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both the healthy and mutated allele. 

To further identify whether our iPSC-based model represents the specific RTT phenotype, 

in Chapter 4 we generated iPSC-derived neuronal cultures from RTT and control iPSCs 

and studied early synchronous network activity known to be associated with KCC2 

expression in the brain.9,10 Here, we identified a delay in activity appearance and a 

reduced frequency of synchronous activity in RTT cultures. The neuronal di!erentiation 

protocol allowed the study of network development. However, this protocol represents 

not all network behaviour existing in the brain, nor includes other factors, such glia 

components that earlier showed to a!ect RTT phenotypes. Future studies could benefit 

from recently presented di!erentiation assays to study more complex neuron-glia 

interactions likely involved in RTT phenotypes.

To investigate at which time point developmental impairment can be measured, in 

Chapter 5 we performed mass spectrometry on developing iPSC-derived neuroepithelial 

stem (NES) cells from RTT patients and isogenic controls. We showed that already three 

days after neuronal induction, MeCP2 deficiency a!ects expression of genes involved 

in di!erent cellular pathways. The identified alterations were associated with cellular 

pathways which are known to be altered in RTT patient cells including ‘cell-cell adhesion’, 

‘actin cytoskeleton organization’ and ‘neuronal stem cell population maintenance’ but 

also morphological alterations typical for RTT neurons, such as ‘dendrite morphogenesis`, 

‘axon guidance’ and ‘positive regulation of synapse assembly’. To further select key 

mechanisms, further studies would benefit from larger sample sizes and the inclusion 

of RTT patient lines harbouring other genetic defects. Nevertheless, these results could 

point to earlier suggestions that AKT-mTOR pathway dysregulation is involved. Together, 

based on findings in in vitro human model systems and in post mortem human tissue, 

e.g. changes associated with mechanisms involved in the maturation of cellular and 

neuronal network development, suggest that brain abnormalities take place much 

earlier than clinical symptoms indicate. Our findings provide insight into altered basic 

mechanisms being involved in neuronal development, which potentially lead to the 

typical RTT phenotype. Better insight into these pathways in combination with early RTT 

diagnostics by genetic testing could therefore be highly beneficial to support neonatal 

brain development in patients.

When Prof. Dr. Huda Zoghbi and her team in 1999 discovered that mutations in MECP2 

cause classical RTT, researchers in the field were convinced that this was the major 

key to finally understand the mechanisms behind RTT.1 However, this task was more 

complicated than anticipated. Due to the regulatory interactions of MeCP2, mutations 

in MECP2 a!ect hundreds of other genes, many di!erent pathways, and di!erent cell 

types in the human body.2 Furthermore, as we know today, RTT is not only about the 

simple presence or absence of MeCP2, it is rather an alteration of a very defined dosing 

during the appropriate time points of development in specific brain regions.3–5 Today, 

more than 20 years after the identification of MECP2-mutations being responsible for 

classical RTT, researchers are still trying to reach the initial goal. One hurdle in better 

understanding RTT and identifying therapeutic targets is the lack of representative 

disease models. Mouse models do not fully represent human pathology, partly caused 

by species di!erences. Post mortem tissues are providing valuable insights, but are not 

widely available and do not provide the opportunity to study the development of the 

disease course. New opportunities were given by the introduction of induced pluripotent 

stem cells (iPSC). IPSC technology is of special interest to those neurological disorders that 

are polygenic, caused by unknown genetic changes; hence they can only be properly 

studied in human tissue with patient genetic background. While RTT is a monogenetic 

disorder, MeCP2’s regulatory functions are broad and depend on many other genetic 

and epigenetic factors, therefore making RTT also a good candidate for iPSC-based 

approaches. Here we used RTT patient post mortem tissue and iPSC-based models to 

provide insight into changes occurring during early neural development.

In Chapter 2 we aimed to confirm findings of previous hypotheses, suggesting that 

changed Potassium-Chloride-Co-Transporter 2 (KCC2) levels result in a!ected chloride 

homeostasis and underlie the phenotype of neuronal maturation delay. Therefore, we 

studied KCC2 levels in di!erent brain regions in human post mortem tissue from RTT 

patients and age-matched controls.6–8 Interestingly, we were able to verify a decrease 

of KCC2 transcript levels in all tested RTT samples and observed a trend towards 

reduced KCC2 protein levels. Looking more in-depth, we showed that the KCC2a isoform 

specifically seems to be a!ected, warranting further study.

To develop a patient iPSC-based in vitro RTT model that disregards the patient genetic 

background potentially contributing to cellular phenotypes, we presented a new method 

to generate isogenic controls in Chapter 3. We show that MecP2 is already expressed 

at the iPSC stage. We developed an easily implementable method to generate an 

isogenic control for X-chromosomal linked disorders. However, not all patient fibroblast 

lines allowed robust generation of iPSC lines presenting X-chromosomal inactivation of 
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challenging. Single cell seeding actions were dependent on the survival rate of the 

seeded cells in combination with the ratio of a!ected and una!ected cells. A heavily 

skewed fibroblast line therefore required several passaging and expansion steps before 

enough RTT and isogenic control fibroblasts were generated for reprogramming. Besides 

X-chromosomal skewing, age and expansion potential of a patient line are crucial 

for the successful cloning. One patient line used in chapter 4, showed 95-98% of the 

fibroblasts expressing mutated MECP2, but failed in generating isogenic controls suitable 

for reprogramming within the timeframe. Which is why we needed to eventually use 

additional healthy controls in that specific chapter. Nevertheless, if fibroblast lines are not 

senescent, all lines could potentially be created via the presented method, providing an 

easily implementable method to generate isogenic controls for X-chromosomal linked 

disorders.

The iPSC research field evolved fast in recent years, also improving culture methods to 

maintain iPSC products in a pluripotent state. Previous culture methods did not allow single 

cell passing, as that would push pluripotent stem cells towards apoptosis or spontaneous 

di!erentiation. However, newly commercially developed stem cell media and matrices, 

such as laminin-521, do support ESC and iPSC-based culture better. This includes single 

cell passaging of iPSC lines, which more recently became a robust procedure, making 

cloning activities possible at the iPSC level. Nowadays, instead of selecting fibroblasts 

for specific X-chromosomal states, iPSC cultures could undergo single cell selection. 

This would overcome issues with aging fibroblasts and ensure the establishment of 

proliferating cell lines.24 Nevertheless, this will still not overcome the issues of heavily 

skewed lines completely. Altogether, improved cultivation conditions have made iPSC-

based studies more flexible and have reduced some labour-intensive steps in protocols, 

which provides new opportunities to generate disease models.

Likewise, the field of gene editing including CRISPR/Cas9 technologies advanced quickly 

in recent years. This also provided new ways to modify genes and correct mutations. 

As shown recently, the usage of CRISPR/Cas9 technology allows researches not only 

to introduce a common MECP2 mutation (MECP2R270X) into a human control iPSC line, 

but also to correct this mutation with a similar CRISPR/Cas9 approach.25 This technique, 

therefore, opens new possibilities with regards to sample availability, as now MECP2 

mutations can be corrected in RTT iPSC lines, but also introduced into control iPSC lines. 

This could additionally help to compare phenotypes of di!erent MECP2 mutations and 

give insight into how the patient genetic background contributes to this.26 Nevertheless, 

CRISPR/Cas9 also requires knowledge in viral transfection of iPSC lines, which due to 

their high proliferation rate can be challenging. Altogether, it showed to be a powerful 

*85�#?45<*85�#?45<

The iPSC based Rett Model

To investigate RTT, a multitude of in vitro studies was performed based on patient-derived 

induced pluripotent stem cell (iPSC) models.11–14 The advantages of iPSCs are their human 

origin, which abolishes translational issues and their patient-specific genetic background. 

Furthermore, research on iPSCs involves the opportunity to investigate cellular changes 

during early developmental stages, even before the onset of functional and clinical 

phenotypes.11,15,16 As MeCP2 influences the expression of hundreds of genes, investigations 

of alterations require precise measurements and reliable controls to find multifaceted 

interactions and complex disease pathways.2,17 MECP2 is located on the X-Chromosome, 

therefore female RTT patients show mosaicism of a!ected and una!ected cells 

depending on the random X-chromosomal inactivation.18,19 This mosaicism provides the 

opportunity to generate isogenic controls as described in Chapter 3, which gives the 

possibility to detect even minor alterations in the corresponding diseased line that are 

usually covered by sample variability.20 However, the investigation of pure disease lines 

corresponds more to a phenotype observed in male RTT patients. To depict the in vivo 

situation of female patients, this model gives the possibility to investigate phenotypes 

in controlled mixtures of a!ected and una!ected cells. This is of special interest as 

mosaicism in RTT patients does have an e!ect on disease severity.21, Although, we did 

not study this aspect, it could be interesting e.g. to draw conclusions about thresholds 

needed to provoke certain phenotypes.22 In conclusion, we successfully generated RTT 

and isogenic control iPSC lines. However, we still encountered challenges in controlling 

x-chromosomal skewing making this method challenging for some cell lines.

