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Introductory remarks: 

 

Parts of this work, carried out at the Department of Neurology, University Hospital 

Düsseldorf and partially at the Hertie-Institute for Clinical Brain Research in Tübingen 

have been published, or have been displayed in manuscripts that are in review. This 

PhD thesis combines three publications, which are associated by their scientific 

content. A list of all publications is given at the end of this PhD thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Abstract 

 

Interferon gamma (IFNγ) is a proinflammatory cytokine that is secreted by various 

cell types during inflammation, mostly by cytotoxic CD8
+
 T-cells and natural killer 

cells [1] but also by astrocytes, fibroblasts and endothelial cells [2,3,4]. Inflammation 

is a main mediator of neuronal and glial cell death in various neurological diseases 

such as stroke, acute brain traumata, HIV-mediated dementia, multiple sclerosis, 

amyotrophic lateral sclerosis and others [5,6]. Neural stem cell therapy is aimed at 

cell and tissue replacement under pathological conditions, at stimulating dormant 

endogenous stem cell niches or at using transplanted cells as transducers for 

stimulating factors and expression of gene products that have a therapeutic effect 

(ex vivo gene therapy) [7]. Since it is known that the amount of IFNγ increases under 

pathological conditions and neural stem cell therapy is aimed at cell transplantation 

into diseased brain areas, the impact of IFNγ on neural stem cells needed to be 

explored. For this reason, we started our investigations at the level of murine neural 

stem cells and characterized the effects of IFNγ. Then we further clarified the 

underlying molecular pathways involved in the reactions of murine neural stem cells 

to IFNγ. After investigating the genotypic and phenotypic reactions of murine cells to 

IFNγ, we examined IFNγ-related reactions of human neural stem cells, that were 

derived from human embryonic stem cells. By using a model system on a human 

genetic background, we hope that the predictability concerning the human diseased 

situation is more appropriate.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Zusammenfassung 

 

Interferon gamma (IFNγ) ist ein proinflammatorisches Zytokin, das hauptsächlich von 

zytotoxischen CD8
+
 T-Zellen [1] und natürlichen Killerzellen, aber auch von 

Astrozyten, Fibroblasten und Endothelzellen während entzündlicher Prozesse 

sezerniert wird [2,3,4]. Während einer Vielzahl neurologischer Erkrankungen wie 

dem Schlaganfall, Schädel-Hirn-Traumata, der HIV-assoziierten Demenz, der 

Multiplen Sklerose und der amyothropen Lateralsklerose wird neuronaler und glialer 

Zelltod durch eben solche entzündlichen Prozesse ausgelöst und führt zu teils 

schweren funktionellen Defiziten [5,6]. 

Mögliche Ziele einer neuralen Stammzelltherapie sind, zerstörte oder erkrankte 

Zellareale durch Transplantation zu ersetzen, inaktive Stammzellnischen im adulten 

Gehirn zu aktivieren oder stimulierende Substanzen und die Expression von 

therapeutisch wirksamen Genprodukten durch transplantierte Zellen freizusetzen 

[7]. Da IFNγ in den erkrankten Gehirnarealen in hohem Maße vorhanden ist, ist es 

wichtig, den Effekt von IFNγ auf neurale Stammzellen zu untersuchen. Aus diesem 

Grunde starteten wir unsere Untersuchungsreihe zur Charakterisierung der Effekte 

von IFNγ auf neurale Stammzellen. Zu Beginn verwendeten wir murine neurale 

Stammzellen und untersuchten die phänotypischen und genotypischen Effekte von 

IFNγ auf diesen Zelltyp. Danach führten wir weitere molekularbiologische 

Untersuchungen durch, um die beobachteten Effekte aufzuklären. Nach Abschluss 

der Untersuchungen auf muriner Ebene, untersuchten wir den Einfluss von IFNγ auf 

humane neurale Stammzellen, die aus humanen embryonalen Stammzellen 

hergestellt wurden, da dieses Zellkultursystem den Verhältnissen, die in humanen 

Krankheiten vorkommen, ähnlicher ist als eines auf der Basis muriner Zellen. 
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1.  Introduction 

1.1  Interferon gamma 
 

Interferon gamma (IFNγ) is a protein that belongs to the family of interferons. This 

family contains Interferon alpha (IFNα) and Interferon beta (IFNβ) next to IFNγ. IFNα 

and IFNβ are produced and secreted by cells as a reaction against viral infections. 

