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Abstract

Although the generation of new neurons occurs in adult mammals, it has been classically 

described in two defined regions of the brain denominated neurogenic niches: the subventricular 

zone of the lateral ventricles and the subgranular zone of the dentate gyrus. In these regions, 

neural stem cells give rise to new neurons and glia, which functionally integrate into the existing 

circuits under physiological conditions. However, accumulating evidence indicates the presence of 

neurogenic potential in other brain regions, from which multipotent precursors can be isolated and 

differentiated in vitro. In some of these regions, neuron generation occurs at low levels; however, 

the addition of growth factors, hormones or other signaling molecules increases the proliferation 

and differentiation of precursor cells. In addition, vitamins, which are micronutrients necessary for 

normal brain development, and whose deficiency produces neurological impairments, have a 

regulatory effect on neural stem cells in vitro and in vivo. In the present review, we will describe 

the progress that has been achieved in determining the neurogenic potential in other regions, 

known as unconventional niches, as well as the characteristics of the neural stem cells described 

for each region. Finally, we will revisit the roles of commonly known vitamins as modulators of 

precursor cell proliferation and differentiation, and their role in the complex and tight molecular 

signaling that impacts these neurogenic niches.
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Introduction

The continuous generation of new neurons in the mammalian adult brain in discrete regions, 

called neurogenic niches, has been documented for some time [1-4]. The term “neurogenic 

niche” is used to define a region in which the cytoarchitecture and signaling factors within 
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its microenvironment are able to maintain a population of neural stem cells (NSCs) with 

self-renewal capacity that give rise to new neurons and glial cells. Cross-talk between all of 

the components of the niche is crucial for the survival of NSCs, as well as for controlling 

their fate [5-7]. By far, the most studied and accepted niches include the subventricular zone 

(SVZ) of the lateral ventricles and the subgranular zone (SGZ) of the hippocampus dentate 

gyrus [8-18]. In these classical niches, several key cell types can be recognized, including 

NSCs that remain mostly in a quiescent state; a transient progenitor cell derived from the 

NSCs, which have a higher proliferation rate; new immature neurons or glial cells, derived 

from the progenitor cells; and accessory cells, including parenchymal astrocytes, 

endothelial, microglial, and ependymal cells, which modulate the niche and are needed for 

its maintenance [5-7]. In the SVZ niche, differentiated immature neurons migrate to a distant 

region, the olfactory bulb, where they finally achieve complete differentiation [19-22]. This 

migration occurs through a restricted path called the rostral migratory stream (RMS). 

Alternatively, newly generated cells remain in the SGZ niche, renewing neuronal and glial 

populations near their site of origin [17].

The existence of adult NSCs, which produce new neurons and repair damaged neural 

circuits, was certainly a breakthrough in neuroscience that provided new opportunities for 

the development of neural regenerative therapies. However, it was soon recognized that this 

newly discovered neurogenic potential was present in defined brain regions with restricted 

neuronal migration.

Whether it is possible to guide their migration and change their destination site remains to be 

determined. Thus, the search for new neurogenic niches was pursued. To date, there is an 

increasing amount of evidence suggesting the presence of other niches with neurogenic 

potential in the adult brain [23-27]. Most of the recently described niches show lower rates 

of proliferation and differentiation; however, these characteristics can be modulated by 

several factors, including vitamins, which are micronutrients acquired mostly from the diet.

Vitamin deficiency is known to cause cognitive and learning impairment during early life, 

and is also associated with neurodegeneration during aging [28-32]. Therefore, vitamins are 

crucial for both normal development and protection of the brain. In addition, new roles in 

modulating NSCs and neurogenesis have emerged. In the present review, we will focus on 

the current knowledge of unconventional neurogenic niches, describing the putative NSCs, 

their proliferative and differentiation potential and what it is known about their modulation 

by different factors. Finally, the role of vitamins upon neurogenesis regulation will be 

discussed.

Studying Adult Neurogenesis

One of the classic methods used to describe neurogenesis is the presence of proliferative 

cells as detected by the incorporation of a thymidine analogue, bromodeoxyuridine (BrdU), 

which labels dividing cells and their progeny over time. The administration form, dosage 

and time period analyzed after BrdU treatment have proved to be important in evaluating the 

results, because high or low proliferation rates can be detected. One of the pitfalls of this 
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technique is the possibility of staining cells undergoing DNA repair. However, it remains the 

most commonly used method to date [33].

