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Abstract In 2003, human amniotic fluid has been shown

to contain stem cells expressing Oct-4, a marker for plu-

ripotency. This finding initiated a rapidly growing and very

promising new stem cell research field. Since then, amni-

otic fluid stem (AFS) cells have been demonstrated to

harbour the potential to differentiate into any of the three

germ layers and to form three-dimensional aggregates, so-

called embryoid bodies, known as the principal step in the

differentiation of pluripotent stem cells. Marker selection

and minimal dilution approaches allow the establishment

of monoclonal AFS cell lineages with high proliferation

potential. AFS cells have a lower risk for tumour devel-

opment and do not raise the ethical issues of embryonic

stem cells. Compared to induced pluripotent stem cells,

AFS cells do not need exogenic treatment to induce plu-

ripotency, are chromosomal stable and do not harbour the

epigenetic memory and accumulated somatic mutations of

specific differentiated source cells. Compared to adult stem

cells, AFS can be grown in larger quantities and show

higher differentiation potential. Accordingly, in the recent

past, AFS became increasingly accepted as an optimal tool

for basic research and probably also for specific cell-based

therapies. Here, we review the current knowledge on the

neurogenic differentiation potential of AFS cells.
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Introduction

The first suggestion of human amniotic fluid as a new and

potent putative source for human stem cells was published

in 2002 (Prusa and Hengstschläger 2002). At this time,

before the discovery of induced pluripotent stem (iPS)

cells, it was argued that compared to ES cells the differ-

entiation potential and the proliferative capacity of adult

stem cells are limited, whereas they do not raise ethical

concerns and harbour a lower risk of tumour development.

Accordingly, different studies and approaches were initi-

ated with an aim to identify other sources for stem cells

with high differentiation potential. These efforts led to the

discovery of AFS cells and iPS cells (reviewed in Siegel

et al. 2008; Pappa and Anagnou 2009; Dobreva et al. 2010;

Mattis and Svendsen 2011).

Amniotic fluid cells were widely used in routine genetic

prenatal diagnosis although the knowledge about cell types

and their properties was very limited. In 2003, first evi-

dence for stem cells in human amniotic fluid was provided.

It was demonstrated that in the background of other cells

within human amniotic fluid a distinct highly proliferative

stem cell type is viable expressing the pluripotent stem cell

marker Oct-4 (Prusa et al. 2003a). It was fascinating to see

how fast and progressively growing this new promising

stem cell research field was since this first description. On

the one hand, several independent publications immedi-

ately confirmed the finding of Oct-4-positive stem cells in

amniotic fluid (Tsai et al. 2004; Karlmark et al. 2005;

Bossolasco et al. 2006; Kim et al. 2007; De Coppi et al.

2007 and many reports thereafter). On the other hand,

besides neurogenic differentiation (for a detailed discus-

sion see below), stem cells within amniotic fluid have been

demonstrated to harbour the potential to differentiate into

osteogenic, chondrogenic, adipogenic, hepatic, myogenic,

M. Rosner � M. Mikula � A. Preitschopf � M. Feichtinger �
K. Schipany � M. Hengstschläger (&)
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renal, and hematopoietic lineages (In ’t Anker et al. 2003;

Tsai et al. 2004; Bossolasco et al. 2006; Kim et al. 2007;

Kolambkar et al. 2007; De Coppi et al. 2007; Perin et al.

2007, 2010; Siegel et al. 2009, 2010; Ditadi et al. 2009;

Hauser et al. 2010).

Pluripotency of AFS cells

When native unselected cell mixtures, such as amniotic

fluid cell samples, are analysed for their differentiation

potential, it is important to keep in mind that the in vitro

differentiation procedure could rather reflect a selection of

a cell type, which was already part of the original sample,

than the development of an undifferentiated stem cell into a

specific lineage. Accordingly, to prove that amniotic fluid

samples indeed contain pluripotent stem cells, it was

essential to show that starting from one single stem cell

differentiation into different cell lineages can be induced.

For AFS cells, this was proven in three steps.

In 2006, Tsai and colleagues performed minimal dilu-

tion experiments to a single cell level, without prior marker

selection. The so obtained clonal human AFS cell lines

expressed the stem cell markers NANOG and Oct-4 and

could efficiently be cultivated in vitro. Most importantly,

these colleagues demonstrated that starting from one single

AFS cell adipogenic, osteogenic, and neurogenic differ-

entiations could be induced (Tsai et al. 2006).