Both cytokines bind to the same receptor in the cell membrane and are referred as 

Type I interferons. The structure of IFNγ on genetic and on protein level is different 

to IFNα and IFNβ. It is secreted by other cell types, binds to a different receptor in 

the cell membrane and leads to a different cell reaction, therefore it is classified as 

Type II interferon. It could be shown, that IFNγ is produced by CD8
+
 and CD4

+
 T-cells 

[8], natural killer cells [9], endothelial cells and astrocytes [2,3,4]. It is involved in 

tumor suppression, defense against microbial infections due to macrophage 

activation, inflammation, inhibition of cellular proliferation, immunmodulation and 

also viral defense [10,11].  

 

1.2 IFNγγγγ receptor 
 

The IFNγ receptor is expressed on virtually any cell type except erythrocytes [12]. It 

was found that receptor expression in humans has the highest level in nerve, skin 

and trophoblast cells of the placenta, whereas the expression in immune or 

hematopoietic cells is much lower [13]. The IFNγ receptor is situated in the cell 

membrane and is formed by four protein chains. Two of the four chains mainly 

function as ligand binding chains and are referred as IFN gamma-receptor 1 (IFNγ-R1 

or IFNγ-Rα), the other two chains function as signal transducing chains and are 

referred as IFN gamma-receptor 2 (IFNγ-R2 or IFNγ-Rβ). On the cytosolic side of the 

receptor, janus kinase 1 and 2 are associated to the receptor (JAK 1 and 2) (Figure 1). 
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Figure 1: schematic drawing of IFNγ receptor and IFNγ signal transduction 

1.3 IFNγγγγ signal transduction 
 

The signal transduction of IFNγ takes place over a signal transducing process through 

members of the janus kinase family (Jak) and the signal transducers and activators of 

transcription (Stat) family. This pathway is referred as the Jak-Stat pathway, which is 

a general pathway used by hormones, cytokines and growth factors to regulate the 

gene-expression of a specific target cell [14]. In the case of IFNγ signaling, the 

binding of IFNγ to the receptor leads to an autophosphorylation and thus activation 

of Jak 2 which then leads to a transphosphorylation of Jak 1 [15].  The activated Jak 1 

leads to phosphorylation in the IFNγ-R1 chain, so that unphosphorylated Stat 1 

molecules can get phosphorylated on the c-terminus of IFNγ-R1 to form 

phosphorylated dimers, move to the nucleus and then can bind to a promoter 

sequence [16].   

1.4 Impact of IFNγ γ γ γ on cells 
 

Nearly all cells in an mammalian organism express receptors for IFNγ, a remarkably 

set of genes is regulated by IFNγ and IFNγ signaling is not only modulated by this 

protein itself but by a crosstalk and modulation of other interferons of the IFN type I 
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family. Thus, a high amount of this protein (due to an infection or an insult) will 

affect all cells nearby the centre of IFNγ distribution. The effect of IFNγ on cells of 

the immune system and the following genetic regulations could be enlightened in 

the past centuries. Thus it could be shown, that IFNγ leads to up-regulation of major 

histocompatibility complexes (MHC I and II) on the cell surface [17,18,19,20,21,22], 

antiviral effects [23,24], antiproliferative effects [25,26], apoptosis inducing effects 

[27,28], reactive oxygen species producing effects [29,30,31], nitrite oxygen species 

producing effects [32], antimicrobial effects [33,34] and general immunomodulating 

effects [35,36]. Although the effects of IFNγ on immune cells are well characterised, 

the impact of IFNγ on cell types of different origin needs further exploration. 

Especially, since there seems to be a tissue and location specific reaction of cells to 

IFNγ exposure. In the case of neural stem cells, various studies were aimed at 

elucidating the role of IFNγ on cell behaviour and revealed plurivalent results. Effects 

that report IFNγ  to conduct neural stem cells into neural differentiation 

[37,38,39,40,41] stand against reports where IFNγ was reported to elicit negative 

effects on neurite outgrowth and differentiation behaviour [42,43,44,45,46,47,48]. 

 

1.5  Stem cells and stem cell potencies 
 

To date, different stem cell types were described and defined by their varying 

abilities. One characteristic of all stem cell types is the ability to reproduce itself, the 

other characteristic is, that they can give raise to other cell types and lineages. Adult 

stem cells build the natural resource of an organism to repair and to replace 

damaged tissue or cells. In adult organisms, tissue specific stem cells often remain 

inactive, until they get a signal to proliferate and/or differentiate. In the past, stem 

cells were divided into three major categories, namely embryonic stem cells, fetal 

stem cells and adult stem cells. Embryonic stem cells are derived from the inner cell 

mass of a fertilized egg at the blastocyst stage. The technique to derive these cells 

was first described for mouse blastocysts in the year 1981 [49] and for human 

blastocysts in the year 1998 [50]. These cells are referred as pluripotent stem cells 

