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Abstract

In the anterior forebrain, along the lateral wall of the lateral ventricles, a neurogenic stem cell 

niche is found in a region referred to as the ventricular-subventricular zone (V-SVZ). In rodents, 

robust V-SVZ neurogenesis provides new neurons to the olfactory bulb throughout adulthood; 

however, with increasing age stem cell numbers are reduced and neurogenic capacity is 

significantly diminished, but new olfactory bulb neurons continue to be produced even in old age. 

Humans, in contrast, show little to no new neurogenesis after two years of age and whether V-SVZ 

neural stem cells persist in the adult human brain remains unclear. Here, we review functional and 

organizational differences in the V-SVZ stem cell niche of mice and humans, and examine how 

aging affects the V-SVZ niche and its associated functions.

DEVELOPMENT OF THE V-SVZ STEM CELL NICHE: MOUSE AND HUMAN

Mouse

During brain development highly proliferative neuroepithelial progenitor cells line the fluid-

filled neural tube that defines the growing nervous system. This proliferative zone, or 

ventricular zone (VZ), expands through symmetric division to generate a rudimentary 

forebrain, midbrain and hindbrain and associated three-vesicle ventricular system. From the 

three-vesicle stage, brain development then progresses to a five-vesicle stage defined by the 

lateral ventricles and associated forebrain structures, the telencephalon and diencephalon; 

the third ventricle of the mesencephalon; the cerebral aqueduct and fourth ventricle adjacent 

to the metencephalon (cerebellum) and myelencephalon (medulla and pons); and the central 

canal of the spinal cord. Symmetric division by the neuroepithelial cells increases both the 

cell number and thereby the size of the VZ proliferative zone. Basal contact of the 

neuroepithelial cells to the meninges introduces retinoic acid signaling (Siegenthaler et al., 

2009; Siegenthaler and Pleasure 2011), and this is thought to be responsible for 

neuroepithelial cells transitioning from symmetric to asymmetric division and the initiation 

of neurogenesis (Malatesta et al., 2000; Miyata et al., 2001; Noctor et al., 2001; Noctor et 

al., 2004). With the onset of robust neurogenesis in the VZ, the neuroepithelial cells become 

elongated, maintaining an apical process at the ventricle surface and contact with the 
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circulating cerebrospinal fluid (CSF) and stretching a long basal, radial process to the pial 

surface for contact with superficial boundary blood vessels (Noctor et al., 2001; Noctor et 

al., 2004). Neuroepithelial cells with a long radial process are classified as radial glia and are 

responsible for the bulk of neurogenesis in the embryonic brain (Rakic 2006). If we focus 

specifically on the anterior forebrain and cortical development, the asymmetric division of 

radial glia provides the resulting daughter cells with a long radial process that functions as a 

scaffold for migration into the developing cortical plate. Migration of newly generated 

intermediate precursor cells and neuroblasts into the cortical plate initiates cortical layer 

development in an ‘inside first – outside last’ fashion, with the inside (or deep) layer being 

generated first and then the outside (or superficial) layer being generated last (Kriegstein and 

Alvarez-Buylla 2009; Kriegstein and Noctor 2004; Malatesta et al., 2003; Malatesta et al., 

2000). Later in embryonic and early postnatal development, radial glia, now also referred to 

as neural stem/progenitor cells (NSPCs), generate astrocytes and oligodendrocytes that 

populate neighboring brain structures through both radial and tangential migration. Radial 

glia/NSPCs also generate ciliated epithelial cells, ependymal cells, that line the ventricle, 

displacing the soma of the NSPCs to the subependymal layer of the ventricle (SVZ) so that 

only a thin NSPC process is retained at the ventricle surface. Each NSPC process possesses 

a single primary cilium that projects into the ventricle and senses the ventricle environment 

via receptors along the cilium length and at its interface with the cell membrane (Mirzadeh 

et al., 2008). Ependymal cells do not fully differentiate until late in postnatal development in 

rodents or during the third trimester in humans, when they possess multiple motile cilia and 

significant adherens junctional proteins at their apical surface (Del Bigio 1995; Del Bigio 

2010; Spassky et al., 2005). Fully differentiated ependymal cells function as both a barrier 

and transport system for exchange between the interstitial fluid of the CSF in the adult brain. 