In 2007, Atala’s group performed immunoselection

experiments to isolate CD117 (c-Kit)-positive human AFS

cells. The so obtained clonal lines were Oct-4 positive and

could be expanded in culture as stable lines with high

proliferative capacity. Unlike embryonic stem cells, these

AFS cells did not induce tumour formation in severe

combined immunodeficient mice. Using marking of the

cells via retroviral vector integration, the authors demon-

strated that descending from a single cell, differentiation

along six distinct lineages (adipogenic, osteogenic, myo-

genic, endothelial, neurogenic, and hepatic) could be

induced (De Coppi et al. 2007).

Pluripotency in ES cells is also proven by their ability to

form embryoid bodies. ES cells, when cultured without

anti-differentiation factors under conditions in which they

are unable to attach to the surface of culture dishes and

without contact to feeder cells, can spontaneously form

such three-dimensional multicellular aggregates. In 2010, it

was reported that starting from a single human CD117-

selected and Oct-4-positive AFS cell, embryoid bodies can

be formed. This formation is accompanied by a decrease of

stem cell marker expression and by the induction of dif-

ferentiation into different lineages. This potential to form

embryoid bodies is the ultimate proof of AFS cells to be

pluripotent and now allows the recapitulation and

investigation of the three-dimensional structure and tissue

level contexts of many differentiation phenomenons (Valli

et al. 2010).

Neurogenic differentiation of AFS cells

The usage of stem cells is a promising strategy for the

treatment of neurodegenerative disorders and central ner-

vous system injuries. Neuronal cells for therapy can be

obtained via differentiation of ES cells, with the disad-

vantages of high tumour risk and ethical controversies, or

of iPS cells, after exogenic induction of pluripotency. The

latter are likely harbouring epigenetic memory and somatic

mutations of the source cells. The subventricular zone and

the hippocampus are examples of adult regions of the brain

containing adult neuronal stem cells. However, these

sources have an ethical limitation as well as a low prolif-

eration capacity (reviewed in Koch et al. 2009; Mattis and

Svendsen 2011). Accordingly, it is of great interest to

investigate the putative neurogenic potential of AFS cells.

First evidence that amniotic fluid contains cells har-

bouring the potential of neurogenic differentiation was

provided in 2004. Using a specific DMSO-containing low-

serum differentiation medium, it was possible to induce

neurogenic differentiation (proven by the detection of the

typical morphological cell appearance and the induction of

a variety of different neuronal and oligodendrocyte-specific

markers) in many independent native human amniotic fluid

cell samples (Prusa et al. 2004). Another study used a low

serum medium with b-mercaptoethanol and basic fibroblast

growth factor (FGF) and detected neurogenic differentia-

tion of amniotic fluid cells via the analyses of morpho-

logical changes and the induction of class III b-tubulin

(Tsai et al. 2004). Neurogenic differentiation of amniotic

fluid cells detected by the induction of Neu N expression

was also triggered with a combination of DMSO, basic

FGF, and EGF. Interestingly, these authors studied amni-

otic fluid at time of birth rather than obtained from

amniocenteses (Kim et al. 2007).

The first demonstration of neurogenic differentiation of

AFS cells isolated at the single-cell level was published in

2006. Upon dopaminergic induction, extracts of these

clonal AFS cells even showed evidence of dopamine

release (Tsai et al. 2006). Monoclonal CD117?/Oct-4?

AFS cells were induced to differentiate upon the neuro-

genic lineage as proven by specific marker expression,

morphology changes, detecting a barium-sensitive potas-

sium channel via voltage clamping of individual cells, and

by the study of neurotransmitter L-glutamate secretion.

Although this is an impressive demonstration of the neu-

rogenic/neuroectodermal differentiation potential of AFS

cells, the authors note that additional work will be
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necessary to prove that AFS cells are able to form mature

neurons (De Coppi et al. 2007; Toselli et al. 2008).

To the best of our knowledge, the proof that AFS cells

can differentiate to mature fully functional neurons is still

missing in the literature. So far, neurogenic differentiation

of AFS cells has been demonstrated in mouse, pig, and

human (Mareschi et al. 2009; Phermthai et al. 2010;

Jezierski et al. 2010; Zheng et al. 2010). It has been sug-

gested that the efficiency of neurogenic differentiation

depends on extracellular growth factors (Orciani et al.

2008, 2011). Human AFS cells express neuronal charac-

teristics upon adenoviral transformation (Arnhold et al.

2008), and murine AFS cells maintain neurogenic differ-

entiation potential upon baculovirus transduction (Liu et al.

