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Abstract 

The adult brain was thought to be a slowly decaying organ, a sophisticated but flawed 

machine condemned to inevitable decline. Today we know that the brain is more plastic than 

previously assumed, as most prominently demonstrated by the constitutive birth of new 

neurons that occurs in selected regions of the adult brain, even in humans. However, the 

overall modest capacity for endogenous repair of the central nervous system (CNS) has 

sparked interest in understanding the barriers to neuronal regeneration and in developing 

novel approaches to enable neuronal and circuit repair for therapeutic benefit in 

neurodegenerative disorders and traumatic injuries. Scientists recently assembled in Baeza, a 

picturesque town in the south of Spain, to discuss aspects of CNS regeneration. The picture 

that emerged shows how an integrated view of developmental and adult neurogenesis may 

inform the manipulation of neural progenitors, differentiated cells and pluripotent stem cells 

for therapeutic benefit and foster new understanding of the inner limits of brain plasticity.  
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 The extreme diversity of neuron types that populate the nervous system poses a 

fundamental challenge to a field that seeks to regenerate specific neurons in different 

diseases. Elegant work over decades has fundamentally contributed to our understanding of 

how the mammalian CNS, with its millions of cell types and billions of connections 

develops.  During developmental neurogenesis, the “portrait” of each neuronal population is 

achieved through the combinatorial effects of cell intrinsic programs of fate specification 

(often acting through master transcription factors), and cell extrinsic signals that pattern the 

extracellular environment (the “niche”) where each neuronal population develops.  In 

rodents, neurons are mostly generated before birth with connectivity being completed and 

refined during early stages of postnatal life. However, in selected regions of the mammalian 

brain, namely the subventricular zone (SVZ) of the lateral ventricle and the subgranular zone 

(SGZ) of the dentate gyrus (DG), remnants of embryonic neurogenesis persist throughout life 

to perpetuate the production of selected types of neurons, which in turn contribute to specific 

adult function and behavior (reviewed in (Aimone et al., 2010)). These permissive 

environments for the birth of new neurons are normally referred to as adult neurogenic 

niches. The mechanisms governing adult neural stem cell (NSC) maintenance and fate-

specification, and those instructing neuronal survival, maturation and integration in the adult 

have been the subjects of extensive investigation (reviewed in (Kriegstein and Alvarez-

Buylla, 2009)). Last Fall, in the town of Baeza in the south of Spain, at the workshop entitled 

"cell replacement for regeneration in the nervous system: lessons from adult neurogenesis", 

scientists presented new evidence that concepts and mechanisms of developmental 

neurogenesis are “reused” to maintain and pattern neurogenic niches of the adult brain. At a 

time when the boundaries of cell identity expand to enable lineage and nuclear 

reprogramming, new data were also presented on the generation of new neurons from both 
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pluripotent stem cells and unconventional sources of differentiated cells, namely astroglia. 

The exciting new data encouraged a lively dialog among a diversified pool of developmental 

neurobiologists and experts of adult neurogenesis and CNS repair, all interested in ultimately 

generating desired neurons for therapeutic benefit.  

 

Generating diversity of neurons and connections: a lesson from development 

 It is reasonable to postulate that some of the same signals that instruct the 

establishment (and possibly the maintenance) of neuronal diversity and connectivity during 

development may also play a role during the generation and integration of new neurons 

within permissive neurogenic niches in the adult brain. There are of course no trivial 

solutions to the generation and integration of new neurons in a system that is fully built, and 

thus may not provide the plastic molecular environment of the embryonic CNS, however, 

some signals may have been “borrowed” from embryogenesis. Similarly to what occurs 

during development, adult NSC in the SVZ and SGZ must decide between maintaining a 

multipotent state (self renew) or commit to a neuronal fate. This occurs in response to both 

transcriptional/epigenetic programs that are cell intrinsic to adult NSC and signals coming 

from the neurogenic niche. It is generally thought that developmental signals governing fate 

choices are deregulated or turned-off in the adult. However, this is not always the case. 