To assess the identity of the dividing cell and their progeny, several markers have been used 

in tissue samples or in vitro assays. Although there are no specific markers that make 

possible the indisputable identification of NSCs to date, there is a consensus regarding a 

group of proteins, including nestin, SOX-2 and prominin-1 (for a complete list of NSCs 

markers refer to [34]), known to be expressed by embryonic NSCs that virtually gives rise to 

all of the adult neural progenitors, and by adult NSCs isolated from neurogenic niches. 

Whether combinations of these markers stain different NSCs with diverse intrinsic potentials 

or different commitment stages of the same NSC remains to be determined. For 

differentiated cells, common markers include β-III tubulin and neuronal nuclei protein 

(NeuN) (for neurons), glial fibrillary acidic protein (GFAP; for astrocytes) and 

oligodendrocyte transcription factor (Olig2; for oligodendrocytes).

Hypothalamus

The hypothalamus is a small part of the diencephalon, located on either side of the third 

ventricle, extending from the rostral limit of the optic chiasm to the caudal limit of the 

mammillary bodies. It is composed of neuronal nuclei involved in several functions, such as 

feeding [35,36], sexual behavior [37], temperature control [38] and emotional response [39]. 

Lining the walls of the third ventricle, a single layer of cells is found. At the dorsal zone, the 

layer is composed of multi-ciliated ependymal cells, while the ventral zone is formed by 

specialized glial cells with long radial processes called tanycytes, which are thought to be 

derived from the first ones [40]. Tanycytes express vimentin, nestin and brain lipid binding 

protein (BLBP) [41] and can be classified in terms of their morphology, marker expression 

and localization into α1, dorsal and ventral α2, lateral β1 and medial β2-tanyctes [42,43].

At the middle of the third ventricle, a transitional zone can be distinguished, harboring both 

ependymal cells and tanycytes, and beneath this layer, a GFAP-positive stratum of flat cells 

with astrocytic characteristics is found [40]. Some of these cells contact the cerebrospinal 

fluid (CSF) through an apical process. Also, at this transition zone, a labyrinth system of 

basement membrane can be observed, a feature recognized to be typical of adult neurogenic 

niches [44].

One of the first articles describing proliferation within the hypothalamus showed very few 

BrdU- labeled cells surrounding the third ventricle after two weeks of 

intracerebroventricular administration of BrdU, with about 20% of these cells expressing 

neuronal markers [45]. However, proliferation and neuronal differentiation could be 

enhanced with brain-derived neurotrophic factor (BDNF) in vivo [45]. Endogenous 

hypothalamic proliferation can be also stimulated by ventricular infusion of basic fibroblast 

growth factor (bFGF) [41]. After a few days of bFGF treatment, some BrdU-positive cells 

are also nestin-positive with the morphology characteristic of tanycytes. After a month, 

these cells exhibited neuronal or glial markers near the third ventricle, suggesting 

differentiation into both lineages. Dissociation of hypothalamic tissue and neurosphere 
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cultures added new evidence for the existence of hypothalamic precursor cells that could be 

isolated, cultured and differentiated in vitro, giving rise to neurons and glial cells [41].

Cilliary neurotrophic factor (CNTF) also increases proliferation near the third ventricle [46]. 

Importantly, some of the newly generated neurons expressed the oxygenic neuropeptide, 

neuropeptide Y (NPY), and were also activated after injection of leptin injection (a key 

hormone known to inhibit appetite), proving they were functionally active [46]. This time, 

however, the increased number of BrdU-positive cells was more predominant at the base of 

the third ventricle, in contrast to the widespread distribution along the third ventricle, 

previously noted [46].

Insulin growth factor type 1 (IGF-I) also stimulates proliferation within the hypothalamus. 

However, it was noted primarily at the lining of the third ventricle and the parenchymal area, 

specifically increasing the amount of BrdU-labeled cells at the medio-ventral portion [40], 

which corresponds to the transition zone between the ependymal cells and tanycytes. The 

nature of the BrdU-positive cells was characteristic of tanycytes and subependymal 

astrocytes. Eighteen days after of BrdU staining and IGF treatment, half of the proliferating 

cells differentiated into neuronal cells, which was more than that observed in control 

animals [40].

Taken together, endogenous proliferation and neurogenic potential that can be enhanced by 

several factors (BDNF, CNTF and IGF) was observed in the hypothalamus. In addition, both 

tanycytes and subependymal astrocytes were labeled by BrdU. Finally, two hypothalamic 

regions were noted for their proliferative capacity: the base of the third ventricle and the 

transitional zone.