 

Heavily skewed fibroblast lines made a selection for cells having either an X-chromosomal 

inactivation of healthy or mutated allele complicated. When we started our studies in 

2014, several studies already investigated iPSC-derived RTT neurons. However, due to 

X-chromosomal skewing, they used a mixed population of a!ected and una!ected cells 

or reported issues in generating iPSC RTT lines expressing mutated MECP2.12,23 Isogenic 

controls were mostly generated by chance as viral reprogramming approaches usually 

lead to X-chromosomal reactivation (XCR) in iPSCs followed by a random inactivation 

pattern. Cloning of iPSC lines was further challenged by the lack of tools to perform 

single cell passaging in iPSCs. In chapter 3, we represented a new approach to 

generate RTT lines and isogenic controls by sorting fibroblasts followed by an episomal 

reprogramming approach, not inducing XCR. This approach was thought to present 

an easier and less cost intensive strategy to study RTT and control cells with the same 

genetic background. Nevertheless, based on initial X-chromosomal skewing of fibroblast 

lines, cloning and identification of both, RTT and isogenic control fibroblasts appeared 
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has been discussed. Oligodendrocyte contribution is mainly proposed due to the 

phenotypic alterations in RTT patient’s brain tissue and reduction of white matter.42–44 

The lack of MeCP2 is known to alter protein expression in these glia cells, which most 

likely leads to an impaired myelination of neurons.45 This was further supported by 

findings using conditional MeCP2 knockdown in mouse oligodendrocytes.46 These mice 

displayed milder but similar symptoms to other RTT mouse models, which supported the 

assumption of oligodendrocytes playing at least a minor role with regards to a disease 

phenotype. Besides astrocytes and oligodendrocytes, microglia were shown to express 

MeCP2 as well. Here, researchers suspect inflammatory processes and impaired synaptic 

pruning to play a role in RTT.47–49 Taking the contribution of all three glia cell types into 

consideration, our in vitro model used in chapter 4 and 5 depicts a limited picture of the 

disease mechanisms. Future studies would benefit from including other cell types such 

as di!erent glial cells to their experiments. However, these di!erent cell types should also 

not be investigated in monocultures. To properly study, how MeCP2 lacking glia cells 

influence neuronal development, i.e. neuron-glia interactions, we suggest further studies 

in more complex co-culture systems.

In recent years, co-culture models became important to study cell-cell interactions and 

provide a better insight into brain physiology. To understand how di!erent cell types 

a!ect each other, di!erent co-culture models have been invented. The most basic 

approach is the combination of two di!erent cell types as e.g. neurons and astrocytes. 

As described above, this has already been used to investigate the influence of MeCP2 

lacking astrocytes on WT neurons.39 While the co-culturing of two cell types might still be 

a feasible approach, this model is still highly artificial, lacking the input of other cell types. A 

possible approach to consider several di!erent cell types could be the di!erentiation of 

brain organoids, also called cerebral spheres or spheroids.50 The increasing complexity 

of iPSC-derived neuronal models including more than two cell types is highly limited 

in regular 2D cell culture. Due to oversimplification of actual physiological conditions, 

cell growth and cell-cell interactions are impaired.51–53 However, organoids allow cells 

to develop in a three-dimensional (3D) approach, which is more similar to the in vivo 

conditions.54 In several studies, neurons showed more complex branching and more 

closely resembled primary neurons when grown in 3D.53,55 Also support of glia cells 

seems to be increased in these cultures.56,57 For this reason, 3D-cultured neurons can be 

kept in culture for a prolonged period of time, overcoming rather early apoptosis as 

seen in 2D, which often occurs after cultivation periods of more than 50-60 days.58 This 

prolonged cultivation time leads to neurons presented with significantly more synapses, 

spine-like structures and increased network connectivity more similar to primary 

human neurons.53,55,59 To display a full picture of neurodevelopmental impairments in 

method for the generation of isogenic controls from RTT patients and will evolve further 

in the coming years. 

The method described in chapter 3 has its limitations regarding the cloning of fibroblasts 

that have a limited time window to proliferate and are heavily skewed. Nevertheless, 

we present a system to generate isogenic lines that is easily implementable in labs not 

having advanced molecular biology and gene editing tools at hand. Furthermore, by 

using episomal vectors to reprogram we were able to maintain a part of the epigenome 

that might be of importance to the cellular phenotypes. Specifically for X-linked genetic 

disorders as RTT, our model is su!icient and easy to implement to generate RTT iPSC 

lines and isogenic controls.

The neuronal model and its limitation

Together with the rapid development of the iPSC field, the number of di!erentiation 

protocols increased within the last years. Di!erentiations into neuronal cell types 

specifically benefited from this development. Many di!erent protocols are currently 

available to di!erentiate iPSCs into di!erent types of neurons and are more or less 

suitable based on the scientific question. The choice of di!erentiation protocol is based on 

what aspect in the in vivo situation needs modelling. In Chapter 4 and 5 we investigated 

cortical neurons, the most a!ected neuronal cell type in RTT, by making use of an 

in-house established protocol that was invented to generate a mixed population of 

excitatory and inhibitory neurons.27–30 However, this protocol can only reproduce parts 

of the in vivo situation as it does not represent di!erent neuron-neuron and neuron-glia 

interactions.

MeCP2 is not exclusively expressed in neurons.31–33 Only a few years ago, researchers 

explored the expression of MeCP2 in glia cells. Even though they showed that the 

expression levels in glia are much lower compared to neurons, they found that 

lack of functional MeCP2 in glial cell types contributes to the RTT phenotype.34,35 As 

astrocytes and other glia cells are predominantly involved in neuronal development, 

these changes and their neuro-glia interactions, likely contribute to developmental 

changes in neuronal cells.36–38 This was also indicated by a study from Williams et al., 

who co-cultured iPSC-derived astrocytes from RTT patients together with wild type 

(WT) mouse neurons and observed a neuronal phenotype similar to MeCP2 lacking 

neurons.39 Together with other studies, these results point towards an impaired support 

of neurons and neuronal development due to reduced secretion of growth factors 

or by disturbed neurotransmitter homeostasis from MeCP2 lacking astrocytes.31,40,41 

Additionally, the contribution of other glial cells, namely oligodendrocytes and microglia, 
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microglia) in mono-cultures. With proteomic approaches and Gene Ontology (GO) term 

analysis as described in chapter 5, insights into altered pathways in all of these di!erent 

cell types in parallel might already show a certain degree of overlap and therefore, 

allowing to hypothesise how di!erent cell types in RTT a!ect each other. This will help 

to further analyse potential co-culture systems and draw proper conclusions. The use 

of cortical neuron cultures to investigate RTT might therefore not be a comprehensive 

approach. However, it builds the basis for more complex experimental setups and co-

culture systems. 
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KCC2 level changes underlying delayed neuronal network development 

In this thesis, we found decreased KCC2 levels in post-mortem brain tissue of RTT 

patients, delayed appearance of synchronous activity and reduced frequency in 

spiking behaviour of developing neurons in iPSC-based cultures. These findings are 

in line with earlier studies investigating KCC2 levels in human tissue and iPSC-based 

in vitro models.7,11,72,73 In chapter 2, we showed that KCC2 levels are decreased within 

the cortex and hippocampus of RTT patients. This decrease was observed in all 

brain areas. As KCC2 plays a major role in chloride homeostasis, we suggested that 

functional impairments observed in RTT neurons are caused by an insu!icient reduction 

of intracellular chloride during development. Our findings in Chapter 4, supported 

this hypothesis, as we observed the impaired appearance of synchronous activity in 

RTT neurons which is responsible for the GABAergic shift and associated with KCC2 

expression levels.9 We further suggested, that reduced neuronal activity leads to an 

impaired KCC2 expression, which subsequently causes disturbed chloride homeostasis 

and an insu!icient GABAergic shift. As this process is essential for synaptogenesis, our 

hypothesis explains the neuronal phenotype in RTT, showing reduced dendritic spines 

and synapses.11,74,75 The prevailing theory about the cellular changes leading to the clinical 

presentation, describes that decreased implementation of glutamatergic synapses and 

an incomplete GABAergic shift, consequently leading to E/I imbalances underlying 

the RTT phenotype.76 Therefore, our findings support earlier hypotheses that chloride 

homeostasis and network developmental changes contribute to clinical presentation 

of RTT.