(lat. plurimus = many; potens = potent), since they are able to give raise to ekto-, 
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meso- and endodermal germlayers of an organism. Multipotent stem cells have the 

ability to differentiate into all cell types of their specific lineage. Oligopotent stem 

cells have the ability to differentiate into a few cell types of their specific lineage and 

unipotent stem cells only can differentiate into one specific cell type. The term 

totipotent (lat. totus = total,entire; potens = potent) describes the ability to produce 

all cells types of a specific organism. Only the fertilized egg is totipotent [51,52,53]. 

Lately it has been described, that it is also possible to reprogram adult skin 

fibroblasts into pluripotent cells. These cells are referred as induced pluripotent 

stem cells (iPSCs). This protocol was first described by Takahashi and colleagues in 

the year 2006 for mouse cells and in the year 2007 for human cells [54,55]. 

1.6 Stem cells and neurological diseases 
 

Due to their huge potential and restorative properties, stem cells became interesting 

in a medical context. The possibility to use stem cells as a source for cell replacement 

in various diseases, as co-stimulators for dormant endogenous stem cells in patients 

or the usage of transgene cells as carriers for therapeutic agents seems promising. 

Another important field is the exploration and recapitulation of basal developmental 

stages and the study of drug administration on neural stem cells. In the field of 

neurological diseases, cell replacement strategies are another goal. Currently 

different types of stem cells are used to achieve this. Bone marrow stem cells are 

transdifferentiated, fetal or embryonic tissue is engineered, adult cells are extracted 

and stimulated or cells from human embryonic stem cells are differentiated into a 

specific cell lineage. The currently most promising strategy for cell replacement are 

iPSCs, because they do not cause donor-host immune reactions. Patient fibroblasts 

are easy extractable and there are no ethic questions as in the case of human 

embryonic stem cells. But there are still open questions in the applicability of human 

iPSC-derived neural cells, since these cells are more or less old and genetic 

engineering and manipulation was used to produce these cells. Currently several 

clinical trials are in progress to ascertain the potential of different stem cells in cell 

transplantation. Fetal human cells were used in Huntington´s disease 

[56,57,58,59,60,61,62], mesenchymal and porcine cells were used in stroke [63,64], 

over 300 patients with Parkinson´s disease worldwide were treated with fetal cells 
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[65,66,67,68] and companies like ReNeuron and Geron are working on further large 

scale clinical trials and patents. The results of these studies are somewhat promising, 

but not mature enough for clinical large-scale applications. 

 

Figure 2: schematic drawing of stem cell types used in neurological research 

 

1.7 Stem cell types used in the presented studies 
 

In this study three different cell types were used. The first one consists of murine 

neural stem/progenitor cells (msNSPCs). These cells are derived from mouse 

embryos at day 14 after fertilization. The developing brain of the embryo is dissected 

and the lateral ganglionic eminences are removed and taken into culture. These cells 

are a mixture of multipotent and oligopotent murine neural stem cells. They are able 

to proliferate for approx. 15-20 passages until they lose their neurogenic potential. 

The second cell type consists of murine neural stem cells (msNSCs). They are 

produced by a serum-free differentiation process from murine embryonic stem cells 

(mESCs) to murine neural stem cells (msNSCs). This process is driven by different 

growth factors and cell signaling molecules that were added. The cells that were 
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produced by this protocol are enriched multipotent neural stem cells. The third cell 

type that was used in this study consists of human neural stem cells (hESCs). The cell 

culture principle to produce these cells is analogical to the protocol used for murine 

embryonic stem cells with some modifications. Human neural stem cells (hNSCs) 

derived from human embryonic stem cells are multipotent, like murine neural stem 

cells and can give rise to astrocytes, neurons and oligodendrocytes, after lineage 

specific differentiation. Allowance of the German government was given to culture 

and to perform developmental studies with human embryonic stem cells.  
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2. Publications 