Two more recent articles have added evidence in favor of each niche and describe 

hypothalamic proliferation in the absence of exogenous stimuli [42,47]. One study 

determined that the most proliferative zone corresponded to the base of the third ventricle at 

the median eminence [46,47]. These precursor cells were identified as β2-tanycytes. The 

authors showed that with post-natal development, the number of new neurons in this region 

increased, and in vivo fate-mapping analysis indicated that these new neurons were derived 

from β2-tanycytes. Moreover, in response to fasting or leptin infusion, the new neurons 

proved to be functionally active. Alternatively, the other study used transgenic mice 

expressing a reporter protein under the glutamate aspartate transporter (GLAST) promoter to 

specifically label α-tanycytes [42]. The number of labeled tanycytes increased over time, 

and new cells appeared in other regions harboring β-tanycytes, suggesting the expansion of 

α-tanycytes and the generation of other types from the latter. After nine months, 44% of the 

reporter-positive cells were GFAP-positive, indicating glial differentiation; only 

approximately 2% had a neuronal phenotype. This data suggest that under normal 

conditions, α-tanycytes are capable of generating glia as well as very low levels of neurons. 

FGF2 infusion increased the proliferation of these precursor cells, which was necessary for 

their endogenous proliferation in situ [42].

Although the proposal of two different hypothalamic niches might seem conflicting, 

different types of tanycytes may represent various stages in the life of a stem cell, with 
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different intrinsic capacities for self-renewal, generating astrocytes or neurons, as well as 

different responsiveness to exogenous signals. Alternatively, the possibility of 

subependymal astrocytes as NSCs cannot be ruled out.

Substantia Nigra

The substantia nigra (SN) corresponds to a portion of the brain localized in the 

mesencephalon, deep within the brainstem, immediately dorsal to the cerebral peduncles. It 

harbors specialized neurons, called dopaminergic neurons, which are responsible for the 

regulation of corticostriatal neurotransmission, involved in motor function. This neuronal 

circuit has received a lot of attention because it is severely affected in Parkinson’s disease 

(PD).

The first evidence showing the presence of precursor cells in the SN came from Gage’s 

group [48]. They observed the presence of small, highly branched cells with round bodies 

that were able to incorporate BrdU and proliferate locally within the adult SN. Half of these 

cells were positive for the glial precursor marker, chondroitin sulfate proteoglycan (NG2), 

and their fate in situ was only of glial lineage, giving rise to oligodendrocytes and astrocytes. 

However, isolation of these cells followed by in vitro clonal analysis and differentiations 

assays indicated that their differentiation potential was broader, giving rise to both glial and 

neuronal cells [48]. Finally, after these precursor cells were grafted into the hippocampus of 

adult rats, they were also able to differentiate into neurons, proving that the SN actually 

contains a population of NSCs that are regionally restricted to become glia.

Although the observation of BrdU-positive cells in the SN was repeated by several other 

studies [49-51], the identity of these cells has become a matter of debate. Some argued that 

the cells were tyrosine hydroxylase (TH) -positive dopaminergic neurons [51], while others 

demonstrated that the BrdU-positive cells were in fact in close proximity to TH-positive 

neurons [49,50]. In an attempt to stimulate the endogenous SN precursor cells to change 

their default differentiation, local damage was induced or protective agents were 

administrated, but neither dopaminergic neuron degeneration by 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) or 6-hydroxydopamine (6-OHDA) treatment, nor the use of 

growth and neurotrophic factors were able to induce neurogenesis in this brain region 

[52-54]. The common result was increased proliferation of precursor cells with continued 

differentiation towards the glial lineage.

Most recently, adult human neural precursor cells (AHNPs) have been isolated and cultured 

from the SN of post-mortem PD brains [55]. The authors reported that these cells grew at a 

slower rate and required special culture conditions to differentiate, as compared with 

AHNPs derived from the temporal lobe of epileptic brains. However, using these conditions, 

they succeeded in differentiating the cells into both glia and neurons (even TH-positive 

neurons) in vitro and in vivo, which definitely holds new promise for PD therapy 

development. Whether these PD AHNPs remain quiescent and less prone to differentiate due 

to PD pathogenesis or the human SN itself has limited potential remains unclear.
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Cerebellum

The cerebellum is an encephalic structure of the hindbrain, located at the back of the brain, 

underlying the occipital and temporal lobes of the cerebral cortex. For a long time, this brain 

region has been recognized as the movement coordination center [56]. However, in the last 

decade, strong evidence has indicated its involvement in higher functions, such as temporary 

memory, cognition and learning capabilities [57,58]. Thus, more studies have been 

undertaken to define cerebellar neural plasticity.