When we investigated the two existing isoforms of KCC2, namely KCC2a and KCC2b, 

we showed that in particular KCC2a was significantly lower expressed in RTT patients.77 

This was surprising, as KCC2a is not the dominant isoform in the cortex. Nevertheless, 

KCC2a is associated with the development of functional respiration in mammals.78,79 

As one main symptom in RTT is the disturbance of respiratory mechanisms causing 

RTT, organoid-cultured neurons are of a specific benefit, as they could not only be 

investigated for a longer time period but also present interactions with other cell types. 

The use of 3D organoid cultures should, therefore, be considered for future studies. 

Nevertheless, in comparison to our in vitro model, 3D organoids are complex and 

scientific conclusions require elaborative analysis.

Studying co-cultured neuronal cells to fully understand disease mechanisms behind RTT 

became an achievable approach due to the organoid 3D culture systems. However, 

organoid di!erentiation protocols have their drawbacks in reproducibility and 

analysis comes with challenges. The composition of organoids can often not clearly 

be revealed due to the occasional development of di!erent brain areas, caused by 

size di!erences and non-standardized starting populations. Due to a development of 

mixed cell populations, cell-cell interactions can also have major impact on phenotypes 

in organoids.60–62 This makes it so far challenging to generate identical organoids for 

comparisons between patient and control cells. Even though studies show similar RNA 

expression profiles between entire organoids, alterations due to the development 

of di!erent brain areas within the 3D structure can be identified.63 Especially for 

electrophysiological measurements, this can be an issue. As early oscillations described 

in Chapter 4, are known to be di!erent depending on the investigated brain area, 

a comparison of two independent organoids requires specific markers to determine 

the analysed location.64 So, analysing neuronal activities in 3D structures, comparing 

individual organoids and batch e!ects are still problematic. However, as the field of 

organoid culturing is evolving quickly, protocols to generate and analyse more defined 

and comparable organoids become slowly available.65–68 Therefore, organoids can 

play a major role in the investigation of RTT in near future. 

The investigation of single cell types, so far, still remains the gold standard to develop 

human in vitro disease models. Even though, new protocols to generate reproducible 

organoids are becoming available, alterations in single cell types should be studied 

upfront. Especially, as in RTT hundreds of target genes are a!ected by the lack of 

MeCP2, cell type specific pathways need to be identified before cell-cell interactions 

can properly be analysed.2 This does not only apply to a specific time point of neuronal 

maturation but needs to be investigated throughout development of neuronal cells, 

as RTT and its symptoms are associated with di!erent development time points.69–71 

Therefore, our approach used in chapter 4 and 5 of this thesis, depicts a rather simple but 

highly conclusive model, which gives insight into specific alterations in cellular pathways 

during defined developmental stages. To be able to understand the complexity of RTT, 

we suggest the investigation of neurons and glia (e.g. astrocytes, oligodendrocytes and 
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the activation of Akt/mTOR, S6 ribosomal protein is phosphorylated, leading to protein 

synthesis.92,93 As Akt/mTOR is involved in synaptic protein translation, it plays a major 

role in the development of neuronal circuits. This pathway is further known to support 

brain development, synaptogenesis and to play a major role in long term potentiation 

(LTP).94 Furthermore, it is involved in cytoskeletal reorganisation including soma sizes 

and dendritic outgrowth. Interestingly, we observed altered protein expression in NES 

cells from RTT patients (chapter 5) and also identified an e!ect on pathways involving 

cytoskeletal development. If the Akt/mTOR pathway is underlying these alterations, this 

needs further investigations. However, it could explain the immature neuronal phenotype 

with impaired dendritic growth observed in chapter 4 and the delayed synchronous 

activity. Previous studies in RTT already suggested that the activation of Akt/mTOR is 

decreased and that this has an impact on synaptic and neurodevelopmental protein 

translation.90,95 Furthermore, it has also been shown that the down regulation of the Akt/

mTOR pathway leads to a reduced expression of KCC2 in the hypothalamus of rats, 

suggesting a contribution of Akt/mTOR to the immature phenotype of RTT neurons.96 

This hypothesis is further supported by our results from chapter 5. Even though this 

is further discussed later in this chapter, it should be mentioned that in chapter 5 we 

identified additional proteins being altered in RTT samples, which are associated with 

other neuronal disorders such as lissencephaly and cortical dysplasia.97,98 Interestingly, 

studies have also suggested that Akt/mTOR might play a role in these disorders, 

supporting our hypothesis of an essential pathway being a!ected during early neuronal 

development in RTT.99,100 As Akt/mTOR can be regulated in two directions, it can either 

cause the overexpression of synaptic proteins and the increase neurite outgrowth 

or reduce translation of synaptic proteins and decrease neuronal growth. Therefore, 

interaction with MeCP2 could potentially explain the contrary phenotypes observed in 

RTT and MECP2 Duplication Syndrome (Fig. 1). 

severe breathing issues, our results suggest KCC2a involvement behind this symptom.80 

To confirm this hypothesis, further validation is required. Therefore, we recommend 

the investigation of additional brain areas responsible for respiration such as the brain 

stem and more specifically the pons and medulla oblongata.78,81 This might give new 

insight about respiratory impairments in RTT. However, as we also observed a reduction 

in KCC2b levels, we suggest re-evaluating our findings and include additional patient 

samples. Even though, our results did not reach statistical significance, an increased 

sample size could improve statistical power. As our findings indicate a reduction in KCC2 

levels throughout all brain regions, it is likely that also KCC2b levels are altered. 

Molecular changes start at early developmental stages 
Already at the very early stages of neuronal stem cell development, we were capable 

of identifying protein level alterations. We already found major changes in proteins 

being involved in metabolic processes but also cell death and apoptosis such as BCL2 

Interacting Protein 3 (BNIP3) or NOD-, LRR- and pyrin domain-containing protein 3 

(NLRP3) only three days after neuronal induction.82–84 During further di!erentiation of 

iPSCs towards neuronal stem (NES) cells, the number of proteins being altered increased, 

suggesting a progressive manifestation of RTT. Interestingly, we also identified alterations 

in proteins responsible for proper neuronal development. GO term analysis revealed 

downregulation of di!erent pathways such as dendrite morphogenesis, axon guidance, 

negative regulation of neuron di!erentiation, central nervous system development, 

forebrain development and nervous system development. Partly, alterations in these 

processes can be seen in mature RTT neurons and are describes as the typical RTT 

phenotype.43,85,86 Therefore, we suggest that the underlying mechanisms of RTT do 

a!ect not only mature neurons but influence early neuronal development already at 

NES cell stage. Consequently, this does also a!ect potential diagnostic approaches as 

early interventions can be beneficial for brain development.87,88 Further validation of 

the early a!ected proteins and a!ected pathways will give better insight into disease 

progression and can be useful on the overall approach, identification of potential 

treatment strategies. 

Dysregulated Akt/mTOR pathway 
Based on our findings in chapter 2, 4 and 5, we strongly suggest the involvement of 

a fundamental pathway on the RTT phenotype, a!ecting early neurodevelopment 

and synaptogenesis. Previous research showed that one basic mechanism important 

in RTT could be the protein kinase B/ mammalian target of rapamycin (Akt/mTOR) 

pathway.89–91 The Akt/mTOR pathway has an important role in many developmental 

mechanisms and is involved in protein synthesis and regulation of protein levels. Through 
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Figure 2. Influence of BDNF and IGF-1 on KCC2 expression via Akt/mTOR. Essential pathways for 

neurodevelopment associated with RTT.

