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1.Introduction

1.1 Neurodegenerative disorders

The term neurodegenerative disorders denotes all chronic disorders leading to a 

progressive loss of structure or function of neurons or glial cells in the brain or spinal cord. 

These neurodegenerative processes can either be localized or diffuse, and they may 

affect a single or even multiple neuronal systems such as the motor or sensory system, 

or the cerebral cortex. Neurodegenerative disorders are classified according to their 

topographic distribution and their aetiology. Examples of important diseases belonging 

to the neurodegenerative disorders are Huntington’s disease (HD), Amyotrophic lateral 

sclerosis (ALS), Alzheimer’s disease (DAT) and Parkinson’s disease (PD) [1, 2]. To date, 

all neurodegenerative disorders remain incurable and all available treatments aim to 

improve the functional capacity of the patient and to slow down the progression of 

the neurodegenerative process without being able to inhibit it. However, over the past 

two decades, cell replacement therapies have been proposed as a potentially new 

approach to restore the damaged and dysfunctional brain regions, aiming to induce a 

long-lasting clinical improvement or even recovery [2].   

1.2 Cell therapy in Parkinson´s disease 

One of the most common neurodegenerative disorders is PD, affecting an increasing 

number of more than four million people worldwide [3]. PD is caused by a selective 

degeneration of dopaminergic neurons in the substantia nigra (SNR), a part of the 

midbrain (Fig. 1).
     

Fig. 1: 

Degenerative loss of dopaminergic 

cell in the substantia nigra, part of 

the midbrain, in Parkinson´s Disease.

(Picture modified from: 
http:/ /mir rorref lect ions . f i les .wordpress .
com/2008/09/pakrinsons-disease-affected-brain-
deaconess-do-tcom.jpg,  march 2010)
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Early on, motor symptoms such as bradykinesia, rigidity, resting tremor and unstable 

posture tend to predominate. As the condition progresses non-motor symptoms such as 

vegetative disorders, deterioration of cognition or psychiatric disturbances [4, 5] emerge. 

To date, PD is symptomatically treated with dopamine precursors or agonists, aiming 

to substitute the loss of dopamine in the basal ganglia. However, these agents have a 

large side effect profile and patients often become tolerant to them, frequently suffering 

from episodes of “freezing” or fluctuations in motor response, involuntary movements 

or dyskinesias after long-term administration [2, 6]. Contrary to this, the administration 

of long-acting dopamine agonists such as bromocriptine or ropinerole lead to a lower 

incidence of dyskinesia [7] but increases the risk of psychotic symptoms in elderly PD 

patients with dementia [8]. Additionally, the occurrence of adverse events such as leg 

oedema, daytime somnolence, impulse control disorders and fibrosis during administration 

of dopamine agonists in PD patients has recently been highlighted [9]. Because of the 

rather selective degeneration of the nigrostriatal dopamine system, PD seems to be 

particularly amenable to cell replacement therapies, which is why the transplantation of 

human fetal ventral mesencephalic tissues into the striatum of late-stage PD patients has 

been adopted in clinical trials since the late 1980s [10, 11]. To date, more than 350 patients 

with PD have successfully received intrastriatal implants leading to a clinical benefit, 

which for some has even resulted in the withdrawal of L-Dopa medication for several 

years. The robust survival, integration and functioning of the implants can be proven by 

postoperative PET-Scans, which show a massively increased 18Fluorodopa tracer uptake, 

and also by post-mortem analyses of transplanted patients [11-14]. However, the fetal 

tissue transplantation shows a large variability of functional outcomes, with troublesome 

dyskinesias occurring in a significant proportion of the grafted patients, which is thought 

to be the result of an excessive, heterogenous dopaminergic innervation provided by the 

implant. Furthermore, there are ethical and logistic problems of acquiring fetal tissues 

and beside the standard surgical risks, the intrastriatal implantation causes extended 

tissue damage at the implantation site(s). For these reasons several scientific issues still 

need to be addressed before cell replacement therapies may become a real therapeutic 

option in neurodegenerative disorders such as PD [11-13]. 
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1.3 Neural Stem cells: Origins  

Neural stem cells (NSCs) have been defined as multipotent derivates of the 

neuroectodermal tissue, having the capacity to self-renew and to give rise to all cells 

of the three major neural phenotypes (astrocytes, oligodendrocytes and neurons) via 

lineage-restricted precursor cells. In contrast to the pluripotent embryonic stem (ES) cells 

they are thus more restricted in their differentiation capacity and therefore lack the risk 

of tumor formation after transplantation. This is one of the reasons why NSCs present a 

promising source for cell replacement therapies of the central nervous system (CNS).  

NSCs can either be directly extracted from fetal nervous tissue or isolated from different 

regions of the adult brain, such as the subventricular zone (SVZ), the hippocampus, the 

lateral ventricles and some nonneurogenic regions such as the spinal cord [15]. 

Additionally, NSCs can be generated from ES cells, which are pluripotent cells, isolated 

from the inner cell mass of the preimplantation blastocyst that can give rise to cell lineages 

of any type of body tissue from all three embryonic germ layers. However, they are not 

totipotent, because they fail to develop a whole functional organism. Unfortunately, there 

is a high risk of tumor formation after the transplantation of ES cells [16] because of their 

uncontrollable proliferation potential in vivo [17, 18] and the occurrence of chromosomal 

abberations, common in long-term maintained ES cells in culture [19]. 

Furthermore, it has recently been reported, that NSCs can also be generated from 

multipotent adult stem cells of other tissues, which are able to break barriers of germ 

layer commitment to transdifferentiate into neuroectodermal cell types. This finding is of 

great importance for autologous transplantation approaches [20-23] (Fig. 2). 

The NSCs used in our studies were directly extracted from rat embryonic mesencephalic 

tissue or isolated from the hippocampal region of the human adult brain. 

Fig. 2:  Schematic overview of various sources of NSCs, with the capacity 

to differentiate into the three major neural phenotypes namely oligodendrocytes, 

astrocytes and neurons.
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1.4 Neural stem cells: Definition 

As mentioned above, NSCs are defined as multipotent cells derived from the 

neuroectodermal tissue, having the capacity to regenerate and to differentiate into 

all cells of the three major neural phenotypes: astrocytes, oligodendrocytes and 

neurons. Beyond theory, NSCs are often identified by their behaviour after isolation. 

During expansion, they usually grow in floating, multicellular aggregates, so-called 

“neurospheres”. Attempts have been made to develop markers to define NSCs but 

they have often been discarded again because they were found to also be expressed 

on non-neuronal cells [15]. Nevertheless, commercially available fetal neural progenitor 

cells could recently be characterized by Vogel et al. as CD15, CD56, CD90, CD133, 

CD164, CD172a, nerve growth factor receptor NGFR, W4A5 and 57D2 positive, 

while negative for CD45, CD105 (endoglin), CD109, CD140b (PDGF-RB) and W8B2 

[24]. In addition, an extensive analysis of surface markers on clonogenic human fetal 

neurosphere cultures was performed by Uchida et al., defining a subset of human NSCs 

as phenotypically CD133-positive, but negative for CD34 and CD45 [25]. Furthermore, 

the expression of specific neural transcription factors, such as Sox-1, Musashi-1, Otx-1, 

Otx-2, Neurod1 and neurogenin-2 was reported in fetal neural stem and progenitor 

cells, demonstrating their neuroectodermal origin [26]. Still, most of the studies 

attempting to characterize NSCs have been performed with non-human mammalian 

hippocampal NSCs, whereas very little is known about their human counterparts. The 

most likely explanation for this is the lack of tissue availability. 

1.5 Cerebrospinal Fluid  

The adult CNS is surrounded by approximately 140 ml of cerebrospinal fluid (CSF), 

which is replaced every 5-9 hours. CSF is generated in the “choroid plexus” which is 

situated in the lateral, third and fourth ventricles of the brain. CSF circulation takes place 

from the brain cavities down to the brain stem and spinal cord or to the subarachnoid 

space and further toward the parasaggital region where re-absorption occurs (Fig. 

3). Normal CSF is a crystal-clear fluid, mainly composed of water (99%), but also 

containing common solutes such as Sodium, Potassium, Glucose and Lactate, CNS-

specific and serum derived proteins and a small number of cells, mostly lymphocytes 



and monocytes [27]. CSF composition varies between lumbar and ventricular CSF 

as a consequence of passive diffusion processes across the blood-CSF-barrier. Also 

active secretion processes during the cranio-caudal circulation have to be considered 

[28]. Additionally, CSF can be pathologically modified in neurodegenerative disorders 

such as PD and ALS with markedly increased levels of proinflammatory prostaglandins 

such as PGE2 and cytokines such as TNF- , interferon- and IL-1b [15]. Physiological 

functions of CSF include the protection of the brain during blood pressure fluctuations, 

the regulation of the chemical environment of the central nervous system, defence 

against pathogen invasion, intracerebral transport of biomolecules and removal of CNS 

metabolites [27]. Furthermore, several studies recently postulated that diffusible factors 

in embryonic CSF as well as CSF circulation and pressure regulate survival, differentiation 

and proliferation of neuroectodermal stem cells and reported on the pivotal importance 

of CSF in brain development in vivo. Concerning the CSF components responsible 

for CSF influence on the basic behavioural parameters of NSCs, most studies so far 

concentrated on proteins (such as transthyretin, serin, retinol binding protein, heparan 

sulfate, several apolipoproteins, bone morphogenic protein), “membranous particles”, 

amino acids and growth factors such as FGF2. Still, most of these studies have been 

performed with embryonic CSF, which is known to be much more complex in its protein 

composition than adult CSF. Conclusions for adult CSF influence on neuroectodermal 

stem cells and brain development should therefore be cautiously made, although it 

is known that adult NSCs of the SVZ have transitory contact with the ventricular brain 

cavities, which may also suggest regulatory effects of adult CSF on adult NSCs [15, 28]. 

Fig. 3:

Schematic overview of CSF 

circulation and resorption.

(Picture modified from: 
http://academic.kellogg.edu/her-
brandsonc/bio201_McKinley/f15-
8b_production_and_c_c.jpg, march 
2010) 
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1.6 Aim of the studies

As already mentioned above, intracerebral surgical cell transplantation in 

neurodegenerative disorders always involves surgical risks and tissue damage at the 

transplantation site(s) in an already damaged and dysfunctional brain [12]. Therefore 

alternative stem cell transplantation via CSF has been investigated recently, for example 

in animal models of spinal cord injured rats or ALS mice. In the spinal cord injured rat 

models, intensive invasion, migration, and integration of the transplanted NSCs into the 

damaged spinal cord have been detected after cell transplantation via CSF. Contrary to 

this, there has been no sufficient migration of intrathecally applied neuroectodermally 

converted human bone marrow-derived mesodermal stromal cells (hMSC-NSCs) into the 

CNS in an ALS mouse model which aimed to delay the first signs of disease or to prolong 

the survival of the mice. As a possible explanation for this finding a low survival rate of 

the applied cells due to the low nutrition content of CSF was discussed. Interestingly, 

so far most studies investigating the influence of CSF contents on survival, proliferation 

and differentiation of neural cell types were performed with embryonic avian CSF even 

though there are well-known differences between avian and mammalian CSF [15] . 

