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1. Abstract 

The term autism spectrum disorder (ASD) comprises a range of neurodevelopmental disorders 

that are characterized by impaired social interaction, repetitive behavior and deficits in speech 

and nonverbal communication. ASD susceptibility has a strong genetic component. 

Additionally, a number of environmental risk factors have been suggested to contribute to ASD 

pathogenesis. Valproic acid (VPA) is an antiepileptic drug with histone deacetylase (HDAC) 

inhibition activity. VPA intake during pregnancy is associated with a significantly increased risk 

of the unborn child to develop neurodevelopmental disorders including ASD. 

In rodent models it has been shown that in-utero exposure to VPA results in an autism-related 

behavioral phenotype in the offspring. On the neuronal level, alterations in excitatory and 

inhibitory synaptic transmission as well as enhanced NMDA receptor-mediated long-term 

potentiation (LTP) have been proposed to contribute to these phenotypes. 

However, the effect of VPA on developing human neuronal networks is largely unknown. Here, 

we use human embryonic stem cell (hESC)-derived neuronal cultures as an in-vitro model of 

early cortical development. 

We show that hESC-derived neurons co-cultured with primary mouse astrocytes acquire 

passive and active membrane properties of mature neurons. They can be differentiated into 

synaptically connected neuronal networks containing glutamatergic and GABAergic neurons. 

After approximately two months of differentiation the cultured human neuronal network 

develops a spontaneous rhythmic synaptic activity resembling NMDA receptor-driven cortical 

early network oscillations (cENOs) reported in the early postnatal rodent brain. 

Chronic VPA exposure strongly increased onset and frequency of spontaneous postsynaptic 

currents and human ENOs in-vitro due to NMDA receptor overexpression. Furthermore, the 

density of glutamatergic synapses was increased, as well as synaptic NMDA receptor to AMPA 

receptor conductance density, indicating that enhanced NMDA receptor activation facilitates 

the recruitment of glutamatergic neurons to generate increased network activity. 

By contrast, the density of GABAergic synapses and frequency of miniature GABAergic 

currents were unchanged. 

Finally, enhanced frequency of human ENOs could be rectified by partial block of NR2B NMDA 

receptors using a low concentration of Ifenprodil (1 µM). This indicates that NR2B NMDA 

receptors might constitute a promising target for treatment of hyperexcitability and 

hyperconnectivity in the framework of ASD. 

Taken together, we show that embryonic VPA exposure generates hyperexcitability in human 

neuronal networks by NR2B NMDA receptor hyperactivation leading to enhanced frequency 

of ENOs, which can be rescued by partial block of NR2B NMDA receptors. 
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2. Introduction 

2.1. Autism spectrum disorder 

Autism is a neurodevelopmental disorder characterized by impaired social interaction, 

restrictive, repetitive and stereotyped patterns of behavior and a delay in speech and nonverbal 

communication. Often autism is accompanied by additional symptoms such as sensory 

hypersensitivities, seizures, intellectual disability, sleep disorders and mental health problems 

like anxiety or depression (Spence and Schneider, 2009; Cortesi et al., 2010; Croen et al., 

2015). Since combination, temporal occurrence and severity of the abovementioned symptoms 

are considerably variable between autistic individuals, autism cannot be considered a single 

disorder. Today, the term “autism spectrum disorder” (ASD) is used to summarize a continuum 

of clinical entities including autistic disorder, childhood disintegrative disorder, pervasive 

developmental disorder not otherwise specified and Asperger’s syndrome 

(AmericanPsychiatricSociety, 2013). 

Usually ASD can be diagnosed on the basis of clinical symptoms by the age of 2 to 3 years. 

In 2014, the overall prevalence for ASD was 1 in 59 children aged 8 years with males 4 times 

more often affected than females. Approximately one third of people with autism are nonverbal, 

severely mentally retarded (IQ < 70) and need care which places a substantial burden on 

affected families and society (Wodka et al., 2013; Buescher et al., 2014; Baio et al., 2018). 

Despite considerable research progress in the field of ASD, the etiology and pathophysiology 

are only partially understood. Studies on so-called syndromic ASDs, i.e., forms of ASD which 

appear in conjunction with additional phenotypes and/or dysmorphic features, have led to the 

identification of genes underlying monogenic forms of ASD such as TSC1/2 in tuberous 

sclerosis (Fryer et al., 1987; Kandt et al., 1992), FMR1 in fragile X syndrome (Verkerk et al., 

1991) and UBE3A in Angelman syndrome (Kishino et al., 1997). However, these monogenic 

disorders make up only about 5% of ASD cases and none of the implicated genes can explain 

more than 1 to 2% of ASD cases. The etiology of the vast majority of non-syndromic ASD 

cases is unknown (Sztainberg and Zoghbi, 2016). 

Evidence from twin studies, linkage analyses and genome-wide association studies suggest 

that nonsyndromic ASD susceptibility has a strong genetic component (Weiss et al., 2009; 

Anney et al., 2012; Sandin et al., 2014). It is known that the spatial and temporal expression 

of genes can be influenced by gene-environment interactions. A variety of environmental risk 

factors for the development of autism has been proposed including perinatal insecticide 

exposure, gut microbial dysbiosis as well as pre-, peri- and postnatal virus infections and even 

vaccines (Landrigan, 2010; Uno et al., 2015; Vuong and Hsiao, 2017). 

The developing human brain is particularly susceptible to detrimental effects of harmful 

chemicals (Rodier, 1995; Rice and Barone, 2000). Therefore, substances that are present 
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during embryonic brain development have been subjects of intensive research. For several 

drugs there is evidence of a causal link between autism and in-utero exposure from clinical 

and epidemiological studies. Among them are the sedative thalidomide, the abortifacient 

misoprostol and the antiepileptic drug VPA (Stromland et al., 1994; Moore et al., 2000; Bandim 

et al., 2003). 

 

2.2. VPA-induced autism spectrum disorder in humans 

VPA is an antiepileptic agent that is also used in the treatment of bipolar disorder, migraine 

and schizophrenia (Bowden, 2003; Chronicle and Mulleners, 2004; Fountoulakis et al., 2005; 

Wang et al., 2016). From the chemical point of view, VPA – or 2-n-propylpentanoic acid – is a 

short branched-chain fatty acid that differs markedly from all other antiepileptic drugs (AEDs) 

in clinical use (see Figure 1). 

 

 

 
Figure 1: Structural formulae of antiepileptic drugs: Valproic acid, Carbamazepine and 
Phenytoin 
Valproic acid (left), Carbamazepine (middle) and Phenytoin (right) are antiepileptic drugs that have 
been associated with congenital malformations of the unborn child when taken during pregnancy. 
Carbamazepine and Phenytoin are thought to exert their antiepileptic function by inhibition of sodium 
channels that decreases neuronal excitability. Carbamazepine and Phenytoin are associated with a 
more favorable cognitive and behavioral outcome upon in-utero exposure. A link to ASD has been 
reported for VPA only. 

 

The molecular mechanisms through which VPA exerts its antiepileptic function are not yet fully 

elucidated. A variety of possible targets including neurotransmitter receptors, ion channels, 

proteins involved in neurotransmitter synthesis and degradation as well as brain lipids has 

been proposed (Johannessen, 2000; Loscher, 2002). Furthermore, it has been demonstrated 

that VPA interacts with several key signaling pathways resulting in altered gene expression 

such as the ERK pathway (Yuan et al., 2001), the PKC pathway (Watterson et al., 2002) and 

the Wnt/β-catenin pathway (Kim et al., 2005). More recently, further mechanisms through 

which VPA can affect the expression of multiple genes have been suggested. An important 

one is its ability to alter chromatin states via its role as a direct inhibitor of HDACs (Phiel et al., 

2001). Briefly, HDACs mediate the removal of acetyl groups from lysine residues on histones 

leading to a more dense, transcriptionally less active, chromatin structure. Consequently, 
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HDAC inhibition results in a more open, transcriptionally more active, chromatin structure (see 

Figure 2). 

 

Figure 2: Regulation of transcription 
by histone acetylation 
Transcription is regulated by acetylation 
(by HATs) and deacetylation (by HDACs) 
of histones. HDAC inhibitors prevent the 
conversion of relaxed (transcriptionally 
active) chromatin to condensed (trans-
criptionally inactive) chromatin.  
 
(from: Chuang, Chiu et al. 2009: Multiple 
roles of HDAC inhibition in neuro-
degenerative and psychiatric diseases) 

 

Even though its mechanisms of action are not fully understood, VPA has become one of the 

most widely used antiepileptic drugs ever since its first marketing in 1967 (Davies, 1995; 

Loscher, 2002). The most important advantages of VPA are its good tolerability compared to 

other AEDs and its efficacy against a broad range of seizure disorders including absence 

seizures, partial seizures and tonic-clonic seizures (Mattson et al., 1992; de Silva et al., 1996). 

Seizure disorders are the most frequent neurological complication in pregnancy, affecting 0.4 

to 0.8% of pregnant women. It is known today that some AEDs are associated with an 

increased risk for congenital malformations and cognitive deficits. As epileptic seizures during 

pregnancy can cause prolonged periods of hypoxia and fetal bleedings (due to seizure-

associated falling) it is of great importance to achieve or maintain seizure freedom. For this 

reason, risk-associated AEDs are still taken by pregnant women (Eller et al., 1997; Chen et 

al., 2009; Vajda et al., 2018). According to studies from 2011 and 2012, 25.8% (International 

Registry of Antiepileptic Drugs and Pregnancy) and 17.9% (Australian Pregnancy Register) of 

pregnant epilepsy patients receiving AED monotherapy were treated with VPA, respectively. 

The proportion of patients receiving VPA as a component of AED polytherapy was even higher 

(28.9% in the Australian Pregnancy Register) (Tomson et al., 2011; Vajda et al., 2012). 

The first report suggesting a teratogenic effect of VPA in humans was published in 1980 

describing a dysmorphic female newborn with abnormally low birth weight and reduced body 

length whose mother had taken a daily dose of 1000 mg VPA from the second week of 

pregnancy (Dalens et al., 1980). Prior to this report, it had been shown that VPA can cross the 

blood-brain barrier and the blood-placental barrier, distribute to fetal tissues and reach 1.3 

times higher concentrations in fetal serum compared to maternal serum (Pinder et al., 1977; 

Frey and Loscher, 1978; Dickinson et al., 1979a; Dickinson et al., 1979b). 



Introduction 
__________________________________________________________________________ 

9 
 

Among the teratogenic effects of VPA is the promotion of spina bifida formation. Spina bifida 

is a congenital neural tube defect and results from an incomplete closure of the neural tube 

during embryonic development. Lumbosacral spina bifida with meningocele (liquid-filled 

meningeal cyst) and meningomyecele (meningeal cyst containing spinal cord tissue) are 

observed in more than 5% of children whose mothers took daily doses of more than 1000 mg 

VPA during the first trimester of pregnancy (Robert and Guibaud, 1982; Omtzigt et al., 1992). 

Fetal valproate syndrome was first described in 1984 and refers to a characteristic craniofacial 

phenotype with major malformations and growth deficiency (DiLiberti et al., 1984). The facial 

phenotype consists of epicanthal folds, a flat nasal bridge, a small upturned nose, a shallow 

philtrum and a long and thin upper lip. Other birth defects in children with fetal valproate 

syndrome include cardiovascular, urogenital and digital anomalies (Jager-Roman et al., 1986; 

Ardinger et al., 1988; Rodriguez-Pinilla et al., 2000). 

In slightly older children with fetal valproate syndrome VPA effects on neurodevelopment 

became apparent. Affected children showed delayed speech and motor development with 

coordination problems, learning and behavioral difficulties and autistic features (Christianson 

et al., 1994; Moore et al., 2000). Case reports of children with fetal valproate syndrome 

described autistic-like behavior such as withdrawal from crowded settings, decreased eye 

contact, poor interactive play as well as repetitive activities and movements (Williams and 

Hersh, 1997; Williams et al., 2001). 

More recently, the causal link between in-utero VPA exposure and the development of 

childhood autism has been confirmed by clinical studies (Shallcross et al., 2011; Bromley et 

al., 2013; Vajda et al., 2018). A study from Bromley et al. in 2008 showed that 6.3% of children 

exposed to VPA were diagnosed with autism. Their risk to develop ASD was 7 times higher 

than in the control group (Bromley et al., 2008). In a study that tested the effect of multiple 

AEDs and AED combinations the ASD risk, VPA (either alone or in combination therapy) was 

the drug most frequently associated with ASD. Also, larger patient cohorts and prolonged 

follow-up of patient history facilitated a more detailed description of the VPA exposure-

associated autistic phenotype. Unlike idiopathic autism, it is characterized by an even sex ratio, 

the absence of regression or skill loss and language delay in the absence of global delay 

(Rasalam et al., 2005). 

The period of exposure to harmful environmental substances is particularly interesting in order 

to identify possible periods of high vulnerability and to better understand the effect of these 

substances on brain development. Since VPA is an AED which is taken to suppress seizures 

during pregnancy, it has typically been taken throughout the whole pregnancy. Nevertheless, 

it is possible to deduce the critical period of VPA exposure from case reports. In different case 

reports craniofacial and other malformations have been observed in children that were 

exposed to VPA during the first 3 (Moore et al., 2000) and 5 months (Williams and Hersh, 
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1997) of pregnancy. Therefore, it is likely that the first trimester is the critical period of exposure 

(Arndt et al., 2005). However, the possibility that the autism phenotype could result from later 

non-teratogenic effects of VPA cannot be excluded. 

The emerging clinical evidence for a link between exposure to the widely used antiepileptic 

drug VPA and ASD risk has highlighted the importance of investigating how VPA exposure 

influences neurodevelopment. Furthermore, the identification of disease mechanisms 

underlying VPA-induced ASD could enhance our understanding of idiopathic forms of autism 

also. VPA-based animal models of autism have made a valuable contribution to this process. 

 

2.3. VPA rodent models of autism spectrum disorder 

The most frequently studied animal model of VPA-induced autism was proposed by Rodier et 

al. in 1996 (Rodier et al., 1996). In-utero exposure to VPA is achieved by a single 

intraperitoneal injection of 350 mg/kg VPA in pregnant rats at gestational day 12.5. When 

translated to mice, gestational days 10 to 13 are typically chosen for injection. This time of 

injection corresponds to the closure of the neural tube and the generation of first neurons in 

rodents (Altman and Bayer, 1980). The VPA rodent model reproduces many of the structural 

and behavioral features that can be seen in ASD patients (Kim et al., 2011; Roullet et al., 

2013). 

At the neuroanatomical level, a decreased density of cortical neurons, increased apoptosis 

and decreased neurogenesis could be detected as early as 12 to 24 h following VPA injection. 

Other brain regions, however, did not show a loss of cortical neurons suggesting that specific 

brain regions may be more susceptible to VPA-mediated damage (Kataoka et al., 2013). 

Similarly, VPA exposure led to a transient delay in neurogenesis in the rat fetal brain. Later 

during development, however, enhanced neural progenitor cell differentiation caused 

macrocephaly and an increased overall density of neurons (Go et al., 2012). This is consistent 

with the raised rate of macrocephaly in autistic patients (Fombonne et al., 1999). Further 

physical malformations that were observed in VPA-exposed rats after birth are similar to 

abnormalities that have been described in some autistic patients, (e.g., posterior rotation of the 

outer ear) (Dufour-Rainfray et al., 2011). 

At the behavioral level, the VPA rodent model bears remarkable resemblance to the core and 

comorbid symptoms of ASD. In a number of consecutive studies Schneider et al. gave a 

detailed analysis of the behavior of VPA-exposed rats. The autism-relevant behavioral 

impairments included (1) a decreased number of social explorations and interactions 

resembling social deficits in ASD patients, (2) increased locomotor and repetitive/stereotype-

like behaviors resembling locomotor stereotypies and compulsive behaviors, (3) a lower 

sensitivity to pain together with an increased sensitivity to non-painful stimuli suggesting 

sensorimotor deficits and (4) a lowered acoustic prepulse inhibition indicative of deficits in 
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attention and information processing. Additionally, a general maturation delay with decreased 

bodyweight, delayed motor development and late eye opening was reported (Schneider and 

Przewlocki, 2005; Schneider et al., 2007; Schneider et al., 2008). 

A lack of sociability in both VPA-exposed rats and mice was often demonstrated with the help 

of the three-chambered social approach task (Roullet et al., 2010; Kim et al., 2011; Moldrich 

et al., 2013; Kim et al., 2014a; Kim et al., 2014b). Moreover, behavioral analogs to repetitive 

stereotypic-like behavior of autistic patients such as excessive self-grooming, marble burying 

or digging have been confirmed in VPA-exposed animals (Gandal et al., 2010; Mehta et al., 

2011; Moldrich et al., 2013; Kim et al., 2014a). Using a Y-maze, both the tendency towards 

repetitive behavior (as suggested by re-entering the same arm more often than controls) and 

the comorbid symptom of increased anxiety (as suggested by the reduced time spent in the 

open arm of an elevated plus maze) could be demonstrated (Schneider et al., 2006; Markram 

et al., 2008; Schneider et al., 2008). Disruptions and reduced frequencies of ultrasonic (~ 70 

kHz) vocalization in pups and adult mice have been related to communication deficits observed 

in ASD patients (Gandal et al., 2010; Moldrich et al., 2013). 

At the neuronal level, different mechanisms including excitation-inhibition imbalance and 

alterations in synaptic connectivity have been postulated as neuronal substrates of ASD 

(Rubenstein and Merzenich, 2003; Markram et al., 2007; Markram and Markram, 2010). 

In accordance with the excitation-inhibition imbalance hypothesis, a reduced density of 

parvalbumin-positive interneurons was found in the parietal and occipital cortices of VPA-

exposed mice (Gogolla et al., 2009). At the protein level, a reduction of GABAergic synaptic 

protein and parvalbumin expression was found in the somatosensory cortex of adolescent 

VPA-exposed mice and mouse primary cortical cell cultures treated with VPA. It was 

accompanied by an increased expression of the glutamatergic synaptic marker VGLUT1 (Iijima 

et al., 2016). 

Electrophysiological studies of pyramidal neurons in the somatosensory and prefrontal cortex 

have revealed specific alterations in neuronal connectivity. Synaptic connections between 

neighboring layer V pyramidal neurons were found to be more numerous, hyperreactive and 

hyperplastic being supportive for the hypothesis of increased local cortical wiring in autism. 

(Belmonte et al., 2004; Rinaldi et al., 2008a; Rinaldi et al., 2008b; Markram and Markram, 

2010). A similar local hyperconnectivity with enhanced NMDA receptor-mediated long-term 

potentiation in the amygdala of VPA-exposed rats has been demonstrated and was linked to 

abnormally strong fear conditioning and reduced fear memory extinction (Markram et al., 2008; 

Lin et al., 2013). Increased NMDA receptor subunit expression and calcium/calmodulin-

dependent protein kinase II (CaMKII) activity have been proposed to contribute to 

hyperplasticity in the somatosensory cortex (Rinaldi et al., 2007). 
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The notion of corrupted cortical connectivity is further supported by morphological studies 

revealing increased dendritic complexity in motor cortex layer II pyramidal neurons of VPA-

exposed rats and alterations in dendritic spine density in the prefrontal cortex and ventral 

hippocampus suggesting local hyperconnectivity and distal hypoconnectivity (Snow et al., 

2008; Bringas et al., 2013). 