Another intensively studied upstream target of Akt/mTOR and an important growth 

factor for neuronal development is insulin-like growth factor 1 (IGF-1).115,116 Unlike BDNF, 

IGF1 is capable of passing the blood-brain barrier which makes it suitable as a potential 

candidate for clinical research. Several clinical studies were performed successfully on 

RTT patients, reporting a positive outcome and a beneficial e!ect of IGF-1 on Symptoms 

such as anxiety, breathing abnormalities and social behaviour.117,118 Recently, results of a 

clinical phase II study on 82 children and adolescents with RTT using the IGF-1 analogon 

Trofinetide were published, indicating a statistical improvement of disease symptoms.119 

Based on these results, another phase III study was planned for the end of 2019 to 

begin. IGF-1 as a potential target for RTT therapy implements a more general pathway 

being involved in the pathology of RTT. Interestingly, we find the link to IGF-1 involvement 

also back in our results. Proteins being altered in RTT samples in proteome analysis in 

chapter 5 e.g. BNIP3 are known to be regulated by IGF-1.84,120 As this specific protein is 

only altered three days after neuronal induction, it suggests that IGF-1 treatment could 

have a major impact already on early development. This hypothesis, as well as the 

involvement of Akt/mTOR pathway on the neuronal development, would need further 

investigation during early development, for example in RTT NES cells. By this approach 
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Figure 1. Phenotypic severity based on MeCP2 dosage (Adjusted figure from Chao & Zoghbi, 2012)22

Further input on the association of basic pathways with RTT comes from studies 

investigating more upstream targets of the Akt/mTOR pathway (Fig. 2). One of the first 

pathways involved in neuronal development and studied intensively is the BDNF pathway. 

The neuroprotective e!ect, as well as the importance of BDNF in neurodevelopment 

and synaptogenesis, was intensively investigated in fundamental studies but also in the 

context of di!erent disorders.101–104 Lack of BDNF is associated with several neurologic 

conditions such as schizophrenia, Alzheimer’s, autism spectrum disorder and also RTT. 
105–107 In 2006, studies indicated that BDNF concentration is reduced in Mecp2 knock 

out mice and that overexpression of BDNF leads to rescue of RTT phenotype in mice 

including alterations of neuronal firing rates.105 Interestingly, changed BDNF expression 

has also been linked to atypical forms of RTT caused by mutations in CDKL5.108 However, 

the regulatory mechanism of MeCP2 on BDNF is still under discussion, as MeCP2 actually 

represses BDNF expression by binding to the promoter IV of the BDNF gene.106,109,110 

Furthermore, BDNF administration to patients proved rather inappropriate, due to BDNFs 

inability to pass the blood-brain barrier.105,111,112 Nevertheless, research groups are still 

investigating possibilities to deliver BDNF to the brain or improve the impact of present 

BDNF.113,114 
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identification of new treatment targets.

FOXG1 and CDKL5-associated syndromes

Mutations in FOXG1 and CDKL5 genes are known to cause atypical forms of RTT.125–127 

These forms of RTT usually have their symptomatic onset prenatally but can also show 

a developmental regression stage.128 However, symptoms in classical and atypical RTT 

do show clear similarities, such as epilepsy, stereotypic hand movements and loss of 

speech. As earlier studies suggested, all three genes function as transcription factors, 

might influence gene expression of similar genes and therefore might influence similar 

pathways.129,130 However, the exact overlap between classical and atypical RTT has not 

been identified yet. With the establishment of next-generation sequencing within the last 

years, it is expected that more studies will soon focus on potential links.131–133 In addition to 

FOXG1 and CDKL5, di!erent studies have already identified more than 80 genes that are 

associated with phenotypes similar to RTT as Vidal and colleagues recently reviewed.134 

As some of these genes were already associated with other disorders, such as Pitt-

Hopkins syndrome, Angelman syndrome and other epileptic encephalopathies, the 

overlap of phenotypes indicates coherence between neurodevelopmental disorders 

and RTT.135–137 

Similarities to other neurodevelopmental disorders

In chapter 5 we identified altered proteins levels in RTT NES cells, which are also 

associated with other neuronal diseases, namely epilepsy, Niemann-Pick disease, 

mental retardation, cortical dysplasia, lissencephaly, neurotonia and axonal neuropathy. 

As we found these alterations already in NES cells we assume, that a potential link to 

those disorders is associated with early neuronal development. Interestingly, most of 

these disorders are associated with the mTOR pathway, which supports our hypothesis 

that RTT patients su!er from impairments in fundamental pathways needed during 

early development.138,139 In the last years, the Akt/mTOR pathway has already been 

associated with other neurodevelopmental disorders such as e.g. Tuberous Sclerosis 

(TSC). In TSC patients, Akt/mTOR activation is increased leading to elevated cell size and 

sprouted, elongated neurites. Downregulation of the Akt/mTOR pathway by applying 

rapamycin rescues this phenotype.94,140,141 This two-sided regulation of Akt/mTOR might, 

therefore, be a potential explanation why MDS patients show similar symptoms while 

developing opposite cellular phenotypes of RTT patients (Fig. 3). Nevertheless, to link 

general pathways to RTT and other neurodevelopmental disorders, we need to fully 

understand alterations underlying cellular development in RTT first. We suggest that, 

based on our findings, investigations of early alterations could be expanded by including 

other neurodevelopmental disorders. This approach could therefore not only give insight 

the importance of Akt/mTOR for proper development could be estimated and potential 

other pathways identified. 
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To dissect the molecular changes underlying RTT and to gain insight into mechanisms 

that underlie clinical phenotypes, we chose studying classical RTT caused by the lack 

of functional MeCP2.1 However, other mutations also lead to similar clinical presentations 

and could involve the same molecular pathway changes. By increasing sample size, 

next to more MECP2 deficient lines, one could consider including iPSC lines with di!erent 

mutations. By comparing also lines with di!erent mutations overlapping alterations 

might be identified, which potentially suggest pathways that have a major impact on 

disease phenotypes. This will help to gather insight into mechanisms underlying RTT but 

may also help understanding other diseases and should, therefore, be considered for 

further research.

MECP2 Duplication Syndrome 

In 2005, a few years after the identification of MECP2 as responsible gene for classical 

RTT, a similar RTT phenotype was observed in patient expressing high levels of functional 

MeCP2.5 Interestingly, patients with this phenotype do not show a loss of function 

mutation, but a duplication of MECP2 in the genome. These patients, a!ected by MECP2 

Duplication Syndrome (MDS), reveal signs of intellectual impairment, seizures, autism-like 

behaviour and anxiety similar to classical RTT patients.121,122 However, cellular phenotypes 

are almost reversed, meaning that patients with MDS show enlarged neurons with higher 

dendritic branching level and increased numbers of synapses. The identification of MDS 

suggests that MeCP2 requires a critical dosage to support proper cellular and network 

development (Fig. 1). Therefore, MeCP2 seems to be involved in complex processes, tightly 

balancing the developmental processes of neuronal cells.123 As we showed in chapter 

5, lack of functional MeCP2 already a!ects protein expression early on in neuronal 

development, which most likely a!ects the neuronal phenotype observed in RTT. Even 

though patients with MDS display a reversed pathology compared to RTT, it is most likely 

that MDS does not simply reverse protein alterations. However, as MDS phenotypes are 

also associated with certain developmental stages, including developmental regression, 

it is likely that RTT and MSD share fundamental developmental pathway alterations.124 A 

comparison to iPSC-derived neuronal stem cells from MDS patients could, therefore, be 

of great interest to understand basic developmental mechanisms and the contribution 

of MeCP2. By comparing classical RTT to MDS, we could gain a better understanding of 

the main pathways sensitive to alterations in the MeCP2 dosage and might lead to the 
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soon as possible. Diagnostics for RTT have often been delayed due to the lack of 

experience and variability of displayed symptoms.150 This issue needs to be addressed 

by appropriate training and guidelines for paediatrics and therapists. But also, a broader 

genetic screening could help to identify MECP2 or other RTT related mutations early 

in life. The identification of RTT at an early time point together with early treatment, 

supporting proper brain development, can therefore, be a key approach in RTT therapy 

and perhaps other neurodevelopmental disorders. 
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Our approach was to get insight into the cellular and molecular changes in the brains of 

RTT patients, a devastating neurodevelopmental disorder, leading to severe symptoms 

manifesting at infancy. As we confirmed alterations of KCC2 levels in post mortem brain 

tissue of patients in chapter 2, we were interested in whether RTT causes molecular 

alterations in neuronal precursors. Our proteomic study indicates that RTT neurons are 

impaired during early development and suggest an involvement of the Akt/mTOR 

pathway. Other studies involving potential RTT treatment options, describing phenotypes 

of MDS as well as other neurological disorders (e.g. TSC), point to a bidirectional 

regulation of synaptic development underlying early-onset. As our results still lack 

clear evidence to prove the early involvement of Akt/mTOR, our findings need further 

validation. Future research is also needed to link classical and atypical RTT, MDS and 

other neurodevelopmental disorders. 

For further validations, we suggest investigating a broader spectrum of patient material. 