Francois Guillemot (National Institute for Medical Research, London, UK) presented new 

evidence at the meeting suggesting that Mash 1, a proneural gene well-known for its function 

in controlling the differentiation of neural progenitors in the developing forebrain (Bertrand 

et al., 2002; Schuurmans and Guillemot, 2002) is also expressed in adult progenitors in both 

the hippocampus and the SVZ of the lateral ventricle, where it plays critical functional roles. 

Indeed, loss of Mash1 causes defective progenitor divisions in the adult neurogenic regions, 

demonstrating a novel role for this transcription factor in promoting the expansion of 

Page 4 of 19

John Wiley & Sons, Inc.

Developmental Neurobiology



 5 

neuronal lineages in the adult brain. Data was also shown on the identification of Mash1 

transcriptional target genes in the embryo (Gohlke et al., 2008; Pacary et al., 2011), which, 

given the parallel roles of this transcription factors in embryonic and adult NSC, may very 

well be involved in mediating Mash1 cell-autonomous function over neurogenic programs in 

the adult brain.  

 One could argue that the adult neurogenic niches are cellularly and structurally more 

complex than those supporting developmental neurogenesis. It is known that the adult SVZ 

contains multiple cell types, including migrating neuroblasts and putative intermediate 

precursors cells. These cells differ in their date of birth and cell fate potential, with neural 

precursors positioned at distinct locations producing different types of neurons (Merkle et al., 

2007). In addition, the structure and cellular composition of the SVZ varies in different 

species. The human SVZ exhibits a very peculiar organization with a gap between the 

ependymal zone and the astroglia ribbon, as shown at the meeting in elegant 

electromicroscopy (EM) work by Jose Manuel Garcia Verdugo (Centro de Investigación 

Príncipe Felipe, Spain). Adult NSC are in contact with endothelial cells, astrocytes, 

ependymal cells, more committed progenitors and neurons, which collectively provide 

extracellular signals that control NSC fate choices. Adult NSC are associated with blood 

vessels (Mirzadeh et al., 2008; Palmer et al., 2000; Shen et al., 2008; Tavazoie et al., 2008), 

and endothelium-derived factors have been identified (i.e. vascular endothelial growth factor, 

VEGF; and pigment epithelium-derived factor, PEDF) that control NSC self-renewal (Cao et 

al., 2004; Ramirez-Castillejo et al., 2006). In addition, ependymal cells produce Noggin, 

which has been shown to be a modulator of neurogenesis and gliogenesis from NSC (Colak 

et al., 2008; Lim et al., 2000). Most importantly, ependymal cells have a beating cilium, 

which is necessary to direct the flow of cerebrospinal fluid (CSF) and for generating 

gradients of choroid plexus-derived chemorepulsive factors in the CFS (i.e. Slit 2) 
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(Sawamoto et al., 2006). Recent work has shown that primary cilia are essential for 

Hedgehog (Hh) signaling during mammalian development, and it is well established that 

extracellular signals in the form of morphogens are centrally important for patterning and fate 

specification of the embryonic CNS. Intriguing work by the laboratory of Arturo Alvarez-

Buylla (University of California, San Francisco, USA) was presented at the meeting showing 

that Hedgehog signaling plays a central role in the adult SVZ by controlling the fate 

specification of a defined ventral subdomain of the adult SVZ.  The work suggests for the 

first time that morphogens that pattern the neuroepithelium early in embryonic life also play 

related roles in the adult brain where they affect the types of neurons that adult NSC produce. 