The scope of my thesis was to investigate the effects of adult human CSF on adult 

human (ahNSCs) and fetal murine (fmNSCs) neural stem cells in an attempt to answer 

the following questions: 

1.) Does human adult CSF decrease the survival rate of ahNSCs and fmNSCs   

 compared to standard culture media?

2.) Does human adult CSF influence the stem cell potential of ahNSCs and fmNSCs  

 compared to standard culture media?

3.) Does human adult CSF influence the cell extension outgrowth velocity in 

 ahNSCs and fmNSCs compared to standard differentiation media?

4.) Does human adult CSF influence the differentiation and gene expression of  

 ahNSCs and fmNSCs compared to standard differentiation media? 

In doing so, the ultimate aim has been to determine whether adult human CSF influences 

NSCs in a way, making it a limiting factor for a non-traumatic cell transplantation via 

CSF in patients with neurodegenerative disorders.
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2. Material and Methods

For our studies, we collected adult human leptomeningeal cerebrospinal fluid from 

Idiopathic Normal Pressure Hydrocephalus patients, using lumbar puncture [15, 28]. 

Adult human hippocampal tissue for isolation and propagation of ahNSCs was 

obtained from routine epilepsy surgical procedures [28]. 

Fetal murine mesencephalic tissue for isolation and propagation of fmNSCs was obtained 

from E14.5 rat embryonic brain, being prepared according to standard procedures [15].  

AhNSCs and fmNSCs were cultured in standard culture media KO-DMEM/EM1, 

supplemented with growth factors EGF and FGF, or CSF respectively, at 37°C in a 

humidified atmosphere and lowered O2 conditions. During the differentiation process 

cells were plated onto poly-L-lysine-coated chamber slides or 6-well-plates in P4-8F 

differentiation medium or CSF without addition of any growth factors. Some of the 

differentiation experiments were conducted in the presence of the Bone Morphogenic 

Protein (BMP) inhibitor Noggin. 

For determining the survival rate during expansion and differentiation, the self-

renewing capacity and cell fate decisions, immuncytochemistry was carried out using 

standard protocols [15, 28]. Additionally RNA extraction and quantitative RT-PCR 

analysis were performed [15].
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3. Results

In our studies we investigated the influence of adult human CSF on survival and 

differentiation behaviour of ahNSCs and fmNSCs.

We found, that CSF enhances significantly the survival of both, ahNSCs and fmNSCs 

after expansion for 24 hours and differentiation for 24 and 72 hours, compared to 

standard culture media KO-DMEM or EM1 [15, 28]. 

Concerning the proliferation potential of ahNSCs and fmNSCs, we observed an inhibiting 

effect of CSF, leading to an accelerated loss of self-renewing capacity compared to 

standard expansion media, 24 and 72 hours after starting expansion process [15, 28]. 

Additionally, we found an enhancing effect of CSF on the extension outgrowth velocity 

of NSCs. In fmNSCs, CSF lead to significantly longer and a significantly larger number 

of cell extensions compared to standard differentiation media P4-8F during the first 

hours after starting the differentiation process [15]. In ahNSCs, the final length of cell 

extensions was more than twice as long in CSF compared to standard differentiation 

media and a significantly larger number of cell extensions could be determined from 

6 hours after starting the differentiation process [28]. 

Concerning the CSF influence on cell fate decision we determined an astrogliogenesis 

facilitating effect on ahNSCs and fmNSCs with significantly more GFAP+ cells in 

CSF compared to standard differentiation media after 10-14 days of differentiation 

[15, 28]. While we also found an inhibiting effect on neurogenesis in fmNSCs with 

significantly less MAP+ and GALC+ cells in CSF compared to standard differentiation 

media [15], we observed no significant influence on the percentage of neurons and 

oligodendrocytes in ahNSCs. Still, we found significantly more Tubulin III+, immature 

neurons, in standard differentiation media compared to CSF in ahNSCs [28]. 

CSF effects on gene expression during the first 72 hours of differentiation were 

investigated in fmNSCs. According to our findings in immuncytochemistry after 

differentiation for 10-14 days, we observed a continuous increase in GFAP mRNA 

during the whole observation period with a significant higher increase in GFAP mRNA 

at 6 hours after starting the differentiation process in CSF compared to standard 

differentiation media. Additionally, a significantly higher expression of Nestin mRNA 
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could be determined in CSF compared to standard differentiation media at 3 and 6 

hours after starting the differentiation process and only in standard differentiation 

media did we find a significant decrease of Nestin mRNA under the initial value 

at 72 hours after starting the differentiation process. Concerning the TUBB mRNA 

expression we could not observe any significant influence of CSF [15]. 

The reversibility of CSF effects on fmNSCs and ahNSCs was tested using the BMP 

inhibitor Noggin [15, 28]. In fmNSCs, addition of Noggin reversed completely 

the survival enhancing effects of CSF during expansion for 72 and differentiation 

for 24 hours. Also, the influence of CSF on the extension outgrowth velocity was 

partly reversed by Noggin, with significantly shorter cell extensions at 3 hours and a 

significantly smaller number of cell extensions at 3, 6 and 12 hours after starting the 

differentiation process. Additionally, CSF effects on self-renewing capacity observed 

with Ki67 staining were inhibited by Noggin [15]. 

In ahNSCs, addition of Noggin did not significantly influence cell death rates during 

expansion for 72 and differentiation for 24 hours compared to CSF without Noggin 

[28]. 
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4. Discussion

The central finding of our studies is that, in vitro, adult human leptomeningeal CSF 

promotes survival, differentiation and astrogliogenesis in ahNSCs and fmNSCs. A low 

survival rate of intrathecally applied NSCs due to a low nutrition content of CSF, as 

discussed by Habisch et al., therefore seems improbable [15, 28]. Still, adult human 

leptomeningeal CSF leads to a quicker loss of stem cell potential and enhances 

extension outgrowth velocity. This may cause an attachment of injected NSCs at the 

wall of the ventricle were they are injected and impede sufficient migration into the 

CNS [15]. Additionally, CSF promotes astrogliogenesis and in fmNSCs even inhibits 

the differentiation into neurons [15, 28]. This may also be a disadvantageous CSF 

effect, impeding intracerebral NSC differentiation into required neurons after non-

traumatic NSCs transplantation. The CSF components responsible for these effects 

on NSCs have not yet been sufficiently investigated but we found BMPs to be at least 

partly involved in CSF effects on fmNSCs. Some of these BMP effects could in vitro be 

blocked by Noggin [15], but in vivo experiments investigating the influence of Noggin 

on intrathecally injected NSCs are missing. Future studies are needed to gain deeper 

knowledge about CSF contents, their influence on NSCs and ways of controlling 

them before intrathecally NSC transplantation may become a functional alternative 

for surgical transplantation methods. Additionally, changes in CSF composition have 

to be considered in patients with neurodegenerative disorders and it is not yet clear 

what effects pathologically modified human CSF may have on intrathecally injected 

NSCs. Studying the influence of pathological human CSF on NSCs might be an 

interesting objective for further investigations. 

Irrespective of the mode of transplantation, doubts recently arose about tissue 

transplantation as a potentially curative approach in neurodegenerative disorders. 

There are several reasons for this. The first is that several recent studies reported 

the degeneration of implanted cells, similar to the degeneration of endogenous 

neurons in the same pathological area, questioning the long-term efficacy of stem 

cell transplantation. Li et al. and Kordower et al. performed post mortem analysis of 

PD patients 10 years after fetal tissue transplantation and found pathological changes 
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associated with PD, i.e. Lewy bodies (LB), in implanted surviving dopaminergic neurons 

suggesting host-to-graft disease propagation [29-31]. Similar results have been found 

in HD patients 18 months after they underwent neural transplantation, with disease-

like neuronal degeneration and a preferential loss of projection neurons being seen 

[32]. Still, the effect of pathological changes like LB on the function of grafted neurons 

is unclear since there are no clinical or PET follow-up studies of patients beyond one 

decade after transplantation. Furthermore, the mechanism underlying the propagation 

of PD pathology from diseased to healthy transplanted neurons remains uncertain 

and several hypothesis from inflammation over oxidative stress, loss of neurotrophic 

support and prion-disease-like mechanisms are discussed [33]. Nevertheless, there is 

mounting evidence for an ongoing pathology in neurodegenerative disorders, also 

affecting transplanted neurons long term. Whether a permanent cure in patients 

with neurodegenerative disorders may be achieved with cell replacement therapies 

is therefore doubtable. Instead, a combination of cell replacement therapies with 

strategies to hinder disease progression seems to be required.

Another reason for doubting the approach of cell replacement therapies in 

neurodegenerative disorders is the growing evidence of so far maybe underestimated 

and not sufficiently explored self-repair mechanisms of the adult mammalian brain. 

They may offer several advantages over other cell based treatment strategies: 

immunological reactions and surgical procedures are circumvented and the ethical 

issues surrounding the use of ES cells are avoided. As mentioned above, neurogenesis 

in the SVZ and the hippocampal region of the adult mammalian brain has long been 

recognised [15] and the effects of brain pathology such as ischemia or hypoxia and of 

distinct growth factors on adult neurogenesis have been investigated. As reviewed by 

Lindvall et al. adequate blood supply seems to be crucial for adult neurogenesis, and 

angiogenesis in the adult brain after stroke seems to be closely associated with this. 

Administration of vascular endothelial growth factor (VEGF) further enhanced this 

effect [34]. In other studies, application of distinct growth factors such as nerve growth 

factor (NGF), brain derived neurotrophic factor (BDNF), neurotrophin 4/5, glial cell 

line-derived neurotrophic factor (GDNF) and epidermal growth factor (EGF) has been 

reported to promote survival and differentiation of specific neural subpopulations 
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in vitro and in vivo [35]. GDNF has additionally been proposed as an interesting 

candidate for combination with cell replacement therapies [36]. The fact that SVZ 

precursors seem to be amenable to external modulation, makes them a potential 

therapeutic target to replace neuronal densities and circuitry in neurodegenerative 

disorders such as PD [37]. Still, most recent studies on endogenous dopaminergic 

regeneration in PD models aimed at using SVZ NSCs, driving them to migrate into 

the striatum and to differentiate into dopaminergic neurons. This seems necessary 

since there is so far no evidence for orthopic striatal dopaminergic neurogenesis. 

However, dopaminergic neurons generated from SVZ precursors constitute a different 

population of dopaminergic neurons that only share few characteristics with midbrain 

dopaminergic neurons affected in PD and there is so far no clear correlation between 

dopaminergic differentiation and functional recovery in animal models of PD. This is 

why neurogenesis restoring the dopamine deficit within the striatum has not yet been 

conclusively demonstrated. Further understanding about the cell-intrinsic restrictions 

of precursors from different brain regions is needed to be able to overcome these local 

commitments and to restore the nigrostriatal dopaminergic system by endogenous 

neurogenesis [37, 38]. 

Finally, advances in surgical treatment of neurodegenerative disorders, especially in 

PD, have to be considered and markedly increase requirements for new therapeutic 

approaches such as cell replacement therapies. Deep brain stimulation (DBS), for 

example, is adjustable and reversible and the surgical treatment of choice in PD patients 

with motor complications that cannot be adequately managed with medication. 