The majority of studies on the VPA rodent model has investigated the functional consequences 

of VPA exposure on neuronal activity in postnatal animals only. It is known, however, that 

neuronal activity plays an essential role already at much earlier stages of neurodevelopment. 

It is possible that disturbances of these early forms of neuronal activity by VPA underlie both 

morphological anomalies of the nervous system and alterations in neuronal network properties 

observed during postnatal stages of development. Due to the lack of studies addressing 

changes in prenatal neuronal activity in the VPA rodent model, nothing is known about the 

effects of VPA on the activity of early neuronal networks. 

 

2.4. Activity patterns during early cortical development 

Early neuronal development can be divided into three main phases: proliferation of neuronal 

precursors, migration and differentiation. It is known today, that specific patterns of early 

activity play an important role during all three phases (Spitzer, 2006). 

Progenitor proliferation and neuronal migration take place before the formation of synapses. 

Activity during these early phases is thought to play an important role in the assembly of the 

nervous system. It often consists of fluctuations in the intracellular calcium concentration.  

In the mammalian brain progenitor cells that give rise to cortical neurons reside in the 

ventricular zone. Before the cortical layers are formed, as early as embryonic day 16, 

spontaneous slow low frequency (<1/min) calcium transients have been reported in the 

proliferative epithelium of the mouse ventricular zone. Those calcium waves depend on 

calcium release from intracellular stores and are probably mediated by connexin hemichannels 

and purinoceptors (Weissman et al., 2004). It has been demonstrated in rodents that the 

proliferation of neural precursors is dependent on intracellular calcium-dependent inhibition of 

DNA synthesis indicating a role of this activity pattern in the regulation of neurogenesis 

(LoTurco et al., 1995). Unlike a similar pattern of slow calcium transients that occurs in the 

cortical plate and is sensitive to Tetrodotoxin (TTX), calcium transients in the proliferative 

epithelium of the ventricular zone are not correlated (Owens et al., 2000; Corlew et al., 2004) 

(Figure 3 a). 

Later during prenatal and early postnatal development the six-layered cerebral cortex is 

generated by radial neuronal migration. Later deep layer neurons migrate from the ventricular 

zone towards the pial surface. Subsequent waves of neurons establish the cortical layers in 

an inside-out manner with the deep layers representing earlier-born and the more superficial 
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layers representing later-born neurons. Early-born neurons within the cortical subplate, that is 

located beneath layer VI, are highly connected and mature and have been suggested to act 

as amplifiers and hub neurons in early neocortical networks (Kanold and Luhmann, 2010). In 

addition to these excitatory neurons, several interneuron types are generated in the ventral 

forebrain and reach their final location within the cortex by tangential migration (Sur and 

Leamey, 2001; Mukhtar and Taylor, 2018). 

 

 

 
Figure 3: Examples of spontaneous activity patterns during early cortical development in 
rodents 
(a) Uncorrelated slow calcium transients in the ventricular zone (VZ) of an embryonic day 15 (E15) 
old rat. (b) Calcium signals associated with spontaneous cENOs in the somatosensory cortex of a 
postnatal day 3 (P3) old rat. (c) Calcium signals associated with cGDPs that replace cENOs around 
P6. (d) Developmental timescale with indicated occurrence of the activity patterns depicted in (a) to 
(c). (adapted from: Luhmann, Kilb et al. 2016: Spontaneous Neuronal Activity in Developing 
Neocortical Networks: From Single Cells to Large-Scale Interactions) 

 

In neocortical slices from newborn rats a large-scale network activity pattern (≈ synchronized 

activity of a few thousand cells) has been observed using two-photon calcium imaging (Figure 

3 b). These so-called cortical early network oscillations (cENOs) occur approximately every 2 

minutes and propagate through the entire cortex from the posterior to the anterior pole 

involving all cortical layers simultaneously at a speed of about 2 mm/s. cENOs typically seize 

the vast majority of cortical neurons with a participation of almost 90% of the neurons examined 

by calcium imaging. They are TTX-sensitive and critically dependent on the activation of 

glutamate receptors suggesting that they require synaptic transmission. Blockade of GABAA 

receptors, on the other hand, does not affect cENOs recorded from slices of up to days 5 old 
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rats. In contrast to activity patterns that were observed during earlier cortical development, 

cENOs are highly correlated (Garaschuk et al., 2000). Using a combination of calcium imaging 

and single-cell recordings it could be shown that cENOs are largely mediated by NMDA 

receptor activation. In addition to their dependence on glutamatergic synaptic transmission it 

could be shown that cENOs increase in frequency under anoxic conditions (Allene et al., 2008). 

Calcium transients strongly resembling cENOs in-vitro have been also observed in-vivo in non-

anesthetized resting mice (Adelsberger et al., 2005). 

Around postnatal day 4 to 5 cENOs are gradually replaced by another functionally distinct 

spontaneous activity pattern (Allene et al., 2008) termed cortical giant depolarizing potentials 

(cGDPs; Figure 3 c). In contrast to cENOs, cGDPs appear at a higher rate (approximately 

8/min) and have markedly faster kinetics (2 to 3 s burst duration and < 200 ms activity build-

up vs. 10 s burst duration and ~ 1 s activity build-up (cENOs)). Also, cGDPs are more confined 

and involve typically about 10% of neurons within the imaged population. Importantly, cGDPs 

are dependent on AMPA and NMDA receptors, as well as on depolarizing transmission via 

GABAA receptors thereby resembling GDPs that have been discovered and intensively studied 

in the fetal hippocampal slices of newborn rodents (Ben-Ari et al., 1989) and fetal monkeys 

(Khazipov et al., 2001). 

In addition to cENOs and cGDPs, which likely represent activity patterns by which large 

neocortical areas are synchronized, more localized activity patterns appear in the first 

postnatal week in the visual and somatosensory cortex. Spindle bursts are short events (0.5 

to 3 s) that occur spontaneously every 10 s and that are probably triggered by sensory inputs 

from the periphery (Khazipov et al., 2004). 

Spontaneous synchronized burst activity is a hallmark of developing neocortical networks that 

is conserved across various mammalian species including rodents and primates. When the 

developmental status of the neocortical network is taken into account, synchronized activity 

patterns in these different species show similarities. In mice, cortical neurogenesis starts at 

around embryonic day 10 and cortical layer generation is completed at around postnatal day 

4 to 5 (Luhmann et al., 2016). Human cortical neurogenesis begins approximately at 

gestational week 5 and lasts about 100 days. Cortical layer formation is completed shortly 

before birth in full-term human infants (Rabinowicz et al., 1996; Meyer et al., 2000). 

Electroencephalography studies of preterm fetuses and electrophysiological recordings of 

acute slices of human fetal cortex have revealed that oscillatory bursting activity is present in 

the developing human neocortex from about gestational week 20 on and declines after birth 

(Lamblin et al., 1999; Tolonen et al., 2007). 

However, the availability of living human fetal tissue is very limited and studies using 

postmortem tissue from adult patients often face difficulties in identifying causative alterations 

that underlie neurodevelopmental disorders such as ASD. Species-specific cellular and 



Introduction 
__________________________________________________________________________ 

15 
 

molecular differences during neurodevelopment together with the poor translatability of 

findings from animal model into human therapeutics (Dragunow, 2008) have promoted the 

need to model human brain development in-vitro. At present, hESC-derived and human 

induced pluripotent stem cell (hiPSC)-derived neurons represent the only practical way of 

studying development and function of live human neurons. Since many neurodevelopmental 

and neuropsychiatric disorders are thought to be caused by defects in the development of 

neural circuits, it has been an important goal to mimic the formation of early synaptic networks 

in these human stem cell-based in-vitro systems. 

 

2.5. Modelling early brain development with hPSC-derived neurons 

The first hESC lines were derived from blastocysts in 1998 (Thomson et al., 1998). Together 

with hiPSC lines that can be generated from somatic cells with the help of reprogramming 

factors (Takahashi and Yamanaka, 2006), hESCs provide a possibility to recapitulate 

embryonic development. They can be differentiated into a variety of tissue cell types including 

neurons and glia cells. 

Human neural rosettes which can be considered in-vitro correlates of the neural tube were 

derived in 2001. Zhang et al. showed that spontaneously aggregating clusters of ESCs, so-

called embryoid bodies, were capable of differentiating into neural cells that self-organized to 

form rosettes when plated on coated dishes in the presence of the growth factor FGF2 (Zhang 

et al., 2001). These rosettes exhibited a progenitor zone-like organization resembling the 

ventricular and subventricular zone (Shi et al., 2012). 

Surprisingly, ESCs were shown to also acquire neural identities when rosette formation was 

skipped. This was possible in the complete absence of serum, growth factors and inductive 

signals via autocrine signaling (Ying et al., 2003). Modification of this serum-free approach 

enabled the generation of dorsal forebrain progenitors that are capable of differentiation into 

cortical neurons within the same temporal pattern that has been observed in-vivo. The resulting 

cortical neurons have a pyramidal cell-like morphology and form functional glutamatergic 

synapses (Gaspard et al., 2008). 

Chambers et al. showed that the efficiency of neural induction could be enhanced significantly 

by the introduction of dual-SMAD inhibition (Chambers et al., 2009). SMADs are downstream 

effectors of TGFβ receptors that mediate differentiation to non-neural identities. Dual-SMAD 

inhibition is targeting signaling via the bone morphogenic protein the Nodal/Activin pathway. 

The combination of dual-SMAD inhibition and retinoid acid addition has been demonstrated to 

improve the efficiency of specification towards forebrain identity (Shi et al., 2012). 

Within the scope of this work, we used hESC-derived neural progenitor cells. Neural induction 

and rosette formation of cells from the hES cell line SA001 (Englund et al., 2010) had been 

performed beforehand according to the dual-SMAD inhibition protocol (Chambers et al., 2009). 
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Neural progenitor cells from neural rosettes had been amplified in cell culture medium 

containing the growth factors FGF2, EGF and BDNF as described previously (Boissart et al., 

2013). The basic protocol for neuronal differentiation started with a partial ventralization in the 

presence of SHH, FGF8 and ascorbic acid. This was followed by a final differentiation in the 

presence of BDNF, GDNF, cAMP and ascorbic acid as described previously (Dunkley et al., 

2015). At the protein level, the neuronal cell cultures resulting from this differentiation 

procedure have been demonstrated to express increasing levels of mature neuronal markers 

such as Map2, Tau and synapsin 1 after 6 weeks of final differentiation.  

With the help of electrophysiological recordings and analyses of Biocytin-filled neurons, we 

have previously shown that the hESC-derived neurons at this stage have acquired mature 

functional and morphological properties such as repetitive action potential (AP) firing and a 

pyramidal cell-like morphology. The detection of both glutamatergic and GABAergic 

postsynaptic currents confirmed the formation of functional synaptic networks (Costa et al., 

2016). 

Further improvements of hPSC cell culture protocols aimed to accelerate functional maturation 

and to increase longevity of the neuronal cultures. Co-culturing of human neurons with either 

astrocytes of either rodent or human origin proved to be an effective approach that served both 

purposes. hiPSC-derived neurons that were co-cultured with primary mouse astrocytes 

showed faster neuronal maturation with enhanced dendritic branching, a faster maturation of 

passive membrane properties and voltage-gated sodium and potassium currents as well as an 

increased frequency of glutamatergic and GABAergic synaptic currents (Tang et al., 2013; Pre 

et al., 2014). Furthermore, the co-culture with astrocytes has been demonstrated to promote 

the generation of synchronized neuronal network activity as measured with the help of 

multielectrode arrays and population calcium imaging (Odawara et al., 2014; Kirwan et al., 

2015; Kuijlaars et al., 2016; Odawara et al., 2016; Kayama et al., 2018). 

Considering these promising findings, we decided upon co-culturing our hESC-derived neural 

precursors with primary mouse astrocytes in order to create optimal conditions for the 

electrophysiological investigation of neuronal network maturation. 

 

2.6. Aims of this work 

Within the framework of this PhD thesis, we wanted to address the question whether and to 

what extent hESC-derived neuronal cultures are suitable to mimic early cortical development 

in-vitro. 

 

We aimed to optimize cell culture conditions in order to promote neuronal survival over 

extended cultivation periods (up to 3 months) and to obtain a cortical-like composition of the 

hESC-derived neuronal cell cultures. 
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To assess the maturation of important parameters of neuronal function such as intrinsic 

membrane properties, electrical excitability and synapse formation, we performed 

electrophysiological recordings throughout the differentiation. Additionally, we used Biocytin-

filling and immunocytochemical stainings to analyze single neuron morphology and the cellular 

composition of the hESC-derived neuronal cultures.  

Based on this thorough characterization, we evaluated the potential use of hESC-derived 

neuronal cultures for studies of early cortical development. 

 

Given the assumption that alterations in early synaptic network activity are the underlying 

cause of different neurodevelopmental disorders including ASD, we next investigated the 

question whether neuronal maturation and network activity were affected in a human in-vitro 

model of ASD. 

 

Since in-utero VPA exposure is a well-established ASD model in rodents that robustly 

produces alterations at the behavioral level and at the level of synaptic transmission, we chose 

to mimic in-utero VPA exposure by long-term treatment of hESC-derived neuronal cultures 

with VPA.  

In order to explore disease-relevant alterations caused by VPA-treatment, we compared VPA-

treated neurons with untreated neurons regarding intrinsic properties, morphology, synapse 

formation and spontaneous synaptic activity.  

By relating our results to previous findings from the VPA rodent model and to common 

hypotheses about ASD etiology, we aimed to contribute to the understanding of ASD 

pathomechanisms and to identify potential human-specific effects of VPA on early cortical 

development. 
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3. Materials and Methods 

3.1. Cell culture 

3.1.1. Maintenance and differentiation of hNSCs 

Within the framework of this work, the basis for the generation of human neuronal cultures was 

a stock of frozen human neural stem cells (hNSCs) that were derived from the male (karyotype: 

46; xy) hESC line SA-001 (Englund et al., 2010). The process of in-vitro differentiation can be 

divided into three main phases that are characterized by the use of cell culture media 

containing specific combinations of growth factors. The three phases are: 1) proliferation, 2) 

patterning and 3) differentiation. This cell culture differentiation paradigm is depicted in Figure 

4. 

 

 

 
Figure 4: Differentiation paradigm: from hESC-derived NSCs to neuronal networks 
Schematic representation of the cell culture paradigm used to differentiate hNSC into neuronal 
networks on a feeder layer of primary mouse astrocytes: After thawing hNSCs were maintained in 
FGF2-, EGF- and BDNF-containing proliferation medium. The first passage was followed by 7 days 
in SHH-, FGF8- and ascorbic acid-containing patterning medium. Finally, hNSCs were passaged a 
second time onto a feeder layer of confluent primary astrocytes isolated from postnatal day 0 to 3 (p0 
to p3) old mouse pups. Neuronal differentiation in BDNF-, GDNF-, cAMP- and ascorbic acid-
containing medium was carried for a maximum of 12 weeks with continuous VPA-treatment starting 
after the first week of differentiation. 

 

After thawing (see section 3.1.3.) hNSCs were maintained and expanded in basal medium 

supplemented with 10 ng/mL FGF2, 10 ng/mL EGF and 20 ng/mL BDNF (from now on referred 

to as FEB medium). Basal medium is a 1:1 mixture of DMEM/F12 + GlutaMaxTM and 

Neurobasal® medium containing 55 µM β-mercaptoethanol supplemented with 1X N2 and 1X 

B27. 
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After reaching 80% to 100% confluency, hNSCs were passaged (see section 3.1.4.) to new 

cell culture flasks containing basal medium supplemented with 200 ng/mL SHH, 200 ng/mL 

FGF8 and 100 µM L-ascorbic acid (from now on referred to as SFA medium). hNSCs 

undergoing patterning in SFA medium are morphologically distinct from hNSCs: single cells 

are less spread and grow in condensed groups of cells, resembling neural rosettes. Figure 5 

shows bright-field images of hNSCs and hNSC-derived neurons during the three phases of 

differentiation.  

 

 

 
Figure 5: Bright-field images of astrocytes, hNSCs and hNSC-derived neurons during 
differentiation 
Representative bright-field images of hNSC cultures during proliferation (left), in the patterning phase 
(second from the left) and during neuronal differentiation (second from the right). A confluent layer of 
primary mouse astrocytes is shown on the right side. 

 

During the maintenance and patterning phase FEB and SFA medium were replaced every 3 

to 4 days. 

After one week of patterning the hNSCs were passaged (see section 3.1.4.) and seeded on 

top of confluent layers of primary mouse astrocytes that were growing on glass coverslips in 

24 well-plates (see section 3.1.6.). For the final differentiation we used basal medium 

containing 0.5X penicillin-streptomycin (PS) supplemented with 20 ng/mL BDNF, 10 ng/mL 

GDNF, 50 µM cAMP, 100 µM IBMX and 100 µM ascorbic acid (from now on referred to as 

BGAA medium). During the differentiation 500 µl (of 800 µl total volume) BGAA medium per 

well were replaced every 2 to 3 days. For chronic VPA treatment, which started after the first 

week of differentiation, 1 mM of VPA was added to BGAA medium. For long-term Ifenprodil 

treatment, which started after the fourth week of differentiation, BGAA medium containing 10 

µM Ifenprodil was used. 
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Cells were grown in incubators at 37 °C and 5% CO2. All cell culture media were sterile-filtered 

and preheated to 37 °C prior to use. For the purpose of media change FEB, SFA and BGAA 

medium were supplemented with 2 µg/mL Laminin. 

 

3.1.2. Pretreatment of cell culture flasks and glass coverslips 

To facilitate cell adherence and to promote cell survival, plastic cell culture flasks and glass 

coverslips were coated with Polyornithine (PO; for hNSC cultivation) or Poly-D-Lysine (PDL; 

for primary astrocyte cultivation) and Laminin (for hNSC cultivation and astrocyte-hNSC co-

culture in 24 well-plates). For PO coating the culture surfaces of plastic flasks were covered 

with PO coating solution containing 0.2‰ PO in PBS and transferred to the incubator for 5 to 

72 h. After the incubation and aspiration of the coating solution, the surfaces were rinsed three 

times with cold (4 °C) PBS. For PDL coating the culture surfaces of plastic flasks and glass 

coverslips in 24 well-plates were covered with PDL coating solution containing 100 µg/mL PDL 

in dH2O and incubated for 1 h in the incubator or for up to 24 h at 4 °C. Subsequently, the 

coating solution was removed and the surfaces were rinsed two times with cold dH2O and a 

third time with cold PBS. Laminin-coating was performed on air-dried PO- or PDL-pretreated 

flasks and coverslips using 3.8 µg/mL Laminin in PBS. After 5 to 24 h in the incubator Laminin 

coating solution was removed and the flasks and coverslips were air-dried before cell seeding.  