Following early postnatal development only the lateral wall of the lateral ventricles retains 

an associated neurogenic stem cell niche (V-SVZ), neither the medial walls of the lateral 

ventricles, the third ventricle, nor the fourth ventricle support robust neurogenesis in the 

adult mouse. In summary, the mouse V-SVZ stem cell niche develops from the highly 

proliferative neuroepithelium that lines the ventricular system of the brain to a much 

restricted stem cell niche found only along the lateral wall of the lateral ventricles. This 

neurogenic capacity, primarily supporting the genesis of new neurons destined for the 

olfactory bulb, persists into adulthood, but is significantly diminished in old age (see 

MOUSE V-SVZ NICHE IN AGING).

Human

Development of the human V-SVZ is less well characterized, but proceeds along a similar 

sequence to that found in rodents. However, the main distinction is the gyrencephalic 

cerebral cortex found in humans which suggests a need for increased proliferative capacity. 

This appears to be achieved by an expansion of the V-SVZ proliferative zone to include a 

unique, massively expanded outer SVZ (oSVZ) region superior to the SVZ. The oSVZ 

contains radial glia-like cells that may retain both an apical process that contacts the CSF of 

the ventricle and a basal process that extends into the developing cortical plate (Hansen et 

al., 2010). Research suggests that both proliferative and self-renewing asymmetric divisions 

occur within the oSVZ and contribute to the extensive cortical expansion that marks the 

gyrencephalic brain (Hansen et al., 2010). While neurogenic capacity is maintained in 
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adulthood in the mouse V-SVZ stem cell niche, production of new neurons by the human V-

SVZ is greatly diminished by 2 years of age in humans and little to no neurogenesis is seen 

beyond childhood (Sanai et al., 2011; Wang et al., 2011a). Below, we will compare and 

contrast the mouse and human V-SVZ and the discuss the potential consequences of these 

differences.

THE V-SVZ STEM CELL NICHE CYTOARCHITECTURE PROMOTES 

CONTROLLED PROLIFERATION AND MIGRATION: MOUSE AND HUMAN

Mouse

The V-SVZ stem cell niche in adult mice is very well characterized (Alvarez-Buylla et al., 

2001; Alvarez-Buylla et al., 2008; Alvarez-Buylla and Lim 2004; Doetsch et al., 1999a; 

Ihrie and Alvarez-Buylla 2011; Kokovay et al., 2010; Kriegstein and Alvarez-Buylla 2009; 

Lledo and Saghatelyan 2005; Luskin 1993). The apical aspect of the stem cell niche is 

defined by a monolayer of ependymal cells that line the lateral ventricle. NSPCs punctuate 

the ependymal lining with an apical process – a cluster of several NSPC processes are 

surrounded by ependymal cells. If viewed as an en face wholemount preparation of the 

lateral wall of the lateral ventricle, ependymal cells and NSPC projections are organized in 

‘pinwheels’ with the NSPC projections forming the ‘pin’ of the pinwheel (Mirzadeh et al., 

2008). The cell bodies of the NSPCs lie subjacent to the ependymal cell monolayer.

Adult NSPCs are typically quiescent with only approximately 2.5% actively dividing at any 

particular time in young adult mice (Capela and Temple 2002; Conover and Shook 2011; 

Shook et al., 2012) and data from clonal analysis studies suggests that activated NSPCs go 

through several rounds of division before becoming exhausted (Calzolari et al., 2015). 

Activated NSPCs are thought to divide asymmetrically, allowing self-renewal and the 

generation of a daughter transit amplifying cell. These transitory cells then go through 

several divisions before generating new immature neurons, neuroblasts, that are also capable 

of division (Alvarez-Buylla and Lim 2004; Doetsch et al., 1997; Doetsch et al., 1999b; 

Mirzadeh et al., 2008; Nam and Benezra 2009; Tavazoie et al., 2008; Temple 2001; 

Tramontin et al., 2003). Effectively, the transit amplifying cells, functioning as intermediate 

precursor cells, together with the neuroblasts are responsible for the bulk of the robust 

proliferation observed within the V-SVZ (Doetsch et al., 1999a; Doetsch et al., 1997; 

Doetsch et al., 1999b; Luo et al., 2006).