2.1 A new role for interferon gamma in neural 

stem/precursor cell dysregulation 
 

On the following pages (14-25) the research manuscript “A new role for interferon 

gamma in neural stem/precursor cell dysregulation” is presented, as published in the 

journal Molecular Neurodegeneration. 
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name of the journal: Molecular Neurodegeneration 

impact factor: 5,36 

author contribution J. Walter = first author  

- experimental design 80% 

- experiments 80% 

- figures: 90% 

- manuscript writing: 80% 
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2.2 Interferon gamma and sonic hedgehog 

signaling are required to dysregulate murine 

neural stem/precursor cells 
 

On the following pages (28-34) the research manuscript “Interferon gamma and 

sonic hedgehog signaling are required to dysregulate murine neural stem/precursor 

cells” is presented, as published in the journal PLoS One.
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name of the journal: PLoS One 

impact factor: 4,41 

author contribution J. Walter = first author  

- experimental design 90% 

- experiments 100% 

- figures: 100% 

- manuscript writing: 80% 
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2.1 Species-dependent differences of embryonic 

stem cell-derived neural stem cells after 

Interferon gamma treatment 
 

On the following pages (37-43) the research manuscript “Species-dependent 

differences of embryonic stem cell-derived neural stem cells after Interferon gamma 

treatment” is presented, as published in the journal Frontiers in Cellular 

Neuroscience.
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name of the journal: Frontiers in cellular neuroscience 

impact factor: 4,171 

author contribution J. Walter = first author  

- experimental design 90% 

- experiments 100% 

- figures: 100% 

- manuscript writing: 80% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

  45 

 

3.  Result summary 

3.1 A new role for interferon gamma in neural 

stem/precursor cell dysregulation 
 

We were able to show, that the proinflammatory cytokine IFNγ leads to 

dysregulation in a substantial portion of murine NSPCs and murine NSCs. These 

findings were found in the undifferentiated stage of these cells, as well as in their 

differentiated progeny. The dysregulation is characterized by an unusual 

simultaneous expression of neuronal and glial markers (βIII-tubulin and GFAP) in 

undifferentiated cells. These cells show also a significant up-regulation of the mRNAs 

for this genes. Further, the gene-expression of SHH and Stat 1 (as a down-stream 

signaling molecule in the IFNγ pathway) was also significantly up-regulated. We were 

able to detect a decrease in the population extend and an up-regulation of caspases 

after IFNγ treatment. Also differentiated neural stem cells showed this dysregulated 

phenotype after IFNγ treatment. In parallel to the appearance of dysregulated cells, 

the amount of proper βIII-tubulin positive neurons decreased after IFNγ treatment. 

As, additionally, IFNγ-treated populations are not able to generate functionally active 

neuronal networks, the observed reduced neuronal differentiation might directly be 

linked to a functional deficit. Also on single cell level we were able to detect 

alterations, since msNSCs that were treated with IFNγ in their undifferentiated 

developmental phase showed aberrant electrophysiological properties after 

differentiation [69]. 

3.2 Interferon gamma and sonic hedgehog 

signaling are required to dysregulate murine 

neural stem/precursor cells 
 

To further study the underlying mechanisms that lead to the dysregulated geno- and 

phenotype of msNSCs and msNSPCs after IFNγ exposure, we tried to antagonize 

sonic hedgehog (SHH) signaling with cyclopamine, since we found SHH mRNAs to be 

significantly up-regulated after IFNγ treatment. We speculated, that the up-

regulation of SHH as major morphogene in brain development might be involved in 
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the alteration of cellular behavior. We were able to show, that the dysregulation of 

msNSPCs was significantly ameliorated by the pharmacological inhibition of this 

pathway and confirmed this on gene-expression and protein level. As a next step, we 

proved, if the up-regulation of SHH and Stat 1 (which was also significantly up-

regulated after IFNγ treatment) was correlated to the amount of IFNγ. We could 

show, that the expression levels of both genes were correlated to the administered 

amount of IFNγ. After this findings we treated msNSPCs with murine recombinant 

SHH in high doses, to test if we could induce the dysregulated phenotype. We were 

not able to induce a dysregulation of msNSPCs with SHH administration. Thus we 

hypothesized, that only a crosstalk of Stat 1 signaling and SHH signaling is able to 

induce the altered geno- and phenotype in msNSPCs. We performed chromatin 

immunprecipitation studies to verify a possible crosstalk of both pathways. It was 

possible to prove, that phosphorylated Stat 1 molecules are binding to a gamma 

activated side in the SHH promoter, leading to the dysregulated phenotype of 

msNSPCs after IFNγ treatment [70]. 

3.3 Species-dependent differences of embryonic 

stem cell-derived neural stem cells after 

Interferon gamma treatment 
 

After investigating the impact and the molecular mechanisms involved in the 

dysregulation of murine neural stem cells that were treated with IFNγ, we decided to 

explore possible impacts of this cytokine on human neural stem cells (hNSCs) that 

were derived from human embryonic stem cells (hESCs). We first assured that this 

hNSCs express the receptors against IFNγ on their cell surface. To this purpose we 

used immunocytochemistry and quantitative real-time PCR approaches. We found 

out, that the human cells indeed express both receptor chains. However, if 

compared to mNSCs, there was a trend towards less copies of mRNA in hNSCs for 

both receptor sub-units in comparison to the mNSCs used in the previous studies. 