2009). However, until now no report has detailedly

checked whether mature neurons can be developed from

AFS cells. Even the question whether dopaminergic neu-

rogenic differentiation can be induced is a matter of dis-

cussion as data published are supporting this notion (Tsai

et al. 2006; Pfeiffer and McLaughlin 2010), and other

results provide evidence that human AFS cells do not

differentiate into dopaminergic neurons (Donaldson et al.

2009).

In vivo nerve regeneration

In parallel to the in vitro investigations described above,

several studies already analysed the potential of amniotic

fluid cells in peripheral nerve regeneration in vivo. In the

past, different approaches have been suggested to have

beneficial effects on peripheral nerve regeneration, such as

the administration of neurotrophic factors or electric field

applications. However, currently, the field focuses on cell

therapeutic approaches. Transplantation of ES cells and

adult stem cells, including neural stem cells and mesen-

chymal stem cells, have been demonstrated to exert bene-

ficial effects on peripheral nerve regeneration (Deumens

et al. 2010; Dong and Yi 2010; Mattis and Svendsen 2011).

One group has intensively studied the potential of

amniotic fluid cells for nerve regeneration using an injured

sciatic nerve rat model. The authors create a 5-mm nerve

defect by crushing the sciatic nerve using a vessel clamp.

To evaluate putative beneficial effects of transplantation of

amniotic fluid cells to the injured nerve, ankle kinematics,

sciatic function index, and electrophysiology studies were

performed. The authors reported that amniotic fluid cells

can augment the growth of the injured nerve across the

nerve gap and suggested this to be due to neurotrophic

factors secreted by the amniotic fluid cells or to interacting

effects with Schwann cells. They observed increased nerve

myelination and improved motor function upon amniotic

fluid cell transplantation (Pan et al. 2006, 2007, 2009;

Cheng et al. 2010). Although this is a very important

demonstration of a putative potential for nerve regeneration

found in amniotic fluid cell samples, two major aspects

must be clarified. Since the authors always used non-

selected mixtures of amniotic fluid cells, without prior

minimal dilution to a single-cell level, it remains to be

answered whether one (or more) specific differentiated cell

type already included in the native samples mediates these

effects or whether (stem) cell differentiation occurs. Sec-

ond, the underlying molecular mechanism of the observed

beneficial effects must be clarified, focusing on the ques-

tion whether the cells become part of the organic structure

or just release factors with supportive effects. The same is

true for a study showing that amniotic fluid cell trans-

plantation can reverse the behavioural deficits in mice

induced by ischaemic stroke (cerebral injury) (Rehni et al.

2007).

Besides these reports, in vivo data with amniotic fluid

cells are rare. To investigate whether transplanted mono-

clonal c-Kit?/Oct-4? human AFS cells can develop to

dopaminergic neurons, colleagues performed rat brain

implantation experiments. Integrated cells exhibited an

immature morphology, expressing markers of neural pro-

genitors and of neurons, but not of dopaminergic neurons,

and only survived for a short time period (Donaldson et al.

2009). It has also been shown that transplanted monoclonal

human c-Kit?/Oct-4? human AFS can be detected within

the choroid plexus and in close proximity to the ventricles

of mouse brains. Further studies are warranted to clarify

whether so transplanted cells really integrate and form

functional neurons (De Coppi et al. 2007; Toselli et al.

2008).

Different stem cell types in native amniotic fluid?

The vast majority of studies performed to analyse the dif-

ferentiation potential of monoclonal AFS cells were per-

formed with cells, which express Oct-4 and c-Kit (CD117).

These AFS cells were demonstrated to also be positive for

CD44, CD73, CD90, CD105, and CD166 and negative for

CD34, CD45, and CD133 (De Coppi et al. 2007; Siegel

et al. 2008). On the other hand, CD133-positive cells with

neurogenic differentiation potential have also been detec-

ted in human amniotic fluid (Prusa et al. 2004). These data

could lead to the speculation that more than one stem cell

type exist in human amniotic fluid. Considering the wide

spectrum of cells of different origins within human amni-

otic fluid, this assumption would not be surprising. Further

support for this notion comes from a recent report

describing a detailed analysis of the differentiation poten-

tial of the CD117-positive compared to the CD117-nega-

tive cells contained in human amniotic fluid. In spite of the
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CD117? cells with higher efficiency, both cell populations

harbour osteogenic and chondrogenic differentiation

potentials. Adipogenic potential was only found in the

CD117? population. Interestingly, the CD117- popula-

tions showed a higher neuronal differentiation potential

than the CD117? cells although the latter population

contains the Oct-4?/CD117? stem cell type analysed in

the majority of published reports using monoclonal AFS

cells (Arnhold et al. 2010). These data provide additional

evidence, supporting the theory of more than one stem cell

type in amniotic fluid.