The adult cerebellum can be easily divided into three layers consisting of different cell 

types, surrounding an inner core of cerebellar white matter (WM), which harbors 

oligodendrocytes, astrocytes and deep cerebellar neuronal nuclei [59]. The internal granular 

layer (IGL) is immediately above the WM and is formed by numerous granule neurons and 

Golgi, Lugaro and unipolar brush cells [60]. Above the IGL, lies the Purkinje cell layer, 

formed by the juxtaposition of the somas of Purkinje neurons and Bergmann glia. Finally, 

the most external sheet is called the molecular layer, because it is mostly formed by fibers 

and neuronal processes [61,62]. Unlike any other part of the brain, the cerebellar structure is 

fully developed at early post-natal stages. Multiple precursor expansions, cell migrations and 

neuronal maturation occur in this region within the first two weeks in rodents or two years in 

humans [63-65].

The first article describing the isolation of adult cerebellar NSCs (>42 days-old) showed that 

some cells from the adult cerebellum could proliferate in vitro, self-renew and give rise to 

both glial cells and neurons although at low frequencies [66]. These newly generated 

neurons expressed markers associated with all of the neuronal classes found in the adult 

cerebellum, including parvalbumin and calbindin. Using GFP-expressing mice, the authors 

isolated, cultured and grafted these cerebellar precursor cells into the cerebellum of 4 day-

old (P4) wild-type mice. After two weeks, the grafted cells were scattered throughout all the 

cerebellar layers, even in the WM tracks, and were able to differentiate into several neuronal 

types as well as glial cells [66]. More interestingly, the majority of the cells acquired a 

granular cell identity, due to their location, functional responses and marker expression. This 

observation is noteworthy because granular cells are derived from a particular pool of 

restricted progenitor cells, and they establish their final position at the IGL around P15. 

Therefore, the fact that adult cerebellar NSCs are capable of giving rise to granular neurons 

at later stages suggests a novel source for this lineage.

Although it was the first work providing evidence for the presence of adult cerebellar NSCs, 

the identity and location of these cells was undefined. Using P7 Math1-GFP mice, another 

group isolated a population of Math1-positive cells (granular cell precursors) and Math1-

negative cells by FACS, and further analyzed the identity of the latter pool of cells [25]. The 

Math1-negative cells included cells positive for nestin and prominin-1, and in situ 

hybridization revealed that the prominin-1-positive cells were mostly located within the 

WM. Approximately 50% of the promimin-1-positive cells also expressed neuronal markers; 

40% of them expressed glial markers, and just 10% were uncommitted to either of these 

lineages. Subsequent analysis of the population of uncommitted cells revealed that they 

generated neurospheres and differentiated into neurons and glia in vitro, and after 
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transplantation into neonatal mice [25]. Although this was the first article describing the 

location of cells with stem cell properties within the post-natal cerebellum, at the 

developmental stage analyzed (P7), different progenitor cells are still present in the 

cerebellar WM; therefore, it is not considered an adult cerebellum at this stage.

In a subsequent study, expression of the NSC markers, SOX-1 and SOX-2, was 

demonstrated in the cerebellar tissue of 2 month-old mice [67]. These transcription factors, 

which are important for maintaining the undifferentiated state of NSCs, were only expressed 

by the Bergmann glia, posing the possibility that this cell type could be the adult cerebellar 

NSC. The idea was reinforced by the fact that Bergmann glia exhibits the same 

morphological and expression profile as embryonic radial glia, including long radial 

processes and expression of vimentin, BLBP, GLAST, S100 and GFAP [68]. Also, during 

early post-natal development, Bergmann glia express nestin until completion of Purkinje and 

granular neuronal migration, but this expression can be induced in adulthood after injury or 

after Purkinje cell transplantation [69]. Thus, it was suggested that the prominin-1-positive 

cells found in the WM of P7 mice could be in fact Bergman glia progenitor cells [68]. This 

idea was further substantiated by analyzing SOX-1 expression during cerebellar 

development, which indicated that SOX1-positive cells were scattered throughout the 

internal cerebellum region at P4, and eventually, SOX-1 expression was restricted to the 

Bergmann glia [70]. Moreover, isolation of prominin-1-positive cells from a P7 cerebellum 

showed that 90% of the cells were also positive for SOX-1; these cells also grew and formed 

neurospheres in vitro. Taken together, these data suggest that there is a pool of cells in the 

adult cerebellum that is capable of proliferation and differentiation in vitro, along with the 

NSC phenotype exhibited by the Bergmann glia. However, no study has demonstrated 

proliferation and neurogenesis in the adult cerebellum under physiological or pathological 

circumstances in vivo. The lack of proliferative assays and fate-map analysis of the 

progenitors identified to date hinders the establishment of an adult cerebellar neurogenic 

niche.

