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The process by which adult neural stem cells generate new and 
functionally integrated neurons in the adult mammalian brain 
has been intensely studied, but much more remains to be 
discovered. It is known that neural progenitors progress 
through distinct stages to become mature neurons, and this 
progression is tightly controlled by cell-cell interactions and 
signals in the neurogenic niche. However, less is known about 
the cell-intrinsic signaling required for proper progression 
through stages of adult neurogenesis. Techniques have recently 
been developed to manipulate genes specifically in adult 
neural stem cells and progenitors in vivo, such as the use of 
inducible transgenic mice and viral-mediated gene transduction. 
A critical mass of publications utilizing these techniques has 
been reached, making it timely to review which molecules are 
now known to play a cell-intrinsic role in regulating adult 
neurogenesis in vivo. By drawing attention to these isolated 
molecules (e.g. Notch), we hope to stimulate a broad effort to 
understand the complex and compelling cascades of intrinsic 
signaling molecules important to adult neurogenesis. Under-
standing this process opens the possibility of understanding 
brain functions subserved by neurogenesis, such as memory, 
and also of harnessing neural stem cells for repair of the 
diseased and injured brain. [BMB reports 2009; 42(5): 245-259]

INTRODUCTION

The birth of new neurons in the adult brain is a remarkable 
discovery that has gained increasing attention over the last for-
ty years (1-3). Research on adult neurogenesis has exploded in 
the past decade, with a 7-fold increase in the number of pub-
lications with keywords 'adult neurogenesis' between 1997 
and 2007 (ISI database). Interest has intensified with the dis-
covery of neurogenesis in the adult human brain (4-6), by find-
ings that link adult neurogenesis to normal brain function (7-9) 

and disease (10-13), and by the tantalizing possibility of using 
adult neural stem cells in treatment of neurodegenerative and 
psychiatric disorders (14). Such intense research has revealed 
that adult neurogenesis occurs primarily in two brain regions, 
the subgranular zone (SGZ) and the subventricular zone (SVZ; 
Fig. 1) (15, 16, for other regions see 17). The SGZ of the adult 
hippocampus gives rise to glutamatergic dentate gyrus granule 
cells, while a pathway extending from the SVZ to the olfactory 
bulb gives rise to inhibitory olfactory bulb granule and peri-
glomerular cells (8, 18-22). SGZ and SVZ neurogenesis differ 
in many ways, but both proceed via a remarkable “process” of 
adult neurogenesis, where the progeny of stem cells move 
through stages of proliferation, fate choice, migration and ma-
turation (Fig. 2) (23). However, to fully understand SGZ and 
SVZ adult neurogenesis and their therapeutic implications for 
regenerative medicine, it is imperative to understand the mo-
lecular mechanisms of the process: what controls where and 
how adult neurogenesis occurs?
    One answer to that question is clearly “microenvironment” 
or the “neurogenic niche”. A wide variety of components of 
the neurogenic niche have been determined, including vas-
cular requirements, secreted factors, cilia, extrinsic cell-cell in-
teractions, and specific innervation and release of neuro-
transmitters and peptides (24-26). For example, cell-cell inter-
actions in both the SGZ and SVZ result in intracellular signal-
ing cascades essential to the regulation of neurogenesis, in-
cluding the Cdk5 and Notch pathways (27, 28). The signature 
components of the neurogenic microenvironment are clearly 
important in the relative restriction of adult neurogenesis to 
the SVZ and SGZ (29), and likely to the decreased neuro-
genesis seen with increasing age (30, 31). The SVZ and SGZ 
microenvironment appear important for cell fate decisions, a 
relationship that is highly reminiscent of embryonic neuro-
genesis (32-34). However, unlike embryonic neurogenesis, 
adult neurogenesis proceeds more slowly, with the stages of 
proliferation, fate-choice, migration and maturation over-
lapping in time, and in the case of the SGZ, in space (35). 
Therefore, the process of adult neurogenesis occurs in a far 
more heterogeneous and complex microenvironment than in 
the embryo. Clearly, understanding the role of the micro-
environment in the process specifically of adult neurogenesis 
is an area of research that warrants considerable attention (24, 
36-40).
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Fig. 1. Adult neurogenesis occurs primarily in the subventricular zone (SVZ) and subgranular zone (SGZ). In this sagittal view of the adult 
mouse brain, the neurogenic regions are indicated in blue. In the SVZ, stem cells (green) reside in the wall of the lateral ventricle, just 
below the ependymal layer (gray), and give rise to transit amplifying cells (light blue) and neuroblasts (purple). These neuroblasts migrate 
in chains in the rostral migratory stream (RMS) to reach the olfactory bulb (OB), where they mature into functionally integrated granule 
(peach) and periglomerular (red) neurons. In the SGZ of the hippocampal dentate gyrus (DG), stem cells (green) clustered near the base of 
the hippocampal DG granule cell layer (GCL) give rise to transit amplifying progenitors (light blue). These give rise to neuroblasts (blue), 
newborn neurons (purple), and eventually to immature (magenta) and mature (peach) granule cell neurons that primarily exist in the inner 
or hilar half of the GCL but extend their processes out to the molecular layer to receive cortical input. Note that SVZ neuroblasts migrate 
a relatively long distance to the OB to give rise to mature neurons, while SGZ progenitors move barely into the GCL to give rise to ma-
ture neurons.