Recently, the first randomized controlled trial of patients receiving either DBS or best 

medical treatment has been published, proving DBS to be more effective in improving 

motor function, including the troublesome dyskinesias and quality of life at six months. 

Still DBS was associated with an increased risk of serious adverse events due to the 

surgical procedure, stimulation device or stimulation therapy [39]. This is the reason 

why benefits and risk of DBS still have to be carefully weighted and why DBS, though 

being an effective surgical PD treatment, still remains reserved for selected PD patients. 

Summing up it can be said that neurodegenerative disorders lead to a continuous 

loss of structure or function of nerve cells in the central nervous system [2] and while 
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they continue to gain in importance in an ageing society there is still no restoring 

therapy available [2, 3]. Nevertheless several potential therapeutic approaches have 

been discussed in the recent years, including the transplantation of developing 

neural tissue or NSCs into the damaged CNS and the induction of proliferation and 

migration of endogenous NSCs [37, 38, 40]. Still, the question of the clinical usefulness 

of these approaches has so far not been conclusively answered and many challenges 

have to be overcome before any of them may be applied to patients. One of these 

challenges is to avoid invasive surgical procedures containing surgical risks and 

damages of already dysfunctional tissue in cell replacement therapies. This is why we 

investigated the influence of CSF on NSCs in vitro aiming to gain deeper knowledge 

about possible limitations of non-traumatic transplantation of NSCs via CSF. In the 

end, the clinical usefulness of all new therapeutic approaches and transplantation 

methods will be determined by their ability to counteract disease progression and 

to provide patients with neurological disorders with safe, long-lasting and significant 

clinical improvements in quality of life. 

 



5. Summary:

Neurodegenerative disorders are characterized by a progressive loss of structure or 

function of neurons or glial cells in the brain or spinal cord. Thus, the prospect of 

replacing the missing or damaged nerve tissue is very attractive. A promising source 

for cell replacement therapies for neurodegenerative disorders are neural stem cells 

(NSCs). 

As an alternative to the intracerebral stereotactical surgical cell transplantation, the 

administration of NSCs via cerebrospinal fluid (CSF) has recently been proposed as 

a non- traumatic transplantation method into the brain. However, cell survival and 

intraparenchymal migration of the transplants were limited. As a possible reason the 

low nutrition content of CSF was discussed. Furthermore, CSF was recently reported 

to be an important milieu for controlling stem cell processes in the developing brain, 

which is why we studied the effects of adult human leptomeningeal CSF on the 

behaviour of fetal murine (fmNSCs) and adult human NSCs (ahNSCs). 

The central findings of our studies are that, in vitro, adult human leptomeningeal CSF: 

(i) enhances the survival rate of ahNSCs and fmNSCs during expansion and  

 differentiation compared to standard culture/differentiation media 

(ii) enhances NSC differentiation and extension outgrowth velocity, leading  

 to a faster loss of self-renewing capacity 

(iii) has an astrogliogenesis facilitating effect on ahNSCs and fmNSCs and 

 inhibits neurogenesis in fmNSCs. 

A low survival rate of intrathecally applied NSCs due to a low nutrition content of 

CSF therefore seems improbable. Still, adult human leptomeningeal CSF leads to 

a quicker loss of stem cell potential and enhances extension outgrowth velocity. 

This may cause an attachment of injected NSCs at the wall of the ventricle where 

they are injected and impede sufficient migration into the CNS. 

Additionally, CSF promotes astrogliogenesis and in fmNSCs even inhibits the 

differentiation into neurons. This may also be a disadvantageous CSF effect,

17
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impeding intracerebral NSC differentiation into required neurons after non-

traumatic NSCs transplantation. 

For these reasons, future studies are demanded to gain deeper knowledge 

about CSF contents, their influence on NSCs and ways of controlling them before 

intrathecally NSC transplantation may become a functional alternative to surgical 

transplantation methods.
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Adult Cerebrospinal Fluid Inhibits
Neurogenesis but Facilitates Gliogenesis
From Fetal Rat Neural Stem Cells
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Neural stem cells (NSCs) are a promising source for
cell replacement therapies for neurological diseases.
Administration of NSCs into the cerebrospinal fluid
(CSF) offers a nontraumatic transplantation method into
the brain. However, cell survival and intraparenchymal
migration of the transplants are limited. Furthermore,
CSF was recently reported to be an important milieu
for controlling stem cell processes in the brain. We
studied the effects of adult human leptomeningeal CSF
on the behavior of fetal rat NSCs. CSF increased sur-
vival of NSCs compared with standard culture media
during stem cell maintenance and differentiation. The
presence of CSF enhanced NSC differentiation, leading
to a faster loss of self-renewal capacity and faster and
stronger neurite outgrowth. Some of these effects
(mainly cell survival, neurite brancing) were blocked by
addition of the bone morphogenic protein (BMP) inhibi-
tor noggin. After differentiation in CSF, significantly
fewer MAP2ab1 neurons were found, but there were
more GFAP1 astroglia compared with standard media.
By RT-PCR analysis, we determined a decrease of
mRNA of the NSC marker gene Nestin but an increase
of Gfap mRNA during differentiation up to 72 hr in CSF
compared with standard media. Our data demonstrate
that adult human leptomeningeal CSF enhances cell
survival of fetal rat NSCs during proliferation and differ-
entiation. Furthermore, CSF provides a stimulus for
gliogenesis but inhibits neurogenesis from fetal NSCs.
Our data suggest that CSF contains factors such as
BMPs regulating NSC behavior, and we hypothesize
that fast differentiation of NSCs in CSF leads to a rapid
loss of migration capacity of intrathecally transplanted
NSCs. VVC 2009 Wiley-Liss, Inc.

Key words: cerebrospinal fluid (CSF); neural stem
cells; neural differentiation

Neural stem cells (NSCs) are a promising source
for cell replacement therapies in the brain (Sievertzon
et al., 2005). They can be extracted from fetal CNS
(McKay, 1997; Svendsen et al., 1999; Gage, 2000) or
generated by embryonal stem cells (ESCs; Bain et al.,

1995; Gage, 2000; Kawasaki et al., 2000, 2002; Lee
et al., 2000). Furthermore, NSCs can be isolated from
different regions of the adult brain, such as the hippo-
campus and the subventricular zone (SVZ) of the lateral
ventricles, and from some nonneurogenic regions
(Reynolds and Weiss, 1992; McKay, 1997; Johansson
et al., 1999; Gage, 2000; Magavi et al., 2000; Shihabud-
din et al., 2000; Rietze et al., 2001). As derivatives of
the neuroectodermal tissue, NSCs are able to generate
all cell types of nervous tissue, such as neurons, astroglia,
and oligodendroglia (McKay, 1997; Gage, 2000; Storch
et al., 2004). Several promising candidates as markers for
NSCs, such as nestin and musashi, turned out to be
unreliable because they were also expressed in non-
NSCs (Cai et al., 2003). During in vitro expansion,
NSCs grow in multicellular aggregates, so-called neuro-
spheres, or under adherent conditions (Reynolds and
Weiss, 1992; McKay, 1997; Johansson et al., 1999;
Storch et al., 2001, 2004). The removal of the mitogens
EGF/FGF leads to spontaneous differentiation of NSCs.
As we previously reported, under the conditions
described, NSCs from rodent fetal midbrain differentiate
primarily into astroglia (37%) and to a lesser extent into
oligodendrocytes (13%) and neurons (23%; Sabolek
et al., 2006).

In vivo analyses of intrastriatally transplanted cul-
tured rodent and human adult and fetal NSCs show
long-term survival, extensive distribution, and morpho-
logical maturation in rats (Svendsen et al., 1997; Fricker
et al., 1999; Jain et al., 2006; Lepore et al., 2006; Vazey
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et al., 2006; Olstorn et al., 2007; Darsalia et al., 2007).
Transplanted NSCs also formed synapses, suggesting
integration into adult rodent CNS (Lepore et al., 2006).
It has also been reported that transplantation of NSCs
leads to a reduction of functional impairment in animal
models of different neurodegenerative disorders such as
Huntington’ s disease (Vazey et al., 2006), Parkinson’s
disease (Kitayama et al., 2007; Wei et al., 2007), and
amyotrophic lateral sclerosis (ALS; Corti et al., 2007;
Martin and Liu, 2007) and in animal stroke models
(Jeong et al., 2003; Chu et al., 2004; Lee et al., 2007).
So far, NSCs have been transplanted predominantly
directly into the rodent CNS (Svendsen et al., 1997;
Fricker et al., 1999; Jain et al., 2006; Lepore et al.,
2006; Vazey et al., 2006; Corti et al., 2007; Darsalia
et al., 2007; Kitayama et al., 2007; Lee et al., 2007;
Martin and Liu, 2007; Olstorn et al., 2007; Wei et al.,
2007), but, in recent reports, nontraumatic transplanta-
tion into the CNS via cerebrospinal fluid (CSF) has
been demonstrated. In different studies, an intensive
invasion, migration, and integration of transplanted
NSCs into the damaged CNS have been detected after
transplantation via CSF (Wu et al., 2002a,b; Bai et al.,
2003; Ohta et al., 2004). In a very recent report, intra-
thecal application of neuroectodermally converted
human bone marrow-derived mesodermal stromal cells
(hMSC-NSCs) in the cisterna magna of an ALS mouse
model has been reported (Habisch et al., 2007). Interest-
ingly, the transplanted cells did not migrate into the
CNS in sufficient amounts to prolong the survival of
transgenic ALS mice or to delay the first signs of disease.
As a possible reason, a low survival rate of intrathecally
applied cells resulting from the low nutrient content of
the CSF was discussed (Habisch et al., 2007).

Growing evidence suggests that CSF plays an im-
portant role not only in brain development but also in
survival, proliferation, and differentiation of neuroecto-
dermal stem cells (Mashayekhi et al., 2002; Gato et al.,
2004, 2005; Martin et al., 2006; Johanson et al., 2008;
Bachy et al., 2008). How CSF influences neuroectoder-
mal cells during development remains, however, enig-
matic, but the components contained in CSF as well as
CSF pressure and flow seem to play an important role
(Johanson et al., 2008). Regarding the components of
CSF influencing neuroectodermal cells, recent investiga-
tions concentrated mainly on proteins, ‘‘membranous
particles,’’ and amino acids but also on growth factors
such as FGF2 (Parada et al., 2005; Martin et al., 2006;
Nordin et al., 2007; Bachy et al., 2008). Most investiga-
tions concerning the influence of CSF contents on sur-
vival, proliferation, and differentiation are performed
with embryonic avian CSF (Gato et al., 2004, 2005;
Bachy et al., 2008), but there are well-known differences
between avian and mammalian CSF (Parada et al.,
2005). Because no studies using human CSF have been
published yet, the effects of human CSF on neural stem
or progenitors cells are unclear. We therefore tested here
the effects of human adult CSF on the in vitro behavior
of fetal rat midbrain NSCs.