Amygdala

The amygdala is an almond-shaped structure, located deep in the rostral portion of the 

medial temporal lobe. It is composed of several neuronal nuclei establishing connections 

with different parts of the brain, including the cortex and hypothalamus [71]. It is involved 

in a variety of functions primarily associated with emotional behavior, such as fear, anxiety 

[72,73], pleasure [74], social interaction [75,76] and appetite [77]. Several studies have 

associated this structure in psychiatric and neurodevelopment disorders, including autism 

[76]. Thus, considerable attention has been dedicated to understanding amygdala plasticity.

There are very few articles describing neurogenesis in the amygdala, some of which are 

quite controversial. One of the first studies in squirrel monkeys showed the presence of 

numerous BrdU-labeled cells, which formed a continuous pathway from the rostral tip of the 

lateral ventricles temporal horn to the amygdala and piriform cortex after weeks of BrdU 

administration [78]. In this stream, immature neurons in migration were observed. However, 

the same authors suggested that it is likely that these proliferating cells in the amygdala 
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came from the SVZ, demonstrating the existence of another path in addition to the RMS 

[78].

In a subsequent study of epileptic rats, induced by repeated treatment with a GABA-

antagonist, severe cell death was observed in different brain regions, including the 

amygdala, in addition to an increase in the number of BrdU-labeled cells, which were shown 

to be neurons [79]. Although the authors suggested that epileptic seizures caused an increase 

in proliferation, BrdU incorporation due to apoptotic DNA damage was not discussed.

A more convincing article described that enrichment of the environment (defined as wider 

cages with multiple toys) increased proliferation in the amygdala of rodents [80]. Following 

intraperitoneal injection of BrdU, the authors observed few labeled cells after two weeks, 

and most of the BrdU-positive cells were oligodendrocytes. After a longer time period, the 

authors determined that an enriched environment increased the number of BrdU-positive 

cells and produced a larger number of new astrocytes as compared to the control 

environment. However, no new neurons were detected under these conditions.

Therefore, whether the amygdala indeed harbors local NSCs capable of giving rise to glia 

and neurons or is only a new destination site for precursors derived from the SVZ remains to 

be defined.

Spinal Cord

The spinal cord is a long tubular structure, located inside the backbone, extending from the 

foramen magnum at the base of the skull to the conus medullaris between the first and 

second lumbar vertebra. Its main function is to integrate proprioceptive input and motor 

output, through dorsal (sensitive) and ventral (motor) nerve roots that emanate from spinal 

segments [81]. The spinal cord is composed of two major types of tissue easily recognizable 

in transversal sections: the external zone (white matter), formed mainly by myelinated motor 

and sensory axon fibers, and the inner region (grey matter), harboring interneurons and 

motor neuron cell bodies [81]. A fine cylindrical space, called the central canal, containing 

CSF is found in the middle.

Precursor cells, some of which exhibit stem cell markers, self-renew, and possess different 

proliferation rates depending on the region of isolation, have been successfully isolated and 

cultured from the adult spinal cord by different groups [82-84]. Clonal analysis has proven 

that some of these cells are multipotent. However, transplantation into the spinal cord of 

adult rats revealed that they remained mostly undifferentiated, with some expressing glial 

markers; in the hippocampus, a large amount differentiated into neurons [82,83], suggesting 

the presence of cues that suppress neuronal differentiation in the adult spinal cord.

In situ proliferation also occurs in the adult spinal cord, increasing after injury, particularly 

in the white matter [85,86]. However, most of these cells were glial progenitors that 

continue to proliferate during adulthood, giving rise to astrocytes and oligodendrocytes [85]. 

More recent studies indicate that adult NSCs are actually located at the lining of the central 

canal, and can proliferate and self-renew in vitro [87,88]. This proposal has strengthened 

with the emergence of new evidence that is starting to define a niche. Moreover, FGF and 
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EGF infusion into the fourth ventricle increased the number of BrdU-labeled cells in the 

central canal, with most being nestin-positive; however, subsequent generation of new 

neurons was not detected [87]. In addition, fate-map analysis using CreER transgenic mice 

with β–galactosidase expression under nestin regulatory sequences showed that the 

expression was limited to the central canal [88]. These cells were vimentin-, SOX-1-, 

SOX-2- and prominin-1-positive, but GFAP- and Olig2-negative, indicating NSC properties. 

Ultrastructure analysis determined that the central canal lining was formed by different cell 

types classified as tanycytes, cuboidal ependymal cells and radial ependymal cells. Spinal 

cord neurospheres derived from these mice revealed cells from the central canal could self-

renew and differentiate into both neuronal and glial lineages in vitro. In addition, after injury 

not compromising the central canal, the authors proved there was an increase in the number 

of proliferative ependymal cells that was located outside the ependymal layer, migrating 

towards the site of injury, and forming part of the glial scar along with reactive astrocytes 

after several weeks [88]. After a month, some of the recombined ependymal cells gave rise 

to oligodendrocytes scattered through the spinal cord, which are needed for re-myelination 

of damaged axons.

