
VU Research Portal

Reading the Early Signs

Hinz, L.

2020

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Hinz, L. (2020). Reading the Early Signs: Identification of Early Network Development Alterations in Rett
Syndrome Using iPSC-Based Models. [PhD-Thesis - Research and graduation internal, Vrije Universiteit
Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/5df24681-9216-44c7-a674-1cd3eea787e7


Lisa Hinz1, Johny Pires2, Rhiannon Meredith2, Danielle Posthuma1,3, Vivi M. Heine1,3,*

1Department of Complex Trait Genetics, Center for Neurogenomics and Cognitive Research, Amsterdam Neuroscience, 

Vrije Universiteit, Amsterdam, The Netherlands. 

2Department of Integrative Neurophysiology, Center for Neurogenomics and Cognitive Research, Amsterdam 

Neuroscience, Vrije Universiteit, Amsterdam, The Netherlands. 

3Department of Child Psychiatry, VU University Medical Center, Amsterdam Neuroscience, Amsterdam, The Netherlands.

"13;�?6�#5�&��9>�

cortical neurons 

6B?=�(5DD�

)I>4B?=5�

&1D95>DC��1EC5C�

�<D5B1D9?>�9>�

$5EB?>1<�$5DXB;�

�5O<?@=5>D

�



�$*(%�+�*�%$�$*(%�+�*�%$

Rett Syndrome (RTT) is a neurodevelopmental disorder typically presenting symptomatic 

onset between 6 to 18 months of age. It is associated with autistic behaviour, mental 

impairment, motor and breathing abnormalities and severe seizures. Classical RTT is 

caused by dominant mutations in the MECP2 gene.1–4 Given that MECP2 is located on 

the X-Chromosome, RTT mainly a!ects females with a prevalence of 1:100,00. As 

a methyl CpG binding protein, MeCP2 is involved in gene regulation of hundreds of 

downstream target genes, what makes the identification of exact disease mechanisms 

di!icult.5 However, the neuronal phenotype of RTT is well studied. In post mortem brain 

tissue and mouse models, RTT neurons present as underdeveloped and immature with 

smaller soma, decreased neurite length and reduced numbers of synapses.2,6,7 Besides 

the phenotypic alterations, researchers also identified a functional phenotype in RTT 

mouse models. Here, they found a reduction in spontaneous synaptic activity and a 

decrease in the number of glutamatergic synapses.6,7 Also, impairment of Long-Term 

Potentiation (LTP) and seizures were observed in these mice, indicating disturbance of 

E/I balance.8–10 A more recent study investigated alterations during the time point of 

birth and shortly after. They detected alterations in E/I balance and LTP impairment in 

RTT mice, caused by an insu!icient shift of GABA from being excitatory to inhibitory.11 

As in humans the GABAergic shift is a pre-natal developmental process, translation to 

human patients is rather di!icult.12 However, the implementation of induced pluripotent 

stem cells (iPSCs) and iPSC-derived disease models provided remedy and helped to 

translate early developmental processes from a mouse to human model system. As 

iPSCs di!erentiation is capable to partly mimic development in vivo, the development 

of neurons can be observed over time and alterations within this process can be 

detected.13 Therefore, the investigation of iPSC development is highly appropriate as it 

opens a window to investigate pre-natal developmental processes in humans in vitro 

and can help to identify early alterations during development in RTT.14 

Previous studies on iPSC-derived neurons from RTT patients already showed typical 

neuronal phenotypes, as decreased soma size and reduced number of spines.15–17 These 

neurons also presented physiological impairments when compared to iPSC-derived 

neurons from healthy donors. RTT neurons showed reduced activity and decreased 

frequency of spontaneous excitatory post synaptic currents. Furthermore, their 

amplitudes of evoked action potentials were decreased when compared to controls.17–19 

Even though, these studies validated the iPSC-model as a suitable in vitro model for RTT, 

most of the research studies only focussed on the investigation of mature neurons in 

vitro. However, as RTT is a neurodevelopmental disorder this model can also be used to 
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Rett Syndrome, a neurodevelopmental disorder often caused by mutations in the 

