulated in knockin and knockout as compared to wildtype (Figure 4.10). The 

standardization of conditions for Western blot analysis is in progress.                                                                 

 

Figure 4.10. A histogram representation of selected proteins which showed significant changes in 

proteomic analysis. From the different peptide intensities of Label Free Quantification (LFQ), we identified 

several proteins, which belongs to cell adhesion and desmosomal proteins (Dsp and Pkp1), oxidative reductase 

(Txn2) and mitochondrial glutamate carrier proteins (Slc25a18). LFQ intensity, Label Free Quantification 

intensity.  ***p<0.0001 
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 Our preliminary analysis suggests that MeCP2 target proteins in astrocytes play a key 

role in cell adhesions through desmosomal proteins. MeCP2 also regulates ROS through Txn2 

and glutamate homeostasis via Slc25a18. 

A)                                                 

  

      B) 

        

 

Figure 4.11. Validation of MeCP2 target protein expression by Western blot . A) Western blot using Dsp 

and Pkp1 antibodies with the total protein of knockout and wildtype astrocytes. In immunoblots protein size of 

250 kDa corresponding to Dsp and 81 kDa to Pkp1 was detected. Additionally, immunoblot with anti- actin (42 

kDa) antibody was performed as a loading control. B) Quantification of the protein intensities by using image J 

software revealed that the protein expression of Dsp was 40% lower, whereas the expression of Pkp1 was 

reduced by 75% in knockout compared to wildtype astrocytes.    

4.3.4 Exploring therapeutic intervention by down/up-regulation of astrocyte factors in 

an ex vivo system- Future perspectives 

Further experimental studies such as an ex vivo assay can be established to test the 

effect of non-cell autonomous astrocytes factors, identified through proteomics approach. In 

this co-culture assay, the identified proteins from the proteomics can be modulated either by 

lentiviral mediated shRNA knockdown or overexpress and then evaluate its effect on neuronal 
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growth. Through this assay system, we will be able to dissect out those proteins (factors) 

which are most effective in rescuing the phenotype. In future, appropriate mouse models can 

be generated for such astrocyte factors to evaluate their therapeutical efficiency. 

Establishing the role of glial dysfunction in RTT pathogenesis could provide a new 

avenue for understanding RTT and will assist us in developing novel therapy for this disease 

Furthermore, such studies will provide us with mechanistic insight into the cross-talk between 

astrocytes and neurons thus enabling us to identify the non-cell autonomous factors from the 

astrocytes, which are responsible for mediating such cross-talk. 
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6. ABBREVIATIONS 

AP  Alkaline Phosphatase 

BAC  Bacteria Artificial Chromosome 

BCIP  5-Bromo-4-chloro-3-indodyl Phosphate 

Bp  Base pair 

BSA  Bovine Serum Albumin 

cDNA  Complementary Deoxyribose Nucleic Acid 

CNS   Central nervous system 

0
C  Degree Celsius 

Cy3  indocarbocyanine 

DAPI  Diamidino-2-phenylindole dihydrochloride 

ddH2O  Double distilled water 

DMF  Dimethylformamide 

DNA  Deoxyribose Nucleic Acid 

DNase  Deoxiribonuclease 

dNTP  Deoxynucleotidetriphosphate 

DTT  Dithiothreitol 

EAAT1  Excitatory amino acid transporter 1  

EDTA  Ethylene Diamine Tetraacetic Acid 
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EGFP  Enhanced green fluorescent protein 

EGTA  Ethylene Glycol Tetraacetic Acid 

FITC  Fluorecein Isothiocyanate 

FDR  False discovery rate 

FBS  Fetal Bovine Serum 

g   Gram 

GFAP  Glial fibrillary acidic protein 

GO  Gene Ontology  

μg   Microgram 

HEPES N-(-hydroxymethyl) piperazin, N’-3 propansulfoneacid 

kb   Kilobase pairs 

KI   Knockin 

KO   Knockout 

LC-MS/MS   Liquid Chromatography-Mass Spectrometry/Mass or Liquid Chromatography- 

tandem Mass Spectrometry  

LFQ  Label free quantification algorithms  

Log2  Binary logarithm 

Log10  Base 10 logarithm 

M   Molarity 
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mA   Milliampere 

MECP2  Methyl-CpG binding protein 2  

mg   Milligram 

ml   Milliliter 

μl   Microliter 

min   Minute 

mM   Millimolar 

mm   Millimeter 

mRNA  messenger Ribonucleic acid 

NBT   Nitro-blue tetrazolium 

NCBI   National Center for Biotechnology Information 

ng   Nanogram 

NLS  Nuclear Localization Signal 

PBS  Phosphate Buffer Saline 

PCR  Polymerase Chain Reaction 

PFA  Paraformaldehyde 

PIPES  Piperazine-N,N′-bis(2-ethanesulfonic acid) 

Pmol  Picomol 

PMSF  Phenylmethylsulfonyl Fluoride 
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PNC  Primary Neuronal Culture 

RIPA  Radio immunoprecipitation assay 

RNA  Ribonucleic Acid 

ROS  reactive oxygen species  

Rpm  revolution per minute 

RT  Room Temperature 

RTT  Rett Syndrome 

sec  Second 

SDS   Sodium Dodecyl Sulphate 

PAGE   Polyacrylamide Gel Electrophoresis 

Taq   Thermus aquaticus 

TBE   Tris-Borate-ADTA-Electrophoresis 

TBST   Tris-Buffered Saline Tween-20 

TG
270 

  Mecp2
R270_EGFP 

transgenic 

Tris   Trihydroxymethylaminomethane 

TRITC  Tetramethyl Rhodamine Isothiocyanate 

UV   Ultra Violet 

V   Voltage 

WT   Wild Type 
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