To slightly etch the surfaces of 12 or 13 mm diameter glass coverslips, they were transferred 

to 1 N HCl and heated to 65 °C in a waterbath for 12 to 24 h. After three washing steps with 

dH2O the coverslips were air-dried and stored in 70% isopropanol until use. 

 

3.1.3. Thawing of hNSCSs 

For starting a new culture of hNSCs a vial with 1 mL of frozen hNSCs in freezing medium (see 

section 3.1.5.) was taken from the liquid nitrogen and thawed quickly with the help of a water 

bath preheated to 37 °C. Once melted, the content of the vial was transferred to a falcon tube 

containing 9 mL of preheated basal medium and centrifuged for 3 min at 250 g. The 

supernatant was removed and the cell pellet was resuspended in 10 mL of basal medium. 

After 3 washing steps the cell pellet was resuspended in a smaller volume (1 to 2 mL, 

depending on the size of the pellet) of FEB medium. The cell density of the resulting cell 

suspension was assessed with the help of a Neubauer chamber. hNSCs were seeded at a 

density of 20 to 25 k/cm2 in cell culture flasks coated with PO and Laminin. On the following 

day, the medium was changed to remove remaining DMSO, debris and dead cells. 
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3.1.4. Passaging of hNSCs 

To passage hNSCs (from FEB to SFA medium or from SFA to BGAA medium) cells were 

washed with PBS at room temperature (RT) and trypsinized with 0.05% trypsin for 2 to 3 min. 

After trypsin inactivation with 10% fetal bovine serum (FBS) the cell suspension was diluted 

with basal medium to a total volume of 10 mL and transferred to a falcon tube. Two washing 

steps – consisting of 3 min centrifugation at 250 g, aspiration of the supernatant and 

resuspension of the cell pellet – were performed. After the second washing step, the cell pellet 

was resuspended in a smaller volume (2 to 4 mL, depending on the size of the pellet) of culture 

medium and the cell density was assessed with the help of a Neubauer chamber. For further 

cultivation or expansion in FEB medium or subsequent patterning in SFA medium, the cells 

were seeded at a density of 20 to 25 k/cm2 or 18 to 20 k/cm2, respectively, in PO- and Laminin-

precoated cell culture flasks. For final differentiation in BGAA medium the cells were seeded 

at a density of 85 to 100 k per well on top of a confluent layer of primary mouse astrocytes. 

 

3.1.5. Freezing of hNSCs 

Prior to freezing of hNSCs cells were expanded during multiple passages in FEB medium. 

Similar to the passaging procedure, confluent cell layers were harvested by trypsinization, 

washed and counted (see section 3.1.4.). After a second centrifugation the supernatant was 

aspirated thoroughly and the pellet was resuspended in RT freezing medium to obtain a final 

concentration of 2 to 3 * 106 cells/mL. Freezing medium consisted of 90% FBS and 10% 

DMSO. The cell suspension was distributed to cryotubes (1 mL per tube). The cryotubes were 

transferred to a freezing container filled with 70% isopropanol and then placed at -80 °C to 

enable slow freezing. After 6 to 8 weeks at -80 °C the vials were transferred to liquid nitrogen 

for long-term storage. 

 

3.1.6. Cultivation of primary mouse astrocytes 

3.1.6.1. Preparation of primary cortical astrocytes 

Primary astrocytes were isolated from postnatal day 0 to 3 old mouse pups as previously 

described (Sorg and Magistretti, 1991; Schildge et al., 2013). Briefly, neonatal mice were killed 

by decapitation, their brains were removed and transferred to petri dishes containing ice-cold 

astrocyte medium. Astrocyte medium was Dulbecco’s Modified Eagle’s Medium (high glucose) 

supplemented with 0.5X PS and 10% heat-inactivated FBS (achieved by heating to 56 °C for 

30 min). After separation of the hemispheres and thorough removal of the meninges, olfactory 

bulbs and cerebellums were cut away and the cortices were peeled off the brainstems 

carefully. Possibly remaining subcortical brain tissue was clipped away gently before unfolding 
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the lateral cortices and removing the hippocampi. Isolated cortices were collected in ice-cold 

astrocyte medium for further processing. To dissociate cortical tissue and to mechanically 

destroy cortical neurons, cortices were pushed back and forth through syringes equipped with 

needles of decreasing diameter (18G, 21G and finally 25G). Finally, the solution was diluted 

with astrocyte medium and transferred to PDL-precoated cell culture flasks (approximately 4 

to 6 hemispheres per T75 flask). Five days later astrocyte medium was renewed after a 1 min 

washing step in warm astrocyte medium or PBS with gentle shaking and knocking of the flask 

against the palm of the hand to detach loose cells and debris. Thereafter astrocyte medium 

was replaced every 3 to 4 days. 

 

3.1.6.2. Passaging of primary mouse astrocytes 

To passage primary mouse astrocytes (from cell culture flasks to cell culture flasks (for 

maintenance) or to glass coverslips in 24 well-plates (for the preparation of co-cultures)) 

astrocyte medium was removed and RT PBS was added to the confluent cells. Flasks were 

shaken and knocked against the palm of the hand gently for 1 min to detach loose cells and 

debris. After a second washing step with RT PBS cells were trypsinized with 0.25% trypsin for 

10 to 12 min. After trypsin inactivation with 10% FBS the cell suspension was diluted with basal 

medium to a total volume of 10 mL and transferred to a falcon tube. Two washing steps, 

consisting of 3 min centrifugation at 300 g, aspiration of the supernatant and resuspension of 

the cell pellet, were performed. After the last washing step the cell pellet was resuspended in 

a smaller volume (4 to 6 mL, depending on the size of the pellet) of astrocyte medium and the 

cell density was assessed with the help of a Neubauer chamber. For maintenance astrocytes 

were seeded at a density of 30 to 90 k/cm2 in PDL-precoated cell culture flasks. For the 

preparation of co-cultures astrocytes were seeded at a density of 70 to 120 k per well on PDL- 

and Laminin-precoated coverslips in 24 well-plates and cultivated until confluency was 

reached. 

 

3.1.7. Cell culture reagents 

Cell culture media (Neurobasal® medium, DMEM/F12 + GlutaMaxTM and Dulbecco’s Modified 

Eagle’s Medium), certified FBS, β-mercaptoethanol solution, N2 and B27 supplements, 0.05% 

and 0.25% Trypsin as well as Laminin for coating purposes were purchased from 

Gibco/Thermo Fisher Scientific. Laminin for media supplementation was obtained from Roche 

Diagnostics. All growth factors (basic FGF2, BDNF, SHH, FGF8, GDNF) except EGF were 

purchased from PeproTech. EGF was purchased from R&D systems. cAMP, L-ascorbic acid, 

0.1% Poly-L-ornithine solution, Poly-D-Lysine, IBMX, 100X penicillin-streptomycin and VPA 

were purchased from Sigma-Aldrich. Ifenprodil was obtained from Tocris Bioscience. 
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3.2. Electrophysiology 

3.2.1. Selection of cells for patching 

hNSC-derived neurons were selected for patching by morphological and functional criteria. 

Neuronal cultures were visualized using infrared differential interference contrast (IR-DIC) 

video microscopy. At each stage of differentiation we tried to pick the most mature appearing 

neurons that exhibited a large soma, a smooth surface and multiple large primary dendrites 

with proximal branch points. To record from cells with a great number of synaptic inputs we 

preferentially patched neurons which were in close proximity to other mature-looking cells and 

whose processes were largely covered with dendrites and axons from other neurons.  

Moreover, neuronal identity was confirmed by the presence of spontaneous synaptic currents 

and the ability to fire APs. 

 

3.2.2. Hardware and data acquisition software 

Voltage and current signals were recorded with a Multiclamp 700B amplifier (Molecular 

Devices), low-pass filtered with cut-off frequencies of 8 kHz and digitized at 20 kHz using a 

CED Power 1401 interface (Cambridge Electronic Design). In current-clamp recordings, bridge 

balance was used to compensate the series resistance (Rs ~ 10-30 MΩ). In voltage-clamp 

experiments Rs (~ 5-30 MΩ) was monitored online. Experiments where Rs changed more than 

20% were discarded. Data acquisition was controlled using IGOR Pro 6.31 (Wave Metrics) and 

the CSF library support from CED (Cambridge Electronic Design). 

Patch pipettes were pulled from borosilicate glass tubing with a 2.0 mm outer diameter and 0.5 

mm wall thickness (Hilgenberg) on a Flaming-Brown P-97 puller (Sutter Instruments). Patch 

pipette resistances ranged from 2.5 to 4 MΩ. 

 

3.2.3. Solutions 

During patch-clamp recordings coverslips were continuously superfused with artificial 

cerebrospinal fluid (ACSF) equilibrated with 95% O2 / 5% CO2 at a rate of 1-2 mL/min. The 

normal ACSF contained (in mM): 126 NaCl, 25 NaHCO3, 25 D-Glucose, 10 HEPES, 5 KCl, 1 

NaH2PO4, 2 CaCl2 and 1 MgCl2. ACSF with low KCl concentration contained 2.5 mM KCl. 

ACSF with high KCl concentration contained 7.5 mM KCl. The osmolarity of the external 

solution was adjusted to 320-325 mosm.  

Three different internal solutions were used for the recordings in the framework of the present 

PhD thesis: 1) potassium gluconate-based internal solution containing (in mM): 125 K-

gluconate, 20 KCl, 10 HEPES, 10 EGTA, 2 MgCl2, 2 Na2ATP, 0.3 GTP, 1 phosphocreatine, 2) 

potassium chloride-based internal solution containing (in mM): 80 KCl, 62.5 K-gluconate, 10 
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EGTA, 10 HEPES, 2 MgCl2, 2 Na2ATP, 0.3 GTP, 1 phosphocreatine and 3) cesium gluconate-

based internal solution containing (in mM): 135 Cs-gluconate, 4 CsCl, 10 HEPES, 10 EGTA, 

2 MgCl2, 2 Na2ATP, 2 TEACl, 0.3 GTP, 1 phosphocreatine, 5 QX314. All internal solutions 

were adjusted to pH ~ 7.3 with KOH. The osmolarity was adjusted to 315-320 mosm by the 

addition of sucrose. Occasionally, the potassium gluconate-based and potassium chloride-

based internal solutions were supplemented with Biocytin (see section 3.4.1.). All internal 

solutions were stored at -20 °C and sterile-filtered before use. 

Voltage-clamp and current-clamp recordings of passive and active membrane properties were 

performed at RT (22-24 °C) using the potassium gluconate-based internal solution in ACSF 

with low KCl concentration. To maximize the accuracy of these measurements synaptic 

currents were blocked with 50 µM PTX, 5 µM CNQX and 50 µM AP5. 

Miniature postsynaptic recordings as well as early network oscillations in both voltage- and 

current-clamp mode were performed at near physiological temperature (30-32 °C) in ACSF 

using the potassium chloride-based internal solution. 

Recordings to assess the current-voltage relationship of burst-associated postsynaptic 

currents were performed at near physiological temperature in normal ACSF using the cesium 

gluconate-based internal solution. Burst-associated NMDA receptor-mediated currents were 

recorded in ACSF with high KCl concentration containing 100 µM of D-Serine. 

NMDA wash-in experiments were performed at RT in ACSF with low KCl concentration 

containing 100 µM of D-Serine using the cesium gluconate-based internal solution. 

 

3.2.4. Drugs and reagents for electrophysiology 

Salts for the preparation of ACSF and internal solutions and Sucrose were purchased from 

Merck and Sigma-Aldrich. HEPES for ACSF and internal solutions was obtained from 

AppliChem. Energy-rich compounds (Na2ATP, GTP and phosphocreatine) as well as QX314 

(Lidocaine N-ethyl bromide) for the supplementation of internal solutions were purchased from 

Sigma-Aldrich. Synaptic blockers were purchased from Sigma-Aldrich (Picrotoxin (PTX)) and 

Tocris Bioscience (CNQX, D-AP5, gabazine (SR 95531), Ifenprodil). NMDA, Kainate and D-

Serine were obtained from Tocris Bioscience and Sigma-Aldrich, respectively. Tetrodotoxin 

(TTX) was purchased from Alomone Labs. 

 

3.3. Analysis of electrophysiological data 

Analysis of patch-clamp data was performed offline using the open source analysis software 

Stimfit (https://neurodroid.github.io/stimfit) and customized scripts written in Python (Guzman 

et al., 2014). 

https://neurodroid.github.io/stimfit
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For the analysis of neuronal maturation parameters, we defined 5 analysis time frames based 

on the neurons’ cultivation time in BGAA medium. For simplification the group of 2 to 3 weeks 

old neurons is referred to as 2 weeks and the group of 4 to 5 weeks old neurons is referred to 

as 4 weeks and so on.  

 

3.3.1. Analysis of passive membrane properties 

To assess the seal resistance (Rseal) before breaking the membrane and switching to whole-

cell configuration we clamped the potential to -70 mV and applied a series of 50 ms voltage 

pulses with a negative amplitude of 50 mV. Unless otherwise indicated, voltage-clamp 

recordings in whole-cell configuration were performed at a resting membrane potential of -70 

mV. After breaking the membrane 20 voltage pulses of 400 ms duration with a negative 

amplitude of 5 mV were applied to evaluate the electrical input resistance and capacitance of 

the patched neurons. The total resistance (Rtotal) of the cells was measured by the plateau 

current at the end of the voltage pulse (Ileak) according to Ohm’s law. Rtotal consists of the input 

resistance (Rin) and Rseal that are connected in parallel. Therefore, Rin can be calculated with 

the following equation: 

 

1

𝑅𝑖𝑛
=  

1

𝑅𝑡𝑜𝑡𝑎𝑙
−  

1

𝑅𝑠𝑒𝑎𝑙
 

 

Rin measurements can be distorted by Rseal, particularly when Rin is high – as it is typically the 

case in young neurons. Therefore, we took Rseal into account by using the following formula for 

the calculation of Rin whenever Rseal was less than 10 times larger than Rtotal: 

 

𝑅𝑖𝑛 =  
𝑅𝑡𝑜𝑡𝑎𝑙 ∗  𝑅𝑠𝑒𝑎𝑙

𝑅𝑠𝑒𝑎𝑙 −  𝑅𝑡𝑜𝑡𝑎𝑙
 

 

Otherwise, Rin was considered to be equal to Rtotal. 

To evaluate the actual resting membrane potential of the neurons based on voltage-clamp 

recordings, we calculated the voltage deviation (∆U) from the applied membrane potential of -

70 mV according to the following formula: 

 

∆𝑈 [𝑚𝑉] = 𝑅𝑖𝑛 [𝐺Ω] ∗  𝐼𝑟𝑒𝑠𝑡  [𝑝𝐴] 

 

The resting current was also corrected for leak currents via Rseal as: 
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𝐼𝑟𝑒𝑠𝑡  [𝑝𝐴] =  𝐼𝑡𝑜𝑡𝑎𝑙  [𝑝𝐴] −
70 𝑚𝑉

𝑅𝑠𝑒𝑎𝑙  [𝐺Ω]
  

 

The decay time constant vc of an RC element can be calculated as: 

 

𝜏𝑣𝑐 =  𝑅𝑠 ∗ 𝐶 

 

Therefore, the electrical capacitance was determined by fitting a bi-exponential function to the 

capacitive current at the beginning of the 5 mV pulse. The amplitude-weighted time constant 

(vc) and measured current peak (Ipeak) amplitude was inserted into the following formula to 

calculate the electrical capacitance. 

 

𝐶 [𝑝𝐹] =  
𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝜏𝑣𝑐  [𝑚𝑠] ∗ 𝐼𝑝𝑒𝑎𝑘 [𝑝𝐴] 

∆𝑈 [𝑚𝑉]
 

 

The membrane time constant m was assessed with the help of current-clamp recordings. 

During pulses of 1 s duration, we injected small negative currents to achieve a 

hyperpolarization of ~ -3 to -5 mV. To obtain m a mono-exponential function was fitted to the 

repolarizing voltage trace following the current pulse. 

 

3.3.2. Analysis of active membrane properties 

To analyze the active membrane properties of the neurons AP firing was elicited by current 

injections in current-clamp recordings. Generally, we used a protocol with 10 short current 

pulses (10 ms duration) applied at a frequency of 2 Hz. The pulse series was repeated with 

increasing current amplitudes (steps of 20 pA). For 2 weeks old cells we used smaller initial 

current amplitudes (20 to 40 pA) than for 10 weeks old cells (~ 100 pA). Example voltage traces 

are shown in Figure 12. 

From these experiments we extracted the minimal current amplitudes that elicited AP firing at 

different stages of maturation. For the measurement of AP amplitude, half duration, as well as 

the steepest slope of AP rise and decay, we used the first AP of the pulse sequence with the 

minimal amplitude leading to full spiking (i.e., firing an AP in response to each stimulus). 

 

3.3.3. Analysis of miniature postsynaptic currents 

Spontaneous excitatory and inhibitory miniature postsynaptic currents (mEPSCs and mIPSCs) 

were recorded in voltage-clamp mode in the presence of 0.5 µM TTX and 4 µM gabazine or 5 
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µM CNQX and 50 µM AP5, respectively. For detection and analysis of miniature postsynaptic 

currents a template-matching algorithm, implemented in Stimfit (Jonas et al., 1993; Clements 

and Bekkers, 1997), was used as described previously (Schmidt-Salzmann et al., 2014). 

Briefly, a two-step procedure was used. First, a preliminary template was generated by fitting 

a miniature current with the sum of two exponential functions, representing the rise and decay 

of the current. The resulting template was digitally slid over the recorded current trace and 

scaled by using a scaling factor S and a constant offset C, such that the sum of squared errors 

(SSE) between the trace and the template was minimized. Synaptic events were automatically 

detected whenever the minimization within a certain time period revealed a scaling factor which 

was more than ~ 6 to 10 times larger than the standard error calculated from the corresponding 

SSE. The selected miniature currents were aligned to the rising phase and an average 

waveform was calculated. In the second step, the average waveform served as a template for 

the final miniature event detection. As a selection criterion the scaling factor was at least ~ 4 

to 8 times larger than the calculated standard error. Additionally, the mEPSC or mIPSC 

amplitude had to be at least twice as large as the standard deviation of the baseline noise for 

each individual cell. Automatically detected events were visually controlled and false positive 

events were deleted. The remaining events were fitted with the sum of two exponential 

functions revealing the amplitude, rise time and decay time of the miniature synaptic currents. 

 

3.3.4. Analysis of synaptic bursts 

Voltage-clamp traces recorded during several minutes of ongoing early network oscillation 

activity were used to measure the frequency and amplitude of burst discharges. To quantify 

the burst-mediated synaptic charge (Q), we typically measured the average current (I) within 

3 s after burst onset and calculated the charge with the formula given below: 

 

𝑄 [𝑝𝐴𝑠] = 𝐼 [𝑝𝐴] ∗ 𝑡[𝑠] 

 

The burst onset corresponds to the point where the burst-associated postsynaptic current 

reaches 75% of its maximal amplitude. 

The charge-voltage relationship of burst-associated currents was analyzed using the average 

charge of a minimum number of 3 bursts per tested voltage for each cell. 