MECP2 gene, leads to symptoms such as autism-like and stereotypic behaviour, mental 

impairment, motor disabilities and severe seizures. First clinical symptoms are observed 

between 6 to 18 months of age, although brain abnormalities are expected to set at 

earlier stages. At a cellular level di!erent studies showed that neurons with MECP2 

mutations display an immature phenotype with decreased size and neurite outgrowth 

and show impaired functionality and reduced spontaneous activity. To investigate 

the cause of impaired functionality and early network developmental delay in RTT 

neurons, we evaluated the critical period of a developmentally restricted activity, 

spontaneous synchronous network activity (SSA). SSA is highly related to the induction of 

the GABAergic shift in certain brain areas, network development, neuronal maturation 

and synaptic pruning. Alterations in its critical period has been already associated with 

other neurodevelopmental disorders such as Autism Spectrum Disorders, Angelmann 

Syndrome and Fragile X Syndrome. 

To investigate SSA alterations during a critical period in RTT, we used an iPSC-derived 

mixed population of inhibitory and excitatory cortical neurons from RTT patients and 

studied them over an early developmental period in vitro. SSA presence was evaluated 

using 2-photon calcium (Ca2+)-imaging by loading the cells with Ca2+-sensitive dyes. 

With this approach we confirmed immaturity of RTT neurons due to decreased neurite 

outgrowth. Furthermore, we observed a delay of SSA appearance in RTT neurons and 

a reduced spiking frequency. Due to the altered SSA appearance, our results suggest 

a disturbance in neuronal network development, which consequently leads to an 

altered connectivity and an impaired balance of inhibition and excitation. Therefore, 

we hypothesize that the observed delay of SSA appearance in RTT neurons, leads to an 

impaired synaptogenesis and a delayed neuronal network development.
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approach was to establish a human in vitro model that is capable of investigating and 

describing functional alterations in early development and which can be used to study 

alterations in GABAergic shift in human RTT neurons.

address and investigate the cause of disease onset. 

A more recent study started to investigate developmental processes in iPSC-derived 

RTT neurons regarding chloride (Cl-) homeostasis. The findings of that study are in line 

with findings in mouse models and human post mortem tissue, which demonstrate a 

reduction in the Potassium-chloride-co-transporter 2 (KCC2) causing increased levels of 

intracellular Cl-.10,20–23 KCC2 is expressed in neurons and specific endocrine cells of the 

pancreas and is responsible for the export of intracellular Cl-. During early development 

its expression levels are low, increasing during development.24 Another important 

transporter responsible for the import of intracellular Cl- (Cl-i) is the sodium–potassium–

chloride-co-transporter 1 (NKCC1). As this transporter is already highly expressed during 

early development, Cl-i is relatively high compared to the extracellular environment. 

Due to the high Ci-i, the neurotransmitter gamma-aminobutyric acid (GABA), usually 

leading to cellular hyperpolarization in mature cells, has the opposite e!ect causing 

depolarizations in immature neurons.25 During this time period developing neurons show 

a specific GABA triggered synchronous activity pattern, spontaneous synchronous 

network activity (SSA), which is essential to trigger further synaptogenesis and form 

functional networks.12 This activity is thought to trigger the increase in the expression of 

KCC2 levels, leading to a reduction of Cl-i and thereby triggering the GABAergic shift. 

This shift is precisely timed and can only be observed for limited duration. In rodents 

SSA appears mostly within the first two post-natal weeks, while in humans this activity is 

already abolished at birth.12,26 As SSA is supposed to have an impact on KCC2 increase, 

suppression of SSA appearance could potentially lead to a reduction of KCC2, which 

might change the ratio of KCC2/NKCC1 and therefore, delays or abolishes the GABAergic 

shift.27 Interestingly, delays in the GABAergic shift, resulting in an imbalanced E/I, could 

have already been associated with other neurodevelopmental disorders such as ASD, 

Angelmann Syndrome or Fragile-X Syndrome.28–31 Therefore, reduced KCC2 levels 

presumably caused by insu!icient SSA in RTT neurons, could also implement a disturbed 

GABAergic shift in human neurons, leading to an impaired neuronal maturation with 

delayed network development. 

