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The highly specialized terminally differentiated neurons and glial cells are developing 

from the apparently homogeneous population of epithel-like cells. During the 

morphogenetic process of neural ridge formation and neural tube closure, which is called 

neurulation, significant morphological differences are becoming evident among the 

neuroectodermal cells. Along with the antero-posterior and dorso-ventral body axis 

region specific genes are expressed in the forming neural tissue. The expression pattern 

results in restricted activation of sub-type specific differentiation programmes and leads 

to the production of a range of neuronal cells. Despite of the regional commitment, 

neurogenesis requires similar steps of cellular and morphological changes. In all 

segments of the neural tube, a massive neuron production precedes glial cell type 

formation. Despite of the accumulating data on neural development, the molecular 

mechanisms that regulate the universal and diverse processes of neural tissue 

establishment are mostly unknown. 

The investigation of intracellular mechanisms in situ is restricted by the robust 

establishment of cellular heterogeneity and the extra-neural sources of signalling factors. 

During my work I used neuroectodermal stem cells for in vitro experiments, while they 

can provide significant amounts of geno-, and fenotypically identical cells. The well 

characterized steps of in vitro neural differentiation of neuroectodermal stem cells are 

well corresponding to the in vivo development, and provides a good tool for the 

investigation of its defined stages. The investigation of these processes is really difficult 

in situ because of the fast changing cellular heterogeneity of the tissue. 

 



During my work I have investigated  

How and what extent can different cell types develop from geno-, and phenotypically 

homogeneous populations of stem cells? 

How the proneural genes are activated during the in vitro neurogenetic process? 

Is the regional identity determined during in vitro neurogenesis? 

What kind of neuronal subtypes are specified? 

Why the generation of astroglia cells follows that of neurons? 

What can be the function of the dorsal telencephalon specific emx2 transcription factor? 

 

For my investigations I have applied cell culturing, cell biological, immunocytochemical, 

molecular and biochemical methods, and statistical analysis of acquired data. 

 



The results of my work are summarized below. 

1. Heterogeneous population of neuroectoderm specific cells develop from 

homogeneous stem cells during induced in vitro neural differentiation. The main 

cell types appear in highly reproducible schedule, ratio and numbers during 

retinoic acid or mitogen withdrawal induced differentiation.  

a. The ratio of SSEA1 immunoreactive undifferentiated neural stem cells 

(stage 1) is decreasing during differentiation but small numbers of cells 

are maintained even in highly differentiated, heterogeneous neural 

cultures. 

b. During the aggregation phase (stage 2) following induction, radial glia like 

cells appear first in the cell aggregates 

c. Later from the 3rd stage (48-72 hours) the more and more postmitotic 

neuron develops 

d. Besides the out migrating, neurite growing neuronal cells in stage 4, 

several non-neuronal cells appear and form a basal layer of cells below the 

network of neurons (stage 5, 5th-6th day). 

e. During the 6th stage (from day 9-10) GFAP positive astroglia cells form in 

parallel the neuronal maturation. 

The acquired data confirmed the flow of an in vitro „pan-neural” process similar to in 

vivo, which is in response to an initially required inductive signal completes 

independently of any further exogenous control. 

2. Region specific positional and proneural genes are getting activated during the in 

vitro neural differentiation of stem cells 

a. Mash1 and ngn2, two in vivo mutually exclusive proneural genes are 

activated during neural differentiation of all investigated stem cell lines 

(NE-4C, P19, R1) 

b. By the time of in vitro mass generation of neurons, all studied region 

specific genes (otx2, pax6, emx2, dlx2, otx3, gbx2, hoxb2) got activated. 

This phenomenon was confirmed in differentiated embryonic stem and 

carcinoma cell cultures. 



In the absence of extra-neural signals in vitro systems allow the manifestation of all body 

axis regions non-exclusively. 

3. The in vitro neurogenesis allows the generation of multiple neuronal subtypes that 

are exclusively committed to certain neurotransmitter phenotypes 

Based on the expression of various region specific and proneural genes by the time of 

neurogenesis we hypothesized the generation of different neurotransmitter phenotype 

commitment of geno and phenotypically identical stem cells. In stage 6, half of the 

math2 expressing, III-tubuline positive neurons acquire glutamatergic phenotype, less 

than the other half of neurons obtain GABAergic phenotype, and less than 1% of the 

cells gain serotonergic phenotype. Despite of the activation of the necessary genes for 

catecholaminergic development NE-4C stem cells cannot generate TH positive 

neurons.  