The cytoarchitecture of the adult V-SVZ is defined by NSPCs that span the entire width of 

the V-SVZ niche and have an apical process in contact with the ventricular CSF and a basal 

process that contacts blood vessels at the basal boundary. During development, blood vessels 

invade the newly generated brain tissue and basal processes of radial glia extend to nearby 

blood vessels. The NSPC contact with the vasculature is important as the extensive network 

of blood vessels at the basal boundary of the NSPC niche provides cellular scaffolding as 

well as diffusible cues, establishing an important neurovascular niche that is critical to the 

regulation of NSPC activation (Kokovay et al., 2010; Mirzadeh et al., 2010; Shen et al., 

2008; Tavazoie et al., 2008). In addition, extracellular matrix from the blood vessel basal 

lamina creates intricate branching (fractones) around cells of the stem cell niche, binding 
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growth and other regulatory factors (Kerever et al., 2014; Kerever et al., 2007; Mercier et al., 

2002; Shen et al., 2008) as a means to control local concentration of growth factors.

Neuroblasts, which are highly migratory, transit the anterior forebrain via the rostral 

migratory stream to their final destination, the olfactory bulb. Neuroblast migration occurs 

via contact attraction and contact repulsion mechanisms with the neuroblasts forming 

dynamic chains of migratory cells. Neuroblast migration is aided by V-SVZ astrocytes that 

are arranged as a meshwork around the neuroblast chains (Ahlenius et al., 2009; Conover 

and Shook 2011; Doetsch et al., 1999a; Enwere et al., 2004; Jin et al., 2003; Luo et al., 

2006; Luo et al., 2008; Maslov et al., 2004; Shook et al., 2012; Tropepe et al., 1997). 

Migration through the astrocyte meshwork is aided by the chemorepulsive factor, SLIT, 

which acts on its ROBO receptors located on V-SVZ astrocytes (Kaneko et al., 2010). Other 

factors are likely involved to keep the highly migratory neuroblasts to their specific 

migration pathway.

Human

Organization of the fetal and neonatal human V-SVZ is presently less documented and 

thereby less understood than the mouse V-SVZ. In general, the human V-SVZ organization 

is similar to the mouse, but unique differences exist and account for disparities in brain 

development and the absence of V-SVZ neurogenesis in adulthood. As pointed out above, an 

additional layer of NSPCs are located in what is known as the outer-SVZ (oSVZ) (Hansen et 

al., 2010) and these NSPCs are important for the extensive neurogenesis that gives rise to the 

gyri of the human cortex. Following corticogenesis, the neurogenic stem cell niche along the 

lateral ventricles remains proliferative in neonates, producing new neurons that populate the 

prefrontal cortex via the medial migratory stream and to a lesser extent the olfactory bulb 

(Sanai et al., 2011; Sanai et al., 2004). However, by 2 years of age, human brains show 

minimal V-SVZ neurogenesis and an acellular zone consisting primarily of astrocyte 

processes is found directly beneath the ependymal cell lining of the lateral ventricles with 

the astrocyte cell bodies forming a ‘ribbon’ subjacent to the acellular zone (Sanai et al., 

2004). While the organization of the human V-SVZ astrocytes is reminiscent of the astrocyte 

meshwork observed in rodents, the meshwork in adult humans is devoid of neuroblasts.

V-SVZ NICHE IN AGING: MOUSE AND HUMAN

Mouse

The aging rodent V-SVZ undergoes a number of cytoarchitectural and proliferative changes 

that are well defined (Figure 1). Stenosis of part of the ventral portion of the lateral 

ventricles leads to loss of intact ependymal cell coverage and underlying V-SVZ in areas of 

adhesion, thereby restricting the majority of neurogenesis to the dorsolateral region of the 

lateral ventricles (Figure 1B) (Luo et al., 2008). While lateral ventricle volume does not 

change in the aged mouse, areas of stenosis lead to conformational changes in which 

portions of the dorsal lateral ventricle expand. Areas of the ventricle that show expansion 

also harbor proliferative cells that have astrocyte-like qualities integrated within the existing 

ventricle lining. These cells also display multiple characteristics of ependymal cells, 

including cuboidal shape, adherens junctions and multiple basal bodies indicative of motile 
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cilia (Luo et al., 2008). Incorporation of these cells into the ventricle lining suggests 

reparation of the ventricle cell lining at sites of conformational change. This likely helps 

maintain critical functions such as boundary maintenance and CSF and interstitial fluid 

transport and exchange.