 

3.3.5. NMDA-AMPA conductance ratio 

To evaluate the NMDA-AMPA conductance ratio, we used the peak amplitudes of burst-

associated currents recorded in the presence of 4 µM gabazine. The conductance (g) at the 
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most negative potential (-100 mV) and the most positive potential (+30 mV) was calculated 

according to the following formula: 

 

𝑔 [𝑛𝑆] =  
𝐼 [𝑝𝐴]

𝑈 [𝑚𝑉]
 

 

Given that there is no conductance via NMDA receptors at -100 mV and a mixed conductance 

via both AMPA and NMDA receptors at +30 mV, we calculated the NMDA-AMPA conductance 

ratio as follows: 

 

𝑁𝑀𝐷𝐴 − 𝐴𝑀𝑃𝐴 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 𝑟𝑎𝑡𝑖𝑜 =  
𝑔𝑁𝑀𝐷𝐴+𝐴𝑀𝑃𝐴 [𝑛𝑆] −  𝑔𝐴𝑀𝑃𝐴 [𝑛𝑆]

𝑔𝐴𝑀𝑃𝐴 [𝑛𝑆]
 

 

3.3.6. Analysis of NMDA wash-in experiments 

NMDA receptor-mediated peak and plateau currents were measured during the first 15 and 

last 15 s of the 90 s total NMDA application, respectively. To avoid corruption of the peak 

measurements by partial NMDA receptor inactivation, a higher flow rate of ACSF (~ 5 mL/min) 

was used and recordings where the current peak was reached later than 15 s after the 

beginning of the NMDA application were discarded. 

 

3.4. Immunocytochemistry 

3.4.1. Biocytin filling 

In order to identify patched neurons, to assess their morphology and to perform subsequent 

marker stainings, some of the patched neurons were filled with Biocytin. To this end, the 

internal solution was supplemented with 1-2 mg/mL Biocytin prior to filtration. To enable 

sufficient amounts of Biocytin to enter the cell bodies, patched cells were kept in whole-cell 

configuration for a minimum of 10 minutes. After the recordings were completed, the patch 

pipette was retracted very slowly to achieve an outside-out patch without disrupting the 

membrane. Cells were considered to be filled successfully, if the resistance of the outside-out 

patch was above 1 GΩ. To facilitate Biocytin distribution along the entire dendritic tree, filled 

neurons were kept in oxygenated ACSF for a minimum of 1 h prior to fixation. 
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3.4.2. Fixation 

To fix Biocytin-filled neurons and neuronal cultures for immunocytochemical stainings, 

coverslips were transferred to a 24 well-plate containing 500 µl per well of 4% PFA (in PBS; 

pH ~ 7.4). After 1 h fixed coverslips were washed three times with RT PBS and kept in PBS at 

4 °C until staining. 

 

3.4.3. Immunocytochemical stainings 

Following one washing step with PBS at RT, coverslips were covered with 500 µl blocking 

solution per well for 1 h at RT. Blocking solution was 5% donkey or goat serum (depending on 

the host species of the secondary antibodies) in PBS containing 0.3% TritonTMX-100 to 

permeabilize cell membranes. After blocking the coverslips were incubated with blocking 

solution containing primary antibodies (250-300 µl per well) at 4 °C overnight (for 

concentrations of primary antibodies see section 3.4.4.). To remove unbound and non-

specifically bound primary antibodies the coverslips were washed three times with blocking 

solution after primary antibody incubation. Fluorescently labelled secondary antibodies, 

Fluorescein Avidin D (FITC-Avidin) and DAPI were diluted (1:500, 1:500 and 1:10000, 

respectively) in blocking solution and added to the coverslips à 250-300 µl per well for 4 h at 

RT protected from light. Following the secondary antibody incubation coverslips were washed 

three times with PBS and embedded using ProLongTM Gold antifade reagent. 

For stainings with the anti-GABA primary antibody, blocking was performed with 1% albumin 

from bovine serum (BSA) in PBS instead of donkey or goat serum. 

 

3.4.4. Antibodies and reagents for immunocytochemistry 

Biocytin (ε-biotinoyl-L-lysine) and ProLongTM Gold antifade reagent were purchased from 

Invitrogen/Thermo Fisher Scientific. TritonTMX-100, PFA and BSA were obtained from Sigma-

Aldrich. Normal donkey and goat serum were purchased from Jackson Laboratories. Anti-

huBCD (ab176106), anti-PSD95 (ab12093) and anti-Map2 (ab5392) antibodies were 

purchased from abcam and used at dilutions of 1:500, 1:300 and 1:2000, respectively. Anti-

GAD67 (MAB5406), anti-VGLUT1 (#AB5905) and anti-GFAP (MAB3402) antibodies were 

purchased from Millipore and diluted 1:500, 1:1000 and 1:300, respectively. Anti-GABA 

(A2052) and anti-β3-Tubulin (T5076) antibodies were obtained from Sigma-Aldrich and diluted 

1:500. The anti-VGAT antibody (131004) from Synaptic Systems was used at a concentration 

of 1:500. FITC-Avidin was purchased from Vector Laboratories. Donkey-anti-chicken-

Alexa488 antibody (703-545-155) was obtained from Jackson Laboratories. Donkey-anti-

guinea pig-Alexa647 antibody (AP193SA6) was purchased from Millipore. All other secondary 

antibodies coupled to Alexa fluorophores were purchased from Molecular Biotechnology. 
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3.5. Fluorescence microscopy and image analysis 

3.5.1. Confocal fluorescence microscopy 

Fluorescence images were acquired with a confocal laser scanning microscope (LSM 700, 

Zeiss) controlled by the ZEN2010 software (version 6.0, Zeiss) using a 40x oil-immersion 

objective (NA 1.4). 

For counting of marker-positive cells and for the morphological analysis of Biocytin-filled 

neurons, we recorded Z-stacks with 0.5 µm slice thickness covering the entire thickness of the 

cell layer. For the quantification of synaptic puncta slice thickness was reduced to 0.2 µm (z). 

The pixel size in x and y was either 0.16 or 0.08 µm. 

 

3.5.2. Quantitative image analysis 

Quantification of marker-positive cells and synaptic puncta, basic morphological analyses and 

Sholl analysis were performed using ImageJ (version 1.51k). 

After generating maximum intensity projections from confocal stacks the number of GFAP-, 

GABA-, huBCD- and Map2-positive cells was determined using the plugin Cellcounter. For the 

quantification of VGLUT1-PSD95 and GAD67-VGAT double-positive puncta counting was 

restricted to the Map2-positive area. 

 

3.5.3. Basic morphological analysis 

ImageJ was also used to assess the soma diameter of GABA- and huBCD-positive neurons 

as well as the number of primary neurites and the soma size of Biocytin-filled neurons. In most 

instances, the axon did not originate directly from the soma but from proximal dendrites. 

Hence, primary neurites can be considered to be dendrites. Neurons where the Biocytin filling 

(see section 3.4.1.) resulted in a nucleated patch were excluded from the soma size analysis. 

 

3.5.4. Analysis of dendritic morphology 

For the analysis of dendritic morphology we generated overlapping maximum intensity 

projection images covering the whole dendritic tree of Biocytin-filled neurons. The image tiles 

were merged using the ImageJ plugin Stitching (Preibisch et al., 2009). Subsequently, stitched 

images were subjected to Sholl analysis. To this end, the images were superimposed with 

concentric circles centered to the soma of the neuron. Circle lines had a radial distance of 10 

µm from each other. The number of dendritic intersections was quantified using Cellcounter 

and plotted against the distance from the soma to visualize dendritic branching. The total 
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dendritic length was calculated as a sum of the average number of intersections (n) between 

circles according to the following formula with circle last being the most distal circle that is 

intersected by a dendrite(s): 

 

𝑇𝐷𝐿 = 𝑛𝑐𝑖𝑟𝑐𝑙𝑒1 ∗ 10 𝜇𝑚 +
𝑛𝑐𝑖𝑟𝑐𝑙𝑒1 +  𝑛𝑐𝑖𝑟𝑐𝑙𝑒2

2
∗ 10 𝜇𝑚 +

𝑛𝑐𝑖𝑟𝑐𝑙𝑒2 +  𝑛𝑐𝑖𝑟𝑐𝑙𝑒3

2
∗ 10 𝜇𝑚 + ⋯

+  
𝑛𝑐𝑖𝑟𝑐𝑙𝑒 𝑙𝑎𝑠𝑡 +  0

2
∗ 10 𝜇𝑚 

 

3.6. Experimental design and statistical analysis 

Statistical analyses were performed using GraphPad Prism 7.03. For comparison between 

groups data sets were analyzed with the nonparametric Wilcoxon Signed Rank and the Mann-

Whitney tests for paired and unpaired data, respectively. Frequency distributions of miniature 

interevent intervals were tested using the Kolmogorov-Smirnov test. The significance level was 

set to P=0.05. All data are shown as mean ± s.e.m.. For electrophysiological recordings the 

indicated number of observations (n) reflects the number of cells recorded from. For 

quantitative immunocytochemical analysis n reflects the number of fields of view included from 

an indicated number of independent experiments (each ≥3). 
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4. Results 

4.1. Characterization of hESC-derived neuronal cultures and patched neurons 

The cell culture protocol which we used to differentiate hESC-derived NSCs into neurons – 

with its one-week of ventralizing patterning as well as the primary astrocyte feeder layer (see 

sections 3.1.1. and 3.1.6.) – was optimized to give rise to neuronal networks resembling the 

developing cerebral cortex. 

 

 

 
Figure 6: GABAergic interneurons in hESC-derived neuronal cultures 
(a) Representative confocal images of 6 weeks old hESC-derived neuronal cultures co-stained for 
DAPI, β3-Tubulin and huBCD. (b) Representative confocal images of 6 weeks old hESC-derived 
neuronal cultures co-stained for DAPI, huBCD and GABA. (c) Proportion of GABA-positive neurons 
among huBCD-positive human neurons. (d, e) Relative frequency distributions of the soma diameter 
in huBCD-positive human neurons (d) and GABA-positive neurons (e); soma diameters of 50 neurons 
per condition were analyzed. 
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Indeed, immunocytochemical stainings of 6 weeks old hESC-derived neuronal cultures 

revealed a dense network of β3-Tubulin-positive neuronal processes which is consistent with 

a large degree of neuronal differentiation (Figure 6 a). However, due to its somatic localization, 

we used the huBCD signal which selectively labels human neurons for the quantification of 

human neurons within our cultures (Figure 6 a). 

To verify the ventralizing effect of the patterning with SHH and FGF8, we performed 

immunocytochemical stainings of 6 weeks old hESC-derived neuronal cultures using primary 

antibodies against huBCD and GABA to identify interneurons (Figure 6 b). 30.6 ± 1.9% and 

4.3 ± 0.7% of all cells were huBCD-positive human neurons and GABA-positive interneurons, 

respectively. (n=24 from 4 independent experiments). Consequently, the proportion of 

GABAergic interneurons within our cultures is 14.1% (Figure 6 c). Remarkably, the GABAergic 

neurons were morphologically distinct from GABA-negative human neurons as they exhibited 

smaller soma sizes. This difference is reflected by the left-shift in the relative frequency 

distribution of the soma diameter in GABAergic neurons compared to huBCD-positive neurons 

including GABAergic neurons (Figure 6 d, e). As we wanted to focus on the analysis of 

glutamatergic neurons, we selected large neurons for electrophysiological recordings (see also 

section 3.2.1.). 

To further delineate the identity of the recorded neurons, we filled them with Biocytin and 

performed subsequent immunocytochemical stainings. Since the feeder layer of primary 

mouse astrocytes could be a potential source of mouse neurons within our cultures, we used 

labelling of the human neuronal marker protein huBCD to verify that we were recording from 

human neurons exclusively (24 out of 24 Biocytin-filled neurons were huBCD-positive; Figure 

7 a). Furthermore, we verified our morphological selection criterion by using a primary antibody 

against GABA to distinguish between glutamatergic and GABAergic neurons. None of the 

Biocytin-filled neurons was GABA-positive (0 out of 21 Biocytin-filled neurons was GABA-

positive; Figure 7 b). When comparing the morphology of Biocytin-filled neurons and GABA-

positive interneurons in more detail we found marked differences (Figure 7 c, d). First, GABA-

positive cells had only about half of the soma size (104.4 ± 7.6 µm2; n=23) of the Biocytin-filled 

neurons (195.7 ± 14.3 µm2; n=27; p<0.0001) and second, the number of their primary dendrites 

(3.6 ± 0.3, n=23) was significantly smaller than in the Biocytin-filled neurons (7.5 ± 0.5, n=29; 

p<0.0001). 

Additionally, we used current-clamp and voltage-clamp recordings to measure Ih-mediated 

currents (Figure 7 e, f). 13 out of 15 (86.7%) patched cells showed hyperpolarization-activated 

Ih currents. The average AP risetime-decaytime ratio in 6 weeks old neurons was 2.64 ± 0.42 

(n=15) and the AP half duration was 1.4 ± 0.3 ms. These features are characteristic of young 

glutamatergic neurons indicating that the recorded cells were corresponding to young 

pyramidal-like cells (Costa et al., 1991; Vasilyev and Barish, 2002). 
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Figure 7: Immunocytochemical and electrophysiological characterization of patched hESC-
derived neurons (for legend see next page →) 
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Figure 7: Immunocytochemical and electrophysiological characterization of patched hESC-
derived neurons 
(a, b) Representative confocal images of 6 weeks old Biocytin-filled neurons co-stained for DAPI and 
huBCD (a) and GABA (b). The shown example cells are huBCD-positive and GABA-negative. (c) 
Representative images of Biocytin-filled cells (upper images) and GABA-positive interneurons (lower 
images). (d) Soma size (upper bargraph) and number of primary dendrites (lower bargraph) in 
Biocytin-filled neurons (n=27 and 29, respectively) and GABA-positive interneurons (both n=23). (e) 
Representative current-clamp example traces of a patched hESC-derived neuron showing voltage Ih-
mediated sag response to hyperpolarizing current injections. (f) Representative voltage-clamp traces 
showing Ih currents in response to negative voltage steps. 

 

4.2. Maturation of passive and active membrane properties in hESC-derived neurons 

Before studying the effects of VPA treatment on hESC-derived neurons as an in-vitro model 

of ASD, we thoroughly characterized different aspects of neuronal maturation under control 

conditions. To assess the maturation of important functional parameters, we performed whole-

cell voltage-clamp and current-clamp recordings throughout the differentiation (see Figure 8). 

We observed an age-dependent decrease of the input resistance as well as the membrane 

time constant (Figure 8 a, c, d) from 3.22 ± 0.66 GΩ (n=19) and 153 ± 17 ms (n=9) in 2 weeks 

old neurons to 0.86 ± 0.13 GΩ (n=9; p=0.0003) and 59 ± 10 ms (n=9; p=0.0012) in 10 weeks 

old neurons. This indicates an increase in the membrane density of open leak channels during 

differentiation. In parallel, the size of the cells – indirectly measured by their electrical 

capacitance – increases from 26.4 ± 2.4 pF at 2 weeks (n=9) to 102.3 ± 13.3 pF at 10 weeks 

(n=9; p<0.0001) of differentiation (Figure 8 b). 

To investigate the neurons’ active membrane properties, we elicited AP firing by current 

injections (Figure 8 e). In accordance with the decreasing input resistance and membrane time 

constant, the current which is needed to evoke an AP upon a 10 ms injection increases over 

time from 125 ± 11 pA in 2 weeks (n=12) to 443 ± 105 pA in 10 weeks (n=9; p<0.0001) old 

neurons. Example spike waveforms of APs elicited by 10 ms current injections in 2 and 10 

weeks old neurons are shown in Figure 8 f. Regarding the resting membrane potential, we 

observed a hyperpolarized membrane potential of -66.9 ± 7.2 mV already at 2 weeks of 

differentiation (n=19) which was not significantly different from the resting membrane potential 

at 10 weeks of differentiation (-66.6 ± 1.8 mV; n=9; p=0.9783; Figure 8 g). AP amplitude as 

well as the steepest slope of AP rise (Figure 8 h, i) and the steepest slope of AP decay which 

are directly proportional to the density of open voltage-gated sodium and potassium channels, 

respectively, increase between 2 (87.6 ± 4.1 mV from base, 87.3 ± 8.6 V/s and 27.1 ± 3.7 V/s; 

n=12 each) and 10 weeks of differentiation (103.5 ± 4.4 mV from base (p=0.0184); 180.1 ± 

11.9 V/s (p<0.0001) and 70.7 ± 4.9 V/s (p=0.0001); n=9 each). 

The continuous maturation of these passive and active membrane properties clearly shows 

that hNSCs were successfully differentiated into functional neurons. 
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Figure 8: Maturation of passive and active membrane properties in hESC-derived neurons 
(a, b, c) Maturation of the input resistance (a), capacitance (b) and membrane time constant (tau; c) 
during differentiation of hESC-derived neurons. n-numbers for 2, 4, 6, 8 and 10 weeks are 19, 20, 24, 
20 and 9 (a), 19, 20, 24, 20 and 9 (b) and 9, 16, 17, 8 and 9 (c). (d) Current-clamp example traces of 
a 2 (upper trace) and 10 (lower trace) weeks old hESC-derived neuron showing a 3 to 5 mV 
hyperpolarization step. Superimposed gray lines show the monoexponential fit to the repolarization 
phase used to determine the membrane time constant. (e) Current-clamp traces of AP firing in 
response to 1 s current injections in 2 (upper trace) and 10 (lower trace) weeks old hESC-derived 
neurons. (f) Magnified traces of single APs of 2 (upper trace) and 10 weeks old (lower trace) neurons 
elicited by 10 ms current injections of 180 pA and 300 pA for 2 and 10 weeks, respectively. (g, h, i) 
Development of the resting membrane potential (g), the AP amplitude (from base; h) and the maximal 
slope of AP rise (i) during maturation of hESC-derived neurons. n-numbers for 2, 4, 6, 8, and 10 
weeks are 19, 20, 24, 20 and 9 (g), 12, 5, 15, 11 and 9 (h, i). 
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4.3. Generation of early network oscillations in hESC-derived neurons 

The generation of rhythmic network activity is a hallmark of cortical network formation that can 

be impaired in neurodevelopmental disorders including autism. To investigate to what extent 

hESC-derived neurons can be used to reproduce features of physiological network 

development in-vitro, we analyzed the development of spontaneous network activity (see 

Figure 9) during the differentiation process. 

Using whole-cell voltage-clamp recordings we observed the development of rhythmic bursts of 

synaptic currents that increased in frequency during differentiation (Figure 9 a, b). To mimic 

the physiological extracellular KCl concentration in the brain which has been demonstrated to 

rise up to 5 to 6 mM during ongoing electrical activity (Somjen, 1979), we used a concentration 

of 5 mM KCl for the preparation of ACSF for electrophysiological recordings and a 

concentration of 4.75 mM KCl in cell culture medium. 