In a subsequent study, the heterogeneous conformation of the central canal was confirmed; 

however, its composition was revisited, showing that GFAP-positive cells contacting the 

lumen were especially abundant at the medial dorsal region, where they also exhibited long 

radial processes, and some were BLBP-positive (presumably tanycytes in the previous 

work) [89]. The authors also observed immature neuronal cells located in the subependymal 

layer that had a process that protruded into the lumen. The neurosphere generation capacity 

of the central canal cells was confirmed, but more importantly, the identity of the putative 

stem cell was determined. The authors showed that most of the neurospheres originated 

from GFAP-positive cells, most likely the ones possessing radial processes, but without 

discarding subependymal astrocytes.

This newly described niche at the central canal resembles that described in the 

hypothalamus, where not just one type of cell lining the ventricle shows NSC properties. 

Although few papers have described the presence of newly generated immature neurons in 

the adult spinal cord in physiological conditions [90] or after injury without glial scar 

formation [91], the majority of studies report the absence of neuronal generation in vivo. 

Thus, further analysis is needed to confirm the positive results.

Vitamins and NSC Modulation

Vitamin A

Vitamin A, also known as retinol, is a liposoluble vitamin obtained from the diet. When 

oxidized by two sequential enzymatic steps, it becomes the active derivative, retinoic acid 

(RA), a non-steroid hormone, regulating patterning and differentiation in vertebrate tissues, 

especially in the central nervous system (CNS) [92-97]. However, at higher concentrations, 

RA is teratogenic, highlighting the importance of regulating its levels [98-101]. Retinol 

travels through blood stream carried by the retinol binding protein (RBP) and enters target 

cells through its interaction with the RBP receptor, STRA6 [102]. Inside the cell, it interacts 

with cellular retinol-binding protein (CBRP) that allows proximity with the enzymes 
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responsible for its conversion to RA: retinol and retinal dehydrogenases (RDH and RALDH, 

respectively) [97,103]. RA can impact cells in a paracrine or autocrine fashion through its 

interaction with RA receptors (RARs), which are ligand-activated transcription factors that 

bind retinoid X receptors (RXRs), translocate to the nucleus, and interact with RA response 

elements (RARE) to regulate gene expression [93,97,104]. Some RA target genes are known 

patterning and differentiation factors, such as sonic hedgehog (Shh), bone morphogenic 

protein (BMP) and Wnt [105,106].

In the CNS at embryonic stages, RA is secreted by the meninges and taken up by the NSC 

radial glia, allowing neurogenesis and cortical expansion [107]. In the adult brain, RA 

increases neuronal differentiation of NSCs in vitro [108,109]. Mice expressing the LacZ 

transgene under a promoter downstream of RARE sequences have permitted the precise 

localization of RA signaling [110,111], making it possible to analyze the effects of RA 

modulation on adult neurogenesis. However, the responsiveness to RA is influenced by the 

presence of the proteins needed for the uptake and synthesis of RA, the expression of the 

RAR/RXR receptors, as well as the RA gradient coming from the meninges or other cell 

sources.

Of all of the niches characterized to date, the effect of RA on NSC proliferation and 

neurogenesis has only been determined in the SVZ and SGZ [109,112]. Nevertheless, the 

presence of many of the RA signaling components has been detected in the unconventional 

neurogenic niches [106,113,114].

Using RARE-LacZ mice, RA signaling was demonstrated in the adult SVZ; the RA-

responsive cells were nestin-, SOX-1-, SOX-2- and GFAP-positive with low proliferation 

rates, indicating that they are NSCs [115]. These NSCs expressed multiple RA receptors in 

culture, and after RA treatment, the number of new, immature neurons increased in vitro 

[109]. In addition, RA and retinol stimulated proliferation and neurogenesis in SVZ 

explants, an effect that was ablated by RALDH inhibitors, indicating that the SVZ expresses 

the enzymes necessary for RA synthesis [109]. This suggests that RA, which is likely 

synthesized from the niche itself, stimulates NSCs to generate new neurons. Moreover, 

inhibition of RA signaling by the expression of the dominant-negative RA receptor indicates 

that RA not only stimulates neurogenesis in the SVZ, but it is also crucial for the correct 

differentiation and migration of newly generated neurons along the RMS [109].