Our results verify the sufficiency of neural factors for the generation of glutamatergic 

and GABAergic neurons but insufficient for the generation of catecholaminergic cells. 

4. Overexpression of anterior dorsal specific gene in neural stem cells alters the 

neurogenetic potential 

Subclones of NE-4C cells were established either overexpressing EMX2 transcription 

factor (NE-4Cemx2+) or expressing beta-galactosidase under the control of the emx2 

telencephalic enhancer. 

a. Differentiated cultures of NE-4C emx2 reporter cells show the activation 

of the emx2 telencephalic enhancer in cells of the basal monolayer but not 

in the differentiated network forming neurons. 

b. Overexpression of EMX2 in NE-4C cells results altered expression of 

several genes 

1. dorsal forebrain specific pax6 gene is upregulated in non-induced 

cells 

2. vgat gene is repressed in non-induced cells 

3. the expression of blbp and egfr genes have increased 

Overexpression of EMX2 causes gene expressional changes in NE-4C 

cells. The introduction of emx2 positional gene to neural stem cells 

results in a shift from an early neuroectodermal state to a defined 



identity that is characteristic of dorsal forebrain primary germinative 

layer cells. 

c. The adhesion properties of NE-4Cemx2+  cells are different from the mother 

cells. In response to emx2 overexpression the cells form compact colonies, 

which process is regulated by the altered cadherin expression profile. 

d.  The proliferation rate of neural stem cells increases approx. 20% in 

response to emx2 overexpression. 

e. The differentiation of NE-4Cemx2+ cells is accelerated compared to the 

mother cells: in response to mitogen factor withdrawal RC2 expressing  

radial glia like cells appear in the aggregates in 12 hours, within 48/72 

hours significant numbers of beta/3 tubulin positive neurons are formed.  

f. Among the differentiated neurons from NE-4Cemx2+ cells GABA 

containing cells can be found but their numbers are reduced compared to 

NE-4C cells. The derepression of vgat gene can be also detected in the 

differentiated cultures. The results suggest indirect control of GABAergic 

phenotype by emx2. 

g. NE-4Cemx2+ cells form dorsal forebrain specific VGLUT2 positive 

glutamatergic neurons in high numbers. In contrast to the mother clone 

NE-4Cemx2+ cells do not develop to serotonin containing neurons but are 

able to form TH containing catecholaminergic neurons. 

The acquired properties of NE-4Cemx2+ cells like altered adhesion, gene expression, 

proliferation, suggests that the NE-4C cells are directed to a state that resembles a more 

specified identity during neural development. 

5. Regulation of gliagenesis in vitro 

The principle of neuron first-glia second is reproducible during the retinoic acid 

induced in vitro differentiation of all three stem-like cells (NE-4C, R1 and P19). 

The temporarily applied inductor, retinoic acid does not interfere with gliagenesis; 

however its presence during the gliagenetic stage inhibits the formation GFAP 

positive astrocytes. 

We hypothesize that retinoic acid triggers a default pathway in non-committed neural 

stem cells, which results the production of neurons. The triggered programme is 



independent of retinoic acid, and inhibits the formation of astroglia cells via proneural 

transcription factors like neurogenin that induces the repressor factors of gliagenesis 

and blocks them itself. Following the neurogenetic wave the level of neurogenin 

drops, so the present stem cells can produce astroglia cells. Retinoic acid can block 

the differentiation process at this stage of development. 

 

In summary, the originally homogeneous stem cell population allows the production of 

different neural cell types in response to a short induction via the inherent cell-cell 

interactions. The order of the differentiating cell types and their proportion is tightly 

regulated, based on the high reproducibility of the in vitro process. 

The primitive neural stem cells in vitro can produce diverse neurotransmitter committed 

neuronal subtypes. The potential phenotype can be modified by region specific 

transcription factors like the herein studied emx2. Our results suggest that during the in 

vivo neurogenesis stem/progenitor cells are restricted to certain neuronal subtypes at a 

defined time and position by extra-neural and regionally specified signals.        
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