 

Regulation of adult neurogenesis  

 Newly generated neurons in the adult hippocampus contribute to learning and 

memory processes and to the regulation of mood. Recent evidence indicates that the number 

of newborn neurons and the timing of their differentiation and integration have to be 

precisely matched to the needs of the hippocampal network in order to optimize hippocampal 

function (Aimone et al., 2010; Deng et al., 2010; Mongiat and Schinder, 2011). This process 

could be regulated at different stages of NSC self-renewal, fate specification, and 

differentiation, as well as during neuroblast/neuron survival, maturation and integration. The 

group of Chichung Lie
 
(Helmholtz Zentrum München, Germany) presented data showing that 

a regulated interplay between Wnt and Notch signaling affects the choice of neuronal 

differentiation versus proliferation of NSC in the adult hippocampus. It was shown that the 

Notch-induced transcription factor Sox2 acts as a central regulator of NSC maintenance in the 

adult hippocampus, where it counteracts Wnt- induced neuronal differentiation (Ehm et al., 

2010; Kuwabara et al., 2009). The data contribute to the understanding of the signaling 
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network that ensures maintenance of hippocampal neurogenesis at a rate necessary for proper 

hippocampal function. 

 Once generated, adult-born neuroblasts and neurons need to put in place mechanisms 

that guarantee their survival, often over long periods of neuroblast migration before 

integration into circuitry (as it occurs for SVZ derived neurobalsts destined for the olfactory 

bulb). Glutamate, through selective receptors, stimulate the production of immature neurons, 

their survival during migration, and their long-term activity-dependent survival in a synaptic 

network (Platel et al., 2008; Platel et al., 2010). Angelique Bordey (Yale University School of 

Medicine, New Haven, USA) showed elegant data that single-cell knockout of NMDA 

receptors using neonatal electroporation resulted in neuroblast apoptosis at the time of 

NMDA receptor expression. This caused a 40% loss of neuroblasts along their migratory 

route from the SVZ to the olfactory bulb, demonstrating that NMDA receptor acquisition is 

critical for neuroblast survival prior to entering a synaptic network. In addition, it was shown 

that miRNAs play a central role in NMDA receptor mediated survival. Thus, it is reasonable 

to think that understanding the mechanisms that control the specification of axonal and 

dendritic arbors in newly generated neurons is crucial for their integration into mature 

neuronal circuits. Yet, how intracellular components are directed to dendrites or accumulate 

in axons, and how extracellular factors regulate polarity remain outstanding questions in 

neurogenesis. The group of Marco Canossa (Italian Institute of Technology, Italy) reported 

that the pan-neurotrophin receptor (p75
NTR

) localizes asymmetrically in the growing axon to 

polarize neurons such that neurotrophins signals can specify the future axon among different 

neurites. 

 It is known that newborn neurons in the hippocampus, before reaching a mature stage 

display very unique properties compared to developmentally generated neuronal counterparts 

(Doetsch and Hen, 2005; Mongiat and Schinder, 2011; Piatti et al., 2006).  Immature neurons 
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exhibit high excitability, reduced inhibition and enhanced synaptic plasticity, which would 

allow them to process information differently from the mature neurons in the preexisting 

circuit.  If maturation state matters, then it is reasonable to imagine that combinations of 

newly generated neurons at different stages of maturation may affect hippocampal network 

differently and uniquely.  It is well known that the mammalian hippocampus exhibits a 

marked anatomical and functional segregation along its longitudinal (septo-temporal) axis 

(Fanselow and Dong, 2010; Piatti et al., 2006; Toni et al., 2008), however, the neurogenic 

niche of the dentate gyrus has traditionally been treated as homogeneous.  Using Arc 

immunofluorescence the group of Alejandro Schinder (Leloir Institute, Buenos Aires, 

Argentina), reported at the meeting the exciting discovery that basal levels of circuit activity 

are higher in the septal than in the temporal dentate gyrus.  Since activity can regulate 

neuronal development (Ge et al., 2007), they took advantage of this heterogeneous activity to 

investigate development and integration of newborn granule cells along the septo-temporal 

axis of the hippocampus.  They found that newborn granule cells of the temporal pole 

displayed a slower rate of functional maturation, which could in turn be modulated by 

experimental manipulations that modified activity. For example, voluntary exercise in the 

running wheel enhanced network activity in the temporal dentate gyrus and accelerated 

integration.  Maturation of newly generated neurons in the dentate thus occurs at a different 

pace in the ventral and dorsal hippocampus. Intriguingly, in work presented by Guo-li Ming 

(Johns Hopkins University, Baltimore, USA) knockdown of the Disrupted in Schizophrenia 1 