We then treated these cells with the same amount of human recombinant IFNγ that 

was used in the murine studies and analyzed if dysregulated cells were also 

detectable in the human counterparts. We were not able to detect the same 
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dysregulated phenotype in murine cells. Furthermore, the human cells did not show 

any decrease in their population extend after IFNγ treatment. Therefore we analyzed 

if hNSCs are in general able to react to IFNγ stimulation and analyzed common 

down-stream signaling genes that were shown to be up-regulated after 

IFNγ exposure of murine cells. Indeed, we were able to show, that typical down-

stream genes of IFNγ signaling were significantly regulated after IFNγ treatment in 

human populations. To speculate about the physiological importance of our findings, 

we measured the concentration of IFNγ in cerebrospinal fluid (CSF) specimens, taken 

after lumbar punction from patients suffering from multiple sclerosis, peripheral 

nervous plexus affections, Alzheimer dementia, viral myelitis or stroke. We found 

that patients suffering from multiple sclerosis during an acute relapse showed a 

significant increase of IFNγ (three control samples vs. three MS samples). Due to the 

limitation of patient material, we could only screen single patients with other 

diseases (one patient per indicated disease). But also here we found a clear trend to 

up-regulation of IFNγ in the CSF [71]. 

 

4.  Discussion 
 

In the last few years various studies were aimed at elucidating the role of the pro- 

inflammatory cytokine IFNγ during neurodegenerative or neuroinflammatory 

conditions and its impact on NSPCs and NSCs [70]. In those reports Janus-faced 

properties of IFNγ were described. On the one hand, pro neurogenic effects of 

IFNγ on neural stem cell differentiation were described [37,38,39,40,41,70]. On the 

other, a number of publications report a negative effect on neuronal differentiation 

and neurite outgrowth [42,43,44,45,46,47,48,70]. A dualistic role of IFNγ was also 

seen when proliferation and differentiation of astrocytes was investigated 

[70,72,73,74].  

We were able to clarify some effects of this cytokine on murine and human neural 

stem cells in three publications.   
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The results from our first investigation shed new light on the effects of IFNγ on 

neural stem cells. Until now, IFNγ-related up-regulation of βIII-tubulin was 

interpreted as a beneficial enhancement of neurogenesis [41,69,72,75]. We 

disproved this view in our first study showing that IFNγ instead promotes an 

abnormal NSPC-derived cellular phenotype that does not relate to classical neurons 

or astrocytes and that appears to be dysregulated in terms of functional and 

molecular properties [69]. IFNγ treatment leads to the expression of both, class III 

βtubulin and GFAP in ~40% of NSPC which is abnormal and, even after 

differentiation, not linked to mature neuronal or astrocytic electrophysiological 

function [69]. Class III βtubulin isotype is usually considered specific for post-mitotic 

neurons, and such aberrant expression has so far only been noted in gliomas [76,77] 

or dysregulated tumorigenic neural stem cells [69,78,79]. Walton and colleagues 

even report some unusual coexpression of βIII-tubulin and GFAP in tumorigenic 

neural stem cells, a phenomenon similar to that detected here after IFNγ treatment 

of regular NSPCs [69].  

The aspect of IFNγ-mediated NSPC dysregulation is further substantiated by an up-

regulation of SHH which is paralleled by down-regulation of Gli1 which has been 

reported to be consistently up-regulated in the course of SHH signaling [69,80]. As 

expression patterns of neurogenic niche morphogenes like SHH or Gli1 are generally 

tightly regulated during CNS development, its disturbance points to misguided 

development or again tumorigenesis [46,80]. Thus, for the first time, we directly 

illustrated a possible link between IFNγ, NSPCs and cellular abnormalities similar to 

that observed in tumor cells strongly supporting the view that inflammation might 

be involved in tumor generation via neural stem cells [69]. Additionally, the IFNγ-

related down-regulation of iNOS in NSPC cultures is untypical as it is known that IFNγ 

normally induces iNOS [69,81]. Our electrophysiological findings illustrate the 

importance of an additional functional control of morphological / 

immunocytochemical observations as the up-regulation of βIII-tubulin in 

differentiated NSPC-derived cells, which was interpreted as enhanced neurogenesis 

in different studies [72,75], was not paralleled by neuronal electrophysiological 

behavior [69]. Further, the increase in GFAP
-
/βIII-tubulin

+
 neurons after IFNγ 
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treatment of proliferating cultures was not significant and after differentiation under 

the impact of IFNγ we even found significantly less GFAP
-
/βIII-tubulin

+
 neurons [69]. 