    Another answer to the question ‘what controls where and 
how adult neurogenesis occurs?’ is “cell-intrinsic molecules”. 
Intrinsic factors likely provide some of the exceptionally tight 
control over the process of neurogenesis, regulating, for exam-
ple, whether a cell returns to the cell cycle or exits it to be-
come an immature and then a mature neuron. However, in-
trinsic pathways that regulate adult neurogenesis have not 
been thoroughly studied because many traditional constitutive 
knockout (KO) mice are not viable to adulthood or even to the 
early postnatal period (e.g. 28). Only very recently have the 
tools been created to inducibly alter expression of genes spe-
cifically within adult neural stem cells and progenitors in vivo, 
enabling exploration of the mechanistic biology of adult neu-
rogenesis in the natural context of its microenvironment. 

Given the power of inducible techniques to dissect the in-
trinsic signaling cascades critical for adult neurogenesis, and 
given the growing number of publications that successfully use 
these approaches to reveal key molecules in the process of 
adult neurogenesis, these in vivo inducible manipulations of 
cell- intrinsic signaling are the focus of the next section. After a 
brief introduction to these techniques, we will review key 
cell-intrinsic signaling components revealed to be critical to 
adult neurogenesis by use of these techniques.

Inducible techniques to target adult neurogenesis in vivo 
Since the emphasis of this review is on inducible manipulations 
of adult neurogenesis in vivo and the cell-intrinsic molecules 
identified via these manipulations, here we provide a brief 

overview of the two main techniques used: viral-mediated 
gene transduction and inducible transgenic mouse lines. For 
sake of space and to preserve our focus on strictly in vivo ap-
proaches that investigate cell-intrinsic effects, we only men-
tion in passing several other elegant approaches to studying 
cell-intrinsic effects, such as antisense oligonucleotide infusion, 
transplantation of stem cells from a constitutive knockout into 
a wildtype mouse, and co-culture of stem cells from knockout 
and wildtype mice (41-43).