(DISC1) gene during adult neurogenesis results in dramatic acceleration of maturation as 

exemplified by prominently enlarged cell bodies, accelerated morphogenesis and maturation 

of newborn granule neurons in the dentate gyrus of the hippocampus (Duan et al., 2007; Kim 

et al., 2009).   
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  All together, the data provide mechanistic insight into the survival and maturation of 

adult-born neurons and demonstrate the presence of hippocampal areas with different 

sensitivity to the activity-dependent timing of neuronal integration. This further expands the 

degree of plasticity of the adult hippocampal network and contributes to our understanding of 

what makes newly generated neurons functionally relevant.  

  

Cell replacement strategies for nervous system repair: generating specific neuron types 

While constitutive adult neurogenesis occurs in selected areas of the brain, neural 

stem cells are also present within non-neurogenic niches, where it is believed that the 

extracellular environment of the brain precludes their differentiation into neurons (Gage et 

al., 1995; Palmer et al., 1999; Palmer et al., 1995; Suhonen et al., 1996). Work presented by 

the group of José López-Barneo (University of Sevilla, Spain) provides evidence for the 

existence within the carotid body (CB) of a population of neural crest-derived progenitors 

that can form multipotent and self-renewing colonies, in vitro. CB stem cells can differentiate 

to form glomus cells with normal histological, biochemical and electrophysiological 

characteristics in vitro (Lopez-Barneo et al., 2009) Cell fate mapping experiments have 

suggested that the CB stem cells are a subpopulation of glia-like cells, thus resembling in this 

respect NSC identified in the neurogenic regions of the brain.  

 While endogenous neural stem cells certainly could be a prime source of multipotent 

progenitors for the generation of new neurons, their limited numbers outside of the 

neurogenic niches poses a limitation to their use for regenerative therapy in the CNS. Other 

starting sources of cells have, of course, been considered. Pluripotent stem cells, like 

embryonic stem (ES) cells and induced pluripotent stem (iPS) cells, offer numerous 

advantages, not the least of which their ability to extensively proliferate without loosing fate 

potential, thus enabling the generation of large numbers of differentiated progeny, something 
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that is necessary for high-throughput chemical screenings and transplantation. Several 

important experimental precedents reinforce the general idea that guided differentiation of 

ES/iPS cells into clinically relevant neuronal populations can be realized by emulating 

molecular mechanisms responsible for shaping embryonic neuronal diversity. Successful 

differentiation of ES and iPS cells into spinal motor neuron, and more recently into specific 

spinal motor neuron subtypes, has been achieved by treatment with select morphogens 

(Dimos et al., 2008; Miles et al., 2004; Peljto et al., 2010; Wichterle et al., 2002). Using cell-

intrinsic signals, over-expression of the transcription factors Lmx1a and Msx1, leads to the 

directed differentiation of ES cells into midbrain dopaminergic neurons (Andersson et al., 

2006). Aimed at directing the differentiation of ES cells into cortical projection neuron 

populations, Pierre Vanderhaeghen (Université Libre de Bruxelles, Belgium) presented data 

showing that under specific culture conditions, ES cells have the potential to generate cortical 

projection neuron progeny. Neurons are generated following the same temporal sequence of 

developmental corticogenesis (Gaspard et al., 2008). Upon transplantation into early 

postnatal or lesioned adult brain, ES-derived neurons were able to connect to distal targets of 

cortical projection neurons. The data indicate that ES cells have the potential to generate 

cortical projection neurons, paving the way for studies aimed at instructing the differentiation 

of cortical projection neuron types, should proper signals be identified. In this regard, Paola 

Arlotta (Harvard University, Cambridge, USA), presented data indicating that cell 

autonomous transcription factor signals may be used to instruct the generation of specific 

types of cortical projection neurons. The work focused on corticofugal projection neurons 

(CFuPN), and, in particular, corticospinal motor neurons (CSMN), a clinically relevant class 

of projection neurons of the neocortex that selectively dies in Amyotrophic Lateral Sclerosis 

(ALS, Lou Gehrig’s disease), and that is permanently injured in spinal cord injury (SCI). 