To investigate if the neuronal alterations in RTT are triggered by an alteration in 

the GABAergic shift, suggesting an alteration in typical neuronal development, our 

approach was to study SSA appearance during critical periods of neuronal network 

maturation in humans.32 Therefore, we used iPSC derived neurons from RTT patients 

and controls to investigate activity patterns during neuronal maturation in vitro. Our aim 

was to study GABA triggered SSA in the developing neuros and investigate if neurons 

lacking functional MeCP2 show a delay in the appearance of this activity. Therefore, our 
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We detected a reduction in axonal branching in RTT neurons, although this did not 

reach statistical significance (Fig. 2B; Mann-Whitney test p=0.12). Together, we identified 

alterations in the neuronal phenotype of RTT neurons based on total neurite length at 

day 50 of neuronal induction. 

������� ��������������������������	��������������������������
���������������
	���'�(*!)(�$����.�<7�#�*'$#(��'$"�����%�)��#)(��#���$#)'$!(�$#�
#�*'�)��(��"�#)�!�#�)��4�5�4��##3���)#�.0���������5��#���-$#�!�
�'�#���#��!�+�!�4�5�4��##3���)#�.0��
����51��''$'���'(��#����)��
���1

�� ��
'''�***�

��������������������	����������������	�����������
���
����
����
�������
��	��������������"�-+���������������

�������������������������
�������� �������� ������� (�)� (����&������"� ����� �.+$+++,)� ����
�!����� ��������� �� ��� (�)� (����&������"� ����� �%�%)%� ������ ����
���������	��%�

CTR
RTT

0

20

40

60

80

100

m
ea

n 
le

ng
th

/w
el

l

Total neurite length 

CTR
RTT

CTR
RTT

0

1

2

3

4

m
ea

n 
br

an
ch

in
g/

w
el

l

Axon Segments Branch Level 

CTR
RTT

Figure 2. High Content Screening of Neurite Segment Length and Axonal Branching. HCS results of 

day 50 neurons from RTT patients and controls on neurite segment length (A) (Mann-Whitney, p<0.0001) 

and axonal branching level (B) (Mann-Whitney, p=0.12). Error bars indicate SEM.
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To investigate network activity of developing neurons in RTT cultures, we performed 

Ca2+-imaging at di!erent stages of neuronal di!erentiation (Fig. 3A+B). Every other day 

during day 33 to day 50 of the protocol, we measured properties of SSA. Therefore, 

we imaged iPSC-derived neurons from two RTT patients (RTT_R255X and RTT_del3-4), 

one isogenic control (RTT_del3-4_iso) and one control line (CTR_svu207). In total, we 

repeated the Ca2+-imaging experiments 4 times for RTT patient and 3 times for control 

neuron cultures (Fig. 3C-F). In control neurons, we observed a minor increase in SSA 

frequency up to day 42 of neuronal di!erentiation, after which SSA activity dropped and 

stayed low until day 50 (Fig. 3C). In RTT neurons, lower SSA frequencies than in control 

cultures were initially seen, which stayed low until day 42 of neuronal development. 

Thereafter, we observed an increase in SSA activity, which reached frequency levels of 

control neurons measured before day 42 (Fig. 3C). However, alterations in SSA frequency 

in RTT compared to control neuron cultures did not reach statistical significance (Mann-

Whitney test; p=0.0728).

To investigate changes in activity levels in individual RTT neurons, we analysed the mean 

frequency of spikes. In the controls, we observed a higher frequency of spikes when 
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analysis by high content screeninganalysis by high content screening 
Before neuronal di!erentiation was induced, fibroblast-derived iPSCs from RTT patients 

and healthy controls were characterised for pluripotency by immunocytochemistry 

(ICC) (Fig. 1A). Afterwards, we induced cortical neurodevelopment by a classical dual 

SMAD inhibition approach.33 At neuronal induction day 50, iPSC-derived neurons 

showed typical neuronal morphology and expression of neuronal markers as MAP2 

and SMI312 (Fig. 1B). Development of synapses was confirmed by the co-localisation of 

VGLUT2 puncta on MAP2 positive dendrites (Fig. 1B i). 
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Figure 1. In vitro disease model of Rett Syndrome. Representative ICC of iPSC line expressing pluripotency 

markers SOX2, OCT3/4, SSEA4 and TRA1-60 (A). Representative neuronal culture at induction day 50 

expressing MAP2, SMI312 and VGLUT2 (B). 