In the adult hippocampus, RA plays a role in modulating both neuronal plasticity, and 

neurogenesis [112,116]. It is known that retinol deficiency leads to a loss of long-term 

synaptic plasticity [117] and impairment of spatial memory [118]. It also diminishes 

hippocampus proliferation and the number of newly generated neurons expressing early 

neuronal markers without altering astrocyte generation [112,119]. These effects, however, 

are compensated when RA is directly administrated to mice [119], without affecting animals 

consuming a normal diet. However, the presence of different components of RA signaling in 

the dentate gyrus region has only recently been determined, which established that the 

meninges are main source of RA, and its diffusion creates a gradient across the dentate 

gyrus blades [120]. However, the exact cell that is receiving and responding to RA remains 

undetermined. Similarly, in the hypothalamus, populations of tanycytes (most likely β1--
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type due to their location) express the necessary components for the entrance, synthesis and 

signaling of RA; they also are capable of releasing RA [121,122]. Moreover, hypothalamic 

neurons surrounding the third ventricle are known to express RA receptors, making them 

responsive to the RA signal released by tanycytes [122,123]. However, further studies to 

determine the particular cell type that is transcriptionally regulated by RA signaling and 

evaluate if RA modulates hypothalamic neurogenesis in vivo are required.

Vitamin C

Vitamin C is a water soluble vitamin that alternates between two main chemical states: the 

oxidized form, dehydroascorbic acid (DHA), and the reduced form, ascorbic acid (AA), 

which is predominant at physiological pH [124]. Although most mammals can synthesize 

vitamin C from glucose, guinea pigs, humans and primates are unable to do so because they 

lack the enzyme that catalyzes the last step of its biosynthesis [125]. For this reason, vitamin 

C must be obtained from the diet.

AA is highly concentrated in the CNS, where it participates in a wide range of functions 

crucial for normal development and maintenance [124,126]. It acts as a co-factor in several 

enzymatic reactions, including collagen [127], catecholamine [128-130], carnitine [131], 

cholesterol, and hormonal peptides synthesis [132]; it also modulates dopaminergic and 

glutamatergic synapsis formation [133,134], promotes myelination [135] and has a powerful 

antioxidant capacity, exerting a protective role during oxidative stress [124,126,136-139]. 

Thus, vitamin C deficiency causes severe physiological disorders, including neurological 

alterations [140-142].

In the last decade, several studies also have shown that AA stimulates differentiation of 

different cell types, including NSCs in vitro [143-151], increasing the number of neuronal 

and glial cells in culture and up-regulating many genes involved in neuronal differentiation, 

maturation and plasticity [152,153]. However, unlike the known RA signaling pathway, the 

AA signaling cascade that mediates these phenomena has remained mostly obscure. It is 

known that AA enters cells through the sodium-dependent vitamin C transporters, SVCT1 

and SVCT2, which are predicted to have 12 transmembrane domains with phosphorylation 

and glycosylation sites that regulate its subcellular localization [154-158]. Of the two 

transporters, only SVCT2 is present in brain tissue, specifically within hippocampal [159], 

cortical [160,161] and cerebellar neurons [162], as well as the choroid plexus [163] and 

hypothalamic tanycytes [164]. In addition, AA uptake by SVCT2 can be regulated at the 

transcriptional and post-translational levels, as well as by the presence of short isoforms 

acting as dominant-negative regulators [149,150,154,165-167], suggesting a tight regulation 

of AA levels.

In the SGZ niche, AA deficiency in guinea pigs reduces the number of neurons in the 

hippocampal region by 30%, altering spatial memory [168]. However, the data does not 

distinguish between increased cell death, reduced progenitor proliferation or decreased 

neurogenesis from SGZ NSCs. In a later work by the same authors, pre-natal AA deficiency 

altered hippocampal volume and impaired the migration of newly formed cells, without 

changing the expression of neuronal markers [169].
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More recently, SVCT2 expression has been observed in the transient progenitor cells from 

the adult SVZ [170]. Moreover, when these precursor cells were isolated, they formed 

floating neurospheres that expressed SVCT2 in culture, incorporated AA, and had increased 

expression of neuronal markers after AA treatment, indicating that these progenitor cells are 

responsive to AA, which stimulates neurogenesis [170].

Although AA induced neuronal differentiation in vitro and its transporter is present in the 

adult SVZ niche, more evidence is needed to determine if AA is required for adult 

neurogenesis. Also, the effect of AA on other niches remains to be determined.