Using in vivo electroporation, the Arlotta´s group demonstrated that expression of a single 
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transcription factor, Fezf2, is sufficient to direct the neuron type-specific differentiation of 

CFuPN when expressed in neural progenitors that would normally be fated to become 

medium spiny neurons in the intact, developing striatum (Rouaux and Arlotta, 2010). 

Intriguingly, new data suggest that it may even be possible to convert the identity of early 

postmitotic neuroblasts. Fezf2-expressing neurons were able to extend axonal projection to 

subcerebral targets, indicating that a cascade of gene expression downstream of Fezf2 likely 

activated CfuPN-specific axon guidance molecules to instruct proper connectivity. This may 

be the case in other brain regions. Indeed, Guillermina López-Bendito (Instituto de 

Neurociencias, Spain) presented recent data showing that the transcription factor Lhx2 

regulates the acquisition of proper topographic connectivity of another major axonal path in 

the CNS, the thalamocortical system. It was shown that expression of Lhx2 protein is very 

dynamically regulated in distinct pools of postmitotic thalamic neurons suggesting a function 

in regulating distinct aspects of axon connectivity by these neuronal subtypes. Altogether, the 

data strongly suggest that cell autonomous programs that govern embryonic neurogenesis of 

individual types of neurons might be used to direct pluripotent stem cells to generate 

individual neuronal populations in the dish and possibly the establishment of correct 

connectivity upon transplantation in the brain. In addition, it may not be necessary to 

recapitulate the complex sequence and combination of signals that shape neuronal diversity 

during development. Rather, a small number of ‘‘master’’ signals may serve as switches to 

sufficiently drive the formation of distinct neuron types.  

 

Unconventional sources of neurons: astrocytes 

Recent discoveries in the field of reprogramming have challenged the dogma that the identity 

of differentiated cell types may not be changed (reviewed in (Plath and Lowry, 2011). 

Lineage reprogramming (also referred to as trans-differentiation) of one differentiated cell 
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type into another without the generation of a multipotent/pluripotent stem cell intermediate 

has now been demonstrated to be possible for many cell types in the body, starting with 

seminal work in the pancreas (Zhou et al., 2008). The successful generation of clinically 

relevant cell types within complex organ systems could clearly have implications for 

regenerative medicine and tissue repair. There are now reasons to believe that the central 

nervous system (CNS) may be no exception, and that lineage reprogramming aimed at 

regenerating new neurons may be possible in the brain. Pioneer work presented by 

Magdalena Götz (Institute of Stem Cell Research, Helmholtz Center Munich) showed that 

cell intrinsic programs that instruct neurogenesis from adult NSC may be used to direct the 

differentiation of postnatal astrocytes that are located outside of the neurogenic niches. A 

condition sine qua non of “functional neurogenesis” is the ability of new neurons to make 

functional synapses. The group of Benedikt Berninger (Ludwig-Maximilians Universität 

München, Germany) showed that persistent expression of neurogenic fate determinants using 

silencing-resistant retroviral vectors instructs astroglia from the postnatal cortex to mature 

into fully functional, synapse-forming neurons in vitro. Importantly, the neurotransmitter fate 

choice of astroglia-derived neurons can be controlled by selective expression of distinct 

neurogenic transcription factors, such that expression of the dorsal telencephalic fate 

determinant Ngn2 directs cortical astroglia to generate synapse-forming glutamatergic 

neurons, while expression of the ventral telencephalic fate determinant Dlx2 induces a 

GABAergic identity (Heinrich et al., 2010; Heinrich et al., 2011). Interestingly, newer in 

vitro data were shown that lineage reprogramming could also occur in the human brain, with 

the added twist that some of the cells capable of reprogramming might be pericytes. All 

together, the data provides evidence that in the neocortex differentiated cell types may be 

instructed via cell intrinsic and extrinsic signals to acquire neuronal fates. The results pave 
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the way for the investigation of the limits and boundaries of these events not only in different 

mammalian species but also in the aged and diseased brain.  