Future perspectives: basic science and clinical

applications

In terms of basic research approaches, stem cells are optimal

models for the detailed investigation of cell differentiation

processes and their deregulation during disease develop-

ment. AFS cells obviously represent an intermediate stage

between embryonic stem cells and lineage-restricted adult

progenitor cells. They might have advantages over embry-

onic stem cells, such as a lower risk for tumour development

and no associated ethical concerns, as well as over adult stem

cells, such as the higher proliferation rate and the higher

differentiation potential. Especially for profound investiga-

tions of specific cell biological question, AFS cells might

even have advantages over iPS cells, such as chromosomal

stability, no need for exogenic induction of pluripotency, and

no memory of the epigenetic code and somatic mutations of

the source cells. The finding that clonal stem cell lines with

pluripotent differentiation potential can be derived from

human amniotic fluid and can be maintained in culture for

over 250 population doublings while they retain genome

stability raises possibilities for exciting new basic research

approaches (Siegel et al. 2007; Pappa and Anagnou 2009;

Dobreva et al. 2010; Mattis and Svendsen 2011). A major

aim for the future could be to establish a biobank of mono-

clonal AFS cell lines generated from a wide variety of

pregnancies with specific monogenetic diseases and chro-

mosomal aberrations. So obtained AFS cell lines could allow

the investigation of the consequences of naturally occurring

disease-causing mutations for the molecular regulation of

the different stem cell differentiation processes (Prusa et al.

2003b; Siegel et al. 2007). As the result of intensive and

detailed technical investigations, a straightforward, efficient

and highly reproducible protocol for siRNA-mediated long-

term knock-down of endogenous gene functions in AFS cells

has been published recently. This experimental innovation

now allows the detailed investigation of the role of endog-

enous gene products for the variety of AFS cell differentia-

tion processes (Rosner et al. 2010).

An important aspect that should be investigated in more

detail in future is the question of the origin of AFS cells.

Although the AFS cells were discovered 8 years ago and

many speculations have been published, the origin of AFS

cells is still as unclear as their in vivo function in amniotic

fluid (Siegel et al. 2007, 2008; Pappa and Anagnou 2009;

Dobreva et al. 2010).

The central nervous system comprises many cell types

with different functions and different potentials, some of

which might never survive when the cells are taken out of

their endogenous settings. In addition, differentiation pro-

tocols do not exist for the in vitro generation of all these

cell types. Furthermore, the methods for the induction of

neurogenic differentiation vary between laboratories,

including adherent monolayer cultures, stromal feeder

layer cultivation, or embryoid body formation (Mattis and

Svendsen 2011). With regard to the topic of this review, it

would be of great interest to find out what kind of neuro-

genic cell types can be developed from AFS cells. How-

ever, before that, it would be most important to clarify

whether AFS cells can differentiate into functional mature

neurons, which could be proven by the analysis of the

ability to fire tetrodotoxin-sensitive action potentials with

the characteristic shape and duration, or by the demon-

stration of synapses by electron microscopy (Toselli et al.

2008).

The development of new stem-based therapies for

heretofore incurable central nervous system pathologies,

such as Parkinson’s disease, spinal cord injury, multiple

sclerosis or brain stroke is of great interest. Neural stem

cells, which could be investigated for this purpose, can be

found in the adult central nervous system and in the

developing embryo, but these tissues are not easy available

and raise ethical concerns (Deumens et al. 2010; Dong and

Yi 2010; Mattis and Svendsen 2011). Currently, AFS cells

become increasingly accepted as a new powerful tool for

cell therapeutic approaches. In future, AFS cells could

probably indeed provide a new source for the development

of new approaches for stem cell therapies and tissue

engineering. However, as already mentioned above, with

respect to the topic of this review, the proof that AFS really

can form mature neurons is essential before further project

into the direction of clinical applications can be considered.

An interesting idea at least for the future will also be to

biobank AFS cells from amniocentesis, with and without

diagnosed genetic aberrations, for both basic research and

translational medicine approaches (Siegel et al. 2008;

Pappa and Anagnou 2009; Dobreva et al. 2010; Antonucci

et al. 2010).
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M (2010) Efficient siRNA-mediated prolonged gene silencing in

human amniotic fluid stem cells. Nat Protoc 5:1081–1095

Siegel N, Rosner M, Hanneder M, Valli A, Hengstschläger M (2007)
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