Vitamin D3

Vitamin D3, or cholecalciferol, is a liposoluble secosteroid that belongs to the vitamin D 

group. Although it can be obtained from the diet, it is mostly synthesized in the skin after 

exposure to sunlight from the precursor, 7-dehydrocholesterol [171]. Vitamin D3 travels 

through the blood stream attached to the vitamin D binding protein (DBP), and in the liver, 

it is converted to the major circulating form, 25 (OH) D3. In the kidney, it is converted into 

the active form, 1,25 (OH)2D3 [172,173], which will be subsequently referred to as simply 

vitamin D. In addition to bone calcium mobilization [174] and immune response regulation 

[175], the presence of vitamin D metabolites in the CSF and expression of the vitamin D 

receptor (VDR) in embryonic and adult brain tissues [176] suggests that it is also important 

for normal brain function. Moreover, vitamin D deficiency alters brain development, with 

thinner brain cortices and larger ventricle volume being observed in newborn pups [177]; it 

also increases proliferation and reduces apoptosis [178]. Ultimately, vitamin D deficiency 

recapitulates certain symptoms of neurological and psychiatric disorders [29,179-182].

As with retinol, vitamin D executes its multiple functions through binding VDR, a ligand-

activated transcription factor, triggering the expression of target genes that possess vitamin 

D response elements (VDREs) [183,184], including those associated with proliferation, 

growth and differentiation [185]. Interestingly, VDR expression has been observed within 

the classical and unconventional neurogenic niches, including the SVZ, hippocampus, 

cerebellum and hypothalamus [176,186]. Also, the enzyme responsible for vitamin D 

synthesis is found in the SN and hypothalamic paraventricular nuclei [176]. However, the 

few articles that have described a potential effect of vitamin D on adult neurogenesis have 

focused on the SVZ and SGZ [185]. The first study described the presence of VDR in 

neonatal SVZ precursor cells in culture, and demonstrated that the number of neurospheres 

increased by 40% in animals consuming a vitamin D deficient diet. Conversely, the addition 

of vitamin D to NSC cultures diminished the number of neurospheres in control animals, 

without affecting deficient ones [185]. In another study that used 1α-hydroxylase knockout 

mice, which are unable to synthesize vitamin D, the authors showed that after two months of 

life, the number of proliferative cells in the hippocampus was increased, compared to wild-

type animals; however, apoptosis increased and most of the newly generated cells died over 

time, indicating a reduced survival [187]. These effects were shown to be ameliorated with 

vitamin D administration. However, the proportion of cells that were double- labeled for 

BrdU and neuronal or glial markers remained the same between the control and vitamin D 

deficient animals, suggesting vitamin D deficiency does not alter the differentiation of SGZ 
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progenitors [187]. It would be interesting to determine the effects of vitamin D deficiency on 

the proliferation and survival of cells within unconventional niches, and analyze if 

regulating the timing of deficiency and repletion can compensate the long-term effects on 

apoptosis, leading to a net increase in neurogenesis.

Conclusions

Adult neurogenesis in both the SVZ and SGZ is now unarguably recognized to take place in 

rodent, primate and even human brains, and a lot of effort has been made to understand the 

signals and the molecular mechanisms underlying its tight regulation. The dream of being 

able of modulate the neurogenic process and migration of new neurons persists and grows 

with new evidence showing neurogenic potential in other brain regions and different routes 

of migration from the classical niches. In this review, we have revisited what it is known 

about the potential of the unconventional neurogenic niches to generate neurons, giving 

details about its cellular composition and the evidence in favor of the presence of adult 

NSCs that can be regulated by several factors in vitro and in vivo. Although these newly 

described niches have been met with skepticism by the scientific community, it is worth 

noting that there was also major disbelief in the existence of neurogenic capacity in the adult 

brain. Clearly, more in vivo and in situ data are needed to determine if new neuronal 

generation occurs in these unconventional neurogenic niches under physiological 

circumstances. However, even if they lack the endogenous capacity to generate neurons in 

vivo, they may still contain NSCs that can be activated in a definite time or in response to 

specific stimuli, which is extremely valuable in terms of understanding the regenerative 

capacity of the brain during pathological conditions. For the sake of ending a semantics 

controversy, perhaps it would be better if we refer to these regions as “NSC harboring”, 

instead of “neurogenic” niches.
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Figure 1. Classical and unconventional neurogenic niches
A: longitudinal view of a rat brain and part of the spinal cord, indicating cross sections. B: 

Cross sections of spinal cord (a), cerebellum (b) and rat brain (c, d) at different levels. 

Regions where neurogenic potential or NSC presence has been demonstrated are highlighted 

in green. Spinal cord central canal (1), Purkinje cell layer (2), substantia nigra (3), SVZ of 

the lateral ventricles (4), SGZ of the dentate gyrus (5), amygdala (6) and hypothalamus (7). 

C: Cellular composition of the newly described neurogenic niches: central canal (left panel) 

and hypothalamus (right panel).
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