Due to the di!iculties we were facing regarding the generation of an iPSC in vitro RTT 

model, our assumptions are based on only two patient cell lines. Even though the use 

of isogenic controls does reinforce the results presented in this thesis, the inclusion of 

additional cell lines is required. Therefore, we suggest using our in vitro model described in 

chapter 3 to ensure the usage of isogenic controls, but include additional patient material. 

To further support our hypothesis, parallel investigations of cell lines from patients with 

MeCP2, CDKL5 or FOXG1 and other disorders such as Fragile-X or Angelman syndrome 

would be beneficial to identify a potential link in altered neurodevelopment. As our in vitro 

approach can be used specifically for X-chromosomal disorders, generation of disease 

lines and isogenic controls with other MECP2 or CDKL5 mutations, as well as X-linked 

mutations of other diseases as Fragile-X, can be generated. Additionally CRISPR/Cas9 

gene editing approaches could be used to extend the number of diseased and control 

lines. All generated cell lines could then be analysed during early neuronal development 

at the NES cell stage and at a mature neuronal cell stage to study e!ects on functional 

behaviour. To confirm Akt/mTOR involvement, specific activators would be needed to 

into RTT but could also lead to a better understanding of general neurodevelopmental 

disorders. 
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With our proteomic approach in Chapter 5, we assumed that RTT has its molecular onset 

during early gestation. During this developmental period, diagnostics and treatment 

possibilities are rather restricted. However, it is still unclear whether molecular changes 

seen in in vitro models display the situation in patients. Nevertheless, studies suggest 

behavioural alterations of children with RTT already during the first month after birth, 

although their symptoms become distinct between 6 to 18 months.142,143 As the brain still 

goes through a postnatal developmental phase and is highly plastic, early treatment 

might be beneficial.144–146 By the early application of potential treatments such as NKCC1 

inhibitor Bumetanide, intraneuronal chloride levels could be shifted to appropriate 

levels, thereby reducing the appearance of seizures.147,148 Also, the early support of Akt/

mTOR pathway activation could lead to a beneficial outcome. Therefore, the additional 

synaptic protein translation early in life could have a positive e!ect on synaptogenesis 

and support neuronal network development.90,149

To benefit from early treatment approaches, diagnostics need to be performed as 

������

GENERAL DISCUSSION AND FUTURE DIRECTIONSCHAPTER 6



ReferencesReferences

1. Amir, R. E. et al. Rett syndrome is caused by mutations in X-linked MECP2 , encoding methyl-CpG-binding 

protein 2. Nat. Genet. 23, 185–188 (1999).

2. Gabel, H. W. et al. Disruption of DNA-methylation-dependent long gene repression in Rett syndrome. Nature 

(2015). doi:10.1038/nature14319

3. Petazzi, P. et al. An increase in MECP2 dosage impairs neural tube formation. Neurobiol. Dis. 67, 49–56 (2014).

4. Kelleher, R. J. & Bear, M. F. The Autistic Neuron: Troubled Translation? Cell 135, 401–406 (2008).

5. Van Esch, H. et al. Duplication of the MECP2 Region Is a Frequent Cause of Severe Mental Retardation and 

Progressive Neurological Symptoms in Males. Am. J. Hum. Genet. 77, 442–453 (2005).

6. Cellot, G. & Cherubini, E. GABAergic signaling as therapeutic target for autism spectrum disorders. Front. 

Pediatr. 2, 70 (2014).

7. Tang, X. et al. KCC2 rescues functional deficits in human neurons derived from patients with Rett syndrome. 

Proc. Natl. Acad. Sci. U. S. A. 1524013113- (2016). doi:10.1073/pnas.1524013113

8. Banerjee, A. et al. Jointly reduced inhibition and excitation underlies circuit-wide changes in cortical 

processing in Rett syndrome. Proc. Natl. Acad. Sci. U. S. A. 113, E7287–E7296 (2016).

9. Ben-Ari, Y. Excitatory actions of gaba during development: the nature of the nurture. Nat Rev Neurosci 3, 

728–739 (2002).

10. Clancy, B., Darlington, R. B. & Finlay, B. L. Translating developmental time across mammalian species. 

Neuroscience 105, 7–17 (2001).

11. Marchetto, M. C. N. et al. A model for neural development and treatment of Rett syndrome using human 

induced pluripotent stem cells. Cell 143, 527–39 (2010).

12. Cheung, A. Y. L. et al. Isolation of MECP2-null Rett Syndrome patient hiPS cells and isogenic controls through 

X-chromosome inactivation. Hum. Mol. Genet. 20, 2103–2115 (2011).

13. Djuric, U. et al. MECP2e1 isoform mutation a!ects the form and function of neurons derived from Rett 

syndrome patient iPS cells. Neurobiol. Dis. 76, 37–45 (2015).

14. Landucci, E. et al. iPSC-derived neurons profiling reveals GABAergic circuit disruption and acetylated 

!-tubulin defect which improves after iHDAC6 treatment in Rett syndrome. Exp. Cell Res. 368, 225–235 (2018).

15. DeKelver, R. C. et al. Functional genomics, proteomics, and regulatory DNA analysis in isogenic settings using 

zinc finger nuclease-driven transgenesis into a safe harbor locus in the human genome. Genome Res. 20, 

1133–42 (2010).

16. Bellin, M. et al. Isogenic human pluripotent stem cell pairs reveal the role of a KCNH2 mutation in long-QT 

syndrome. EMBO J. 32, 3161–75 (2013).

17. Hinz, L., Hoekstra, S. D., Watanabe, K., Posthuma, D. & Heine, V. M. Generation of Isogenic Controls for In Vitro 

Disease Modelling of X-Chromosomal Disorders. Stem Cell Rev. Reports 1–10 (2018). doi:10.1007/s12015-018-

9851-8

18. Augui, S., Nora, E. P. & Heard, E. Regulation of X-chromosome inactivation by the X-inactivation centre. Nat. 

Rev. Genet. 12, 429–442 (2011).

increase Akt/mTOR activity.151 In addition, cell lines from MDS patients as well as e.g. TSC 

patients could be included in this study to investigate bidirectional alterations caused 

by Akt/mTOR pathway modulations. In conclusion, future studies would benefit from 

including additional RTT lines as well as samples from other disorders to gain insight into 

basic mechanisms underlying early developmental impairments. 

Further knowledge needs to be gathered regarding KCC2 expression levels. As 

specifically KCC2a levels were altered in RTT patients based on our findings in chapter 

4, we suggest to further investigate not only cortical neurons but also include samples 

from brain areas in which KCC2a is the dominant isoform.78 Evaluation of KCC2b levels 

should also be further investigated in additional patient cell lines. This could be combined 

with functional analysis, by calcium imaging as described in chapter 4 or by using a 

Multi Electrode Array (MEA) approach, which would allow a high content analysis of 

cells. In combination with drug applications e.g. Akt/mTOR activators, this approach 

could generate a new understanding of chloride homeostasis alterations, impairments 

in GABAergic shift and E/I balance changes.

Finally, we suggest investigating the contribution of glia cells on the underdeveloped 

neuronal phenotype in RTT. Besides basic co-culture models, the investigation of more 

complex models, such as organoids will generate the possibility to observe neuronal 

maturation in a more physiological context.51,60 In line with the fast evolving field, we 

might be soon studying early brain development in uniformly generated organoids as 

prevailing model system. 

Basic laboratory studies might not directly lead to new treatment strategies. However, 

due to the early onset of developmental alterations, reading these early signs suggests 

early diagnostics and the earliest possible start of treatment in patients. With our in vitro 

approaches and the identification and understanding of pathways associated with RTT, 

we want to support the overall goal of RTT research. Even though, we did not provide a 

potential treatment with our research yet, we are confident that future approaches can 

build upon our findings and provide valuable insight and targeting options for further 

validations. We hope that this, together with the rapidly progressing field of RTT research, 

will finally lead to better treatment approaches for RTT patients. 

������

GENERAL DISCUSSION AND FUTURE DIRECTIONSCHAPTER 6



38. Allen, N. J. & Eroglu, C. Cell Biology of Astrocyte-Synapse Interactions. Neuron 96, 697–708 (2017).

39. Williams, E. C. et al. Mutant astrocytes di!erentiated from Rett syndrome patients-specific iPSCs have adverse 

e!ects on wildtype neurons. Hum. Mol. Genet. 23, 2968–2980 (2014).

40. Chung, W.-S., Allen, N. J. & Eroglu, C. Astrocytes Control Synapse Formation, Function, and Elimination. Cold 

Spring Harb. Perspect. Biol. 7, a020370 (2015).