At 10 weeks of differentiation all of the cells recorded in 5 mM extracellular KCl (n=15) showed 

synaptic bursts with an average frequency of 3.79 ± 0.26 per minute whereas with 2.5 mM KCl 

only 3 out of 16 neurons showed synaptic bursts with an average frequency of 0.47 ± 0.32 per 

minute. To test whether bursting activity can be controlled by acute changes in extracellular 

KCl concentration, we recorded 10 weeks old neurons in 2.5 mM KCl and increased the KCl 

concentration by 5 mM (Figure 9 c). Our recordings in current-clamp mode (Figure 9 c; upper 

trace) revealed that wash-in of enhanced KCl elicited repeated bursts of AP firing that were 

reflected in the synaptic burst discharges that we observed in voltage-clamp recordings (Figure 

9 c; lower trace). Lowering the extracellular KCl back to the initial concentration of 2.5 mM 

stopped this rhythmic activity. This suggests that bursting activity is directly dependent on 

potassium concentration. 

To examine the contribution of glutamatergic and GABAergic synaptic transmission to the 

network activity, we measured the effect of blocking ionotropic glutamate and GABA receptors 

in 10 weeks old cells (Figure 9 d,e). In the presence of 50 µM of GABAA receptor blocker PTX 

the frequency of synaptic bursts was not changed (control: n=15; 3.79 ± 0.26 per minute; PTX: 

n=9; 3.56 ± 0.57 per minute; p=0.9178). However, blockade of AMPA receptors with 5 µM 

CNQX significantly reduced burst frequency to 1.62 ± 0.4 per minute (n=6; p=0.001). Additional 

wash-in of 50 µM NMDA receptor blocker AP5 completely abolished bursting activity in 5 out 

of 6 cells to an average frequency of 0.03 ± 0.03 per minute. Similarly, ENO activity was 

completely blocked by exclusive application of AP5 (Figure 9 e). This sensitivity to CNQX and 

AP5 indicates that the bursting activity constitutes a synaptic network phenomenon that is 

mediated by glutamatergic synapses. 
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Figure 9: Development of early network oscillations (ENOs) in hESC-derived neuronal 
networks (for legend see next page →) 
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Figure 9: Development of early network oscillations (ENOs) in hESC-derived neuronal 
networks 
(a, b) The frequency of ENOs observed in standard potassium concentration (5mM KCl) increases 
during neuronal differentiation in-vitro (n=3, 19, 6, 6, 5, 15, 8 and 12 for 4, 5, 6, 7, 8, 9, 10 and 12 
weeks of neuronal differentiation). (c) Increased extracellular potassium concentration (from low = 
2.5 mM KCl to high = 7.5 mM KCl) reversibly elicits repeated bursts of AP firing (see upper trace 
recorded in current-clamp mode) and postsynaptic currents (see lower trace recorded in voltage-
clamp mode) in 10 week old neuronal networks. (d, e) The frequency of ENOs in 10 weeks old 
neuronal cultures (n=15) is unchanged in the presence of 50 µM PTX (n=9). Acute application of 5 
µM CNQX (example trace not shown, n=6) decreases the frequency of ENOs whereas they are 
completely stopped by the presence of 25 µM AP5 (n=6). (f) Example traces of burst-associated 
postsynaptic currents during ENO activity recorded at different holding potentials in 10 weeks old 
neuronal networks. (g) Burst charge-voltage relationship of ENO-associated currents during ENO 
activity. The burst-associated synaptic charge was analyzed during the first 3 s of the burst and 
normalized to the charge at +30mV (n=5). Voltages were corrected by -10 mV for liquid junction 
potential. 

 

To further elucidate the role of different glutamatergic synaptic receptors in network activity, 

we recorded the burst-associated postsynaptic currents at different holding potential ranging 

from -100 mV to +30 mV in the presence of 4 µM gabazine to block GABAergic transmission 

(Figure 9 f, g). For the analysis, we measured the average synaptic charge within the first 3 s 

of a minimal number of 3 bursts per voltage and normalized it to the maximal burst charge 

obtained at +30 mV (n=5). The resulting charge-voltage curve strongly resembles the current-

voltage relationship of NMDA receptors showing a non-linear voltage-dependence at negative 

potentials with maximal conductance around -30 mV, a reversal potential of 0 mV and a linear 

current-voltage relationship at positive potentials (Figure 9 g). Together with the results from 

our pharmacological experiments, this NMDA receptor-specific voltage dependence of the 

burst-associated postsynaptic currents strongly suggests that the rhythmic network activity 

pattern in our hESC-derived neuronal cultures is critically dependent on NMDA receptor-

mediated glutamatergic synaptic transmission, but largely independent of GABAergic synaptic 

transmission. 

Therefore, these in-vitro network oscillations exhibit the key features of cortical early network 

oscillations (cENOs), the transient network activity pattern observed during neocortical 

development in rodents (Allene et al., 2008). Additionally, we used the peak amplitudes of the 

burst-associated currents at -100 and +30 mV to calculate the NMDA-AMPA conductance ratio 

(5.87 ± 0.96 (n=5)) which is in the typical range for young glutamatergic neurons containing a 

large fraction newly formed glutamatergic synapses that are dominated by NMDA receptors 

(Li et al., 2017). 

 

4.4. Excessive early network oscillations in hESC-derived neurons treated with VPA 

To investigate the development of ENOs in a hESC-derived in-vitro model of autism, the hESC-

derived neuronal networks were treated with VPA for 1 to 11 weeks. Compared to untreated 

control neurons we found an earlier onset of ENO activity upon VPA treatment (Figure 10 a, 
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b). At 5 weeks of differentiation ENO-associated bursts of postsynaptic currents occurred in 6 

out of 19 control cells with an average frequency of 0.12 ± 0.05 per minute whereas 12 out of 

14 VPA-treated neurons showed rhythmic bursting with a significantly increased average 

frequency of 0.53 ± 0.1 per minute (p=0.0004). Also, the maximal ENO frequency at 12 weeks 

of differentiation was significantly increased in VPA-treated neurons (7.91 ± 0.55 per minute; 

n=10) compared to control neurons (4.13 ± 0.53 per minute; n=12; p=0.0001). 

 

 

 
Figure 10: Increased spontaneous synaptic activity and early network oscillations (ENOs) 
upon VPA exposure 
(a) In contrast to untreated control cultures, 6 weeks old VPA-treated neuronal networks show ENO 
activity in standard extracellular potassium concentration (5mM KCl). (b) Increased frequency of 
ENO-associated bursts after ≥6 weeks of differentiation in VPA-treated (red line) neurons as 
compared to untreated (black line) control neurons (control: n-numbers for 4, 5, 6, 7, 8, 9, 10 and 12 
weeks of differentiation are 3, 19, 6, 6, 5, 9, 8 and 12, respectively; VPA: n-numbers for 5, 6, 7, 8, 9, 
10 and 12 weeks of differentiation are 14, 12, 14, 6, 15, 8 and 10, respectively). (c) Spontaneous 
synaptic currents in 6 weeks old control and VPA-treated networks recorded in low extracellular 
potassium concentration (2.5 mM KCl). (d) Increased frequency of spontaneous postsynaptic currents 
(sPSCs, as shown in (a)) after ≥6 weeks of differentiation VPA-treated (red line) neurons as compared 
to untreated (black line) control neurons (control: n-numbers for 2, 4, 6, 8 and 10 weeks are 3, 9, 21, 
12 and 6, respectively; VPA: n-numbers for 2, 4, 6, 8 and 10 weeks are 6, 10, 11, 9 and 9, 
respectively). 

 

To test whether spontaneous synaptic activity was altered in VPA-treated networks 

irrespective of ENO activity, we recorded spontaneous postsynaptic currents (sPSCs) in 2.5 
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mM extracellular KCl during the time course of differentiation (Figure 10 c, d). Indeed, we 

observed a similar effect of VPA on sPSC development. At 6 weeks of differentiation the 

average sPSC frequency in untreated control neurons was 3.4 ± 0.49 Hz (n=21) compared to 

11 ± 3.07 Hz in VPA-treated neurons (n=21; p=0.0027). The maximal sPSC frequency 

measured at 10 weeks in VPA-treated networks (34.77 ± 5.05 Hz; n=9) was approximately four 

times larger than in the control cultures (8.32 ± 1.81 Hz; n=10; p<0.0001). Taken together, 

long-term exposure of hESC-derived neurons to VPA leads to an excessive development of 

both spontaneous synaptic activity and ENOs. 

 

4.5. Delayed maturation of passive membrane properties and increased excitability in 

VPA-treated neurons 

Enhanced excitability could be one possible mechanism underlying the increase in 

spontaneous postsynaptic currents and ENO activity observed in VPA-treated cultures. 

Therefore, we compared the development of important parameters that determine the 

electrical excitability between untreated control and VPA-treated neurons (see Figure 11). 

Shortly after the beginning of the VPA treatment, at 2 weeks of differentiation, there were no 

significant differences in the input resistance (Figure 11 a, b) and membrane time constant 

(Figure 11 c, d, e, f) between control (3.22 ± 0.66 GΩ (n=19); 153 ± 17 ms (n=9)) and VPA-

treated neurons (3.39 ± 0.72 GΩ (n=14; p=0.9699); 161 ± 21 ms (n=6; p=0.8639)). Later during 

maturation, at 10 weeks of differentiation, however, VPA-treated cells showed significantly 

higher input resistances (1.48 ± 0.20 GΩ; n=9) compared to control neurons (0.86 ± 0.13 GΩ; 

n=9; p=0.0082). Similarly, the maturation of the membrane time constant seemed to be 

impaired upon VPA treatment. At 8 and 10 weeks of differentiation VPA treated neurons had 

significantly slower membrane time constants (100 ± 11 ms, n=8; 86 ± 7 ms, n=9) than 

untreated neurons (66 ± 7 ms, n=18, p=0.0303; 59 ± 10 ms, n=8, p=0.0464). This suggests 

that long-term VPA treatment causes a delay in the maturation of passive membrane 

properties, especially at later stages of differentiation. 

 



Results 
__________________________________________________________________________ 

42 
 

 

 
Figure 11: Delayed maturation of passive membrane properties in VPA-treated neurons 
(a) Input resistance in 2 and 10 weeks old control (n=19 and 9, respectively) and VPA-treated neurons 
(n=14 and 9, respectively). (b) Maturation of the input resistance during differentiation of control 
(dashed black line) and VPA-treated neurons (dashed red line; n-numbers for 2, 4, 6, 8 and 10 weeks 
are 19, 20, 24, 20 and 9 (control) and 14, 13, 25, 27 and 9 (VPA)). (c, d) Example current-clamp 
traces of control (c) and VPA-treated (d) neurons at 2 (upper traces) and 10 (lower traces) weeks of 
differentiation. Superimposed gray lines show the monoexponential fit to the repolarization phase 
following a 3 to 5 mV hyperpolarization used to determine the membrane time constant. (e) Membrane 
time constants of 2 and 10 weeks old control (both n=9) and VPA-treated neurons (n=6 and 8, 
respectively). (f) Maturation of the membrane time constant during differentiation of control (dashed 
black line) and VPA-treated neurons (dashed red line; n-numbers for 2, 4, 6, 8 and 10 weeks are 9, 
16, 17, 8 and 9 (control) and 6, 11, 12, 18 and 8 (VPA)). 

 

To investigate the impact of these alterations on the excitability, we injected trains of 10 ms 

current pulses with increasing amplitudes at different stages of differentiation and assessed 

the minimal current amplitude that elicited AP firing (Figure 12 a-d). 
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Figure 12: Increased excitability in VPA-treated neurons (for legend see next page →) 
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Figure 12: Increased excitability in VPA-treated neurons 
(a, b) Current-clamp traces of a 2 weeks old control (a) and VPA-treated (b) neuron injected with a 
train of 10 ms current pulses of different amplitudes (100 and 160 pA) to elicit AP firing. (c, d) Current-
clamp traces of a 10 weeks old (c) and VPA-treated (d) neuron injected with a train of 10 ms current 
pulses of different amplitudes (100, 160, 220 and 300 pA) to elicit AP firing. (e, f) Magnified traces of 
single APs of 2 (e) and 10 weeks old (f) control (upper traces) and VPA-treated (lower traces) 
neurons. (g) Minimal currents needed to elicit AP firing upon a 10 ms pulse in 2 and 10 weeks old 
control (n=12 and 9, respectively) and VPA-treated neurons (n=7 and 6, respectively). (h) 
Development of the minimal currents needed to elicit AP firing during the maturation of control 
(dashed black line) and VPA-treated neurons (dashed red line; n-numbers for 2, 4, 6, 8 and 10 weeks 
are 12, 5, 15, 11 and 9 (control) and 7, 3, 8, 9 and 6 (VPA)). (i, j) AP amplitudes (from base) (i) and 
steepest slopes of AP rise (j) in 2 and 10 weeks old control (n=12 and 9, respectively) and VPA-
treated neurons (n=13 and 10, respectively). 

 

At 2 weeks of differentiation there was no significant difference in the average current needed 

to fire an AP between control (125.5 ± 10.8 pA; n=12) and VPA-treated neurons (137.1 ± 22.9 

pA; n=7; p=0.6459; Figure 12 g, h). In contrast, 10 weeks old VPA-exposed neurons fired APs 

at significantly lower current injections (163.3 ± 27 pA; n=6) than untreated neurons (442.9 ± 

105.1 pA; n=9; p=0.0152). This difference was already significant at the earlier age of 8 weeks 

(control: 308 ± 59.8 pA, n=11; VPA: 206.7 ± 11.1 pA, n=9; p=0.0005). 

Interestingly, characteristic features of the AP waveform such as the amplitude and the 

steepest slope of AP rise (Figure 12 i, j) were not affected by VPA exposure. This demonstrates 

that long-term VPA treatment leads to an enhanced electrical excitability (in more than 8 week 

old cultures), probably via an increased input resistance and slower membrane time constant. 

However, VPA treatment does not cause a general delay in neuronal maturation since other 

functional parameters such as the amplitude and the steepest slope of AP rise are not 

impaired. 

 

4.6. Increased dendritic length in VPA-treated neurons 

Furthermore, we wanted to test the possibility that VPA exposure causes alterations on the 

level of single neuron morphology. To this end, we performed Biocytin fillings and subsequent 

morphological analyses of 2 and 8 weeks old hESC-derived control and VPA-treated neurons. 

Figure 13 shows confocal images of the entire morphology of an untreated (Figure 13 a) and 

a VPA-treated 8 weeks old neuron (Figure 13 b) obtained by stitching of multiple overlapping 

images (see section 3.5.4.). Sholl analysis was used to assess dendritic length and branching 

and revealed significant differences between 8 weeks old control and VPA-treated neurons 

(Figure 13 c). At distances of more than approximately 200 µm from the soma, VPA-treated 

neurons showed significantly more dendritic branches than untreated neurons. As a 

consequence, the total dendritic length (Figure 13 c) was larger in VPA-treated neurons (2894 

± 212 µm; n=7) compared to control neurons (1767 ± 219 µm; n=5; p=0.0051). The soma size 

between the two groups was not significantly different (control: 122.8 ± 24.6 µm2; n=3: VPA: 

160.4 ± 9.5 µm2; n=7; p=0.1833; data not shown). 
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Figure 13: Increased dendritic length in VPA-treated neurons (for legend see next page →) 
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Figure 13: Increased dendritic complexity in VPA-treated neurons 
(a, b) Representative confocal images showing the entire morphology of an untreated (a) and a VPA-
treated (b) Biocytin-filled 8 weeks old neuron. (c) Total dendritic length in 2 and 8 weeks old control 
(n=5 for 2 weeks; n=5 for 8 weeks) and VPA-treated neurons (n=4 for 2 weeks and n=7 for 8 weeks). 
(d) Sholl analysis of control (black line) and VPA-treated (red line) 8 weeks old neurons. (e, f) 
Capacitance (e) and input resistance (f) of 8 weeks old control and VPA treated neurons. 

 

Our analyses of the capacitance (control: 94.9 ± 5.9 pF; VPA: 104.4 ± 8.2 pF; p=0.5303) and 

the input resistance (control: 1.16 ± 0.10 GΩ; VPA: 1.40 ± 0.11 GΩ; p=0.1629) did not show 

significant differences between control and VPA-treated neurons at 8 weeks (Figure 13 e, f). 

The unchanged capacitance conflicts with the increased total dendritic length. Deeper 

analyses of our voltage-clamp data that take into account the slow component of the capacitive 

current, which is mediated by distal dendrites rather than the soma, could potentially reveal 

differences between control and VPA-treated neurons. The unchanged input resistance 

together with the slower membrane time constant which VPA-treated cells exhibit at this stage 

of differentiation (see Figure 11) suggest a decreased density of leak channels. Thus, synaptic 

inputs at distal dendrites, which are more numerous in VPA-treated neurons, can more 

efficiently depolarize the neurons. At 2 weeks of differentiation the difference in the total 

dendritic length between control (875 ± 140 µm; n=5) and VPA-treated neurons (1184 ± 121 

µm; n=4) was not statistically significant (p=0.2857, see Figure 13 c). 

 

4.7. Increased formation of glutamatergic synapses in VPA-treated networks 

To test whether an enhanced density of glutamatergic and GABAergic synapses was 

underlying the augmented spontaneous network activity in VPA-treated cultures, we performed 

recordings of miniature postsynaptic currents (see Figure 14). 

To measure excitatory glutamatergic miniature postsynaptic currents (mEPSCs) and inhibitory 

GABAergic miniature postsynaptic currents (mIPSCs), we recorded spontaneous currents in 6 

weeks old cells in the presence of 0.5 µM TTX and 4 µM gabazine or 5 µM CNQX and 50 µM 

AP5, respectively. In VPA-treated neurons, we observed a significantly higher frequency (2.32 

± 0.55 Hz; n=17) and amplitude (20.2 ± 2.3 pA; n=17) of glutamatergic mEPSCs compared to 

control neurons (0.79 ± 0.3 Hz (p=0.0068) and 9.2 ± 1.4 pA (p=0.0005); n=11 each; Figure 14 

a, c, d). The average mEPSC decay time constant in control neurons was 1.0 ± 0.1 ms and 

was not affected by VPA treatment (1.1 ± 0.1 ms; p=4910). This indicates that both number 

and size of glutamatergic synapses in hESC-derived neurons are significantly increased upon 

long-term exposure to VPA. 

In contrast, GABAergic mIPSCs frequency (0.44 ± 0.24 Hz; n=14) and amplitude (31.8 ± 4.1 

pA; n=14) were not significantly altered in the VPA-treated group (0.62 ± 0.16 Hz (p=0.1251) 

and 32.09 ± 2.92 pA (p=0.5714); n=14 each; Figure 14 b, e, f). Also, there was no difference 
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in the mIPSC decay times between control (16.7 ± 2.7 ms) and VPA-treated (15.2 ± 1.5 ms; 

p=0.91) neurons. 