With increased age, the V-SVZ shows a spatially uniform 50–75% loss of proliferative 

capacity compared to that of young adult mice (3 months) (Ahlenius et al., 2009; Doetsch et 

al., 1999a; Enwere et al., 2004; Jin et al., 2003; Luo et al., 2006; Maslov et al., 2004; 

Tropepe et al., 1997). This decrease likely leads to the 75% loss of neuroblasts that reach the 

olfactory bulb (Enwere et al., 2004; Tropepe et al., 1997). Specifically, NSPCs along the 

lateral ventricle show an >80% decline in total numbers per mm2 of intact ependyma in 2-

year-old versus 3-month-old mice. With fewer NSPC processes projecting to the ventricle 

surface there is an associated loss of pinwheel organizational units (Figure 1B). Loss of 

NSPCs and associated pinwheels is spatially uniform, with no region of the lateral ventricle 

wall showing particular resilience or exceptional decline. This is borne out in the reduced 

numbers of new olfactory bulb neurons, but there is conservation of olfactory bulb 

interneuron subtype ratios generated in old mice (Shook et al., 2012). This decline is thought 

to be mediated in part by age-associated microenvironmental changes including decreased 

expression of growth factors that support proliferation and neurogenesis, such as vascular 

endothelial growth factor (VEGF), fibroblast growth factor-2 (FGF-2), and insulin-like 

growth factor-1 (IGF-1) (Jin et al., 2003; Schanzer et al., 2004; Sonntag et al., 2005). DNA 

damage accumulation with age and related changes to the cell cycle, including increased cell 

cycle length and senescence, as well as decreased expression of telomerase have also been 

reported as factors negatively impacting V-SVZ proliferation (Ahlenius et al., 2009; Ferron 

et al., 2009; Tropepe et al., 1997). Surprisingly, although there is a decrease in the total 

number of V-SVZ stem cells with aging, the percent of actively dividing stem cells increases 

with age (Shook et al., 2012), representing a compensatory mechanism to maintain the same 

number of actively dividing NSCs as found in young mice. Additionally, it has been shown 

that infusion of FGF or EGF in aged mice restores proliferation to the level seen in young 

mice (Jin et al., 2003) and isolated aged NSPCs retain the same capacity for neurosphere 

formation as their young counterparts (Ahlenius et al., 2009). Taken together this suggests 

that aged NSPCs maintain the same proliferative potential as young NSPCs, and that 

decreased neurogenesis seen in aging arises from defects downstream of NSPCs in transit-

amplifying progenitors and/or neuroblasts. Studies suggest a potential feedback loop in 

which a decrease in transit-amplifying cells in the aged brain results in decreased epidermal 

growth factor receptor (EGFR) and Notch signaling, leading in turn to an increase in stem 

cell activation [see (Luo et al., 2006)]. In the mouse brain the functional consequence of 

these deficits includes a 75% decline in the total number of dividing cells that reach the 

olfactory bulb (Bouab et al., 2011; Enwere et al., 2004; Shook et al., 2012). This was 

previously suggested to result in deficits in fine odor discrimination (Enwere et al., 2004; 

Tropepe et al., 1997); however, recent work by Moreno et al. (Moreno et al., 2014) showed 

that olfactory deficits in aged mice could be attributed to impaired olfactory perceptual 

learning and granule cell responsiveness to learned odorants, while odor discrimination 

remains intact. This is in agreement with findings that the number of cells and synapses 
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within the olfactory network remain stable with increasing age despite decreased 

neurogenesis (Richard et al., 2010).

Human

The human neonatal V-SVZ is characterized by robust neurogenesis and a stream of 

newborn neurons that populates the layer of the V-SVZ directly beneath the ependyma and 

adjacent to the astrocyte ribbon. By 6 months of age, there is a progressive decline in V-SVZ 

proliferation and the total number of immature, migratory neurons. By 18 months of age, an 

acellular gap region containing just astrocyte processes is found in the place of migratory 

neuroblasts (Figure 1C). In addition, the number of proliferating cells and immature neurons 

has reached the trace levels seen in adulthood (Sanai et al., 2011). The medial migratory 

stream of neuroblasts leading to the prefrontal cortex is not observed after 6 months of age 

(Sanai et al., 2011). The few existing neuroblasts in the adult human V-SVZ and RMS do 

not form chains and migration from the V-SVZ to the olfactory bulbs is either extremely rare 

or nonexistent (Sanai et al., 2004; Wang et al., 2011b).