MATERIALS AND METHODS

Collection of Adult Human Leptomeningeal CSF

The CSF samples were taken for diagnostic purpose
from adult patients in the Neurological Clinic of the Ernst
Moritz Arndt University of Greifswald by a lumbar punc-
ture. All patients gave a written informed consent for the
diagnostic procedure. Lumbar puncture was performed by
standard protocols. The final diagnosis for all patients whose
CSF was used was idiopathic normal pressure hydrocephalus
(NPH). In all patients, tumors and infectious diseases were
excluded. Surplus CSF from diagnostic samples of all patients
was spun down to remove remaining cells, pooled, and ana-
lyzed to exclude nonsterility and presence of inflammatory
markers. The pooled CSF was normal in all standard param-
eters, and contamination with blood was excluded. The
exact parameters were as follows: cell count <1/ll, no blood
contamination, normal protein of 369 mg/liter, normal glu-
cose of 3.6 mmol/liter, normal lactate of 2.0 mmol/liter,
normal ferritin of 7.2 lg/liter, normal albumin quotient of
5.0 3 10–3, normal immunoglobulin quotients of IgG 2.1 3
10–3, IgA 1.1 3 10–3, IgM <0.2 3 10–3. Scientific use of
CSF samples was approved by the local Ethics Committee.
Pooled CSF samples were aliquoted and frozen at –808C
until use.

Isolation and Propagation of Fetal Rat NSCs

Mesencephalic NSCs from E14.5 rat embryonic brain
were prepared as previously described (Storch et al., 2003;
Milosevic et al., 2004). In brief, pregnant females (Wistar
rats; Charles River, Braunschweig, Germany) were sacrificed
according to NIH guidelines. For expansion of neurospheres,
tissue samples were dissociated using trypsin, DNase, and
mechanical trituration. The cells were added to 25-cm2 flasks
and maintained in serum-free media comprising DMEM/F-
12 mixture (2:1) supplemented with 2% B27 supplement,
2% penicillin/streptomycin, and 20 ng/ml EGF. Cultures
were incubated at 378C in a humidified atmosphere and
lowered O2 conditions of 5% CO2, 92% N2, and 3% 6 2%
O2. Fresh medium and growth factors were supplemented
every 5 days. For bromodeoxyuridine (BrdU) labelling, cells
were incubated with 10 lm BrdU for 24 hr. Some of the
expansion experiments were conducted in the presence of
150 ng/ml noggin, a bone morphogenic protein (BMP) in-
hibitor. Cells were used between passage 3 and passage 11
for experiments to avoid contamination with primary cells.
The NSCs used grow as long-term expanded ‘‘neurosphere’’
cultures in a well-defined and homogenous system expressing
the stem cell marker nestin in 86.7% 6 5.7% (n 5 3) of the
cells not expressing GFAP or Tuj1. The early neuronal
marker Tuj1 is present in only a small proportion of cells
(4.2% 6 0.7%), a small subfraction also being positive for
nestin (0.6% 6 0.3%), indicating that the nestin1 neuronal
precursor population was undergoing spontaneous differentia-
tion in culture. The astrocyte marker GFAP was present in
only a small fraction of cells, and only 2.1% 6 0.8% of
cells were positive for both nestin and GFAP (data not
shown).
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Differentiation Conditions

Cells were differentiated by plating them onto poly-L-
lysine-coated chamber slides or six-well plates in P4-8F with
2% penicillin/streptomycin (standard serum-free cell culture
media; from AthenaES, Baltimore, MD) without addition of
any growth factors or serum supplement or in CSF, respec-
tively. Notably, the albumin content of P4-8F of 250 lg/ml
matches the normal albumin content of healthy adult lumbar
CSF. Also, the glucose content of P4-8F is in a physiological
concentration of 7 mmol/liter. The cells were allowed to dif-
ferentiate for 10–14 days at 378C in a humidified atmosphere
at lowered O2 conditions of 5% CO2, 92% N2, and 3% 6 2%
O2. Half of the media was changed every third day. Some of
the differentiation experiments were conducted in the pres-
ence of 150 ng/ml recombinant noggin (R&D System, Min-
neapolis, MN). For investigating cell morphology, survival
rate, and marker expression by immunocytochemistry, the
cultures were fixed from 0 up to 72 hr and 14 days after start-
ing the differentiation process. For analyses of gene expression
on mRNA, cells were harvested at 0, 3, 6, and 72 hr after ini-
tiation of differentiation.

Immunostainings

For immunocytochemistry, cell cultures were fixed in
4% paraformaldehyde in PBS or with 4% paraformaldehyde/
PBS, followed by ice-cold acidic ethanol and 2 N HCl for
BrdU staining. Immuncytochemistry was carried out by using
standard protocols. Cell nuclei were counterstained with 4,6-
diamidino-2-phenylindole (DAPI). To determine the self-
renewing potential of NSCs, Ki67 and BrdU incorporation
was used. Ki67 is detected in the nucleus of proliferating cells
in all active phases of the cell cycle from the late G1 phase
though the M phase (Gerdes et al., 1983, 1984). BrdU marks
cells within the S phase of the cell cycle (Eisch and Mandyam,
2007). Antibodies and dilutions were as follows: rabbit anti-
glial fibrillary acidic protein (GFAP) polyclonal 1:1,000
(Chemicon International, Temecula, CA), mouse anti-MAP2
monoclonal 1:100 (Pharmingen, San Diego, CA), mouse anti-
galactocerebroside monoclonal 1:500 (Chemicon), rabbit anti-
Ki67 polyclonal 1:500 (Berlin Chemie AG, Berlin, Germany),
mouse anti-BrdU 1:16 (Roche Applied Science, Mannheim,
Germany), and secondary antibodies conjugated to Alexa 488
and 594 1:500 (Gibco/Invitrogen, Carlsbad, CA).

For determining the survival rate during expansion and
differentiation, dead cells were stained with propidium iodide
1:50 (Sigma Aldrich, St. Louis, MO), and cell nuclei were

counterstained with Hoechst 33342 1:1,000 (Sigma Aldrich).
Images were captured with an inverse fluorescence microscope
(Inversionsmikroskop Leica DMIL; Leica, Wetzlar, Germany).

Cell Counts, Measurements of Neurites,
and Statistical Analysis

For quantification of the percentage of cells expressing a
given marker, the number of positive cells of at least five rep-
resentative areas per experiment was determined relative to
the total number of DAPI/Hoechst-labelled nuclei. In a typi-
cal experiment, in total 500–1,000 cells were counted per
marker. The mean values for more than three conditions are
given together with SDs. Statistical comparisons were made
by ANOVA with post hoc t-test or Dunnett’s t-test where
appropriate. All data are presented as mean 6 SEM. P < 0.05
was considered statistically significant.

RNA Extraction and Quantitative RT-PCR Analysis

RNA extraction and semiquantitative RT-PCR were
performed as described previously (Hermann et al., 2004). In
brief, total cellular RNA was extracted from NPCs using an
RNAeasy mini kit (Qiagen, Valencia, CA), following the
manufacturer’s recommendations. Semiquantitative real-time
one-step RT-PCR was carried out with the LightCycler Sys-
tem (Roche), and amplification was monitored and analyzed
by measuring the binding of the fluorescence dye SYBR
Green I to double-stranded DNA. One microliter (50 ng) of
total RNA was reverse transcribed and subsequently amplified
with QuantiTect SYBR Green RT-PCR Master mix
(Qiagen) and 0.5 lmol/liter–1 of both sense and antisense pri-
mers. Tenfold dilutions of total RNA were used as external
standards. Standards and samples were simultaneously ampli-
fied. After amplification, melting curves of the RT-PCR
products were acquired to demonstrate product specificity.
The results are expressed relative to the housekeeping gene
Hmbs (hydroxymethylbilane synthase). The relative RNA
content was determined by using the formula of the compara-
tive cycle threshold (Ct): TG/RG 5 2Ct(RG) – Ct(TG)
(Livak and Schmittgen, 2001). Primer sequences, lengths of
the amplified products, and melting point analyses are sum-
marized in Table I.

RESULTS

CSF Increases the Survival Rate of Fetal Rat NSCs

After in vitro expansion for at least three passages in
standard media, NSCs were transferred to uncoated

TABLE I. Primers for Semiquantitative Real-Time RT-PCR

Gene (protein) Sequence (forward, reverse) Product length (bp) Accession No.

Gfap(GFAP) 50-GGT ATC GGT CCA AGT TTG C-30

50-GCC TCT CCA AGG ACT CGT TC-30
159 NM_017009

Hmbs (hydroxymethylbilane synthase) 50-TGT ATG CTG TGG GTC AGG GAG-
30 50-CTC CTT CCA GGT GCC TCA GA- 30

144 NM_013168

Nes (nestin) 50-CAC TGA TAA GTT CCA GCT GGC-30

50-CAG AGT CCT GTA TGT AGC CAC C-30
148 NM_012987

Tubb3 (b-tubulin class III) 50-GCC TCC TCT CAC AAG TAT G-30

50-CAG CAC CAC TCT GAC CGA AG-30
133 NM_139254
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chamber slides and expanded in standard expansion me-
dium or CSF with or without 150 ng/ml noggin for an
additional 72 hr. Thereafter, cells were stained with
Hoechst 33342 and propidium iodide to determine the
amount of dead cells. Our results showed a significantly
higher survival rate of NSCs in CSF compared with
expansion medium (see Materials and Methods), with
16.0% 6 1.2% of dead cells in expansion medium vs.
1.9% 6 0.6% of dead cells in CSF. Addition of noggin
completely blocked the CSF effects (15.2% 6 6.8%
necrotic cells; Fig. 1). Similar results were obtained after
differentiating the cells in standard media (P4-8F) or CSF
with or without 150 ng/ml noggin on PLL-coated cham-
ber slides for 24 and 72 hr, with significantly higher
survival rates in CSF compared with P4-8F media and in-
hibition of this CSF effect by addition of noggin. In P4-
8F, 34.8% 6 20.5% of NSCs were found dead 24 hr after
the beginning of differentiation, but only 3.3% 6 1.1% of
NSCs showed cell death in CSF without noggin (Fig. 2).
Addition of noggin increased cell death rates to those of
control conditions with 22.5% 6 7.3% of dead NSCs.
After 72 hr, 13.3% 6 5.7% and 2.5% 6 1.1% of NSCs
were found dead in P4-8F and CSF, respectively (Fig. 2).

CSF Inhibits NSC Proliferation

To determine the proliferation potential of the
investigated NSCs, we used the proliferation marker
Ki67 as well as BrdU incorporation. After in vitro
expansion of at least three passages, the cells were trans-
ferred to uncoated chamber slides and expanded in cul-
ture medium or CSF with or without 150 ng/ml nog-
gin. The proliferation parameters were determined at 24
or 72 hr after changing the media. At each investigated
time point, the percentages of Ki671 and BrdU1 NSCs
were significantly higher in expansion medium com-
pared with those in CSF, representing a larger number
of cells with proliferation potential. Hence, after 24 hr,
30.2% 6 0.6% of NSCs were BrdU1 in expansion
media vs. 20.1% 6 1.3% in CSF. After 72 hr, Ki67 was
detected in 2.4% 6 1.4% of NSCs expanded in expan-
sion media and 0.4% 6 0.3% of NSCs expanded in
CSF. Addition of noggin did not reverse the CSF effects
obverved with BrdU staining (20.4% 6 2.2% BrdU1

cells) but only on Ki67 staining (1.6% 6 0.4%; Fig. 3).

