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Abstract
Adult hippocampal stem/progenitor cells (AHPs) continuously give rise to new neurons throughout
life, which might be an important determinant of hippocampus-dependent function. Strikingly, the
fate potential of AHPs is not restricted to the neuronal lineage because AHPs can be genetically
induced to generate oligodendrocytes within their in vivo niche by AHP-specific ectopic expression
of the basic-helix-loop-helix (bHLH) transcription factor achaete-scute complex-like 1 (ASCL1).
Fate plasticity of AHPs is controlled by cell-autonomous and also niche-dependent mechanisms.
Here, we discuss the biological importance and potential therapeutic applications of retained fate
plasticity of AHPs in the adult mammalian brain in addition to the future scientific inquiries indicated
by this finding.

Stem/progenitor cells in the adult hippocampus
Adult hippocampal stem/progenitor cells (AHPs) persist in the adult hippocampus and generate
newborn cells throughout life [1]. The finding that neurogenesis occurs through the entire
lifespan strongly influenced current concepts of hippocampal connectivity and hippocampus-
dependent function [2]. Furthermore, discovery of the existence of AHPs in the adult
hippocampus opened the possibility of AHP-mediated endogenous repair in neuro-psychiatric
disease [3]. AHPs express a distinct set of stem-cell-associated proteins and are located in the
sub-granular zone of the dentate gyrus [4]. The vast majority of cells that are born in the adult
hippocampus are excitatory granule cells, the principle neuronal type of the dentate gyrus [5].
The number of newborn granule cells is not static but, rather, dynamically regulated by a variety
of physiologic and pathologic stimuli [2]. Notably, alterations in hippocampal neurogenesis
have been associated with several diseases, such as major depression, epilepsy and age-
dependent cognitive decline, that affect hippocampal structure and/or function [6–8]. Although
isolated AHPs retain the capability to generate all three neural lineages in the culture dish and
thus show multipotency in vitro [9], the fate of newborn cells in vivo is largely restricted to the
neuronal lineage. However, AHPs can be pushed toward the glial lineage and become capable
of generating oligodendrocytes within their in vivo niche through overexpression of a single
transcription factor, achaete-scute complex-like 1 (ASCL1; also named MASH1) [10] (Figures
1 and 2). We discuss the biological importance of directed fate specification, its implications
for stem-cell diversity and potential therapeutic applications based on the fate plasticity of adult
neural stem cells.
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Directed differentiation of AHPs in vivo
Several laboratories successfully isolated dividing precursors from the adult rodent and human
hippocampus [9,11–13]. Isolated cells can self-renew and differentiate into all three neural
lineages within the culture dish providing in vitro evidence that they are neural stem cells.
However, most culture conditions use media that are supplemented with high amounts of
growth factors that can substantially alter the cellular properties of isolated cells compared
with their behavior in their natural environment within the brain [14]. Despite recent data that
indicate self-renewal of AHPs in vivo [15], definite proof of self-renewal and multipotency is
still missing because appropriate experimental strategies, such as serial transplantation of
isolated AHPs or longitudinal observation of dividing cells within their endogenous niche,
have not yet been published. An indirect approach to test the potency of AHPs within the adult
brain is to alter the fate of AHP progeny. With this is mind, we cell-type-specifically challenged
AHPs with a battery of transcription factors that are crucially involved in cellular differentiation
programs during embryonic development. Strikingly, overexpression of Ascl1 redirected the
fate of AHP-generated cells from a neuronal to an oligodendrocytic lineage [10]. ASCL1-
induced oligodendrocytes matured and seemed to participate in myelination of axonal
processes. However, further experiments are needed to prove myelination in vivo at a single-
cell level, which is technically challenging (Figure 1). Notably, our experiments showed that
AHPs retained the ability to change their fate upon expression of a master regulatory gene.
This finding might not be surprising given the fact that AHPs behave as stem cells in the culture
dish; the unexpected observation, however, is that the niche of the adult dentate gyrus
apparently provides sufficient cues to support maturation of a neural cell type
(oligodendrocytes) that is not generated under normal conditions in the adult hippocampus.