Several studies show activation and directed migration of NSPCs in the adult human brain 

following injury (Curtis et al., 2007; Jin et al., 2006; Macas et al., 2006) and in cases of 

neurodegeneration (Galan et al., 2011; Nait-Oumesmar et al., 2008; Shan et al., 2006); 

however, the precise identity, site of origin, and regenerative role of these NSPCs are 

unclear. There have also been reports of successful isolation of multipotent stem cells from 

the adult V-SVZ, specifically the astrocyte ribbon layer (Sanai et al., 2004) and the olfactory 

bulb (Pagano et al., 2000), but their organization, function, and capacity for regeneration 

remains controversial.

The human ventricular system is necessary for critical CSF-interstitial fluid exchange of 

nutrients as well as clearance of harmful metabolites from the brain interstitial fluid. In 

contrast to what is seen in mice, aging humans display a progressive enlargement of the 

lateral ventricles. This is accompanied by the replacement of portions of the ependymal cell 

lining with dense patches of astrocytes along the ventricle wall (Figure 1D) (Shook et al., 

2012). Regional glial ‘scars’ in the place of a functional epithelial cell monolayer would 

compromise trans-ependymal bulk flow and lead to edema and toxin accumulation in 

periventricular regions of the aging brain (Figure 1D). The apparent absence of any form of 

NSPC-mediated regenerative repair along the ventricle surface in humans highlights the 

need for further studies examining the existence and characterization of putative NSPCs 

within the human brain, as well as the difference in the microenvironment that would allow 

continuous regeneration and neurogenesis in rodents, but not humans.

DISCUSSION AND REMAINING QUESTIONS

Although there have been many great advances in the understanding of neural stem cell 

niche development and adult neurogenesis in mouse and human, there are still many 

questions that remain unanswered. While the rodent and human V-SVZ retain many 

cytoarchitectural similarities throughout development, neurogenesis in humans does not 

persist past 2 years of age. Reasons for the loss of adult V-SVZ neurogenesis in humans 

versus its persistence in rodents and other mammals remain unclear. The demand for and 
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evolutionary reliance on a high-functioning olfactory system in nocturnally-functioning 

rodents most likely necessitates continuous, lifelong production of new neurons destined to 

support the sense of smell. Humans do not have the same vital requirement for olfaction, 

which may in part explain the early decline in the supply of new neurons to the olfactory 

bulb via V-SVZ neurogenesis. It is important to note that humans do retain neurogenic 

capacity in the subgranular zone (SGZ) of the hippocampus throughout life (Aimone et al., 

2014; Aimone et al., 2006; Gage 2000; Jessberger and Gage 2014); however, proliferative 

and neurogenic capacity in this region declines with age. Adult neurogenesis in the SGZ, in 

contrast to the lack of neurogenesis in the V-SVZ, could be based on the importance of new 

memory formation throughout life in humans (Aimone et al., 2014; Aimone et al., 2006). 

Comparative studies of mammalian neurogenic stem cell niches are necessary to understand 

the regulation and control mechanisms that govern stem cell activation, self-renewal and 

ultimately fate decisions. With the findings of injury-induced neurogenesis near the V-SVZ 

in adult humans, more studies are needed to determine the source of these neurogenic cells, 

activation cues that regulate their proliferation and their differentiation and regenerative 

potential.

Advances in our understanding of adult neurogenesis will increase our ability to enhance 

and possibly harness the potential of NSPCs for therapeutic reparative and regenerative 

purposes.
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Highlights

• SVZ stem cell niche development in mouse and human displays some unique 

differences.

• SVZ neurogenesis in humans stops by 2-years of age.

• Mouse SVZ neurogenesis continuously provides olfactory bulb neurons even 

in aging.

• However, stem cell numbers do decline in the aging mouse SVZ.
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Figure 1. V-SVZ Aging in Mouse and Human
(A) Adult mouse brain shown in a coronal section representation with a red box denoting 

region of V-SVZ depicted graphically, based on electron micrograph imaged cellular 

organization. (B) An analogous representation in the aging mouse brain is similarly shown. 

(C) Adult human brain shown in a representative coronal MRI scan with a red box denoting 

region of V-SVZ depicted graphically based on immunohistochemical staining of human 

brain tissue. A corresponding representation of the aging human brain is shown in (D) and 

indicates a region of glial ‘scar’ and its associated tissue edema. Legend to the right of all 

schematics shows color coding of each cell type shown.
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