41. Sofroniew, M. V. & Vinters, H. V. Astrocytes: biology and pathology. Acta Neuropathol. 119, 7 (2010).

42. Oldfors, A. et al. Rett syndrome: Cerebellar pathology. Pediatr. Neurol. 6, 310–314 (1990).

43. Jellinger, K. & Seitelberger, F. Neuropathology of Rett syndrome. Am. J. Med. Genet. Suppl. 1, 259–88 (1986).

44. Armstrong, D. D. Neuropathology of Rett syndrome. Ment. Retard. Dev. Disabil. Res. Rev. 8, 72–6 (2002).

45. Sharma, K., Singh, J., Pillai, P. P. & Frost, E. E. Involvement of MeCP2 in Regulation of Myelin-Related Gene 

Expression in Cultured Rat Oligodendrocytes. J. Mol. Neurosci. 57, 176–184 (2015).

46. Nguyen, M. V. C. et al. Oligodendrocyte Lineage Cells Contribute Unique Features to Rett Syndrome 

Neuropathology. J. Neurosci. 33, 18764–18774 (2013).

47. Cronk, J. C. C. et al. Methyl-CpG Binding Protein 2 Regulates Microglia and Macrophage Gene Expression in 

Response to Inflammatory Stimuli. Immunity 42, 679–691 (2015).

48. Derecki, N. C. et al. Wild type microglia arrest pathology in a mouse model of Rett syndrome. Nature 484, 

105–109 (2012).

49. Schafer, D. P. et al. Microglia contribute to circuit defects in Mecp2 null mice independent of microglia-

specific loss of Mecp2 expression. Elife 5, (2016).

50. Lancaster, M. A. & Knoblich, J. A. Generation of cerebral organoids from human pluripotent stem cells. Nat. 

Protoc. 9, 2329–2340 (2014).

51. Bordoni, M. et al. From Neuronal Di!erentiation of iPSCs to 3D Neuro-Organoids: Modelling and Therapy of 

Neurodegenerative Diseases. Int. J. Mol. Sci. 19, (2018).

52. Xu, T. et al. Electrophysiological characterization of embryonic hippocampal neurons cultured in a 3D 

collagen hydrogel. Biomaterials 30, 4377–4383 (2009).

53. Centeno, E. G. Z., Cimarosti, H. & Bithell, A. 2D versus 3D human induced pluripotent stem cell-derived cultures 

for neurodegenerative disease modelling. Molecular Neurodegeneration 13, 27 (2018).

54. Lancaster, M. A. et al. Cerebral organoids model human brain development and microcephaly. Nature 501, 

373–379 (2013).

55. Matsui, T. K. et al. Six-month cultured cerebral organoids from human ES cells contain matured neural cells. 

Neurosci. Lett. 670, 75–82 (2018).

56. Ormel, P. R. et al. Microglia innately develop within cerebral organoids. Nat. Commun. 9, 4167 (2018).

57. Dezonne, R. S. et al. Derivation of Functional Human Astrocytes from Cerebral Organoids. Sci. Rep. 7, (2017).

58. Ulloa Severino, F. P. et al. The role of dimensionality in neuronal network dynamics. Sci. Rep. 6, 29640 (2016).

59. Quadrato, G. et al. Cell diversity and network dynamics in photosensitive human brain organoids. Nature 

545, 48 (2017).

60. Oliveira, B., Çera" Yahya, A. & Novarino, G. Modeling cell-cell interactions in the brain using cerebral 

organoids. Brain Research 1724, 146458 (2019).

19. Lyon, M. F. Gene Action in the X-chromosome of the Mouse (Mus musculus L.). Nature 190, 372–373 (1961).

20. Kim, H. S., Bernitz, J. M., Lee, D.-F. & Lemischka, I. R. Genomic Editing Tools to Model Human Diseases with 

Isogenic Pluripotent Stem Cells. Stem Cells Dev. 23, 2673 (2014).

21. Braunschweig, D., Simcox, T., Samaco, R. C. & LaSalle, J. M. X-Chromosome inactivation ratios a!ect wild-

type MeCP2 expression within mosaic Rett syndrome and Mecp2-/+ mouse brain. Hum. Mol. Genet. 13, 

1275–1286 (2004).

22. Chao, H.-T. & Zoghbi, H. Y. MeCP2: only 100% will do. Nat. Neurosci. 15, 176–7 (2012).

23. Ananiev, G., Williams, E. C., Li, H. & Chang, Q. Isogenic pairs of wild type and mutant induced pluripotent stem 

cell (iPSC) lines from Rett syndrome patients as in vitro disease model. PLoS One 6, e25255 (2011).

24. Uhlin, E. et al. Integration Free Derivation of Human Induced Pluripotent Stem Cells Using Laminin 521 Matrix. 

J. Vis. Exp. (2017). doi:10.3791/56146

25. Huong Le, T. T. et al. E!icient and precise CRISPR/Cas9-mediated MECP2 modifications in human-induced 

pluripotent stem cells. Front. Genet. 10, 625 (2019).

26. Wen, Z. et al. Identification of autism-related MECP2 mutations by whole-exome sequencing and functional 

validation. Mol. Autism 8, 43 (2017).

27. Shi, Y., Kirwan, P. & Livesey, F. J. Directed di!erentiation of human pluripotent stem cells to cerebral cortex 

neurons and neural networks. Nat. Protoc. 7, 1836–46 (2012).

28. Nadadhur, A. G. et al. Multi-level characterization of balanced inhibitory-excitatory cortical neuron network 

derived from human pluripotent stem cells. PLoS One 12, 1–21 (2017).

29. Jellinger, K., Seitelberger, F. & Armstrong, D. D. Neuropathology of Rett Syndrome. J. Child Neurol. 20, 747–753 

(2005).

30. Dolmetsch, R. & Geschwind, D. H. The human brain in a dish: the promise of iPSC-derived neurons. Cell 145, 

831–4 (2011).

31. Ballas, N., Lioy, D. T., Grunseich, C. & Mandel, G. Non-cell autonomous influence of MeCP2-deficient glia on 

neuronal dendritic morphology. Nat. Neurosci. 12, 311–7 (2009).

32. Zachariah, R. M., Olson, C. O., Ezeonwuka, C. & Rastegar, M. Novel MeCP2 isoform-specific antibody reveals 

the endogenous MeCP2E1 expression in murine brain, primary neurons and astrocytes. PLoS One 7, e49763 

(2012).

33. Yasui, D. H. et al. MeCP2 modulates gene expression pathways in astrocytes. Mol. Autism 4, 3 (2013).

34. Togashi, H., Sakisaka, T. & Takai, Y. Cell adhesion molecules in the central nervous system. Cell Adh. Migr. 3, 

29–35 (2009).

35. Dong, Q. et al. Mechanism and consequence of abnormal calcium homeostasis in Rett syndrome astrocytes. 

Elife 7, (2018).

36. Pyka, M., Busse, C., Seidenbecher, C., Gundelfinger, E. D. & Faissner, A. Astrocytes are crucial for survival and 

maturation of embryonic hippocampal neurons in a neuron-glia cell-insert coculture assay. Synapse 65, 

41–53 (2011).

37. Hasel, P. et al. Neurons and neuronal activity control gene expression in astrocytes to regulate their 

development and metabolism. Nat. Commun. 8, 15132 (2017).

������

GENERAL DISCUSSION AND FUTURE DIRECTIONSCHAPTER 6



(2009).

82. Sagulenko, V. et al. AIM2 and NLRP3 inflammasomes activate both apoptotic and pyroptotic death pathways 

via ASC. Cell Death Di!er. 20, 1149–1160 (2013).

83. Shen, K. et al. NLRP3 Inflammasome Activation Leads to Epileptic Neurona l Apoptosis. Curr. Neurovasc. Res. 

15, 276–281 (2019).

84. Burton, T. R. & Gibson, S. B. The role of Bcl-2 family member BNIP3 in cell death and disease: NIPping at the 

heels of cell death. Cell Death Di!er. 16, 515 (2009).

85. Armstrong, D., Dunn, J. K., Antal!y, B. & Trivedi, R. Selective dendritic alterations in the cortex of Rett syndrome. 

J. Neuropathol. Exp. Neurol. 54, 195–201 (1995).

86. Cornford, M. E., Philippart, M., Jacobs, B., Scheibel, A. B. & Vinters, H. V. Neuropathology of Rett Syndrome: 

Case Report With Neuronal and Mitochondrial Abnormalities in the Brain. J. Child Neurol. 9, 424–431 (1994).

87. Bear, L. M. Early identification of infants at risk for developmental disabilities. Pediatr. Clin. North Am. 51, 

685–701 (2004).