 

To investigate morphological alterations, we performed high content screening (HCS) 

analysis on RTT neurons (RTT_del3-4, RTT_T158M, RTT_R255X) and isogenic controls (RTT_

del3-4_iso, RTT_T158M_iso) that were generated from the same patient fibroblasts. As 

we were not capable of generating isogenic controls from patient RTT_R255X in time, 

we included an additionally control line (CTR_781.5). At day 50 of neuronal di!erentiation, 

we analysed changes in total neurite length and axonal segment branching between 

RTT and control samples by using the automated Columbus imaging software. This 

analysis revealed a significant decrease in total neurite length in iPSC-derived RTT 

neurons, based on changed MAP2-positive signal (pixels) per area (Fig. 2A; Mann-

Whitney test p<0.0001). Furthermore, we analysed axonal segment branching levels by 

comparing branching points of SMI321 positive segments from RTT neurons to controls. 
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Figure 3. Analysis of Ca2+-imaging. Field of view analysed during recording (A). Example trace (inverted) 

of an active and silent control neuron (B, top) and RTT neuron (B, bottom) at di!erentiation day 43. 

Normalized frequency of occurring spontaneous synchronous activity (SSA) in RTT neurons compared 

to controls over time (Mann-Whitney test, p=0.073) (C). Normalized amount of active neurons over time 

(Mann-Whitney test, p=0.014) (D). Normalized mean frequency of firing rate of individual neurons (Mann-

Whitney test, p=0.0041) (E). Normalized amount of active cells firing synchronous in SSA (Mann-Whitney 

test, p=0.026) (F). Frequencies and numbers of cells were normalized by the mean of controls. Error bars 

indicate SEM. 

compared to RTT neurons during the early measurements up to day 45. In comparison, 

RTT neurons displayed a significant lower mean frequency over the entire measured 

time period (Fig. 3E; Mann-Whitney test, p=0.0041). Based on these findings, we tested 

whether the number of active cells in RTT cultures changed during the di!erentiation 

process. Here, we observed a relatively high and constant number of cells being active 

in the control neuron cultures from day 35 onwards. In RTT neuron cultures, fewer 

neurons were active up to day 45 of neuronal di!erentiation (Fig. 3D; Mann-Whitney 

test, p=0.014). However, from day 45 onwards, the number of active cells in RTT neuron 

cultures increased and eventually reached activity levels of control neurons.

Further, we investigated whether the relative number of active cells firing synchronously 

was altered in RTT neuron cultures (Fig. 3F). We measured the number of neurons 

showing SSA and observed a significant decrease in RTT compared to control neuron 

cultures (Mann-Whitney test, p=0.026). While control neurons showed constant number 

of cells participating in SSA, which only decreased slightly from day 48 onwards, RTT 

neurons displayed a significantly lower number of active cells participating in SSA 

during early recordings. However, this number increased over time and reached control 

level at day 50. While not all analysis reached statistical significance, the di!erences 

observed between RTT and control neurons indicate reduced activity in RTT neuron 

cultures. Observations suggest a decrease in firing rate of neurons (Fig. 3E) as well as 

in the ability to fire synchronously (Fig. 3F). Nevertheless, changes observed in individual 

neuron and SSA activity analysis indicate a recovery in RTT neuron cultures at progressed 

di!erentiation stages with a delay of approximately 8 to 10 days in comparison to 

control neurons (Fig. 3C+D).
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that our iPSC-derived RTT model at day 50 of di!erentiation displays a developmental 

stage comparable to 7-14 post-natal days in mice, corresponding to the second half 

of gestation in humans.42 Therefore, our findings suggests that RTT patients do manifest 

phenotypic alterations in cortical neurons at early pre-natal stages. 

Between day 33 and 50 of neuronal di!erentiation, we were capable of identifying 

spontaneous and synchronous Ca2+ signals. We specifically looked at the appearance of 

SSA, a typical activity pattern observed in developing brain areas which also occurs in 

cortical in vitro cultures.47 As we could not observe these signals before day 33 or after 

day 50, we defined this period as a critical time window of in vitro SSA appearance. 

Observing neurons over time, RTT neurons showed a constant low activity (Fig. 3E). 

These findings are in line with a previous study on iPSC-derived RTT neurons, showing a 

reduction in frequency and amplitude of appearing spontaneous activity.17 When further 

looked into synchronous activity in RTT neurons, we observed an initial decrease in 

active cell number (Fig. 3D) as well as SSA frequency (Fig. 3A) compared to controls. 