CSF Increases Extension Outgrowth Velocity
From NSCs

We used the time course of extension outgrowth
as a first measure of the differentiation process of NSCs
in cultures. Thus, after in vitro expansion for at least
three passages, NSCs were allowed to differentiate. They
were plated onto PLL-coated chamber slides in either
P4-8F media or CSF with or without 150 ng/ml nog-
gin. For investigating extension outgrowth, number and
length of extensions were determined at 0, 3, 6, 24, and
72 hr after starting the differentiation process. Compar-
ing results in P4-8F and CSF, the difference was most
striking during the first 6 hr with longer neurites in CSF

Fig. 1. Survival rates of NSCs during expansion. A: Percentage of
necrotic NSCs expanded in standard expansion media or CSF with
or without 150 ng/ml of noggin for 72 hr. Values represent the
mean 6 SEM from at least three independent experiments. *P <
0.05. B: Representative microphotographs demonstrating the influ-
ence of CSF on survival rate of NSCs. For immunostainings, dead
cells were stained with propidium iodide. Nuclei were counterstained
with Hoechst 33342. The upper panel shows NSCs expanded in
CSF, the middle panel shows NSCs expanded in expansion media
supplemented with EGF, and the lower panel shows NSCs expanded
in CSF 1 noggin. Scale bars 5 50 lm. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.
com.]
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Fig. 2. Survival rates of NSCs during differentiation. A: The per-
centage of necrotic NSCs at 24 and 72 hr after differentiation on
PLL-coated chamber slides in standard differentiation media (P4-8F)
or CSF with or without 150 ng/ml noggin. Values represent the
mean 6 SEM from at least three independent experiments. *P <
0.05. B: Representative microphotographs demonstrating the influ-

ence of CSF on the survival rate of NSCs. For immunostainings,
dead cells were stained with propidium iodide. Nuclei were counter-
stained with Hoechst 33342. Scale bars 5 50 lm. [Color figure can
be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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Fig. 3. Proliferation potential of NSCs during expansion. A,B: The
percentage of NSCs with potential to self-renewal expanded in stand-
ard expansion media or in CSF with or without 150 ng/ml noggin
after 24 (A: anti-BrdU) and 72 (B: Anti-Ki67) hr. Values represent
the mean 6 SEM from at least three independent experiments. *P <
0.05. C,D: Representative microphotographs demonstrating the
influence of CSF on proliferation potential of NSCs. For immuno-

labelling, cells were stained with anti-BrdU (C) and anti-Ki67 (D).
Nuclei were counterstained with DAPI (D). C: NSCs expanded in
expansion media (upper panel)/CSF (middle panel)/CSF 1 noggin
(lower panel) for 24 hr. D: NSCs expanded in expansion media
(upper panel)/CSF (middle panel)/CSF 1 noggin (lower panel) for
72 hr. Scale bars 5 50 lm. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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(P < 0.0001; F-value: 38.746, ANOVA), whereas final
neurite length did not differ significantly. Addition of
noggin only inhibited the CSF effects at 3 hr. A sig-
nificantly larger number of neurites could be deter-
mined in CSF only during the first 3 hr of differen-

tiation (P < 0.0001; F-value: 17.716, ANOVA; Fig.
4). Addition of noggin to CSF led to a significantly
smaller number of neurites at the observed time
points 3, 6, and 24 hr, which was even smaller than
in P4-8F.

Fig. 4. Extension outgrowth from NSCs. A: Neurite length (in lm)
after 0, 3, 6, 24, and 72 hr of differentiation in standard media (P4-
8F) or CSF with or without 150 ng/ml noggin. B: Number of neu-
rites at 0, 3, 6, 24, and 72 hr of differentiation in P4-8F or CSF with
or without 150 ng/ml noggin. Values represent the mean 6 SEM

from at least three independent experiments. *P < 0.05 (post hoc t-
test). C: Representative microphotographs showing the morphology
of NSCs at 0, 3, 6, 24, and 72 hr of differentiation in CSF. Scale
bars 5 50 lm. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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CSF Inhibits Neurogenesis but Activates
Gliogenesis From NSCs

We recently demonstrated that 37% 6 7% of mid-
brain NSCs plated in P4-8F onto PLL-coated chamber
slides differentiate into GFAP1 astroglia, 13% 6 1% into
galactocerebrosidase (GalC)1 oligodendrocytes, and 23%
6 1% into microtubule-associated protein 2 (MAP2)1

neurons (Sabolek et al., 2006). To elucidate the question
of whether the presence of CSF influences gliogenesis,
oligodendrogenesis, or neurogenesis, NSCs were allowed
to differentiate for 10–14 days on PLL-coated chamber

slides in either P4-8F or CSF. After 10–14 days of dif-
ferentiation in CSF, the distribution of mature neuroec-
todermal cell populations was significantly different com-
pared with that in standard media. In CSF, 58.9% 6
12.1% of NSCs acquired phenotypic characteristics of
astrocytes (GFAP1), 2.4% 6 2.5% those of oligodendro-
cytes (GalC1), and 0.7% 6 0.6% those of mature neu-
rons (MAP21; Fig. 5). In P4-8F, 47.0% 6 21.4% of
NSCs acquired phenotypic characteristics of astrocytes
(GFAP1), 11.8% 6 2.5% those of oligodendrocytes
(GalC1), and 15.0% 6 2.8% those of mature neurons
(MAP21; Fig. 5). Notably, the total amounts of cells
expressing one of the three markers for mature neuroec-
todermal cell types were similar under both conditions
(70.4% 6 12.7% and 64.3% 6 15.0% of DAPI-stained
cells in P4-8F and CSF, respectively). Astroglial mor-
phology differed in CSF and P4-8F, with smaller, less

Fig. 5. Gliogenesis and neurogenesis from NSCs. A: Quantitative
data for GFAP, MAP2ab, and GALC expression obtained by triple
stainings of NSCs, differentiated for 10–14 days in P48F/CSF. Me-
dium/CSF was changed every 3 days. Results are mean values 6
SEM from at least three independent experiments. *P < 0.05. B:
Representative microphotographs demonstrating the effects of CSF
on neuronal and glial differentiation of NSCs 10–14 days after initia-
tion of the differentiation process. Cells were stained for GFAP/
MAP2 and GalC. Nuclei were counterstained with DAPI. Scale bar
5 50 lm. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Fig. 6. Gene expression pattern during differentiation of NSCs. Gene
expression relative to the housekeeping gene Hmbs by RT-PCR. A:
Gfap. B: Tubb3. C: Nestin. Differentiation period were 1, 3, 6, and
72 hr. Values represent the mean 6 SEM from at least three inde-
pendent experiments. *P < 0.05.
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well arborized cells with rounder soma in CSF and cells
with more complex arborization and thinner neurites in
P4-8F (Fig. 5).

CSF Influences Gene Expression During
Differentiation

To determine whether gene expression was influ-
enced by CSF, gene expression analysis of neuroectoder-
mal marker genes Gfap, Nestin, and Tubb3 was carried
out at 0, 3, 6, and 72 hr after starting the differentiation
process using quantitative real-time RT-PCR. Our anal-
yses showed a significant increase of Nestin mRNA 3
and 6 hr after starting the differentiation process in CSF
compared with a gradual decrease of Nestin mRNA
expression in P4-8F (Fig. 6A). After 72 hr, Nestin
expression dropped significantly under the initial value
in P4-8F. Gfap mRNA expression increased significantly
at 6 hr after starting the differentiation process in CSF
and continued to increase until the last examined time
point, 72 hr. Also during differentiation in P4-8F, Gfap
expression gradually increased over the whole observa-
tion period, but the increase was lower compared with
differentiation in CSF for all examined time points, and
the difference reached significance for the 6-hr time
point. Also for Tubb3 we found a parallel increase in
mRNA expression for the first 6 hr of differentiation in
CSF and P4-8F without a significant difference (Fig.
6C).

DISCUSSION

The central finding of our study is that, in vitro,
adult human leptomeningeal CSF promotes survival and
glial differentiation but inhibits neuronal specification of
fetal NSCs compared with standard culture/differentia-
tion conditions. Accordingly, the loss of stem cell poten-
tial of fetal NSCs is accelerated when cultured in CSF.
These findings suggest that adult CSF contains key fac-
tors involved in the control of cellular proliferation and
differentiation processes of fetal NSCs. Similar effects
were reported for embryonic CSF, showing a trophic
influence on survival, proliferation, and differentiation of
neuroephitelial stem cells at early development stages. It
has therefore already been postulated that diffusible fac-
tors in embryonic CSF regulate the three basic cellular
behavioral parameters of neuroephitelial stem cells and
that this CSF may play a key role in brain development
in vivo (Gato et al., 2004, 2005; Parada et al., 2005;
Martin et al., 2006; Bachy et al., 2008). Although it has
been demonstrated that the protein composition of em-
bryonic CSF is more complex than that of adult CSF
(Gato et al., 2004), our results strongly suggest that adult
CSF also has regulatory effects on stem cell behavior, for
example, in the SVZ of the ventricular system. Indeed,
adult NSCs of the SVZ have transitory contact with the
ventricular brain cavities (Alvarez-Buylla and Garcia-
Verdugo, 2002; Tramontin et al., 2003). In addition,
our study provides potential explanations for the behav-
ior of stem cells after transplantation into the CSF.

Fetal rat NSCs differentiated predominantly into
astroglia, and only a very low amount of cells differenti-
ated into neurons when exposed to CSF. Indeed, our
data indicate that CSF further decreases the differentia-
tion into neurons compared with standard serum-free
differentiation media (Sabolek et al., 2006). Our findings
are similar to those of previous studies showing astro-
gliogenesis after nontraumatic transplantation of NSCs
via CSF (Bai et al., 2003). Neuron–glia interaction is
known to play an important role in astroglial morphol-
ogy, so the differences found here in astroglial shape of
cells differentiated in CSF or P4-8F (Hatten, 1985; Ems-
ley and Macklis, 2006) might be thereby explained.
These results support our hypothesis of CSF promoting
astrogliogenesis and probably are one possible explana-
tion for the parallel increase of Gfap and Nestin mRNA
during the first hours of differentiation in CSF. The
coexpression of nestin and GFAP has recently been
described in primary cultures of astroglial cells (Schmidt-
Kastner and Humpel, 2002) and in astrocytes of organo-
typic slice cultures from rat cortex (Sergent-Tanguy
et al., 2006). Thereby, nestin1/GFAP1 cells were
described as immature astrocytes in which the expression
of nestin did not necessarily predict an active state of
proliferation (Schmidt-Kastner and Humpel, 2002). This
observation offers a possible explanation for our finding
that, with RT-PCR, no significant decrease of Nestin
under the initial value could be determined after 72 hr
of differentiation even when we found only very few
Ki671 cells in CSF at that time point of differentiation.
In P4-8F media, Nestin expression showed no transient
increase but decreased significantly at 72 hr of differen-
tiation. These finding might be due to the fact that,
compared with CSF, a lower amount of cells differenti-
ate into astrocytes. In addition, some signals required for
glial maturation might be present only in P4-8F media,
leading to a quicker switch in intermediate filament pro-
tein expression and to a shorter time of nestin/GFAP
coexpression.