Interestingly, a similar observation was described previously [44,69]. We found that 

those βIII-tubulin expressing cells that significantly increased in numbers after IFNγ 

treatment of proliferating or differentiating cultures were also GFAP positive and 

exhibited electrophysiological properties that were neither typical for mature 

astrocytes nor for neurons [69]. We demonstrated this by carefully correlating 

electrophysiological data of patched cells with their immunocytochemical phenotype 

[69]. These molecular and functional IFNγ effects on NSPCs indicate a profoundly 

compromised cell function or, alternatively, a new IFNγ-induced NSPC-derived neural 

cell of unknown function [69]. Interestingly, ectopic expression of IFNγ during early 

stages of CNS development induces medulloblastomas via SHH overexpression [46] 

pointing towards a general dysregulating effect of IFNγ on NSPCs during 

development or disease [69]. To investigate functional neural development under 

controlled conditions, with and without IFNγ treatment, we electrophysiologically 

measured the development of functional neuronal networks starting from ES cell 

derived immature neural precursor cell cultures [69]. Usually, network activity 

progressively develops over time as a result of a complex interaction of a multitude 

of factors that converge to an integrated functional entity [69,82]. It depends on 

efficient synapse formation and function of an entire neuronal population [69]. If 

using immature neural precursor populations as developmental starting point, basic 

aspects of functional neural development can be measured [69]. In contrast, mature 

ES cell-derived functional neuronal networks can be used to detect acute functional 

consequences due to changes in extracellular composition [69]. These investigations 

then affect already active neuronal networks [69]. For instance, they showed to 

reversibly alter their network function under the influence of different cerebrospinal 

fluid specimens [69,83]. We chose a paradigm in which the influence of IFNγ 

selectively affected the initial proliferation period of cultures that were subsequently 

held under normal differentiating conditions [69]. IFNγ-treated cultures showed a 

significantly impaired development of neuronal network function, impressively 

pointing to an IFNγ-related, profoundly altered functional development of neural 
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precursor populations [69]. Thus, we speculate that abnormally high IFNγ production 

during development and CNS diseases might impair functional neuronal 

development in fetal neurogenesis or adult regeneration and propose to inhibit 

IFNγ effects on NSPCs as a means to effectively support their developmental and 

regenerative potential [69]. 

We then tried to elucidate the mechanisms beyond murine NSPC dysregulation. As 

SHH and Stat 1 were strongly up-regulated after IFNγ exposure, these proteins were 

suspected to be involved in murine NSPC dysregulation. 

We speculated that SHH, as one of the major morphogenes in brain development, is 

involved in the formation of GFAP
+
/ βIII-tubulin

+
 cells and that Stat 1 might be 

involved in SHH up-regulation [70]. To substantiate this hypothesis, we first 

investigated if Stat 1 can bind to the SHH promoter. For this, we performed a 

chromatin immunprecipitation assay and confirmed that a phosphorylated dimer of 

Stat 1 is capable to enter the nucleus in order to bind to a GAS sequence in the SHH 

promoter region and therefore leads to an up-regulation of SHH [70]. This shows 

that IFNγ-related Stat 1 up-regulation is directly linked to the induced SHH pathway 

[70].  

To investigate if an activated SHH pathway is directly involved in generating the IFNγ-

induced phenotype, we antagonized the SHH pathway by administration of 

cyclopamine [70]. Cyclopamine is known to inhibit the activity and down-stream-

signaling of smoothened by a binding-induced conformational change in the 

smoothened protein [70,84]. We were able to show that the IFNγ-induced 

dysregulation of NSPCs is significantly ameliorated after antagonizing SHH signaling 

indicating that SHH signaling is necessary to induce the dysregulated phenotype [70]. 

This finding was confirmed by immunocytochemistry and real-time quantitative PCR 

[70]. Notably, we were not able to completely block IFNγ-induced NSPC 

dysregulation by cyclopamine [70]. This could probably be due to the low 

concentration of cyclopamine as it was used in our study to prevent toxicity [70]. 