However, both increased after an additional 8-10 days in culture, reaching levels of 

control samples at day 48 of neuronal induction. Therefore, our findings suggest a delay 

in SSA appearance in RTT neurons. To study if molecular cascades underlying SSA are 

a!ected by lack of MeCP2 and if delayed SSA is comparable to activity observed in 

controls, further studies are needed. More specifically, it would be necessary to investigate 

if SSA appearance in RTT neurons follows a similar but simply delayed pattern, or if it 

appears for a shorter period. To investigate this, the observation time window should 

be extended. Based on earlier insights in RTT patients, it is expected that alterations 

during these critical periods of brain development, including delays, can have severe 

consequences such as development of epilepsy or autism later in life.48–50 Therefore, we 

suggest that the here observed alterations might be the origin of observed functional 

impairments in RTT.

Previous studies have shown that SSA is an essential trigger for KCC2 expression and 

synaptogenesis. Interestingly, we and other researchers identified a reduction in KCC2 

expression levels in iPSC-derived RTT neurons and post mortem tissue from RTT patients 

(Chapter 2).11,21,23,25 Therefore, targeting KCC2 expression could be an option to correct for 

a potential ine!icient SSA and to normalize maturation defects in RTT neurons. Earlier 

studies targeted NKCC1 by using the diuretic bumetanide, an NKCC1 inhibitor, to regulate 

Cl-homeostasis in neurons.51–55 In clinical trial, bumetanide reduced number of severe 

seizures in Autism Spectrum Disorder (ASD) patients, who already presented typical 

symptoms.53 Therefore, studying this approach on patients, including RTT patients, before 

clinical symptoms manifest could be attractive. By decreasing Cl-i
 in neurons during or 
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To investigate if the lack of functional MeCP2 impairs early neuronal development, we 

measured changes in neuronal morphologies and addressed changes in Ca2+ transients 

in RTT neuron and control cultures. Our analysis indicated a significant decrease in total 

neurite length in RTT neurons while alterations in axonal branching were not statistical 

significant. By Ca2+-imaging analysis, we found a decrease in spontaneous activity in RTT 

neurons during early maturation. Additionally, RTT neurons showed a significant lower 

number of cells participating in SSA until day 44 of neuronal di!erentiation. Interestingly, 

while mean frequency of active cells stayed lower in RTT neurons, the number of active 

cells, SSA frequency and number of active cells participating in SSA increased after 

approximately 8 to 10 days to levels initially observed in control neurons. This finding 

suggests that the activity patterns in RTT neurons develop at later stages. As SSA is 

essential for neuronal maturation and synaptogenesis, a delay of this activity might 

cause impaired neuronal development and lead to a neuronal phenotype common in 

RTT.

The reduction in total neurite length observed in RTT cultures, are in line with earlier 

findings, showing impaired neuronal development in RTT patients’ brain tissue.1,34,35 

Furthermore, morphological alterations were also described in RTT mouse models.36–38 

Altered dendritic and axonal growth, as well as disturbed axonal guidance and reduced 

branching in RTT mice are reported. Even though we observed alterations in dendritic 

growth, we could not show significant alterations of neuronal growth with regards 

to axonal segment branching. As changes in in vitro mouse tissue were observed in 

performing axonal guidance experiments, similar approaches could be of interest 

for human neuron cultures.36 As we investigated axonal segment branching without 

specifically influencing axonal guidance, the outcome of our study might be di!erent. 

Furthermore, our neurons were co-cultured with wild type (wt) rat astrocytes to properly 

mature them. As indicated in previous studies, changes in MeCP2 expression in glia 

cells is associated with the neuronal phenotype observed in RTT.39,40 Therefore, axonal 

growth could be influenced by wt astrocytes, reducing the common RTT phenotype.41 

Nevertheless, in our iPSC-derived model we did observe reduced dendritic length in 

RTT neurons, suggesting developmental impairments comparable to previous studies.38 

In RTT, morphological alterations in neurons most likely appear during pre-natal 

development. Alterations observed in previous mouse studies were already identified 

at post-natal day 2.38 This early post-natal time point in mice reflects a pre-natal 

developmental stage in humans.42–44 It is also known that iPSC-derived neurons reflect 

an immature neuronal phenotype due to lack of proper ageing in vitro.45,46 We assume 
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Reprogramming and iPSC culturing

Rett patient Fibroblasts were obtained from the Cell lines and DNA bank of Rett Syndrome, 