Several recent studies have suggested that the trans-
plantation of NSCs via CSF could be a promising alter-
native to the direct transplantation of NSCs into the
CNS (Wu et al., 2002a,b; Bai et al., 2003; Ohta et al.,
2004). Thus, operation risks could be minimized, and a
widespread distribution of NSCs into the possibly multi-
focally lesioned CNS could be achieved. At the same
time, cell distribution could be restricted to the primarily
affected organ, and side effects arising from peripherally
applied cells could be avoided (Habisch et al., 2007;
Lepore and Maragakis, 2007; Mazzini et al., 2008).
Interestingly, injected NSCs tend to attach primarily to
the lesion site, from which they invade the CNS tissue
(Wu et al., 2002a,b; Bai et al., 2003; Ohta et al., 2004).
Similar findings have been described for neural progeni-
tors transplanted directly into the brain tissue, where
they migrated toward localized (e.g., stroke) or diffuse
(e.g., demyelinated) areas of brain damage (Fricker et al.,
1999; Olstorn et al., 2007), most likely because of the
expression of chemoattractants by the brain lesion or dis-
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ease cell population (Belmadani et al., 2006). Contrary
to these findings, Habisch et al. (2007) did not find rele-
vant migration of transplanted human stem cells into the
spinal cord in an ALS mouse model and, consistently,
did not detect any motor improvement or effects on sur-
vival after intrathecal application of human mesoderm-
derived NSCs. A low survival rate of injected cells
because of the low nutrition content of CSF was
hypothesized (Habisch et al., 2007), contradicting previ-
ous studies suggesting that CSF provides a beneficial
environment for cell survival and proliferation after
intraventricular transplantation (Wu et al., 2002a; Bai
et al., 2003). In these studies, fetal NSCs were injected
into the fourth ventricle of spinal cord-lesioned rats, and
a good survival of grafted cells within the CSF was
found (Wu et al., 2002a; Bai et al., 2003). In contrast to
these results, it has previously been reported that patho-
logically modified CNS from patients with primary-pro-
gressive multiple sclerosis and Parkinson’s disease leads to
apoptosis in fetal rodent cortical neurons in primary cul-
tures and to cell death and growth inhibition in PC12
cells (Alcazar et al., 1998; Mandybur et al., 2003). It is
not known what influence this might have on NSCs. It
remains therefore unclear whether NSCs would survive
a nontraumatic transplantation via CSF in patients with
neurodegenerative disorders such as Parkinson’s disease
or ALS. Indeed, markedly increased levels of proinflam-
matory prostaglandins such as PGE2 and cytokines such
as TNF-a, interferon-g, and IL-1b were recently de-
termined in the CSF of Parkinson’s disease and
ALS patients (Almer et al., 2002; Teismann and Schulz,
2004). Their influence on NSCs still has to be
determined.

Recently, several research groups reported on the
pivotal importance of CSF in brain development and in
survival, proliferation, and differentiation of neuroecto-
dermal stem cells (Mashayekhi et al., 2002; Gato et al.,
2004, 2005; Martin et al., 2006; Bachy et al., 2008). All
studies used embryonic CSF for these developmental
studies, but, because of the above-discussed discrepancies
between embryonic and adult CSF, comparisons with
our data on adult CSF should be made cautiously. CSF
circulation and pressure are known to play an important
role in normal development of the CNS as well as the
CSF itself, with its components (Gato and Desmond,
2009). In one study on chick embryos, embryonic avian
CSF indeed promoted survival of NSCs in mesence-
phalic explants but induced neurogenesis and prolifera-
tion, with is contrary to our present findings, albeit in a
totally different cell system (Gato et al., 2005). There are
known differences in early brain development between
birds, such as chickens, and mammals, such as rats or
humans, with the mesencephalon growing fastest in birds
and the forebrain growing fastest in mammals (Gato and
Desmond, 2009). Because the early brain development is
similar in rat and human (Gato and Desmond, 2009), we
think that the data presented on rat NSCs have clinical
relevance. Nevertheless, the results should be reproduced
for human NSCs in further studies. Owing to the fact

that embryonic CSF of human origin is hardly available
for research purposes, a direct comparison of human
embryonic and adult CSF with respect to their influen-
ces on NSC behavior is not possible, and whether
embryonic or adult human CSFs have different effects
on stem cell behavior remains unknown. An alternative
use of rat embryonic CSF is in our eyes not practicable,
because one can obtain only 5–15 ll CSF from one rat
embryo (Miyan et al., 2006), which means, together
with our need for about 50 ml for one set of experi-
ments, that hundreds of individuals would have had to
be sacrificed for sufficient amounts of CSF. This seemed
not only impracticable but also ethically not justifiable.
The use of human CSF of NPH patients seemed the
only practicable source of large enough amounts of CSF
with normal parameters in all measurable laboratory tests
(see Materials and Methods). The decision to use CSF of
NPH patients was also supported by the fact that hydro-
cephalic CSF of diseases with an elevated ventricular
CSF pressure and disturbed CSF circulation because of,
for example, cerebral aqueduct stenosis seems to alter the
development of the CNS in animal models (Mashayekhi
et al., 2002; Owen-Lynch et al., 2003). It is known that
lumbar CSF is distinct from ventricular CSF because of
passive diffusion processes across the blood–CSF barrier
and suggested active secretion processes (Miyan et al.,
2003) in the craniocaudal circulation. Thus, all CSF
effects described here can be attributed only to leptome-
ningeal CSF. Resolving whether ventricular CSF has the
same effects on NSC behavior is so far elusive. The use
of CSF from ventricular drainage, however, is unfortu-
nately problematic. First, ventricular drainages are
brought into action in ill organisms with obstructed CSF
circulation (for example, cerebral aqueduct stenosis) or
other reasons for elevated brain pressure with defective
blood–brain and blood–CSF barrier (for example, after
major stroke or after intracerebral bleedings or inoper-
able brain tumors), so the goal of using healthy, normal
CSF would be contradicted. Second, CSF from ventric-
ular drainages often has blood contamination and is often
altered by inflammatory processes and therefore cannot
be used for the examination of effects of healthy CSF.

In summary, our results demonstrate that adult
human leptomeningeal CSF has a trophic influence on
fetal NSCs. Survival, neurite outgrowth, and differentia-
tion primarily to astroglia were promoted by CSF,
whereas neurogenesis and oligodengrogenesis were
inhibited. An attachment of injected NSCs to the ventri-
cle wall, where they were injected, has been reported
from previous studies (Wu et al., 2002a; Habisch et al.,
2007). The rapid differentiation of NSCs and the accel-
erated loss of stem cell potential that we found may
impede sufficient migration into the CNS. Which factors
in CSF lead to the observed differences in NSC behav-
ior in comparison with differentiation in standard culture
media is so far unclear, but differences in albumin con-
tent can be excluded, insofar as the used P4-8F medium
has an albumin content matching physiological condi-
tions of healthy adult CSF (see Materials and Methods).
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One potential factor mediating the CSF effects seen is
bone morphogenic proteins (BMPs), some of which are
known to be present at least in bovine CSF (Dattatreya-
murty et al., 2001; Moon et al., 2009). Cotreatment of
our cultures with the BMP antagonist noggin reversed
some of the CSF effects completely (mainly cell survival
during expansion and differentiation, neurite branching)
but did not influence CSF action on self-renewing
potential as measured by BrdU staining. We therefore
conclude that BMPs may well be part of the factors in
CSF influencing NSC behavior at least in our in vitro
system, but other as yet unknown factors have to play
an additional role. Future experiments determining
which contents in adult CSF influence the behavior of
NSCs and investigating possibilities to influence the dif-
ferentiation behavior of NSCs in CSF are needed. In
addition, further studies on the influence of CSF from
the diseased CNS (for example, from stroke patients,
Parkinson’s disease patients) on NSCs are warranted to
make their transplantation via CSF a real therapeutic
option for patients with neurodegenerative disorders.
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Abstract

Background: Neural stem cells (NSCs) are a promising source for cell replacement therapies for neurological
diseases. Growing evidence suggests an important role of cerebrospinal fluid (CSF) not only on neuroectodermal
cells during brain development but also on the survival, proliferation and fate specification of NSCs in the adult
brain. Existing in vitro studies focused on embryonic cell lines and embryonic CSF. We therefore studied the effects
of adult human leptomeningeal CSF on the behaviour of adult human NSCs (ahNSCs).

Results: Adult CSF increased the survival rate of adult human NSCs compared to standard serum free culture
media during both stem cell maintenance and differentiation. The presence of CSF promoted differentiation of
NSCs leading to a faster loss of their self-renewal capacity as it is measured by the proliferation markers Ki67 and
BrdU and stronger cell extension outgrowth with longer and more cell extensions per cell. After differentiation in
CSF, we found a larger number of GFAP+ astroglial cells compared to differentiation in standard culture media and
a lower number of b-tubulin III+ neuronal cells.

Conclusions: Our data demonstrate that adult human leptomeningeal CSF creates a beneficial environment for
the survival and differentiation of adult human NSCs. Adult CSF is in vitro a strong glial differentiation stimulus and
leads to a rapid loss of stem cell potential.

Background
Neural stem cells (NSCs) are a promising source for cell
replacement therapies in the brain and the spinal cord
[1]. It is common knowledge that NSCs can be extracted
from fetal brain [2-4] or generated from embryonic stem
cells [2,5-8]. Furthermore, NSCs can also be isolated
from different regions of the adult brain such as the hip-
pocampus and the subventricular zone and from some
non-neurogenic regions such as the spinal cord
[2,3,9-13] or the periventricular regions of the whole
neuroaxis [14]. NSCs are able to replicate and generate
all neuroectodermal lineages, namely neurons, astroglia
and oligodendroglia [2,3,15]. During in vitro expansion,

NSCs grow in so-called “neurospheres” or adherent cul-
tures. Neurospheres are either multicellular aggregates
or clones originating from one single cell depending on
the cell density [3,9,11,15]. In previous studies, the isola-
tion and successful long-term expansion of human
NSCs from the adult hippocampus, the adult olfactory
bulb and adult post-mortem tissues have been reported
[16-20]. In these studies, ahNSCs have successfully been
expanded for more than 30 population doublings using
serum-free culture medium which is normally supple-
mented with the mitogenes epidermal growth factor
(EGF) and fibroblast growth factor 2 (FGF-2). Removal
of the mitogenes leads to spontaneous differentiation of
adult NSCs into neurons, astroglia and oligondendroglia
[16-20].
Investigations examining the influence of CSF and its

contents on survival, proliferation and differentiation of
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NSCs were so far mostly performed with embryonic
avian CSF [21-23]. In these investigations, NSCs cul-
tured in CSF showed an increased survival rate and a
higher number of BrdU positive, DNA synthesizing
nuclei, compared to standard culture media. In addition
a larger number of beta-tubulin III+, immature neurons,
has been detected compared to standard culture media,
indicating a positive influence of embryonic avian CSF
on neurogenesis. As there are well known differences
between avian and mammalian CSF [24] with a much
greater complexity of mammalian CSF, the transferabil-
ity of these results to human conditions is not yet clear.
Also, they might be a difference in between effects of
adult CSF on NSCs and embryonic CSF effects. Still,
this is not yet investigated, even though it has been sug-
gested that CSF plays an important role not only during
brain development but also for the survival, proliferation
and differentiation of neuroectodermal stem cells in vivo
[21-23,25-27]. In this present study we therefore used
an in vitro cell system of adult human NSCs in culture
as a model to investigate the effects of adult human CSF
on NSC behaviour.