After identification of SHH as mediator for NSPC dysregulation, we added 

recombinant murine SHH in high doses to undifferentiated NSPCs, to clarify if the 

dysregulated phenotype can be induced solely via SHH signaling downstream from 
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IFNγ [70]. However, SHH alone was not able to induce NSPC dysregulation [70]. This 

indicates that the IFNγ-induced dysregulated phenotype is depending on activation 

of the SHH pathway and simultaneously on other IFNγ-related effects [70]. Thus, the 

dysregulated phenotype could either be induced via a simultaneous SHH- and Stat 1-

activation of the SHH promoter or, for instance, via simultaneous SHH-activation of 

the SHH promoter and activation of common [16,85,86] IFN-regulated genes (IRGs) 

or IFN-stimulated genes (ISGs) by the JAK/Stat cytokine pathway [70]. We 

summarized this in the schematic drawing [70]. The IFNγ-activated site (GAS) 

element in the SHH promoter region might therefore be involved in SHH up-

regulation or in a direct co-activation of the dysregulated phenotype [70]. 

The binding of phosphorylated Stat 1 to the SHH promoter after IFNγ exposure was 

previously shown by Sun et al. [70,87]. Interestingly, Sun and colleagues did not find 

a dysregulated phenotype or a reduced proliferation, but they described a clear up-

regulation of SHH after IFNγ administration and they also describe a binding of Stat 1 

to the SHH-promoter region [70]. Notably, the cells used by Sun and colleagues were 

granular neural precursor cells from postnatal mice, in contrast to NSPCs or the 

murine ES cell-derived neural stem cells used in our study [70]. This suggests, that 

effects mediated by IFNγ exposure do not only seem to depend on the examined 

brain region, but also on the developmental stage and the cell type investigated. It is 

even more surprising that Todoric and colleagues described a cross-talk of IFNγ and 

SHH in human and murine pre-adipocytes as well [70,88]. This leads to the 

hypothesis, that crosstalk of IFNγ and SHH is an important genetically conserved 

factor in cellular response to inflammatory signals, since this pathway is not limited 

to the murine species or a special cell type [70]. Taken together these findings of our 

second publication provide new evidence for the importance of pro-inflammatory 

signals in cell fade- and differentiation-decisions since SHH is an important 

morphogene in brain development and the neural stem cells niche [70,89]. 

Therefore, we claim a complex and diverse role of IFNγ as mediator of dysregulation 

in NSPCs [70]. 

As our previous investigations were based on murine cells, we then decided to 

extend the experiments to the human level. To this purpose we used neural stem 
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cells, that were generated from human embryonic stem cells (detailed information is 

given in the material and  methods part of publication number three). 

We found that IFNγ has species-dependent effects on embryonic stem cell-derived 

neural populations [71]. While this pro-inflammatory key player induces a striking 

dysregulation in murine neural stem cells (msNSCs) with an unusual coexpression of 

neuronal and glial markers, it has no such effects on human neural stem cells 

(hNSCs) although both cell populations express appropriate IFNγ receptors and up-

regulate most of the classical down-stream signals like i-NOS, IRF-9, c-Myc, MHC 1 

and Stat 1 [71]. As we found tendentially more copies of mRNA for the IFNγ receptor 

in msNSCs, probably more IFNγ molecules can bind to the receptor leading to a 

stronger induction of IFNγ-related down-stream effects in these cells [71]. Another 

explanation for the divergent reactions after IFNγ exposure might be a qualitatively 

different induction of down-stream signals [71]. While SHH is significantly up-

regulated after IFNγ treatment in msNSC populations, it remains unaltered in hNSC 

populations [71]. Interestingly, published results of our group show that the IFNγ-

induced dysregulated murine phenotype depends on both, Stat 1 and SHH signaling 

[70,71]. Thus, the lack of an important down-stream signal in the human situation 

might explain the species-dependent differences [71]. As it is known that human 

gliomas and tumorigenic neural stem cells express SHH [90] and comprise cells that 

simultaneously express neuronal and glial markers [76,77,78,79], this morphogene 

was associated with brain tumor formation and/or growth [71]. Interestingly, in mice 

a link between IFNγ and SHH signaling was observed as an ectopic expression of IFNγ 

was shown to induce medulloblastoma formation via SHH overexpression [46,71]. 

According to our results, the relevance of an IFNγ-SHH crosstalk concerning the 

human situation is now uncertain [71].  

The general relevance of IFNγ-related effects on human neural stem cells remains to 

be explored [71]. That IFNγ can influence the differentiation of human neural stem 

cells was demonstrated recently [71,75]. In that study, immortalized hippocampal or 

striatal human neural stem/progenitor cells from 12-week-old fetal brains showed 

increased neurogenesis and MHC-1 expression after IFNγ exposure [71].  
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In the present study we additionally demonstrated that patient CSF contains high 

amounts of IFNγ during relapses in multiple sclerosis and probably also in other 

nervous system diseases [71]. As ependymal cells lack tight junctions, the CSF 

compartment exchanges neuroactive substances with the interstitial fluid of the 

brain parenchyma including neurogenic zones [71,91]. This might point to a possible 

anatomical relationship between IFNγ within the CSF and neural stem cells within 

ventricular zones substantiating the relevance of IFNγ effects on neural stem cells in 

humans [71]. 