 

 

 

Figure 14: Increased density and amplitude of glutamatergic synaptic currents in VPA-treated 
neurons 
(a) mEPSCs in 6 weeks old control and VPA-treated neurons recorded in the presence of 0.5 µM TTX 
and 4 µM gabazine (b) mIPSCs in 6 weeks old control and VPA-treated neurons recorded in the 
presence of 0.5 µM TTX, 5 µM CNQX and 25 µM AP5. (c) The frequency and amplitude of mEPSCs 
is increased in VPA-treated cultures (control: n=11, VPA: n=17). (d) Cumulative probability distribution 
of mEPSC interevent intervals obtained from the same cells as in (c). Insets show average traces 
(black line) with biexponential fit (superimposed gray line) of >50 mEPSCs from a control and a VPA-
treated neuron. (e) Frequency and amplitude of mIPSCs are not altered between untreated and VPA-
treated (both n=14) neurons. (f) Cumulative probability distribution of mIPSC interevent intervals 
obtained from the same cells as in (e). Insets show average traces (black line) with biexponential fit 
(superimposed gray line) of >25 mIPSCs from a control and a VPA-treated neuron. 
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Additionally, we used immunocytochemical stainings of glutamatergic and GABAergic 

synapses in 6 weeks old cultures to confirm the findings from our miniature analysis (see 

Figure 14). To identify glutamatergic synapses, we used antibodies against VGLUT1 and 

PSD95 to label pre- and postsynaptic structures together with a Map2 antibody to visualize 

dendrites (Figure 15 a). The number of VGLUT1-PSD95 double-positive puncta per Map2-

positive neuron was significantly larger in VPA-treated networks (60.7 ± 4.9) compared to 

untreated cultures (38.5 ± 3.3; n=12 from 4 independent experiments each; p=0.0011; Figure 

15 a, c). GABAergic synapses were detected using antibodies against GAD67 and VGAT. The 

quantification of GAD67-VGAT double-positive puncta did not reveal significant differences 

between control (32.1 ± 5.3) and VPA-treated neurons (31.28 ± 2.74; n=6 from 3 independent 

experiments each; p=0.9372; Figure 15 b, d). 

The results of our immunocytochemical analysis are in line with the miniature analysis and 

thereby strongly suggest that VPA treatment leads to an upregulation of glutamatergic 

synapses in networks of hESC-derived neurons whereas GABAergic synapses are not 

changed. 

Importantly, the proportion of Map2-positive cells per DAPI nuclei was not different between 

control (26.49 ± 0.77%) and VPA-treated neurons (26.39 ± 0.96%; n=24 from 7 independent 

experiments each; p=0.7945; Figure 15 e) suggesting that VPA treatment did not change 

neuronal network maturation and composition in general. 
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Figure 15: Increased density of glutamatergic synapses in VPA-treated neurons (for legend 
see next page →) 
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Figure 15: Increased density of glutamatergic synapses in VPA-treated neurons 
(a) Representative confocal images of Map2/VGLUT/PSD95 immunocytochemistry on 6 weeks old 
control and VPA-treated neuronal cultures. Some VGLUT1/PSD95 double-positive puncta are 
highlighted with arrowheads. (c) The density of VGLUT1/PSD95 double-positive puncta is increased 
in VPA-treated neuronal cultures (12 images from 4 independent experiments). (b) Representative 
confocal images of Map2/VGAT/GAD67 immunochemistry on 6 weeks old control and VPA-treated 
neuronal cultures. Some VGAT/GAD67 double-positive puncta are highlighted with arrowheads. (d) 
The density of VGAT/GAD67 double-positive puncta is unchanged upon VPA treatment (6 images 
from 3 independent experiments). (e) The percentage of Map2-positive cells per DAPI nuclei is not 
altered in VPA-treated cultures (24 images from 7 independent experiments). 

 

4.8. Unaltered composition of hESC-derived neuronal cultures upon VPA treatment 

During the in-vitro differentiation hNSCs can give rise not only to Map2-positive glutamatergic 

and GABAergic neurons (see section 4.1.), but also to GFAP-positive astrocytes and additional 

undifferentiated NSCs. 

To further investigate whether long-term VPA treatment affected the composition of the hESC-

derived neuronal networks, we performed additional immunocytochemical stainings on 6 

weeks old neuronal cultures using antibodies against GFAP and GABA (Figure 16 a) to detect 

potential changes in the proportion of glial cells and interneurons, respectively.  

The number of GFAP-positive glial cells was not significantly different between treated (24.6 ± 

5.9%) and untreated cultures (25.9 ± 2.9%; n=9 from 3 independent experiments each; 

p=0.3722; Figure 16 b). The proportion of GABA-positive cells was 4.3 ± 0.7% in untreated 

(n=24 from 4 independent experiments) and 2.7 ± 0.4% after VPA treatment (n=9 from 3 

independent experiments, Figure 16 c). However, this difference was not statistically significant 

(p=0.2403). 

Taken together, our immunocytochemical data shows that the VPA dose and application time 

used here does not cause profound alterations in the cellular composition of hESC-derived 

neuronal cultures. 
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Figure 16: Unaltered composition of hESC-derived neuronal cultures upon VPA treatment 
(a) Representative confocal images of 6 weeks old untreated (upper images) and VPA-treated (lower 
images) neuronal cultures labelled with DAPI and antibodies against GFAP and GABA. (b, c) 
Percentage of GFAP- (b) and GABA-positive (c) cells in control and VPA-treated cultures (each 9 
images from 3 independent experiments). 

 

4.9. Reduced relative contribution of AMPA receptors to early network oscillations in 

VPA-treated neurons 

To better understand the potential role of the enhanced density of glutamatergic synapses for 

the generation of excessive ENO activity in VPA-treated cultures, we tested the effect of acute 

AMPA receptor blockade in 10 weeks old cultures with rhythmic bursting activity (Figure 17 a). 

Both control (from 4.13 ± 0.26 to 1.62 ± 0.4 per minute; n=6; p=0.0313) and VPA-treated 

neurons (from 7.89 ± 0.96 to 3.5 ± 1.29 per minute; n=6; p=0.0156) showed a decrease of 

burst frequency (Figure 17 b) and amplitude in the presence of 5 µM CNQX. Normalization of 

the burst frequency during the CNQX application to the initial burst frequency did not reveal 

significant differences between control and VPA-treated cultures (p>0.9999) indicating that 

AMPA receptors modulate burst frequency similarly in both conditions (Figure 17 c). 
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Figure 17: Reduced contribution of AMPA receptors to early network oscillations (ENOs) in 

VPA-treated neurons (for legend see next page →) 
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Figure 17: Reduced contribution of AMPA receptors to early network oscillations (ENOs) in 
VPA-treated neurons (a) ENO activity in 10 weeks old control (upper trace) and VPA-treated (lower 
trace) neurons before and after wash-in of 5 µM CNQX. (b) CNQX wash-in reduces ENO burst 
frequency in 10 weeks old control (left panel, n=6) and VPA-treated (right panel, n=6) neurons. (c) 
The normalized ENO burst charge (left panel, burst frequency in CNQX normalized to the frequency 
before the wash-in) is unchanged between control and VPA-treated neurons whereas the AMPA 
receptor-mediated burst charge (right panel, burst charge in CNQX normalized to the burst charge 
before the wash-in) is smaller in VPA-treated neurons. (d) ENO activity in 10 weeks old control (upper 
trace) and VPA-treated (lower trace) neurons before and after wash-in of 50 µM PTX. (e) PTX does 
not affect ENO burst frequency in 10 weeks old control (left panel, n=9) and VPA-treated (right panel, 
n=6). (f) The normalized ENO burst charge (left panel, burst frequency in PTX normalized to the 
frequency before the wash-in) and GABAA receptor-mediated burst charge (right panel, burst charge 
in PTX normalized to the burst charge before the wash-in) is unchanged between control and VPA-
treated neurons. 

 

In addition, the relative contribution of AMPA receptors to the burst charge was significantly 

smaller in VPA-treated cultures (31.72 ± 8.59%; n=6) compared to control cultures (58.68 ± 

4.23%; n=6; p=0.0260) suggesting that AMPA receptors are not responsible for the increased 

bursting activity in VPA-treated neurons (Figure 17 d). 

Acute application of GABAA receptor blocker PTX (50 µM), however, did only decrease burst 

amplitude, but did not have an influence on burst frequency (Figure 17 e, f; p=0.9063 (control); 

p=0.3125 (VPA)). Both the normalized burst frequency and the GABAA receptor mediated burst 

charge were not different between untreated and VPA-treated neurons (p=0.8438 and 

p=0.8329, respectively; Figure 17 g, h). Taken together, the contribution of GABAA receptors 

to the burst charge is similar whereas the contribution of AMPA receptors is smaller in VPA-

treated neurons. This led us to the assumption that the density of NMDA receptors and their 

localization to glutamatergic synapses may be increased upon VPA treatment. 

 

4.10. Enhanced density and activation of NMDA receptors underlie increased early 

network oscillation activity in VPA-treated neurons 

To test this hypothesis, we recorded NMDA receptor currents evoked by acute wash-in of 100 

µM NMDA in 6 weeks old neurons (Figure 18 a, b). 

NMDA was applied for 90 s to allow for the measurement of peak and steady state current 

amplitude of NMDA receptor-mediated currents before complete blockade by additional wash-

in of 100 µM AP5. VPA-treated neurons showed significantly larger NMDA receptor-mediated 

peak amplitudes (790.6 ± 62.7 pA; n=15) and steady state currents (219.3 ± 15.5 pA) 

compared to control neurons (peak: 442.4 ± 42.13 pA, p=0.0004; steady state: 172 ± 16.15 

pA, p=0.0337; n=8). The capacitances between the two groups were not significantly different 

(control: 65.9 ± 5.0; VPA: 72.7 ± 6.8; p=0.7284). This demonstrates that the membrane density 

of NMDA receptors is enhanced in VPA-exposed neurons.  

To further investigate the role of NMDA receptor conductance during ENO activity, we 

measured burst-associated NMDA currents in 10 weeks old networks. In order to sustain 
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network activity despite the presence of 50 µM PTX and 5 µM CNQX to block synaptic GABAA 

and AMPA receptors, respectively, these recordings were performed in ACSF containing 

elevated potassium levels (7.5 mM) and 100 µM D-Serine. VPA-treated neurons exhibited 

substantially larger burst-associated NMDA currents compared to untreated neurons (control: 

n=10; VPA: n=9; Figure 18 c, d). Both the NMDA peak and steady-state current density (Figure 

18 e,f) were significantly increased in the VPA group (control: 536.9 ± 104 pA and 6 ± 0.6 

pA/pF; VPA: 1077 ± 186.1 (p=0.0279) and 15.11 ± 3.12 pA/pF (p=0.0015)). Thus, the synaptic 

NMDA receptor conductance in VPA treated neurons (35.9 ± 6.2 nS) is approximately two 

times larger than in untreated cells (17.9 ± 3.5 nS; p=0.0279). Also, the normalized NMDA 

receptor mediated burst charge (Figure 18 h) was enhanced in VPA-treated neurons (control: 

10.72 ± 1.42 pC/pF; VPA: 23.74 ± 5.67 pC/pF; p=0.0279). The capacitances were not 

significantly different between the two groups (control: 83.4 ± 10.1 pF; VPA: 88.4 ± 25.2 pF; 

p=0.3562). 

 



Results 
__________________________________________________________________________ 

55 
 

 

Figure 18: Enhanced NMDA receptor activation during early network oscillations in VPA-
treated neurons 
(a) NMDA receptor-mediated currents in 6 weeks old control (upper trace) and VPA-treated (lower 
trace) neurons evoked by acute application of 100 µM NMDA and antagonized with 50 µM AP5 
recorded at -50 mV in the presence of 0.5 µM TTX, 50 µM PTX and 25 µM CNQX. (b) NMDA receptor-
mediated peak (left panel) and plateau currents (right panel) are increased in 6 weeks old VPA-treated 
neurons (n=16) as compared to control neurons (n=8). (c) Example traces of burst-associated 
postsynaptic currents recorded at different holding potentials in 10 weeks old neuronal networks in 
high extracellular potassium concentration (7.5mM KCl), 100 µM D-Serine, 5 µM CNQX and 50 µM 
PTX. (d) Current-voltage relationship of burst-associated NMDA receptor mediated currents in 10 
weeks old control (n=9) and VPA-treated (n=10) neurons. Voltages were corrected by -10 mV for 
liquid junction potential. (e,f) Burst-associated NMDA receptor-mediated peak currents are increased 
in VPA-treated neurons. (g,h) The NMDA receptor-mediated synaptic burst charge (normalized to the 
electrical capacitance of the patched neurons (h)) is increased in VPA-treated neurons. 
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Taken together, VPA-treated neurons show increased NMDA receptor activation during 

bursting activity. This indicates that stronger NMDA receptor expression generates larger 

glutamatergic synaptic currents and thereby recruits synaptically connected neurons more 

efficiently. As a consequence, bursting frequency is enhanced. 

 

4.11. Rescue of excessive early network oscillations by acute blockade of NR2B NMDA 

receptors 

Therefore, we tested whether partial NMDA receptor blockade could rescue the exceeding 

ENO activity in 10 weeks old VPA-treated networks. To specifically target the NMDA receptors 

that are typically expressed in young neurons, we used 1 and 10 µM of the NR2B subunit-

specific NMDA receptor blocker Ifenprodil (Williams, 1993).  

 

 

 

Figure 19: Rescue of excessive early network oscillations (ENOs) by blockade of NR2B NMDA 
receptors 
(a, b) ENO activity in 10 weeks old control ((a): upper trace) and VPA-treated ((b): upper trace) 
neurons is abolished in the presence of 10 µM Ifenprodil ((a) and (b): lower traces). (c) Burst 
frequency in a 10 weeks old VPA-treated neuron (upper trace) is reduced in the presence of 1 µM 
Ifenprodil. (d) Quantification of burst frequency in 10 weeks old untreated control and VPA-treated 
neurons in the presence of 0 (control: n=10, VPA: n=19), 1 (control: n=7, VPA: n=19) and 10 µM 
(control: n=7, VPA: n=3) Ifenprodil. Acute application of 1 µM Ifenprodil reduces burst frequency in 
10 weeks old VPA-treated neurons to the level of control neurons. 
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Interestingly, the synaptic burst currents in both control and VPA-treated neurons were 

completely blocked by 10 µM Ifenprodil indicating that ENO activity is mediated by NR2B 

subunit-containing NMDA receptors (Figure 19 a, b). Furthermore, application of 1 µM 

Ifenprodil significantly reduced burst frequency by about 35% in control neurons from 2.31 ± 

0.32 per minute to 1.5 ± 0.15 per minute (n=7; p=0.0156). In VPA-treated neurons wash-in of 

1 µM Ifenprodil decreased the initial burst frequency of 5.58 ± 0.33 per minute by about 60% 

to 2.3 ± 0.51 per minute (n=19; p<0.0001; Figure 19 c, d). Remarkably, the frequency in VPA-

treated neurons upon wash-in of 1 µM Ifenprodil was very similar to the burst frequency in 

control neurons (2.30 ± 0.51 vs. 2.31 ± 0.32; p=0.7414). This demonstrates that reducing 

excessive NMDA receptor function in VPA-treated networks can restore ENO activity to control 

levels. 

 

4.12. Effect of long-term treatment with Ifenprodil on NMDA receptor-mediated currents 

and early network oscillation activity 

Given the successful suppression of ENO activity by acute application of the NR2B NMDA 

receptor blocker Ifenprodil, we next wanted to test whether chronic treatment with Ifenprodil 

could prevent or mitigate the generation of ENO activity during the maturation of VPA-treated 

networks. To this end, the neuronal cultures were treated with 10 µM Ifenprodil starting from 

the fourth week of differentiation (see Figure 20). 

Wash-in experiments of 20 µM NMDA in 6 weeks old hESC-derived neurons revealed that 

long-term Ifenprodil treatment caused a significant reduction of the NMDA receptor mediated 

currents (Figure 20 a-c). In untreated cells (n=13) the NMDA receptor-mediated plateau current 

and NMDA current density were 82.7 ± 9.6 pA and 1.0 ± 0.1 pA/pF, respectively, whereas 

Ifenprodil-treated cells (n=9) showed an average plateau current and plateau current density 

of 13.7 ± 2.5 pA (p<0.0001) and 0.2 ± 0.03 pA/pF (p<0.0001). Capacitances were not 

significantly different between the two groups (control: 86.6 ± 6.4 pF; chronic Ifenprodil: 73.9 ± 

4.5 pF; p=0.0708). 

Figure 20 d shows example voltage-clamp traces of spontaneous activity in 6 weeks old control 

and VPA-treated neurons. Chronic Ifenprodil treatment completely blocked the development 

of ENO activity in both control and VPA-treated neurons (Figure 20 e), presumably via 

decreased NMDA receptor density. 
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Figure 20: Effect of long-term treatment with Ifenprodil on NMDA receptor-mediated currents 
and early network oscillation (ENO) activity  
(a) NMDA receptor-mediated currents in 6 weeks old neurons without (upper trace) and after long-
term treatment with 10 µM Ifenprodil (lower trace) evoked by acute application of 20 µM NMDA and 
antagonized with 50 µM AP5 recorded at -50 mV in the presence of 0.5 µM TTX, 50 µM PTX and 25 
µM CNQX. (b, c) Quantification of absolute NMDA receptor-mediated plateau currents (b) and NMDA 
receptor-mediated current density (c) without (n=13) and after long-term Ifenprodil treatment (n=9). 
(d) Spontaneous synaptic activity in 6 weeks old control (upper trace) and VPA-treated neurons 
without (middle trace) and after long-term Ifenprodil treatment (lower trace). (e) Frequency of ENO-
associated bursts during differentiation in control (solid black line) and VPA-treated neurons (solid red 
line) neurons without (dashed black line) and after longterm Ifenprodil treatement (dashed red line; n-
numbers for 4 and/or 5, 6, 7, 8, 9, 10 and 12 weeks of differentiation are 3, 19, 6, 6, 5, 9, 8 and 12 
(control), 14, 12, 14, 6, 15, 8 and 10 (VPA), 4, 4, 3, 8, 3, 4 and 4 (control + Ifenprodil), 9, 3, 6, 9, 3, 4 
and 4 (VPA + Ifenprodil). 

 

4.13. Effect of long-term treatment with Ifenprodil on glutamatergic and GABAergic 

miniature synaptic currents 

The prevention of ENO activity upon chronic treatment with Ifenprodil could be explained by 

the reduction of NMDA receptor-mediated currents or a potential NMDA receptor-mediated 

change in synapse density. To test this hypothesis and to validate the possibility of chronic 

treatment with the NR2B subunit-specific NMDA receptor blocker Ifenprodil, we recorded 

miniature glutamatergic and GABAergic synaptic currents in 6 weeks old control and VPA-
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treated cells that had undergone chronic Ifenprodil treatment and compared the results to our 

previous findings (see Figure 21, section 4.8. and Figure 15). 

 

 

 

Figure 21: for title and legend see next page → 
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Figure 21: Effect of long-term treatment with Ifenprodil on glutamatergic and GABAergic 
miniature synaptic currents 
(a) mEPSCs in 6 weeks old control and VPA-treated neurons without and after long-term treatment 
with 10 µM Ifenprodil recorded in the presence of 0.5 µM TTX and 4 µM gabazine. (b) mIPSCs in 6 
weeks old control and VPA-treated neurons without and after long-term treatment with 10 µM 
Ifenprodil recorded in the presence of 0.5 µM TTX, 5 µM CNQX and 25 µM AP5. (c, e) Frequency (c) 
and amplitude (e) of mEPSCs in control (n=11) and VPA-treated (n=17) neurons without and after 
long-term Ifenprodil treatment (control: n=8; VPA: n=13). (d, f) Frequency (d) and amplitude (f) of 
mIPSCs in control and VPA-treated neurons (both n=14) without and after long-term Ifenprodil 
treatment (control: n=6; VPA: n=9). 