88. Finlay�Jones, A. et al. Very Early Identification and Intervention for Infants at Risk of Neurodevelopmental 

Disorders: A Transdiagnostic Approach. Child Dev. Perspect. 13, 97–103 (2019).

89. Rangasamy, S. et al. Reduced neuronal size and mTOR pathway activity in the Mecp2 A140V Rett syndrome 

mouse model. F1000Research 5, 2269 (2016).

90. Ricciardi, S. et al. Reduced AKT/mTOR signaling and protein synthesis dysregulation in a Rett syndrome 

animal model. Hum. Mol. Genet. 20, 1182–1196 (2011).

91. Olson, C. O. et al. MECP2 Mutation Interrupts Nucleolin–mTOR–P70S6K Signaling in Rett Syndrome Patients. 

Front. Genet. 9, 635 (2018).

92. Saxton, R. A. & Sabatini, D. M. mTOR Signaling in Growth, Metabolism, and Disease. Cell 168, 960–976 (2017).

93. Ryskalin, L. et al. mTOR-Dependent Cell Proliferation in the Brain. Biomed Res. Int. 2017, 7082696 (2017).

94. Lipton, J. O. & Sahin, M. The Neurology of mTOR. Neuron 84, 275–291 (2014).

95. Li, Y. et al. Global transcriptional and translational repression in human-embryonic- stem-cell-derived rett 

syndrome neurons. Cell Stem Cell (2013). doi:10.1016/j.stem.2013.09.001

96. Huang, X., McMahon, J., Yang, J., Shin, D. & Huang, Y. Rapamycin down-regulates KCC2 expression and 

increases seizure susceptibility to convulsants in immature rats. Neuroscience 219, 33–47 (2012).

97. Magen, D. et al. Autosomal recessive lissencephaly with cerebellar hypoplasia is associated with a loss-of-

function mutation in CDK5. Hum. Genet. 134, 305–314 (2015).

98. Poirier, K. et al. Mutations in TUBG1, DYNC1H1, KIF5C and KIF2A cause malformations of cortical development 

and microcephaly. Nat. Genet. 45, 639–647 (2013).

99. Lee, J. Y. et al. miRNA expression analysis in cortical dysplasia: Regulation of mTOR and LIS1 pathway. Epilepsy 

Res. 108, 433–441 (2014).

100. Kumari, K. et al. mTOR pathway activation in focal cortical dysplasia. Ann. Diagn. Pathol. 46, 151523 (2020).

101. Autry, A. E. & Monteggia, L. M. Brain-derived neurotrophic factor and neuropsychiatric disorders. Pharmacol. 

Rev. 64, 238–58 (2012).

102. Hofer, M. M. & Barde, Y.-A. Brain-derived neurotrophic factor prevents neuronal death in vivo. Nature 331, 

61. Durens, M. et al. High-throughput screening of human induced pluripotent stem cell-derived brain organoids. 

J. Neurosci. Methods 335, 108627 (2020).

62. Dang, J. et al. Glial cell diversity and methamphetamine-induced neuroinflammation in human cerebral 

organoids. Mol. Psychiatry (2020). doi:10.1038/s41380-020-0676-x

63. Arlotta, P. Organoids required! A new path to understanding human brain development and disease. Nat. 

Methods 15, 27–29 (2018).

64. Pelkey, K. A. et al. Hippocampal GABAergic Inhibitory Interneurons. Physiol. Rev. 97, 1619–1747 (2017).

65. Kre!t, O., Jabali, A., Iefremova, V., Koch, P. & Ladewig, J. Generation of Standardized and Reproducible 

Forebrain-type Cerebral Organoids from Human Induced Pluripotent Stem Cells. J. Vis. Exp. (2018). 

doi:10.3791/56768

66. Qian, X. et al. Brain-Region-Specific Organoids Using Mini-bioreactors for Modeling ZIKV Exposure. Cell 165, 

1238–1254 (2016).

67. Yakoub, A. M. & Sadek, M. Analysis of Synapses in Cerebral Organoids. Cell Transplant. 28, 1173–1182 (2019).

68. Yakoub, A. M. & Sadek, M. Development and Characterization of Human Cerebral Organoids. Cell Transplant. 

27, 393–406 (2018).

69. Kyle, S. M., Vashi, N. & Justice, M. J. Rett syndrome: a neurological disorder with metabolic components. Open 

Biol. 8, (2018).

70. Tarquinio, D. C. et al. The course of awake breathing disturbances across the lifespan in Rett syndrome. Brain 

Dev. 40, 515–529 (2018).

71. Cianfaglione, R. et al. Ageing in Rett syndrome. J. Intellect. Disabil. Res. 60, 182–190 (2016).

72. Duarte, S. T. et al. Abnormal Expression of Cerebrospinal Fluid Cation Chloride Cotransporters in Patients with 

Rett Syndrome. PLoS One 8, 1–7 (2013).

73. Gogliotti, R. G. et al. Total RNA Sequencing of Rett Syndrome Autopsy Samples Identifies the M4 Muscarinic 

Receptor as a Novel Therapeutic Target. J. Pharmacol. Exp. Ther. 365, 291–300 (2018).

74. Qiu, Z. et al. The Rett syndrome protein MeCP2 regulates synaptic scaling. J. Neurosci. 32, 989–94 (2012).

75. Belichenko, P. V. & Dahlström, A. Confocal Laser Scanning Microscopy and 3-D Reconstructions of Neuronal 

Structures in Human Brain Cortex. Neuroimage 2, 201–207 (1995).

76. Lozovaya, N. et al. Early alterations in a mouse model of Rett syndrome: the GABA developmental shift is 

abolished at birth. Sci. Rep. 9, 9276 (2019).

77. Uvarov, P. et al. A Novel N-terminal Isoform of the Neuron-specific K-Cl Cotransporter KCC2. J. Biol. Chem. 282, 

30570–30576 (2007).

78. Dubois, C. J. et al. Role of the K-Cl-Cotransporter KCC2a Isoform in Mammalian Respiration at Birth 

Significance Statement. Eneuro 5, 264–282 (2018).

79. Markkanen, M. et al. Distribution of neuronal KCC2a and KCC2b isoforms in mouse CNS. J. Comp. Neurol. 522, 

1897–1914 (2014).

80. Katz, D. M., Dutschmann, M., Ramirez, J.-M. & Hilaire, G. Breathing disorders in Rett syndrome: progressive 

neurochemical dysfunction in the respiratory network after birth. Respir. Physiol. Neurobiol. 168, 101–8 (2009).

81. Arata, A. Respiratory activity of the neonatal dorsolateral pons in vitro. Respir. Physiol. Neurobiol. 168, 144–152 

�����


GENERAL DISCUSSION AND FUTURE DIRECTIONSCHAPTER 6



memory and synaptic transmission. J. Neurosci. 32, 3109–17 (2012).

122. Samaco, R. C. et al. Crh and Oprm1 mediate anxiety-related behavior and social approach in a mouse 

model of MECP2 duplication syndrome. Nat. Genet. 44, 206–11 (2012).

123. Lombardi, L. M., Baker, S. A. & Zoghbi, H. Y. MECP2 disorders: from the clinic to mice and back. J. Clin. Invest. 

125, 2914–2923 (2015).

124. Marafi, D. et al. Spectrum and time course of epilepsy and the associated cognitive decline in MECP2 

duplication syndrome. Neurology 92, e108–e114 (2019).

125. Guerrini, R. & Parrini, E. Epilepsy in Rett syndrome, and CDKL5 - and FOXG1-gene-related encephalopathies. 

Epilepsia 53, 2067–2078 (2012).

126. Byun, C. K. et al. FOXG1 Mutation is a Low-Incidence Genetic Cause in Atypical Rett Syndrome. Child Neurol. 

open 2, 2329048X14568151 (2015).

127. Ariani, F. et al. FOXG1 is responsible for the congenital variant of Rett syndrome. Am. J. Hum. Genet. 83, 89–93 

(2008).

128. Frullanti, E. et al. Analysis of the Phenotypes in the Rett Networked Database. Int. J. Genomics 2019, 6956934 

(2019).

129. Mari, F. et al. CDKL5 belongs to the same molecular pathway of MeCP2 and it is responsible for the early-

onset seizure variant of Rett syndrome. Hum. Mol. Genet. 14, 1935–1946 (2005).

130. Carouge, D., Host, L., Aunis, D., Zwiller, J. & Anglard, P. CDKL5 is a brain MeCP2 target gene regulated by DNA 

methylation. Neurobiol. Dis. 38, 414–424 (2010).