Results
CSF increases the survival rate of adult human NSCs
After in vitro expansion for at least three passages in
standard media, NSCs were transferred to uncoated
chamber slides and expanded in standard expansion
medium or CSF for additional 72 h. Thereafter, cells
were stained with Hoechst 33342 and propidiumiodid to
determine the amount of necrotic cells. Our results
showed a significantly higher survival rate of NSCs in
CSF compared to standard expansion medium (see
Materials and Methods) with 6.9 ± 1.9% of necrotic cells
in CSF versus 46.0 ± 12.9% in expansion medium (P =
0.013; Fig. 1). Addition of the bone morphogenic protein
(BMP) inhibitor Noggin did not significantly increase
cell death rates compared to CSF without Noggin (5.2 ±
2.4% of necrotic cells, P = 0.54; Fig. 1). Similar results
were obtained during in vitro differentiation with signifi-
cantly higher survival rates in CSF compared to stan-
dard differentiation media: After 24 h in P4-8F media,
20.3 ± 2.6% of NSCs were found necrotic versus 10.1 ±
2.9% in CSF (P = 0.021). After 72 h, the proportion was
22.7 ± 7.5% versus 6.5 ± 0.8% for standard media versus
CSF, respectively (P = 0.038; Fig. 2). Again, addition of
Noggin to CSF had no significant influence on the cell
death rate during differentiation for the first 24 h (2.4 ±
1.5% of necrotic cells, P = 0.09 when compared CSF
with CSF plus Noggin condition; Fig. 2).

CSF inhibits proliferation of adult human NSCs
To determine the influence of adult human leptomenin-
geal CSF on self-renewal potential of adult NSCs, we

used the proliferation markers Ki67 and BrdU as read-
outs. For this, after in vitro expansion of at least three
passages, cells were transferred to uncoated chamber
slides and expanded in culture medium or CSF. The self
renewing potential was determined at 24 h (Ki67) and
72 h (BrdU) after media was changed. At each time
point, the percentage of Ki67+ and BrdU+ NSCs was sig-
nificantly higher in expansion medium compared to the
one in CSF, representing a larger number of proliferat-
ing cells in expansion media. Hence, after 24 h Ki67 was
detected in 20.4 ± 7.3% of NSCs expanded in standard
medium compared to only 0.2 ± 0.01% of NSCs
expanded in CSF (P = < 0.001; Fig. 3). For BrdU, we
detected 42.8 ± 15.7 BrdU+ cells/cm2 in KO-DMEM,
but only 2.4 ± 2.8 BrdU+ cells/cm2 in CSF (P = 0.023,
Fig. 3).

CSF increases extension outgrowth velocity from adult
human NSCs
We used the time course of extension outgrowth as a
first measure of the differentiation process of NSCs in
culture. Thus, following expansion for at least three pas-
sages in vitro NSCs were allowed to differentiate. Cells
were plated onto PLL-coated chamber slides in either
differentiation media or CSF. For investigating extension
outgrowth, number and length of extensions were deter-
mined at 0, 3, 6, 24 and 72 h after starting the differen-
tiation process. Comparing results in P4-8F and CSF, we
found significantly longer and a significantly more cell
extensions per cell in CSF. After 24 and 72 h the differ-
ence was significant as NSC neurites getting twice as
long in CSF (mean length: 14.5 ± 2.6 and 33.2 ± 1.4 !m
after 24 and 72 h, respectively) as in P4-8F (mean
length: 7.7 ± 0.9 and 10.6 ± 3.2; P = 0.024 [24 h] and
0.001 [72 h]; Fig. 4). Significant more cell extensions
were determined in CSF for the time points 6 h, 24 h
and 72 h with an average number of 1.3 ± 0.0 cell
extensions in CSF after 6 h compared to 1.2 ± 0.1 neuri-
tis in P4-8F. After 24 h, the mean number of cell exten-
sions was 1.5 ± 0.1 in CSF versus 1.2 ± 0.1 in P48F and
after 72 hours cells had at an average of 2.0 ± 0.1 cell
extensions in CSF compared to 1.5 ± 0.1 in P4-8F
respectively.(P = 0.001, 0.008 and 0.005, respectively;
Fig. 4).

CSF facilitates astrogliogenesis but inhibits neurogenesis
from adult human NSCs
To investigate the question whether the presence of
adult human leptomeningeal CSF does have an influence
on astrogliogenesis, oligodendrogenesis or neurogenesis,
adult NSCs were allowed to differentiate for 7 days on
PLL-coated chamber slides in either standard differen-
tiation media or CSF. After differentiation in standard
media, 24.7 ± 1.7% of the cells were GFAP+, in contrast
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to 37.8 ± 7.8 GFAP+ cells in CSF (P = 0.014; Fig. 5). The
values for GalC+ oligodendroglial cells and MAP2+ neu-
rons were 8.2 ± 2.6% GalC+ and 0.2 ± 1.7 MAP2+ cells
in standard media and 7.0 ± 1.5 GalC+ and 0.4 ± 0.6
MAP2+ cells in CSF (P > 0.05). The low percentage of
MAP2+ cells in standard media and CSF is most likely

caused by the lack of fully differentiated phenotypes, as
MAP2 represents a marker for mature neurons. Staining
against the neuronal marker protein b-tubulin III, a
marker for immature neurons, revealed 8.7 ± 3.6% b-
tubulin III+ cells in CSF compared to 30.7 ± 8.4 b-tubu-
lin III+ cells in standard media (P = 0.014).

Figure 1 Survival rate of human adult NSCs during expansion. A, The percentage of necrotic NSCs expanded in culture medium
supplemented with EGF and FGF-2 in comparison to CSF with or without 150 ng/ml Noggin was determined 72 hours after starting the
expansion process. Values represent the mean ± S.E.M from at least three independent experiments. * indicates P < 0.05 and ** P < 0.01
compared to each corresponding value in CSF. B, Representative microphotographs demonstrating the influence of CSF on survival rate of NSCs.
For immunostainings, dead cells were stained with propidiumiodid. Nuclei were counterstained with Hoechst 33342. The upper panel shows
NSCs expanded in CSF (left photograph) and CSF+Noggin (right photograph), the lower panel shows NSCs expanded in expansion media
supplemented with EGF and FGF. Scale bar = 50 !m.
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Figure 2 Survival rate of adult human NSCs during proliferation. A, The percentage of necrotic NSCs was determined at 24 and 72 hours
after differentiation on PLL-coated chamber slides in P4-8F or CSF with or without 150 ng/ml Noggin. Values represent the mean ± S.E.M from
at least three independent experiments. * indicates P < 0.05 and ** P < 0.01 compared to each corresponding value in CSF. B, Representative
microphotographs demonstrating the influence of CSF on the survival rate of NSCs. For immunostainings, dead cells were stained with
propidiumiodid. Nuclei were counterstained with Hoechst 33342. The upper panel shows NSCs differentiated in differentiation media P4-8F, the
middle panel shows NSCs differentiated in CSF, and the lower panel shows NSCs differentiated in CSF+Noggin. Scale bar = 50 !m.
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Figure 3 Investigation of cell proliferation in adult human NSCs during expansion. The portion of NSCs with potential to self renewal
expanded in culture medium supplemented with EGF and FGF-2 or CSF without additional growth factors was determined 24 and 72 hours
after medium change. A, Percentage of Ki67+ cells after 24 h, number of BrdU+ cells per cm2 after 72 h. Values represent the mean ± S.E.M from
at least three independent experiments. *indicates P < 0.05 and ** P < 0.01 compared to each corresponding value in CSF. B, Representative
microphotographs demonstrating the influence of CSF on proliferation markers in NSCs. For immunostainings cells were stained with anti-BrdU
(upper panel) and anti-Ki67 (lower panel) and anti-Nestin (upper and lower panel). Nuclei were counterstained with DAPI (lower panel). Altered
morphology of neurospheres with CSF treatment (right panel) is most likely due to the beginning differentiation process. Scale bar = 50 !m.
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Figure 4 Cell extension outgrowth in adult human NSCs. A, Length of cell extensions (!m) after 1, 3, 6, 24, 72 hours of differentiation in P4-
8F or adult human CSF. B, Number of cell extensions at 1, 3, 6, 24, 72 hours of differentiation in P4-8F or human adult CSF. A and B, Values
represent the mean ± S.E.M from at least three independent experiments. * indicates P < 0.05 compared to each corresponding value in CSF.
C, Representative microphotographs showing cell morphology after 1, 3, 6, 24, 72 hours of differentiation in CSF. Scale bar = 50 !m.
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Figure 5 Neurogenesis and gliogenesis from adult human NSCs. A, The percentage of GFAP+, MAP2ab+, b-tubulin III and GALC+ cells after
differentiation for 10 to 14 days in KO/DMEM or CSF. Results are mean values ± S.E.M from at least three independent experiments. * indicates
P < 0.05 compared to each corresponding value in CSF. B, Representative microphotographs demonstrating the effects of CSF on neuronal and
glial differentiation of ahNSCs 10 to 14 days after initiation of the differentiation process. Cells were stained with anti-GFAP, anti-b-tubulin III and
anti-GALC. Nuclei were counterstained with DAPI. Scale bar = 50 !m.
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Discussion
There is growing evidence that CSF plays an important
role in physiological as well as pathophysiological pro-
cesses of the brain including adult neurogenesis
[28-30]. In a very recent study of our group, we found
adult human leptomeningeal CSF being a promotor of
survival, differentiation and astrogliogenesis of fetal
NSCs from rat [31]. The influence of CSF on adult
NSCs remains however still enigmatic. In this study we
therefore used human adult NSCs as an in vitro model
to study the effects of adult leptomeningeal CSF on
NSC behaviour including survival, self renewal and dif-
ferentiation. The central finding of our study is that in
vitro, adult CSF promotes survival and differentiation
of ahNSCs, but drives the differentiation process
towards astrogliogenesis. In accordance with these
findings, the loss of stem cell potential is accelerated
when cultured in adult CSF. These findings suggest
that adult CSF contains key factors involved in the
control of cellular proliferation and differentiation pro-
cesses. This assumption is supported by in vivo find-
ings, demonstrating that adult NSCs of the
subventricular zone have transitory contact with the
ventricular brain cavity and many of them still posses
one microcilia which extends into the CSF [32-35]. In
addition, it is known from previous studies [21-23]
that embryonic CSF has a trophic influence on survival
and differentiation of NSCs. However, the loss of stem
cell potential is decelerated, which is contradictory to
our findings in adult CSF and may explain the abun-
dance of post-mitotic cells in adult CNS.
Based on the knowledge of embryonic CSF studies, it

has already been postulated that diffusible factors in
embryonic CSF regulate the three basic cellular beha-
vioural parameters of neuroephitelial stem cells and that
embryonic CSF may play a key role in brain develop-
ment in vivo [23].
However, how CSF influences neuroectodermal cells

during development remains enigmatic, but the compo-
nents contained in CSF as well as CSF pressure and flow
seem to play an important role [26,36]. Regarding the
components of CSF influencing neuroectodermal cell
behaviour, recent investigations concentrated mainly on
proteins, “membranous particles” and amino acids but
also on growth factors such as FGF2 [21,24,25,36,37]. In
avian and human CSF, many proteins with a known
influence on cell survival, neural and glial differentiation,
proliferation and signal transduction were found (such as
transthyretin, serin, retinol binding protein, heparan sul-
fate, several apolipoproteins, and FGF2) [22,24,25].
Although it has also been demonstrated that the protein
composition of embryonic CSF is more complex than
that of adult CSF [22], our results indicate that adult CSF