 

Regarding mEPSC frequency, we did not observe an effect of chronic Ifenprodil treatment in 

control (without Ifenprodil: 0.79 ± 0.3 Hz (n=11); with Ifenprodil: 1.08 ± 0.38 Hz (n=8); 

p=0.3950) and VPA-treated cells (without Ifenprodil: 2.32 ± 0.55 Hz (n=17); with Ifenprodil: 

2.59 ± 0.44 Hz (n=13); p=0.3411; Figure 21 a, c). There was a significant increase of the 

mEPSC amplitude in control neurons (from 9.2 ± 1.4 pA to 13.4 ± 1.2 pA with Ifenprodil; 

p=0.0360) which was not present in VPA-treated neurons, however (without Ifenprodil: 20.2 ± 

2.3 pA; with Ifenprodil: 14.2 ± 1.0 pA; p=0.0786; Figure 21 e).  

Also, chronic Ifenprodil treatment did not affect the frequency of mIPSC frequency in control 

(without Ifenprodil: 0.44 ± 0.24 Hz (n=14); with Ifenprodil: 0.79 ± 0.32 Hz (n=6); p=0.4940) and 

VPA-treated cells (without Ifenprodil: 0.62 ± 0.16 Hz (n=14); with Ifenprodil: 1.19 ± 0.45 Hz 

(n=9); p=0.5571; Figure 21 b, d).  

These results suggest that chronic blockade of NR2B NMDA receptors does not affect the 

density of both glutamatergic and GABAergic synapses in our cell culture system. However, 

chronic Ifenprodil treatment effectively reduces NMDA receptor expression and prevents 

network oscillation activity (see Figure 20). This confirms our previous conclusion that 

enhanced NMDA receptor expression drives increased network oscillations in VPA-treated 

cultures. 

Taken together, our data show that VPA exposure increases ENO activity in hESC-derived 

neuronal networks via an enhanced expression of NR2B subunit-containing NMDA receptors. 

This VPA-induced bursting can be effectively rescued by acute and chronic treatment with 

Ifenprodil.
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5. Discussion 

In the scope of this doctoral thesis, we could show that hESC-derived neuronal cultures are 

suitable to model early cortical development and to study mechanisms of neurodevelopmental 

disorders in-vitro. 

Our cell culture differentiation paradigm, that included the co-culture with primary mouse 

astrocytes, gave rise to synaptically connected neuronal networks containing both 

glutamatergic and GABAergic neurons. Glutamatergic and GABAergic neurons were 

morphologically distinct which allowed us to focus on the investigation of young glutamatergic 

pyramidal-like neurons. With the help of electrophysiological recordings, we assessed the 

maturation of important functional parameters – such as electrical input resistance, electrical 

capacitance, membrane time constant and the ability to fire APs. Moreover, we observed an 

increasing frequency of spontaneous and miniature glutamatergic and GABAergic 

postsynaptic currents that is indicative of continuous synapse formation. This increasing 

spontaneous network activity culminated in the occurrence of rhythmic burst oscillation activity 

that was recorded in the presence of 5 mM extracellular KCl around 8 to 10 weeks of 

differentiation. The rhythmic burst oscillations were independent on GABAergic synaptic 

transmission and dependent on glutamatergic synaptic transmission, particularly via the 

activation of NMDA receptors. These features are characteristic of cENOs, a large-scale 

network activity pattern that has been described in the developing somatosensory cortex of 

rodents. This led us to the assumption that the rhythmic burst oscillations observed in hESC-

derived neuronal cultures are in-vitro correlates of early neuronal activity in the developing 

cerebral cortex. 

We chronically treated the hESC-derived neuronal cultures with VPA, which is robustly 

associated with neurodevelopmental disorders including ASD in humans and ASD-like 

phenotypes in rodent models. The comparative analysis of neuronal maturation in untreated 

vs. VPA-treated hESC-derived neurons revealed several important functional differences. 

These included enhanced excitability due to a delayed maturation of intrinsic membrane 

properties, faster development of spontaneous synaptic currents and exaggerated ENO 

activity. This was accompanied by an increased density of glutamatergic synapses as 

assessed by miniature recordings and synaptic marker stainings, whereas GABAergic 

synapse density was unchanged. Using direct application of NMDA and voltage-clamp 

recordings of burst-associated postsynaptic currents, we identified an increased density and 

activation of NMDA receptors as the underlying cause for excessive ENO activity in VPA-

treated networks. Acute blockade of NR2B subunit-containing NMDA receptors with low 

concentration of Ifenprodil corrected bursting frequency in VPA-treated neurons to control 

levels.  
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5.1. Validation of the hESC-derived neuronal cell culture model 

5.1.1. Maturation of functional properties in hESC-derived neurons 

With regard to the major differences in development and structure between the rodent and 

human brain (Clowry et al., 2010), the inter-species differences in electrophysiological 

properties (Steffenhagen et al., 2011) and the often poor translatability of findings from animal 

studies to human therapeutics (Dragunow, 2008), hPSC-derived models have become a 

promising approach towards the investigation of neurodevelopmental diseases. They offer the 

unique opportunity to study development and function in live human neurons. Additionally, they 

allow for drug screening with more ease than animal models. However, hPSC-derived 

neuronal cultures typically require long periods of differentiation (60 to 120 days) to acquire a 

degree of synaptic connectivity that is sufficient for the investigation of synaptic physiology and 

are often heterogenous (cell-to-cell and culture-to-culture variability) (Aigner et al., 2014). 

Electrophysiological parameters provide information about the maturation state and have been 

assessed for a variety of differentiation protocols and recording conditions. 

During neuronal maturation the increasing expression of ion channels entails a decrease in 

electrical input resistance and a shortening of the membrane time constant. Voltage-gated 

sodium and potassium channels are required for the maturation of AP firing (Hodgkin and Katz, 

1949; Warren and Jones, 1997; Oswald and Reyes, 2008). Fully mature human cortical 

pyramidal neurons have been demonstrated to exhibit an electrical capacitance of about 180 

pF, an input resistance of about 125 MΩ and a fast membrane time constant (Cepeda et al., 

2003). Our hESC-derived neurons exhibited a continuous maturation of functional properties 

from the earliest to more advanced stages of neuronal differentiation (see Figure 8). After 10 

to 11 weeks of differentiation, we measured an average electrical capacitance, input resistance 

and membrane time constant of 102.3 ± 13.3 pF, 860 ± 130 MΩ and 59 ± 10 ms, respectively. 

However, we did not observe a time-dependent hyperpolarization of the resting membrane 

potential as reported by others (Tang et al., 2013; Pre et al., 2014; Kirwan et al., 2015; Kuijlaars 

et al., 2016). Given the high input resistance of young hPSC-derived neurons, very high seal 

resistances are required for the accurate assessment of input resistance and resting 

membrane potential (see section 3.3.1.) It is possible that these observations of generally more 

depolarized resting membrane potentials and their time-dependent hyperpolarization result 

from distortion of the measurements by insufficient seal resistances. Unlike other studies on 

the functional properties of hPSC-derived neurons, which reported significantly lower 

frequencies of postsynaptic currents (Shi et al., 2012; Pre et al., 2014; Gunhanlar et al., 2018), 

we observed maximal frequencies of sPSCs, mEPSCs and mIPSCs of 8.32 ± 1.81 Hz, 0.79 ± 

0.3 Hz and 0.44 ± 0.24 Hz, respectively. In a previous study, we investigated neuronal 

maturation and synapse formation using the same hESC-derived neural stem cell line for 
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neural differentiation. However, the differentiation was carried out in the absence of primary 

mouse astrocytes and resulted in less mature properties such as an average electrical 

capacitance of only about 31 pF, an input resistance of about 2.3 GΩ, a sPSC frequency of 

only about 0.6 Hz and a mEPSC frequency of only about 0.15 Hz (Costa et al., 2016). The 

decreased density of synaptic connections in the absence of astrocytes is consistent with the 

important role of vesicular glutamate release from astrocytes for synapse maturation (Sultan 

et al., 2015). Further evidence for the supportive role of astrocytes during hPSC-derived 

neuronal differentiation comes from studies demonstrating increased soma and dendritic 

growth, faster development of APs, increased NMDA receptor-mediated currents and 

accelerated synapse formation in co-cultured human neurons (Tang et al., 2013; Kirwan et al., 

2015; Kuijlaars et al., 2016). 

 

5.1.2. Generation of early network oscillations in hESC-derived neuronal cultures 

We observed rhythmic burst oscillation activity only in hESC-derived neurons that had been 

plated on primary mouse astrocytes. They are absent without astrocyte co-culture (Costa et 

al., 2016). Bursts of postsynaptic currents were detected using voltage-clamp recordings from 

7 weeks of differentiation reaching a maximal frequency of 4.13 ± 0.53 per minute at 12 weeks 

of differentiation (see Figure 9). These postsynaptic bursts were associated with repetitive AP 

burst firing as demonstrated using current-clamp recordings and could be blocked by the 

application of TTX. To identify the synaptic origin of the burst oscillations we used 

pharmacological blockers of ionotropic receptors. Burst frequency was unaffected by GABAA 

receptor blockade, reduced by about 40% by AMPA receptor blockade and completely 

abolished by NMDA receptor blockade. 

This dependence on glutamatergic synaptic transmission is a common feature of burst 

oscillations in hESC-derived neuronal cultures and so-called cortical early network oscillations 

(cENOs), a large-scale activity pattern observed in the slices of the developing neocortex of 

early postnatal (p0 to p5) rats. Initially, cENOs were described as spontaneous synchronized 

oscillations in intracellular calcium concentration occuring at a very low rate of once per 1 to 

12 minutes. These calcium waves travelled at a speed of about 2 mm per second, mostly from 

the posterior to the anterior pole of the cortical slice, and involving more than 85% of neurons 

from all cortical layers. They were abolished by low concentrations (2 µM) of the AMPA 

receptor blocker CNQX and independent on depolarizing GABAergic synaptic transmission 

(Garaschuk et al., 2000). In a more recent study from 2008, Allène et al. described two 

consecutive, mechanistically distinct, synapse-driven network activity patterns in the 

developing rat somatosensory cortex using calcium imaging and whole-cell voltage-clamp 

recordings. At p0 to p4 cENOs occurred with a frequency of 2.45 per minute. They were 

insensitive to GABAA receptor blockade with Bicuculline and abolished in the presence of the 
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NMDA receptor blocker AP5. The cENO burst-associated postsynaptic currents showed a non-

linear voltage-dependence with maximal current amplitudes around -20 mV and a reversal 

potential of about 0 mV demonstrating the important role of NMDA receptors in their 

generation. Given the low density of synapses in the cortex around the time of cENO activity 

(Dalva and Katz, 1994) and the large contribution of ambient glutamate to cENO activity (Allene 

et al., 2008), it has been postulated that glutamate spillover activating extrasynaptic NMDA 

receptors is important for the generation of this network activity pattern (Allene and Cossart, 

2010).  

In contrast to the initial description, the ENOs we observed in hESC-derived neuronal cultures 

appeared at higher frequencies and were not completely blocked by the application of 5 µM 

CNQX. The increased frequency could be explained by the lack of spatial organization in 2D 

neuronal cultures compared to cortical slices where ENOs have been demonstrated to spread 

in a preferential direction. It is possible that ENOs are initiated simultaneously in different 

locations of the 2D culture. Furthermore, recording conditions such as the extracellular KCl 

concentration could influence (c)ENO frequency. Garaschuk et al. and Allène et al. used 4.5 

mM and 3.5 mM KCl, respectively, whereas we used 5 mM for ENO recordings. Lastly, both 

the difference in frequency and CNQX-sensitivity could be caused by a higher level of 

extracellular glutamate, probably released from the astrocyte feeder layer in our cultures 

(Drejer et al., 1982). 

In rodents cENOs are followed by a different activity pattern, termed cortical giant depolarizing 

potentials (cGDPs), at p5 to p9. cGDPs appear at a higher frequency of 8.4 per minute, are 

Bicuculline-sensitive and only partially reduced in the presence of AP5. Both the Bicuculline-

sensitivity and the linear voltage-dependence of cGDP burst-associated postsynaptic currents 

indicate that they are mainly mediated by the action of depolarizing GABAergic transmission 

via GABAA receptors (Allene et al., 2008). In this respect, cGDPs resemble GDPs, the earliest 

synapse-driven network pattern observed in the developing hippocampus during the first 

postnatal days (Ben-Ari et al., 1989; Garaschuk et al., 1998; Crepel et al., 2007). 

In our cultures, ENO frequency was unaffected by GABAA receptor blockade. This argues 

against the hypothesis that the network activity is driven by excitatory GABA and led us to the 

assumption that the burst oscillations were in-vitro correlates of the etiologically earlier 

glutamate-mediated cENOs. 

The development of synchronized synaptic activity has also been detected in other hPSC-

derived neurons co-cultured with astrocytes. With the help of repeated calcium imaging 

throughout the differentiation Kirwan et al. showed the emergence of a TTX-sensitive 

oscillatory network activity pattern that involved increasing proportions of neurons between 8 

and 11 weeks of differentiation. Those calcium oscillations were dependent on the activity of 

AMPA and NMDA receptors and were enhanced in frequency and amplitude upon NMDA 
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receptor activation by the application of magnesium-free extracellular solution containing 100 

µM of the NMDA receptor co-agonist glycine. Interestingly, application of the GABAA receptor 

agonist Muscimol abolished the oscillation activity whereas both frequency and amplitude of 

the calcium signal were unaffected by Bicuculline indicating that GABA exerts an inhibitory 

function – either by shunting inhibition or a mature inhibitory response – and that GABAA 

receptor activation does make a significant contribution to the network activity. Furthermore, 

rabies virus tracing revealed a generally low connectivity within the cultures (<10 synaptic 

connections per neuron on average). A small proportion of hyperconnected (>40 synaptic 

connections) neurons were proposed to act as hub-like neurons (Kirwan et al., 2015). 

However, it is important to note that it is unclear to what extent immature glutamatergic 

synapses are traced by rabies virus. 

Kuijlaars et al. differentiated hiPSCs in a fully humanized system using human primary 

astrocytes in the presence of DAPT, an inhibitor of Notch signaling that has been demonstrated 

to promote neuronal differentiation from embryonic stem cells (Crawford and Roelink, 2007; 

Elkabetz et al., 2008). The combination of Notch inhibition and astrocyte co-culture favored 

synapse formation and the development synchronized neuronal calcium oscillations with a 

maximal frequency of about 3.5 per minute. CNQX and AP5 co-application reduced the 

proportion of neurons involved in calcium oscillations, their frequency and temporal correlation, 

whereas PTX did not affect these parameters consistently (Kuijlaars et al., 2016). 

The similarities in frequency and responses to pharmacological modulation suggest that the 

abovementioned synchronized calcium oscillations and the ENOs observed in our cell cultures 

reflect the same pattern of early synaptic activity. 

 

5.2. Synaptic phenotypes in VPA-treated neurons 

5.2.1. VPA affects hESC-derived neuron morphology and the maturation of intrinsic 

neuronal properties 

In-utero exposure to VPA, particularly during the first trimester of pregnancy, is associated with 

an increased risk of the unborn child to develop ASD. To mimic the effects of VPA intake during 

this critical period we chronically treated our hESC-derived neuronal cultures with 1 mM VPA 

starting after the first week of differentiation. 

The first trimester of pregnancy in humans comprises neural tube closure (≈ gestational day 

28), the beginning of cortical neurogenesis (≈ gestational week 5) and the beginning of 

synapse formation (≈ gestational week 9 to 10) (Rabinowicz et al., 1996; Meyer et al., 2000; 

de Graaf-Peters and Hadders-Algra, 2006). The latter two of these developmental events can 

be picked up in our hESC-derived neuronal cultures. Considering therapeutic serum 

concentrations, the blood-placental barrier permeability and the substantially increased serum 

half-life of VPA in fetuses compared to adults, 1 mM seems to be a realistic representation of 
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the actual concentration in the developing nervous system of in-utero exposed fetuses (Jager-

Roman et al., 1986; Johannessen, 1992). 

The effect of VPA exposure on the viability and differentiation of NSCs has been subject of 

many studies in both rodent and human model systems. Many of these studies reported a 

positive effect of VPA on neuronal differentiation via different mechanisms including the 

suppression of progenitor cell proliferation (Jung et al., 2008) and progenitor cell death (Go et 

al., 2011), the suppression of glial differentiation (Chu et al., 2015) and the epigenetically-

mediated induction of glutamatergic differentiation (Hsieh et al., 2004; Kim et al., 2014b). 

Individual studies also report a proapoptotic effect on progenitors of glutamatergic neurons 

(Fujiki et al., 2013) and enhanced gliogenesis during rodent cortical development (Lee et al., 

2016) upon VPA exposure. 

Our immunocytochemical analyses did not reveal considerable effects of VPA treatment on 

the composition mixed human neuron/mouse astrocyte co-cultures (see Figures 15 and 16). 

The proportion of GFAP-positive astrocytes, Map2-positive mature neurons and GABA-

positive interneurons was not significantly changed in the VPA-treated group. This indicates 

that neuronal survival and maturation were not impaired, the differentiation of glutamatergic 

neurons was not enhanced at the expense of GABAergic neurons and excessive gliogenesis 

was not elicited by the treatment of early post-mitotic hESC-derived neurons.  

However, VPA-treated neurons appeared more differentiated from the morphological point of 

view, as they exhibited significantly larger and more-branched dendritic trees (see Figure 13). 

This effect is in accordance with findings from other in-vitro studies that demonstrated 

increased neurite outgrowth via activation of mitogen-activated protein (MAP) kinases and the 

glycogen-synthase kinase-3β (GSK-3β) pathway (Yuan et al., 2001; Long et al., 2015) as well 

as enhanced axonal growth (Lv et al., 2012). 

Apart from morphological features, the assessment of intrinsic membrane properties can help 

to determine the level of neuronal differentiation. During maturation, the membrane density of 

open leak channels increases which leads to a decrease in the electrical input resistance and 

an acceleration of the membrane time constant (Liu et al., 1996).  

Towards the end of the differentiation period, we observed more immature passive membrane 

properties (see Figure 11) in VPA-treated neurons that were accompanied by an increased 

electrical excitability (see Figure 12) in VPA-treated neurons. 

These findings are in line with a recent study that addressed the excitability of hippocampal 

CA1 pyramidal neurons in adolescent VPA-exposed rats. Higher spontaneous firing rates were 

attributed to changes in intrinsic membrane properties, namely a significantly increased input 

resistance and a smaller electrical capacitance (Hajisoltani et al., 2019). Most studies using 

the VPA rodent model, however, did either not reveal any differences (Rinaldi et al., 2008a; 
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Wang et al., 2018) or even reduced electrical excitability in VPA-exposed animals (Rinaldi et 

al., 2008b; Chomiak et al., 2010; Walcott et al., 2011). 