X-linked mental retardation and other genetic disease, member of the Telethon Network 

of Genetic Biobanks. Three patient lines carrying di!erent mutation within MECP2 were 

cultured showing a deletion within exon 3 and 4 (RTT-FB DEL), carrying a nonsense 

mutation p.R255X (RTT-FB R225X) or showing a missense mutation at p.T158M (RTT-FB 

T158M). Control Fibroblasts were received from two anonymous healthy males (CTR-

FB svu207, CTR-FB 781.5). All lines were cultured and expanded in Fibroblast medium 

(DMEM-F12, 20% FBS, 1%NEAA, 1%Pen/Strep, 50 "M !-Mercaptoethanol). The generation 

of pure RTT-fibroblasts and isogenic controls was performed for RTT-FB T158M and 

RTT-FB DEL as described before.56 In brief, single fibroblasts were plated in wells of a 96-

well plate and cultured for expansion. Created fibroblasts lines were tested on MeCP2 

expression by immunohistochemistry and PCR. Only pure MeCP2 positive or negative 

fibroblast lines were further expanded for iPSCs generation.57 For RTT-FB R225X only 

pure negative fibroblast line could be generated due to extreme X-chromosomal 

skewing. To reprogram fibroblasts towards iPSCs, 4x105 fibroblasts were resuspended 

in 400 "l Gene Pulser® Electroporation Bu!er Reagent (BioRad) containing 23.3 "g of 

each of three plasmids (Addgene, Plasmid #27078, #27080, #27076). Cells were then 

electroporated with Gene Pulser II (BioRad), giving three pulses of 1.6 kV, 3 "F and 400 

# resistance. Cells were plated on Geltrex® (A1413202, ThermoFisher) coated plates 

and left to recover overnight in Fibroblast medium without antibiotics but containing 

10 "M ROCK-inhibitor (Y-27632). After 24 h medium was changed to Fibroblast medium 

including Penicillin/Streptavidin and cells were further cultured until they reached 60-

70% confluence. Then medium was changed to TeSR™-E7™ (Stemcell Technologies) and 

refreshed daily. iPSC colonies appeared after 21-28 days and were manually picked and 

further cultured on Vitronectin XF™ coated plates in TeSR™-E8™ (Stemcell Technologies) 

as described before.56

Neuronal di!erentiation

Neuronal di!erentiation was performed as published before with minor adjustments.33 

In brief, iPSCs were cultured in high density in TeSR™-E8™. Medium was switched to 

Neuro maintenance medium (NMM) containing 1 "M Dorsomorphin and 10 "M SB431 

and replaced daily. Neuronal rosette structures appeared and were manually picked 

after 10-12 days. These were expanded on Polyornithine/Laminin coated plates in NMM 

containing 20 ng/ml FGF-2 and 20 ng/ml EGF. When cells reached 90% confluence, 

only shortly after a critical time window, insu!icient SSA could be compensated for, 

thereby supporting network connectivity and maturation. By timing this approach 

during early life, long-term consequences might be prevented and RTT symptoms could 

be reduced or even abolished. This approach would clearly need further validation. 

Nevertheless, with our findings we introduce an iPSC-based model system, which is 

capable to detect alterations in early network development, setting a basis for follow 

up studies. 
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Table 1. Primary Antibodies for ICC and IHC

Antibody Manufacturer Host Dilution
MeCP2 CellSignalling rb 1:200

OCT4 Santa Cruz mo 1:1000

SSEA4 DSHB mo 1:50

TRA1-60 Santa Cruz mo 1:200

TRA1-81 Millipore mo 1:250

SOX2 Millipore rb 1:1000

ß-III Tubulin R&D Systems mo 1:1000

"-Fetoprotein R&D Systems mo 1:1000

"-Smooth Muscle Actin Progene mo 1:1000

MAP2 Abcam ch 1:500

SMI312 Eurogentec mo 1:1000

VGLUT2 SYnaptic SYstems rb 1:1000

VGLUT1 SYnaptic SYstems rb 1:250

VGAT SYnaptic SYstems gp 1:500

�1��1�++--��=179>7��=179>7

Ca2+-Imaging was performed at di!erent days of the neuronal induction of iPSCs starting 

with day 33. Measurements were repeated every two to three days until neuronal 

induction day 50. Two RTT lines (RTT_del3-4, RTT_R255X), one isogenic control line 