has the capacity to influence the behaviour of adult NSCs
in the adult brain, too.
CSF as a beneficial environment for cell survival and

growth has also been postulated by in vivo studies,
investigating for example the behaviour of fetal NSCs
after injection in the fourth ventricle of spinal cord
lesioned rats with a good survival of grafted cells within
the CSF [38,39], as well as in a recent in vitro study of
our own group with fetal rat NSCs [31]. In the present
study, CSF had a general stimulating effect demon-
strated by the faster loss of self-renewing capacity and
stronger cell extension outgrowth. Adult hNSCs differ-
entiated predominantly into astrocytes (38% in CSF,
25% in standard media) when treated with CSF and to a
lower extend into oligodendrocytes and neurons. After
differentiation for 7 days, we found 9% of the cells to be
b-tubulin+ in CSF. In standard culture media, 31% of
the cells were b-tubulin III+. Therefore, our data
strongly suggest inhibitory effects of CSF on neurogen-
esis of ahNSCs, but promoting effects on astroliogenesis.
Possible factors in CSF influencing differentiation beha-
viour of NSCs are bone morphogenetic proteins
(BMPs): Monoclonal antibodies against BMP7 were for
example shown to inhibit CSF induced dendritic out-
growth of neurons. BMP4 was shown to induce neuro-
nal differentiation of NSCs by activating the ERK and
inhibiting the GSK3b pathway. Both described effects
could be blocked by Noggin, a BMP inhibitor [40,41].
These described effects of BMPs, do have an influence
on neuronal differentiation only in fetal NSCs from rat.
Until recently, it remained elusive whether these BMPs
may also play a role in the observed effects of adult
human CSF on astroglial differentiation, but we could
show that parts of the CSF mediated effects on fetal rat
NSCs could be blocked by Noggin[31]. BMPs thus seem
to be at least a part of the soluble factors in the CSF
influencing stem cell behaviour in fetal rat NSCs. How-
ever, in the present work, we could not find any inhibit-
ing effects of Noggin on CSF survival effects on adult
human NSCs. This raises the question whether BMPs
influence NSC behaviour only during ontogenesis and
therefore have no influence on NSCs derived from the
adult brain or whether BMPs might differential effects
in human and rat cell systems.
It is well accepted that lumbar CSF is different from

ventricular CSF because of both passive diffusion pro-
cesses across the blood-CSF-barrier and suggested active
secretion processes during the cranio-caudal circulation
[42]. Consistently, all herein described CSF effects can
only be attributed to leptomeningeal CSF. Whether ven-
tricular CSF has similar same effects on NSC behaviour
remains elusive. The use of CSF out of ventricular drai-
nages is however problematic, as ventricular drainages
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are used in patients with obstructed CSF circulation (for
example cerebral aqueduct stenosis) or other reasons of
elevated brain pressure with defect blood-brain- and
blood-CSF-barrier (for example after major stroke, after
intracerebral bleedings or inoperable brain tumours).
Furthermore, CSF out of ventricular drainages is often
contaminated by blood and altered by inflammatory
processes, which is why it cannot be used for the exami-
nation of healthy CSF effects.

Conclusions
Together, our results demonstrate that adult leptome-
ningeal CSF has a trophic influence on adult human
NSCs: survival and differentiation into astroglial cells
are promoted. Thus, our data point to a pivotal role of
CSF in regulating adult neurogenesis under physiological
and presumably also under pathological conditions as
suggested previously [28-30]. Future experiments are
warranted to determine which compounds within the
CSF, besides BMPs, might be responsible for the effects
on NPC behaviour. It also needs to be investigated
whether there are different CSF compounds influencing
the behaviour of NSCs originating from fetal or adult
brain. This might give us the opportunity to influence
resident NSCs of the SVZ to induce their proliferation
as well as to promote their migration to pathologically
altered brain regions.

Methods
Collection of adult human leptomeningeal CSF
The CSF samples were taken for diagnostic purpose
from adult patients in the Neurological Clinic of the
Ernst Moritz Arndt University of Greifswald by a lum-
bar puncture. Scientific use of CSF samples was
approved by the local Ethics Committee. All patients
gave a written informed consent for the diagnostic pro-
cedure. Lumbar puncture was performed by standard
protocols. The final diagnosis of all patients was Idio-
pathic Normal Pressure Hydrocephalus (NPH). CSF was
only used if all standard parameters were normal (cell
count, glucose-, lactate. and albumin-content, immuno-
globulin-quotient). Contamination with blood was
excluded. In all patients, tumors and infectious diseases
were excluded. Surplus CSF from diagnostic samples of
all patients was spun down to remove remaining cells,
pooled and analyzed to exclude non-sterility and pre-
sence of inflammatory markers. The pooled CSF was
normal in all standard parameters; contamination with
blood was excluded once again. The exact parameters
were as follows: Cell count <1/!l, no blood contamina-
tion, normal protein of 369 mg/l, normal glucose of 3.6
mmol/l, normal lactate of 2.0 mmol/l, normal ferritine
of 7.2 !g/l, normal albumin quotient of 5.0 ! 10-3, nor-
mal immunoglobulin quotients: IgG 2.1 ! 10-3, IgA

1.1 ! 10-3, IgM <0.2 ! 10-3. Pooled CSF samples were
aliquoted and frozen at -80° until used.

Isolation and propagation of adult human neural stem
cells (ahNSCs)
Adult human hippocampal tissue was obtained from
routine epilepsy surgery procedures (selective amygdalo-
hippocampectomia) following informed consent of the
patients. All procedures were in accordance with the
Helsinki convention and approved by the ethics com-
mittees at the EMA University of Greifswald (III UV 77/
06) and at Dresden University of Technology
(EK47032006). The tissue was stored in ice-cold Hank’s
balanced salt solution (HBSS) supplemented with 11
mM glucose and 1% penicillin/streptomycin. In all
patients, tumours and infectious diseases were excluded
by means of high-resolution magnetic resonance ima-
ging and screening for inflammatory markers. Addition-
ally, neuropathological tissue examination did not reveal
evidence for tumour formation. For expansion of neuro-
spheres, tissue samples were dissociated using trypsin,
DNase and mechanical trituration similar as described
previously [19]. Several media and supplements were
tested like DMEM, DMEM/F12, Neurobasal (all from
Gibco), P4-8F (Athena) with and without N2 or B27
supplements (Gibco) and growth factors. Best results
concerning especially the amount of primary neuro-
spheres per dissected hippocampal tissue and the early
passage propagation was achieved by Knock-Out
DMEM medium, supplemented with 10% KO supple-
ment; 0.5 mM glutamine; 1% penicillin/streptomycin (all
from Gibco) and 20 ng/ml both EGF and FGF-2 (from
Sigma-Aldrich)(KO/DMEM). Therefore this medium
was chosen as control expansion medium. Cultures
were incubated at 37°C in a humidified atmosphere and
lowered O2 conditions of 5% CO2, 92% N2 and 3 ± 2%
O2. Fresh medium was added once a week, growth
factors twice a week. For BrdU labelling, cells were incu-
bated with 10 !m BrdU for 72 h. For immunocytochem-
istry studies of neurospheres, these were allowed to
attach for 2-4 h before been fixed as described below.

Differentiation conditions
Cells were differentiated by plating them onto poly-L-
lysine-coated chamber slides or 6-well-plates in P4-8F
(standard differentiation media; from AthenaES, Balti-
more, MD, USA, the albumin-content of P4-8F of
250 !g/ml matches the normal albumin content of
healthy adult lumbar CSF, the glucose content of P4-8F
is in a physiological concentration of 7 mmol/l) or in
CSF without adding any growth factors. Some of the dif-
ferentiation experiments were conducted in the presence
of 150 ng/ml recombinant Noggin (R&D System, Min-
neapolis, MN). For studying cell survival, proliferation

Buddensiek et al. BMC Neuroscience 2010, 11:48
http://www.biomedcentral.com/1471-2202/11/48

Page 9 of 11



and neurite outgrowth cells were allowed to differentiate
for up to 72 hours, for investigating cell fate decisions
for up to 7 days respectively. Half of the media was
changed every third day. For investigating cell morphol-
ogy, survival rate and marker expression by immunocy-
tochemistry, the cultures were fixed from 0 h up to 72 h
and 14 days after starting the differentiation process.

Immunostainings
For immunocytochemistry, cell cultures were fixed in
4% paraformaldehyde in PBS or with 4% paraformalde-
hyde/PBS followed by ice-cold acidic ethanol and 2N
HCL for BrdU staining. Immuncytochemistry was car-
ried out using standard protocols. Cell nuclei were
counter stained with 4,6-diamidino-2-phenylindole
(DAPI). To determine the self renewing potential of
NPCs, Ki67 expression and BrdU incorporation were
used. Ki67 is detected in the nucleus of proliferating
cells in all active phases of the cell cycle from the late
G1 phase though the M-phase [43,44]. BrdU marks
cells within the S-phase of the cell cycle [45]. Antibo-
dies and dilutions were as follows: rabbit anti-glial fibril-
lary acidic protein (GFAP) polyclonal 1:1000 (Chemicon
International, Temecula, CA, USA), mouse anti-micro-
tubuli associated protein (MAP2ab) monoclonal 1:100
(Pharmingen, San Diego, CA, USA), mouse anti-galacto-
cerebroside (GalC) monoclonal 1:500 (Chemicon), rab-
bit anti-b-tubulin III (Tuj1) monoclonal 1:1000
(Covance, Emeryville, CA, USA), rabbit anti-Ki67 poly-
clonal 1:500 (Berlin Chemie AG, Berlin, Germany),
mouse anti-BrdU 1:16 (Roche Applied Science, Man-
nheim, Germany) and secondary antibodies conjugated
to Alexa 488 and 594 1:500 (Gibco/Invitrogen, Carlsbad,
CA, USA).
For determining the survival rate during expansion

and differentiation, dead cells were stained with propi-
diumiodid (PI) 1:50 (Sigma Aldrich, St. Louis, USA), cell
nuclei were counter stained with Hoechst 33342 1:1000
(Sigma Aldrich, St. Louis, USA). Images were captured
using inverse fluorescence microscopes (DMIL and
DMI4000, Leica; Wetzlar, Germany).

Cell counts, measurements of neurites and statistics
For quantification of the percentage of cells expressing a
given marker, the number of positive cells of at least
five representative areas per experiment was determined
relative to the total number of DAPI/Hoechst-labelled
nuclei, or field of view in cm2 where appropriate. Neur-
ite lengths were measured with a semi-automatic dis-
tance measurement computer program (VisRoute®). In a
typical experiment, a total number of 500 to 1,000 cells
were counted per marker, and 500 to 1,000 neurites per
time point were measured. The mean values of ! 3
experiments for each condition are given together with

standard deviations. Statistical comparisons were made
by ANOVA with post-hoc t-test or Dunnett’s t-test
where appropriate. P-values < 0.05 were considered as
statistically significant.
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