Directed differentiation of AHPs: in vivo reprogramming?
Ascl1 is a basic-helix-loop-helix (bHLH) transcription factor that has been previously
implicated in both the generation of GABAergic interneurons and oligodendrocytes[16,17].
Notably, Ascl1 seems to be dispensable for the generation of dentate gyrus granule cells, at
least during embryonic development [18]. As outlined earlier, ASCL1 converts the fate of AHP
progeny from neurogenic to oligodendrogenic when expressed in AHPs. A series of recent
studies showed that somatic cells can be reprogrammed to a pluripotent, embryonic stem-cell-
like state with the expression of only four transcription factors [19–21]. Reprogramming with
these four transcription factors is certainly an extreme example of fate plasticity, with each of
the factors leading to a specific cellular response that, when combined, results in an
undifferentiated, embryonic stem cell-like state of transduced cells [22]. In this context,
Ascl1-mediated fate direction of AHPs could be interpreted as in vivo reprogramming, which
has also been recently shown for adult pancreatic exocrine cells into β-cells [23]. In fact, there
is no strict definition of what ‘reprogramming’ actually means, for example, to which
undifferentiated state a cell has to revert. By definition, AHPs are rather undifferentiated and
express stem-cell-associated genes such as SRY (sex determining region Y)-box 2 (Sox2) and
Nestin. Therefore, it is currently not possible to judge if AHPs de-differentiate to a less
restricted state before they switch to an oligogenic fate or if Ascl1 initiates the differentiation
program toward the oligodendrocytic lineage without affecting the ‘initial’ differentiation state
of transduced AHPs. Profiling of the epigenetic state of ‘normal’ AHPs versus Ascl1-induced
cells might help to solve this question [24]. However, these experiments are extremely
challenging experimentally now because the number of available tissue is rate limiting for these
types of experiments.

Jessberger and Gage Page 2

Trends Pharmacol Sci. Author manuscript; available in PMC 2009 September 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Context-dependent effects of ASCL1
The effect of viral-mediated Ascl1 expression in AHPs revealed a striking context dependency:
AHPs that were cultured in vitro differentiated into neurons upon Ascl1-induction instead of
adopting an oligodendrocytic fate [10] (Figure 2). The distinct response of AHPs in vitro versus
in vivo indicates that ASCL1 functions in association with other factors or transduction
pathways that are altered by removing the cells from their endogenous niche. The context-
dependent effect of ASCL1 could be due either to: (i) factors expressed by neighboring cells
within the dentate gyrus whose signals are lost after AHP isolation or (ii) alterations of cellular
properties owing to growth-factor exposure and single-cell dissociation under in vitro
conditions [25]. The identification of factors that influence the state of AHPs is crucial to
understanding the effects of ASCL1 under normal conditions, in which AHPs generate neurons.
In addition, it will be important to discover the molecular mechanisms that make the dentate
gyrus neurogenic, in contrast to other regions such as the substantia nigra or spinal cord that
contain cells with stem-cell characteristics (e.g. showing self-renewal and multipotency) when
grown in the culture dish, even though no new neurons are generated in these areas under
normal conditions [26–29].

The effect of ASCL1 differed not only between AHPs in vivo and in vitro; cell-type specific
Ascl1 expression in dividing stem/progenitor cells of the second neurogenic region in the adult
brain, the subventricular zone (SVZ) of the lateral ventricles from which newborn cells migrate
toward the olfactory bulb, was not sufficient to induce the formation of new oligodendrocytes
[10]. However, two important differences between the two neurogenic areas are that a large
number of newborn cells in the SVZ express endogenously high levels of ASCL1 and that
ASCL1 is required for at least early postnatal formation of the olfactory bulb [30]. When stem/
progenitor cells were isolated from the SVZ and transduced with Ascl1-expressing retroviral
vectors, they differentiated into neuronal cells, as did AHPs in vitro. However, Ascl1-induced
neuronal cells showed distinct morphological features depending on whether they were derived
from AHPs or stem/progenitor cells from the SVZ (S.J. and J.H.G., unpublished), underscoring
the context dependency of ASCL1 effects and the diversity of the adult neural stem/progenitor
cells from the two neurogenic regions of the adult mammalian brain.

Therapeutic applications of AHP fate plasticity
Although there are efforts to determine how to replace or supplement lost neuronal cells with
endogenous AHPs in a large variety of neuro-psychiatric diseases, glial cell replacement or
supplementation will also probably be beneficial for several illnesses.

Multiple sclerosis (MS) is a prevalent autoimmune disease in which the immune system attacks
the myelin-sheath-wrapping axonal processes. Eventually, MS results in several physical and
mental symptoms and often progresses to physical and cognitive disability [31]. Neuronal cells
also become affected and eventually die, secondary to myelin damage. Previous studies showed
that experimental autoimmune encephalitis, a commonly used rodent model of MS, initially
enhances hippocampal neurogenesis [32]. However, at later stages in the disease process the
number of newborn neurons strongly declines [32]. Because demyelination precedes neuronal
loss, a promising strategy might be to replace lost oligodendrocytes with the activation of
endogenous AHPs.

Current therapeutic strategies of directed fate specification in human disease are far from any
kind of clinical application because intracerebral injections of retroviral vectors cannot be
considered safe in humans at this time. However, this approach would have the potential
advantage that only a restricted number of generations of AHP progeny would be altered,
leaving a large number of progenitors unaffected (those that did not divide at the time of viral
injection). Alternatively, small molecules that trigger certain transcriptional programs might
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be utilized to direct the fate of AHP progeny. Genetic or drug-mediated fate specification can
also be envisioned, on the progenitor cell level or alternatively by manipulating the dentate
niche. Furthermore, it seems unlikely that the fate of AHP progeny is restricted to the neuronal
and oligodendrocytic lineages. Future studies will determine whether directed fate
specification toward the astrocytic lineage is possible.