131. Ehrhart, F. et al. New insights in Rett syndrome using pathway analysis for transcriptomics data. Wien. Med. 

Wochenschr. 166, 346–52 (2016).

132. Ehrhart, F., Sangani, N. B. & Curfs, L. M. G. Current developments in the genetics of Rett and Rett-like syndrome. 

Curr. Opin. Psychiatry 31, 103–108 (2018).

133. Gold, W. A. & Christodoulou, J. The Utility of Next-Generation Sequencing in Gene Discovery for Mutation-

Negative Patients with Rett Syndrome. Front. Cell. Neurosci. 9, 266 (2015).

134. Vidal, S. et al. Genetic landscape of rett syndrome spectrum: Improvements and challenges. International 

Journal of Molecular Sciences 20, (2019).

135. Schönewolf-Greulich, B. et al. Clinician’s guide to genes associated with Rett-like phenotypes—Investigation 

of a Danish cohort and review of the literature. Clinical Genetics 95, 221–230 (2019).

136. Iwama, K. et al. Genetic landscape of Rett syndrome-like phenotypes revealed by whole exome sequencing. 

J. Med. Genet. 56, 396–407 (2019).

137. Sajan, S. A. et al. Enrichment of mutations in chromatin regulators in people with Rett syndrome lacking 

mutations in MECP2. Genet. Med. 19, 13–19 (2017).

138. Castellano, B. M. et al. Lysosomal cholesterol activates mTORC1 via an SLC38A9–Niemann-Pick C1 signaling 

complex. Science (80-. ). 355, 1306–1311 (2017).

139. Nguyen, L. H., Mahadeo, T. & Bordey, A. mTOR Hyperactivity Levels Influence the Severity of Epilepsy and 

Associated Neuropathology in an Experimental Model of Tuberous Sclerosis Complex and Focal Cortical 

Dysplasia. J. Neurosci. 39, 2762–2773 (2019).

261–262 (1988).

103. Mariga, A., Zavadil, J., Ginsberg, S. D. & Chao, M. V. Withdrawal of BDNF from hippocampal cultures leads to 

changes in genes involved in synaptic function. Dev. Neurobiol. 75, 173–192 (2015).

104. Nieto, R., Kukuljan, M. & Silva, H. BDNF and Schizophrenia: From Neurodevelopment to Neuronal Plasticity, 

Learning, and Memory. Front. Psychiatry 4, 45 (2013).

105. Chang, Q., Khare, G., Dani, V., Nelson, S. & Jaenisch, R. The Disease Progression of Mecp2 Mutant Mice Is 

A!ected by the Level of BDNF Expression. Neuron 49, 341–348 (2006).

106. Li, W. & Pozzo-Miller, L. BDNF deregulation in Rett syndrome. Neuropharmacology 76, 737–746 (2014).

107. Bathina, S. & Das, U. N. Brain-derived neurotrophic factor and its clinical implications. Arch. Med. Sci. 11, 1164–78 

(2015).

108. Chen, Q. et al. CDKL5, a protein associated with Rett syndrome, regulates neuronal morphogenesis via Rac1 

signaling. J. Neurosci. 30, 12777–12786 (2010).

109. Katz, D. M. Brain-Derived Neurotrophic Factor and Rett Syndrome. in Handb Exp Pharmakol. 481–495 (2014). 

doi:10.1007/978-3-642-45106-5_18

110. Díaz de León-Guerrero, S., Pedraza-Alva, G. & Pérez-Martínez, L. In sickness and in health: the role of methyl-

CpG binding protein 2 in the central nervous system. Eur. J. Neurosci. 33, 1563–74 (2011).

111. Pilakka-Kanthikeel, S., Atluri, V. S. R., Sagar, V., Saxena, S. K. & Nair, M. Targeted brain derived neurotropic 

factors (BDNF) delivery across the blood-brain barrier for neuro-protection using magnetic nano carriers: 

an in-vitro study. PLoS One 8, e62241 (2013).

112. Chen, W. G. et al. Derepression of BDNF transcription involves calcium-dependent phosphorylation of MeCP2. 

Science 302, 885–9 (2003).

113. Li, W. et al. A small-molecule TrkB ligand restores hippocampal synaptic plasticity and object location 

memory in Rett syndrome mice. Dis. Model. Mech. 10, 837–845 (2017).

114. Miranda-Lourenço, C. et al. Reestablishment of adenosine levels: a possible strategy for Rett Syndrome. 

Front. Cell. Neurosci. 13, (2019).

115. Hu, Y.-S., Long, N., Pigino, G., Brady, S. T. & Lazarov, O. Molecular Mechanisms of Environmental Enrichment: 

Impairments in Akt/GSK3�, Neurotrophin-3 and CREB Signaling. PLoS One 8, e64460 (2013).

116. Banerjee, A., Castro, J. & Sur, M. Rett Syndrome: Genes, Synapses, Circuits, and Therapeutics. Front. Psychiatry 

3, 34 (2012).

117. Pini, G. et al. IGF1 as a Potential Treatment for Rett Syndrome: Safety Assessment in Six Rett Patients. Autism 

Res. Treat. 2012, 679801 (2012).

118. Vahdatpour, C., Dyer, A. H. & Tropea, D. Insulin-Like Growth Factor 1 and Related Compounds in the Treatment 

of Childhood-Onset Neurodevelopmental Disorders. Front. Neurosci. 10, 450 (2016).

119. Glaze, D. G. et al. Double-blind, randomized, placebo-controlled study of trofinetide in pediatric Rett 

syndrome. Neurology 92, e1912–e1925 (2019).

120. Kothari, S. et al. BNIP3 plays a role in hypoxic cell death in human epithelial cells that is inhibited by growth 

factors EGF and IGF. Oncogene 22, 4734–4744 (2003).

121. Na, E. S. et al. A mouse model for MeCP2 duplication syndrome: MeCP2 overexpression impairs learning and 

�����

GENERAL DISCUSSION AND FUTURE DIRECTIONSCHAPTER 6



140. Tee, A. R., Manning, B. D., Roux, P. P., Cantley, L. C. & Blenis, J. Tuberous sclerosis complex gene products, 

Tuberin and Hamartin, control mTOR signaling by acting as a GTPase-activating protein complex toward 

Rheb. Curr. Biol. 13, 1259–68 (2003).

141. Talos, D. M. et al. Altered inhibition in tuberous sclerosis and type IIb cortical dysplasia. Ann. Neurol. 71, 539–551 

(2012).

142. Marschik, P. B. et al. Changing the perspective on early development of Rett syndrome. Res. Dev. Disabil. 34, 

1236–9 (2013).

143. Lee, J., Leonard, H., Piek, J. & Downs, J. Early development and regression in Rett syndrome. Clin. Genet. 84, 

572–576 (2013).

144. Hanks, S. B. The role of therapy in Rett syndrome. Am. J. Med. Genet. Suppl. 1, 247–52 (1986).

145. Glaze, D. G. Rett syndrome: Of girls and mice?Lessons for regression in autism. Ment. Retard. Dev. Disabil. Res. 

Rev. 10, 154–158 (2004).

146. Semple, B. D., Blomgren, K., Gimlin, K., Ferriero, D. M. & Noble-Haeusslein, L. J. Brain development in rodents and 

humans: Identifying benchmarks of maturation and vulnerability to injury across species. Prog. Neurobiol. 

106–107, 1–16 (2013).

147. Lemonnier, E. et al. A randomised controlled trial of bumetanide in the treatment of autism in children. Transl. 

Psychiatry 2, e202 (2012).

148. Kahle, K. T., Barnett, S. M., Sassower, K. C. & Staley, K. J. Decreased seizure activity in a human neonate 

treated with bumetanide, an inhibitor of the Na(+)-K(+)-2Cl(-) cotransporter NKCC1. J. Child Neurol. 24, 572–576 

(2009).

149. Tsujimura, K. et al. miR-199a Links MeCP2 with mTOR Signaling and Its Dysregulation Leads to Rett Syndrome 

Phenotypes. Cell Rep. 12, 1887–1901 (2015).

150. Tarquinio, D. C. et al. Age of diagnosis in Rett syndrome: patterns of recognition among diagnosticians and 

risk factors for late diagnosis. Pediatr. Neurol. 52, 585–91.e2 (2015).

151. Ge, D. et al. Identification of a novel MTOR activator and discovery of a competing endogenous RNA 

regulating autophagy in vascular endothelial cells. Autophagy 10, 957 (2014).

������

GENERAL DISCUSSION AND FUTURE DIRECTIONSCHAPTER 6