The increased input resistance and the slower membrane time constant we observed in young 

human neurons could be caused by an altered expression of leak channels (e.g., K2P 

potassium channels that mainly determine the input resistance (Lesage and Lazdunski, 2000)) 

upon VPA-mediated HDAC inhibition. Such alterations might be species-specific and variable 

throughout neurodevelopment.  

In addition, studies that followed neuronal properties over time have revealed that intrinsic 

electrophysiological parameters are not stable, but rather subject to developmental changes 

indicating that prenatal changes might not persist into adulthood (Chomiak et al., 2010; Walcott 

et al., 2011). 

 

5.2.2. Network hyperactivity in VPA-treated neurons 

A prominent synaptic phenotype whose onset preceded the differences in intrinsic membrane 

properties was the enhanced frequency of spontaneous postsynaptic currents and ENOs 

observed in VPA-treated neurons (see Figure 10). 

Similar effects of VPA on spontaneous neuronal activity have been reported from in-vitro 

studies on primary neuronal cultures and acute slices. In a previous study, we used whole-cell 

voltage-clamp recordings of mouse primary cortical neurons that were treated with 2 mM VPA 

during 6 days after their isolation on embryonic day 15 and observed large synaptic burst 

discharges that were absent in untreated control neurons (Iijima et al., 2016). Higher rates of 

postsynaptic currents and spontaneously fired APs were observed in the amygdala (Lin et al., 

2013) and in hippocampal CA1 pyramidal neurons (Hajisoltani et al., 2019) of in-utero VPA-

exposed rats. 

The first mention of a VPA effect on the development of spontaneous neuronal activity in 

hPSC-derived neurons comes from a drug screening study that was conducted to identify 

potential compounds for the treatment of SHANK3 haploinsufficiency syndrome. After 5 days 

of treatment with 2 mM VPA 5 to 6 weeks old control hPSC-derived neurons showed enhanced 

spontaneous calcium oscillations. In hiPSC-derived neurons from SHANK3 haploinsufficiency 

patients, VPA treatment led to an increase in SHANK3-PSD95 double-positive puncta and 

restored calcium oscillations. Furthermore, VPA treatment induced significant changes in the 

mRNA expression levels of synaptic genes, e.g., an upregulation of VGLUT1, synaptopodin 

and mGluR1 mRNA (Darville et al., 2016). This suggests that alterations in synapse formation 

contribute to the enhanced spontaneous activity after VPA treatment. 
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5.2.3. Excessive formation of glutamatergic synapses in VPA-treated neurons 

Enhanced glutamatergic synapse formation (see Figure 14 and 15) could be explained by an 

induction of glutamatergic neuronal differentiation as it was shown for primary cultures of 

mouse neuronal precursors. Via its HDAC inhibition function, VPA led to an upregulation of 

Pax6-dependent gene expression that resulted in increased levels of glutamatergic synaptic 

proteins including synaptophysin, VGLUT1 and PSD95 (Kim et al., 2014b). In line with this 

observation, we have provided functional evidence for enhanced glutamatergic synapse 

formation in VPA-exposed mouse primary cortical cultures which exhibited an increased 

mEPSC frequency as well as an upregulation of VGLUT1 expression (Iijima et al., 2016). An 

enhanced density of glutamatergic synapses was also shown in acute slices of the lateral 

amygdala, which assumed to contribute to anxiety and fear memory in ASD, of in-utero VPA-

exposed rats (Lin et al., 2013). 

An increased excitation-inhibition ratio in certain key neural systems is one of the most widely 

accepted concepts of ASD pathogenesis (Rubenstein and Merzenich, 2003). At the synaptic 

level, this can result from an increased function of excitatory synapses, a decreased function 

of inhibitory synapses or the combination of both. Several studies reporting VPA-mediated 

upregulation of glutamatergic RNA/protein expression or glutamatergic synapse function have 

shown concomitant effects on inhibitory synaptic RNA/protein expression or GABAergic 

synapse function (Fukuchi et al., 2009; Kim et al., 2014b; Iijima et al., 2016). In VPA rodent 

models, decreased levels of GABAergic marker proteins such as GAD67 (Hou et al., 2018) 

and GAD65 (Kim et al., 2014b) have been detected in different cortical areas. At the functional 

level, the frequency of GABAergic mIPSCs was shown to be substantially decreased in layer 

2/3 pyramidal neurons in the temporal cortex of adolescent in-utero VPA exposed rats 

(Banerjee et al., 2013). Primary cultures of cortical neurons from neonatal rats that were 

treated with 1 mM VPA for 4 days showed significantly reduced VGAT expression und less 

VGAT-positive puncta whereas VGLUT1 expression was increased (Kumamaru et al., 2014). 

These results are in accordance with our previous electrophysiological findings in primary 

cultures of mouse cortical neurons treated with VPA where we also observed a significantly 

decreased mIPSC frequency, which was accompanied by a decreased expression of VGAT 

and less GAD65-positive puncta (Iijima et al., 2016). 

In our hESC-derived neuronal cultures, however, we did not observe differences in frequency 

and amplitude of GABAergic miniature postsynaptic currents (see Figure 14) or the density of 

VGAT-GAD67 double-positive puncta (see Figure 15). This lack of a VPA-associated effect on 

GABAergic synaptic transmission could be based on either species-specific differences in the 

response to VPA or on the comparatively immature state of the hESC-derived GABAergic 

interneurons. Alterations in the expression of GABAergic markers or GABAergic transmission 

were described in either adolescent or adult in-utero VPA-exposed animals or in primary cell 
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cultures that had undergone prolonged in-vitro differentiation and probably reached a level of 

maturation that is comparable to postnatal neurons. In the abovementioned study the 

differences in GABAergic synaptic transmission between the VPA-treated and the untreated 

group were mainly attributed to a disturbed maturation of progenitors of parvalbumin-positive 

interneurons (Iijima et al., 2016). In-vivo, fast-spiking interneurons are generated around 

embryonic day 13.5 (in rodents), migrate tangentially and integrate into the cortical circuitry 

while the cortical layers are still being formed. Their fully mature state is not reached until after 

birth (Butt et al., 2005; Miyamae et al., 2017). Due to the different developmental origins and 

lineages of excitatory cortical pyramidal neurons and inhibitory interneurons, it is currently not 

possible to generate both cell types from the same hPSC-derived culture (Nicholas et al., 

2013). It is likely that this lack of fully differentiated parvalbumin-positive interneurons is the 

reason for which GABAergic phenotypes cannot be reproduced in the hESC-derived neuronal 

networks. 

Recently, the topic of excitation-inhibition imbalance in ASD models has been re-addressed 

by a study comparing four different mouse models of ASD. During adulthood, animals of all 

four models exhibited a decreased excitation-inhibition in layer 2/3 pyramidal neurons that 

receive thalamic inputs. However, the decrease in the excitation-inhibition ratio resulted from 

an initial deficit in inhibitory input that was counterbalanced by excitation in a way that enabled 

synaptic inputs to adequately depolarize the neurons near the spiking threshold. Therefore, 

the authors suggest that an elevated excitation-inhibition ratio in mature neuronal networks 

reflects homeostatic stabilization of hypoconnected networks rather than generating network 

hyperexcitability (Antoine et al., 2019). This, again, demonstrates that – due to the adaptive 

capacity of the brain circuitry – early changes in network activity might not last into later stages 

of development, thereby highlighting the importance of studying neuronal activity earlier during 

development. 

The increased density of glutamatergic synapses together with the unchanged density of 

GABAergic synapses results in an overall increased number of synaptic connections, which is 

in accordance with the notion of (local) hyperconnectivity in ASD (Markram et al., 2007; 

Markram and Markram, 2010). 

Hyperconnectivity of glutamatergic synapses has been shown in the adolescent offspring of 

VPA-injected rats in different areas of the neocortex including layer 2/3 and layer 5 pyramidal 

cell hyperconnectivity in the somatosensory cortex (Rinaldi et al., 2008b; Silva et al., 2009) 

and the medial prefrontal cortex (Rinaldi et al., 2008a; Codagnone et al., 2015). This locally 

increased connection probability mediated hyperreactivity and was associated by an NMDA 

receptor-dependent hyperplasticity (Rinaldi et al., 2007; Sui and Chen, 2012). NMDA receptor 

function is discussed in more detail in section 5.2.4. 
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In the context of the “intense world theory” of ASD it has been postulated that hyperconnected 

cortical areas which are more sensitive to stimulation and act more autonomously might 

underlie some of the ASD core symptoms including intense perceptions and hypersensitivity 

to external stimuli. 

Local hyperconnectivity in the cortex of VPA-exposed rodents has been confirmed by a more 

recent study using optical circuit mapping. Interestingly, the assessment of connection 

probability and strength in the auditory cortex of early postnatal (postnatal day 0 to 3) revealed 

“patches” of localized hyperconnectivity of both excitatory and inhibitory inputs onto subplate 

neurons. The highly connected subplate neurons have been postulated to act as hub neurons 

and play a key role in synchronizing the activity of developing neocortical neurons (Dupont et 

al., 2006; Tolner et al., 2012). After the first postnatal week i.e., after the establishment of 

thalamo-cortical connections and the onset of somatosensory processing, the 

hyperconnectivity to subplate neurons became more generalized and was reflected by an 

increased frequency of mEPSCs in subplate neurons (Nagode et al., 2017). This report of 

VPA-induced hyperconnectivity in the earliest cortical networks is in accordance with our 

findings suggesting that hESC-derived neuronal cultures can reproduce features of both 

physiological and pathological early network function. 

 

5.2.4. Increased NMDA receptor expression and activation in VPA-treated neurons 

We demonstrated that NMDA receptor activity is crucial for ENO activity in hESC-derived 

neuronal cultures. Both acute blockade of NMDA receptors with AP5 (see Figure 9) and a 

decreased density of NMDA receptors after chronic treatment with Ifenprodil (see Figure 20) 

abolished ENO activity. Moreover, our hESC-derived neurons exhibit a NMDA-AMPA 

conductance ratio of about 6 indicating a predominance of newly formed glutamatergic 

synapses that are dominated by NMDA receptors. Accordingly, the contribution of AMPA 

receptors to the ENO burst-associated synaptic charge was about 60%, but ENOs were not 

completely absent in the presence of AMPA receptor blockers (see Figure 17). In VPA-treated 

neurons, the density and activation of NMDA receptors during ENO activity was substantially 

increased compared to control neurons (see Figure 18). Also, the relative AMPA receptor 

contribution to the ENO burst-associated synaptic charge was only about 30% (see Figure 17) 

indicating that NMDA receptor overexpression causes excessive ENO activity in VPA-treated 

neurons. 

Alterations in the NMDA receptor expression levels and NMDA receptor-mediated synaptic 

currents have been described in the context of hyperconnectivity and hyperplasticity in the 

VPA rodent model. The NMDA receptor subunits NR2A and NR2B were shown to be 

overexpressed in the neocortex of early postnatal in-utero VPA exposed rats. Additional 

overexpression of the NMDA receptor-associated CaMKII suggested hyperactivity of this 
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plasticity-related pathway. Indeed, paired recordings of pyramidal neurons demonstrated 

enhanced postsynaptic LTP indicating that VPA exposure led to an augmented plasticity in the 

neocortex (Rinaldi et al., 2007). Similarly, increased short- and long-term plasticity have been 

observed in-vivo in the rat medial prefrontal cortex (Sui and Chen, 2012). However, studies 

that followed the NMDA receptor phenotype (including an elevated NMDA-AMPA ratio and 

enhanced LTP) in the medial prefrontal cortex during postnatal development suggest a 

normalization, or even a reversal, of these parameters from early postnatal to adult stages 

(Walcott et al., 2011; Martin and Manzoni, 2014).  

Changes in the expression of plasticity-related genes such as an upregulation of NR2A subunit 

mRNA and a downregulation of NR2B receptor subunit mRNA have been observed in the 

somatosensory cortex of in-utero VPA-exposed mouse pups (Roullet et al., 2010). 

Currently, the only substances approved for the treatment of ASD are the 5HT2 serotonin 

receptor antagonist Risperidone and the selective dopamine D2 receptor ligand Aripiprazol 

(LeClerc and Easley, 2015). In different animal models of ASD, however, substances that 

directly target ionotropic receptors have been demonstrated to alleviate ASD-related 

behavioral phenotypes. Among the substances that were successfully tested using the VPA 

rodent model of ASD are the NMDA receptor antagonists Memantine (Kang and Kim, 2015) 

and Agmatine (Kim et al., 2017). 

We have used Ifenprodil to investigate the effect of NMDA receptor blockade on excessive 

ENO activity in VPA-treated neurons. Acute application of 1 µM Ifenprodil was sufficient to 

restore excessive ENO activity of VPA-treated neurons to control levels (see Figure 19). At 1 

and 10 µM, the concentrations which we chose for Ifenprodil treatment (see Figures 20 and 

21), Ifenprodil selectively blocks NR2B subunit-containing NMDA receptors (Williams, 1993) 

indicating that the network hyperactivity in VPA-treated neurons is primarily mediated by NR2B 

NMDA receptors. 

During development, there is a switch from the earlier expressed NR2B subunits to the later 

expressed NR2A subunits that are utilized by the majority fully mature neurons in different 

cortical areas (Dumas, 2005). There is evidence that neocortical layer 5 pyramidal neurons 

receiving intracortical synaptic inputs express NR2B NMDA receptors that enable more 

efficient temporal summation due to their biophysical properties (Kumar and Huguenard, 2003; 

Wang et al., 2008). The immature state and the presumably high level of recurrent connections 

within our hESC-derived neuronal cultures are in accordance with the expression of NR2B 

NMDA receptors. RT-PCR analysis of NMDA receptor subunit expression in hPSC-derived 

neuronal networks revealed a predominance of NR2B over NR2A expression throughout the 

differentiation period of more than 3 months (Kirwan et al., 2015). 
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5.3. Possible implications of disturbed early network activity for ASD 

Specific alterations in functional brain connectivity are frequently present in ASD patients. 

Sensory-motor regions usually exhibit hypoconnectivity, whereas hyperconnectivity is often 

restricted to the prefrontal and parietal association cortex (Belmonte et al., 2004; Schumann 

et al., 2010; Chomiak and Hu, 2013; Holiga et al., 2019). Interestingly, these cortical areas 

exhibit a protracted endogenous development and, even postnatally, remain comparatively 

immature (Gogtay et al., 2004; Shaw et al., 2007). Therefore, they may be significantly 

influenced and more susceptible to alterations of early synchronous activity patterns. 

cENOs are the predominant network activity pattern in the developing neocortex. In contrast 

to the hippocampus with its GABA-mediated GDPs, the first synapse-driven activity pattern in 

the cortex is dependent on the activation of glutamatergic receptors, namely NMDA receptors. 

Due to the involvement of large populations of cortical neurons across all layers, it was 

assumed that cENOs are capable to promote and synchronize neuronal development over 

large cortical areas (Garaschuk et al., 2000; Allene et al., 2008). 

Their critical dependence on NMDA receptor-mediated transmission suggests that ENOs 

mediate a variety of activity-dependent processes that have been demonstrated to be 

associated with autism. 

For example, it has been proposed that cENO activity might activate not only synaptic, but also 

extrasynaptic NMDA receptors by glutamate spillover. These extrasynaptic NMDA receptors 

have been demonstrated to mediate the growth of new spines and new synapses (Kwon and 

Sabatini, 2011). The synaptic recruitment of AMPA receptors during cortical development is 

thought to be operated by NMDA receptor signaling (Zhu and Malinow, 2002; Voigt et al., 

2005). Furthermore, it has been shown that activity-dependent NMDA receptor activation can 

lead to an increased expression of the neurotrophic factor BDNF (Chen et al., 2007) Indeed, 

increased levels of BDNF have been reported in VPA-treated hiPSCs (Darville et al., 2016). 

BDNF is important for neuronal development including morphological maturation (McAllister et 

al., 1996; Horch and Katz, 2002) and epileptogenesis (Binder et al., 2001). 

Finally, autistic patients show an enhanced likelihood for epileptic seizures and EEG 

abnormalities (Chez et al., 2006; Besag, 2018). This indicates that enhanced excitation-

inhibition balance is involved in different forms of ASD and NMDA receptor antagonists might 

represent an interesting and promising target not only for VPA-induced phenotypes, but for 

ASD in general. 

Taken together, we have shown that cultures of hESC-derived neurons can be differentiated 

into synaptically connected networks that generate a NMDA receptor-dependent spontaneous 

rhythmic activity pattern that resembles cENOs in the early postnatal rodent brain. Neuronal 

networks that were chronically treated with VPA exhibited excessive ENO activity that was 

accompanied by an increase in glutamatergic synapses. We identified an increased density 
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and activation of NMDA receptors as the underlying cause for this excessive ENO activity, 

which could be restored by acute blockade of NR2B subunit-containing NMDA receptors.  

This suggests that VPA primarily affects the development of embryonic neuronal networks via 

overexpression of NR2B NMDA receptors leading to exaggerated early network oscillations. 

Thus, NR2B selective NMDA receptors might be promising targets for the development of new 

treatment strategies for ASD. 
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7. Nomenclature 

ACSF   artificial cerebrospinal fluid 

AED   antiepileptic drug 

AMPA   α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

AP   action potential 

AP5   2-amino-5-phosphonopentanoic acid 

ASD   autism spectrum disorder 

BDNF   brain-derived neurotrophic factor 

BSA   albumin from bovine serum 

CaMKII  calcium/calmodulin-dependent protein kinase II 

cAMP   cyclic adenosine monophosphate 

cENOs   cortical early network oscillations 

cGDPs   cortical giant depolarizing potentials  

CNQX   6-cyano-7-nitroquinoxaline-2,3-dione 

DMSO   dimethylsulfoxide 

EGF   epidermal growth factor 

FBS   fetal bovine serum 

FGF2/8  fibroblast growth factor 2/8 

GABA   γ-aminobutyric acid 

GAD65/67  glutamate decarboxylase 

GDNF   glia cell-derived neurotrophic factor 

HDAC   histone deacetylase 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

hESC   human embryonic stem cell 

hiPSC   human induced pluripotent stem cell 

hNSC   human neural stem cell 
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hPSC   human pluripotent stem cell 

IBMX   3-isobutyl-1-methylxanthin 

LTP   long-term potentiation 

mEPSC  miniature excitatory postsynaptic current 

mIPSC   miniature inhibitory postsynaptic current 

NMDA   N-methyl-D-aspartic acid 

NSC   neural stem cell 

p0   postnatal day 0 

PBS   phosphate-buffered saline 

PDL   poly-D-lysine 

PO   poly-L-ornithine 

PSD95   postsynaptic density protein 95 

PTX   picrotoxin 

QX314   N-ethyllidocaine 

RT   room temperature 

s.e.m.   standard error of the mean 

SHH   sonic hedgehog 

sPSC   spontaneous postsynaptic current 

SSE   sum of squared errors 

TTX   tetrodotoxin 

VGAT    vesicular GABA transporter 

VGLUT1  vesicular glutamate transporter 1 

VPA   valproic acid 

VZ   ventricular zone 
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