 

Will stem cells fulfill their promise? Cell Replacement Strategies for Parkinson´s 

Disease 

Small open-lab clinical trials of fetal-cell transplantation in Parkinson´s Disease (PD) have 

supported the viability of transplantation as a therapy for PD (Brundin et al., 1986; Dunnett et 

al., 2001; Hagell and Brundin, 2001; Lindvall and Hagell, 2000). These early trials showed 

that human fetal dopaminergic neurons are able to survive and function for more than 10 

years in the striatum of patients with PD. These studies have also provided a clear indication 

that transplanted fetal dopaminergic neurons can be effective. While later trials showed 

variable and at times disappointing (albeit perhaps explainable) results, there are great ethical 

barriers that preclude the use of human fetal material for transplantation. In addition, large 

amounts of grafted material are needed, which would require the use of many embryos per 

patient. This and extensive evidence from work in rodents, support the idea that transplanted 

DA neurons may be able to compensate for nigrostriatal neurons that are lost due to the 

disease. This suggests that if alternative sources of human DA neurons were available, they 

could have a therapeutically beneficial impact. Anders Björklund (Lund University, Sweden) 

presented data at the meeting on the use of ES-derived DA neurons for transplantation in 

mouse models of PD. Building on a protocol originally developed by Ericson and colleagues 

(Andersson et al., 2006), the Björklund’s group used cell-autonomous expression of the 

transcription factor Lmx1a to generate ES-derived murine DA neurons and demonstrated that 

in vivo, Lmx1a-expressig ES cells develop into fully mature DA neurons with extensive 

axonal terminal network throughout the host striatum. The results suggest that in the future 

ES-derived midbrain DA neurons might be an alternative source of cells for therapeutic 
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transplantation in patients with PD. Along these same lines, Veronica Martinez Cerdeño 

(University of California Davis, Sacramento, USA) showed data on the use of embryonic, 

MGE-derived cells for transplantations into the striatum of a rat model of PD. They 

performed MGE cell transplantation into the basal ganglia of control and 6-OHDA-lesioned 

rats. Transplanted MGE cells survived, differentiated into GABA+ neurons, integrated into 

host circuitry, and modified motor behavior in both lesioned and control rats. Ethical barriers 

may limit the use of embryonic MGE tissue for transplantation, however, it is reasonable to 

imagine that in the future a similar source of cells might be generated from pluripotent iPS 

cells of patients. Recent work on the generation of GABAergic cortical interneurons from 

mouse ES cells (Maroof et al., 2010), certainly support these considerations.  

As progress in uncovering the signals that control the differentiation of distinct types of 

neurons continues, it is plausible to speculate that in a not so distant future protocols will be 

available to generate therapeutically relevant neuron types for transplantation, high-

throughput chemical and drug screenings and disease modeling.  
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Figure 1. Schema representing an integrated view of developmental and adult 

neurogenesis 

During embryonic neurogenesis of the cerebral cortex, radial glial cells (RC2+,GLAST+ and 

Pax6+) give rise to neuroblasts that migrate to the cortex and differentiate into excitatory 

cortical projection neurons.. In the adult brain, two regions retain the capacity to 

constitutively generate neurons (highlighted in blue): the subventricular zone (SVZ) of the 

lateral ventricles and the subgranular zone (SGZ) of the dentate gyrus. In the SVZ, slowly 

dividing NSC can give rise to rapidly dividing immature precursors. These actively 

proliferate and generate immature neuroblasts, which migrate in chains along the rostral 

migratory stream to the olfactory bulb (OB), where they differentiate into interneurons. 

Similarly, SGZ NSC in the dentate gyrus undergo proliferation, generate rapid amplifying 

intermediate progenitors, which then differentiate into dentate granule cells. 

Postnatal astroglia (GFAP+) may be efficiently converted into functional neurons in vitro 

under specific culture conditions and the use of neurogenic transcription factors (TFs), 

possibly offering an alternative cell source to pluripotent stem cells.  
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