Our results show that data collected on a murine genetic background cannot 

automatically be translated to the human situation [71]. 
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6. Figure list 
 

Figure 1: schematic drawing of IFNγγγγ receptor and IFNγγγγ signal transduction 

In figure 1 a schematic drawing of the IFNγ receptor and IFNγ signal transduction is 

shown. The localization and the morphology of the receptor is drafted, as well as the 

intracellular part of the receptor. Source: J. Walter 

Figure 2: schematic drawing of stem cell types used in neurological research 

In figure 2 different sources for neuronal stem cells are drafted. In detail, the 

transduction of a fibroblast cell with four transcription factors, a slice through an 

adult human brain, a slice through an embryonic mouse brain, blood as source for 

hematopoietic stem cells and a blastocyst is shown. Source: J. Walter 
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8.  Abbreviation list  
 
�g  microgram 

�l  microliter 

bFGF/FGF-2 basic fibroblast growth factor 

BrdU  5-bromo-2-deoxyuridine 

BSA  bovine serum albumin 

CaCl2  calcium chloride 

CHIP  chromatin immunprecipitation 

c-Myc  myelocytomatosis virus oncogene cellular homolog 

CNS  central nervous system 

CO2  carbon dioxide 

CP  cyclopamine 

CSF  cerebrospinal fluid 

CY3  indocarbocyanine 

DMSO  dimethyl sulfoxide 

DNA  deoxyribonucleic acid 

EGF  epidermal growth factor 

ELISA  Enzyme-linked immunosorbent assay 

FITC  fluoresceine-isothiocyanate 

GAPDH  glyceraldehyde- 3-phosphate dehydrogenase 

GAS  interferon gamma - activated site 

GFAP  glial fibrillary acidic protein 

HEPES  2-(4-(2-Hydroxyethyl)- 1-piperazinyl)-ethansulfonsäure 

hESCs  human embryonic stem cells 

hNSCs  human neural stem cells 

ICAM-1 intercellular adhesion molecule 1 

IFNα  Interferon alpha 

IFNβ  Interferon beta 

IFNγ  Interferon gamma 

IFNγ-R1 Interferon gamma receptor 1 

IFNγ-R2 Interferon gamma receptor 2 
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iNOS  inducible nitric oxide synthase 

iPSCs  induced pluripotent stem cells 

IRF-9  interferon regulatory factor 9 

IRGs  IFN-regulated genes 

ISGs  IFN-stimulated genes 

JAK 1 and 2 janus kinase 1 and 2 

KCl  potassium chloride 

kHz  kilohertz 

K-MeSO3 potassium methanesulfonate 

KSR  knock out serum replacement 

Lif  leukemia inhibitory factor 

MEA  multi electrode array 

mESCs  murine embryonic stem cells 

Mg-ATP magnesium adenosine triphosphate 

MgCl2  magnesium chloride 

MHC 1 and 2 major histocompatibility complex 1 and 2 

mM  millimolar 

mNSC summary for the terms “msNSPCs + msNSCs” used in the third 

publication for better readability 

mRNA  messenger ribonucleic acid 

msNSCs murine neural stem cells 

msNSPC-d differentiated murine neural stem/precursor cells 

msNSPC-p proliferating murine neural stem/precursor cells 

msNSPCs murine neural stem/progenitor or neural stem/precursor cells 

MTT  3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide 

MΩ  megaohm 

NaCl  sodium chloride 

Na-GTP natrium guanosine triphosphate 

NaH2PO4 sodium hydrogen phosphate 

NaHCO3 sodium hydrogen carbonate 

nm  nanometer 
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nSFEBs  neural precursor cell-enriched, serum-free, floating embryoid body-

like aggregates 

O2  oxygen 

OD  optical density 

PDL  poly-D-lysine 

PFA  paraformalin 

PLO  poly-L-ornithine 

PTCH  patched 

SEM  standard error of mean 

SHH  sonic hedgehog 

SMO  smoothened 

Sox2  SRY (sex determining region Y)-box 2 

Stat 1  signal transducers and activators of transcription family 1 and 2 

U/ml  units per milliliter 

βIII-tubulin class III βtubulin 
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