(RTT_del3-4_iso) and one healthy control line (CTR_svu207) was analysed. Therefore, 

neurons plated and cultivated on glass coverslips were incubated with 2mM of Fluo-

5F AM (ThermoFisher) for 5 min at 37°C. Afterwards neurons were washed once with 

Neurobasal medium (ThermoFisher) and directly processed for imaging. Glass coverslips 

were placed into imaging chamber of a Nikon confocal microscope and superfused 

with 37°C ACSF (127mM NaCl, 25mM NaHCO3, 25mM D-glucose, 2.5 mM KCl, 1mM MgCl2, 

2mM CaCl2, 1.25mM NaH2PO4) equilibrated with 95% O2 and 5% CO2. Recordings of the 

neurons were made at 1.6 Hz for 8 min and analysis performed by using Event Analyser 

(EvA) in MatLab (Mathworks) as described before.58 

StatisticsStatistics

To compare di!erent lines and experiments properly, all data points were divided by 

the average of control measurements before statistical analysis. All statistical analysis 

and calculations were performed with Graphpad Prism 6. Data sets were tested for 

normal distribution and statistical test chosen accordingly. Therefore, Mann-Whitney 

test was chosen to compare axon segment branching level, neurite segment length 

and neuronal activity, measured by Ca2+-imaging in control and RTT neurons. Significant 

di!erences were considered when p<0.05.

medium was changed to N2-medium containing 400 ng/ml of human SHH and 

changed daily for four days. Afterwards, cells were treated with 10 "M valproic acid in 

neurobasal medium (NB). To mature neurons, they were plated on primary rat astrocytes 

and grown in NB containing BDNF, GDNF and cAMP up to 56 days. 

9&)��1>4�$5EB?>1<��81B13D5B9C1D9?>9&)��1>4�$5EB?>1<��81B13D5B9C1D9?>

Embryoid Body formation

To validate ability of iPSCs to generate all three germ layers and therefore be pluripotent, 

iPSCs were detached from cell culture plate and transferred to anti adhesive Poly(2-

hydroxyethyl methacrylate) (Sigma-Aldrich) coated wells of a 6-well plate. Cells were 

cultured floating in TeSR™-E8™ (STEMCELL) with 10 "M ROCK-inhibitor (Y-27632) for 

48h with half of medium being changed daily. From day 3 medium was changed to 

TeSR™-E8™ without ROCK-inhibitor and EBs were cultured up to day 10. At day 10 EBs 

were plated on Geltrex®-coated coverslips and further cultured in TeSR™-E8™ for another 

three days. Afterwards cells were fixated and prepared for immunocytochemistry (ICC).

Immunocytochemistry

Cells of interest were washed with PBS and fixated with 4% PFA for 10 min at RT. After 

3x washes with PBS cells were blocked and permeabilized for 1 h in blocking- bu!er 

(PBS, 5% normal goat serum (Gibco®), 0.1% bovine serum albumin (Sigma-Aldrich), 0.3% 

Triton X-100 (Sigma-Aldrich)). Primary antibodies (Tab. 1) were diluted in blocking bu!er 

and cells were incubated with antibody solution for 1 h at RT followed by an overnight 

incubation at 4°C. Next day cells were washed 3x with PBS for 10 min and secondary 

antibodies Alexa Fluor® 488/594/647 (ThermoFisher, 1:1000, mo, rb, gp, ch) in blocking 

bu!er were applied and incubated for 1-2 h at RT. Afterwards DAPI was stained for 5 

min in PBS and cells were washed 3x with PBS again before coverslips were mounted 

with Fluoromount™ (Sigma-Aldrich) on glass slides. 

�978��?>D5>D�)3B55>9>7��978��?>D5>D�)3B55>9>7�

Day 50 neurons from RTT iPSC lines (RTT_del3-4, RTT_T158M, RTT_R255X), two isogenic 

contro lines (RTT_del3-4_iso, RTT_T158M_iso) and one healthy control line (CTR_781.5), 

plated on 96-well glass bottom plates, were fixated and stained as described above. 

Afterwards, 20 wells per line were scanned by the Opera confocal microscope and 

images were analysed for neurite segment length and axonal branching by using the 

Columbus Image Data Storage and Analysis System (PerkinElmer).
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