Conclusions
AHPs are not restricted in their fate and can be redirected from the neuronal to the
oligodendrocytic lineage by overexpression of a single gene, Ascl1. To analyze the behavior
and potential usefulness of Ascl1-induced oligodendrocytes generated from AHPs in
demyelinating disease will be an important proof-of-principle experiment as to whether
directed fate specification of AHPs can be utilized for glial cell replacement. These experiments
will have to provide unambiguous evidence that the progeny of fate-directed AHPs are capable
of generating functional myelin sheaths under demyelinating conditions and that these myelin
wraps are able to promote electrical axonal conduction after lesion. Furthermore, future
experiments should aim to identify niche-expressed factors and region-specific differences in
adult neural stem/progenitor cells that are responsible for the context-dependent effects of
ASCL1. E-proteins, forming functionally important heterodimers with bHLH transcription
factors, might have a crucial role with respect to the context-dependent effects of ASCL1
because they are required for the full transcriptional activity of bHLH transcription factors
[33]. It is interesting that the mRNA of one of the E-proteins (E47) is highly expressed in the
SVZ and the rostral migratory stream but to a lesser extent in the adult dentate area
(www.brain-map.org). The expression levels of E-proteins in AHPs are unknown, but isolation
and growth factor exposure of isolated cells could (in contrast to the situation within the
endogenous niche) alter the expression of E-proteins and, thus, explain the observed differences
of ASCL1 action in vivo versus in vitro. However, experiments will be needed to identify
differences in the molecular characteristics between the two neurogenic areas on a more global
and unbiased level. For example, so far, hardly anything is known about the molecular
differences or similarities between neural stem/progenitor cells in the SVZ and their
counterparts in the subgranular zone of the dentate gyrus. The picture has become even more
complicated after the recent finding that the adult SVZ apparently contains a diversity of neural
stem/progenitor cells [34]. However, expression data, including mRNA, protein and small non-
coding RNAs in neural stem/progenitor cells and immature neurons in the two neurogenic
areas, will set the stage for a better understanding of fate restriction and fate plasticity of neural
stem/progenitor cells within the adult brain.
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Figure 1.
Ascl1 instructs AHPs to adopt an oligodendrocytic fate. (a) Newborn cells differentiate
predominantly into granule cells in the adult hippocampus. Shown are retrovirus-labeled cells
four weeks after injection of a green fluorescent protein (GFP)-expressing retrovirus (green).
Retrovirus-mediated Ascl1 expression results in fate change (right panels; inset shows high-
power view of an Ascl1-expressing newborn cell). (b) A fraction of Ascl1-induced, GFP-
labeled oligodendrocytes (green) expresses myelin basic protein (MBP; red) wrapping around
axonal processes (neurofilament 200 kD protein, blue). Left panels show single channels for
GFP and MBP pointing toward GFP/MBP-co-labeled cells (red arrowheads in left panels;
white arrowheads in right panels). (c) Ascl1-expressing cells have ultrastructural features of
oligodendrocytic cells such as heterochromatin, a large nucleus and a large Golgi apparatus.
For high-power confocal images and additional electron microscopy images supporting
evidence for myelinating Ascl1-expressing cells, please refer to Ref. [10]. Abbreviations: GCL,
granule cell layer.
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Figure 2.
Context-dependent fate specification induced by Ascl1. (a) Dividing AHPs that are located in
the inner border of the granule cell layer expressing certain transcription factors such as SOX2
and TLX almost exclusively generate excitatory granule cells under control conditions (i). Even
though direct evidence is scant, a sequence of bHLH and proneural transcription factors, such
as neurogenin 2 (NGN2), neurogenic differentiation 1 (NeuroD1) and prospero homeobox 1
(PROX1), is thought to be required for proper neuronal differentiation. AHP-specific
expression of Ascl1 within the in vivo niche redirects the fate of the progeny from a neuronal
to an oligodendrocytic lineage (ii). This fate specification is accompanied by oligodendrocyte
lineage transcription factor 2 (OLIG2) expression but potentially involves other transcription
factors that are induced in the course of fate specification. (b) The effect of ASCL1 is context
dependent because isolated AHPs differentiate into neuronal cells and not oligodendrocytes
when challenged with Ascl1 in the culture dish; this is similar to the overexpression of proneural
genes such as NGN2 and NeuroD1. The distinct response to Ascl1 in vitro and in vivo indicates
context-dependent effects of ASCL1 that are specific to the endogenous niche of AHPs, which
could be explained by factors expressed within the dentate niche or alterations in neural stem/
progenitors upon isolation and growth factor exposure
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