Viral-mediated gene transfer
Viral-mediated gene transduction exploits the protein-making 
machinery of a virus to express proteins of interest in discrete 
brain regions or cellular populations. Retro- and lentiviruses 
are particularly of interest for this review, as they allow relatively 
long-lasting and controlled genetic manipulations because 
they insert genes into the host genome. Viral-mediated gene 
transfer can induce several types of genetic manipulation, in-
cluding knockdown, over-expression, knockout, depending on 
what gene the virus is engineered to make. For example, gene 
knockdown or over-expression can be achieved by engineer-
ing the virus to encode a short hairpin RNA (shRNA) for the 
gene of interest, or to encode the gene of interest itself. Gene 
knockout, on the other hand, can be achieved by engineering 
the virus to encode Cre recombinase, a bacteriophage element 
that recognizes and recombines loxP sites that flank a gene of 
interest, or a “floxed” gene. Since viruses are typically infused 
into a discrete region of the brain, stereotaxic infusion of a vi-
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Fig. 2. Adult neurogenesis is a process with distinct stages. The process of adult neurogenesis  stem cells (left) giving rise to rapidly di-
viding progenitors, which in turn develop into immature and eventually mature neurons (right)  is shown in schematic form in both the 
hippocampal SGZ (top row) and SVZ (bottom row). In both the SVZ and SGZ, stem cells express the markers GLAST, Nestin, and GFAP 
(see green band across the bottom). Stem cells in both the SGZ and SVZ divide infrequently to self-renew and give rise to transit amplify-
ing progenitors. SGZ: Self-renewal in the SGZ is dependent on Notch signaling. Transit amplifying progenitors give rise to lineage-restricted 
neuroblasts, both of which proliferate to expand their population. Several pathways converge to promote proliferation of these populations 
in the SGZ. Notch and DISC1 promote basal proliferation, while TrkB promotes proliferation in response to antidepressants (AD). DISC1 
may promote proliferation by inhibiting GSK3beta and cell cycle exit. Notch signaling also negatively regulates cell cycle exit. 
Overexpression of Ascl1 in SGZ progenitors leads to a change in fate from neuronal to oligodendrocyte. This is specific to the SGZ. 
Once SGZ neuroblasts exit the cell cycle, they differentiate into neurons and extend dendrites. Maturation and survival of newborn neu-
rons is positively regulated by many pathways, including Cdk5, NMDAR, TrkB, and Notch, while DISC1 negatively regulates maturation. 
SVZ: Intrinsic regulation of SVZ neurogenesis is less clear, but it is known that Notch signaling maintains ependymal cells in a differ-
entiated state. Without Notch, these cells can contribute to SVZ neurogenesis. Smad4, a downstream target of BMP signaling, is required 
to inhibit oligodendrocyte differentiation of SVZ progenitors. The colored bands on the very bottom of the schematic illustrate the distinct, 
but overlapping, stages of neurogenesis in both the SGZ and SVZ that are transfected by lentivirus and retrovirus.

rus encoding Cre into the brain of a floxed mouse (e.g. floxed 
Cdk5) allows regionally specific gene knockout without the ef-
fort of breeding bi- or trigenic mice (as discussed below). 
Elegant variations of viral-mediated gene transfer exist, such as 
ex vivo transfection and subsequent transplantation into the 
brain. Since the focus of this review is on in vivo inducible 
techniques, the reader is referred to other excellent reviews for 
discussion of these other approaches (e.g. 44, 45).

When utilizing viral-mediated gene transduction, it is im-
portant to consider the virus used, as some viruses preferen-

tially infect dividing cells, while others infect multiple cell 
types (Fig. 2). Retroviral infusion into the brain can infect all 
dividing cells and, in practice, result in gene manipulation 
within the transit amplifying population in neurogenic regions 
(45, 46). On the other hand, lentivirus targets a broader pop-
ulation, infecting neural stem cells and progenitor cells as well 
as immature (47) and sometimes mature neurons (48-50). The 
distinction is important, as the ultimate outcome and inter-
pretation differ depending on the virus. For example, manipu-
lation of genes in a “wave” of progenitors with retrovirus leads 
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to a discrete cohort of transfected neurons (or other progeny). 
In contrast, since lentivirus transduces neural stem cells - the 
putative source of the progenitors in the process of neuro-
genesis (Fig. 2) - this leads to sustained output of genetically 
modified progeny. 

Viral-mediated gene transfer has enormous benefits, including 
regional specificity, the ability to engineer almost any gene of 
interest (including those of relatively large size: 4-7 kb), and 
lack of need to breed bigenic animals. However, there are lim-
itations of the technique. A major drawback is variability of tit-
er between viral preparations, making it difficult to compare 
transfection efficiency and thus quantitative data across groups 
of animals or between laboratories. Another drawback is the 
limited site of diffusion of the infused virus; typically infusions 
of 1 microliter into the brain parenchyma will produce ＜0.4 
mm penumbra of transfected region, or even less depending 
on white matter boundaries and other anatomical barriers to 
viral diffusion. This prevents transfection of large structures, 
like the SGZ (anterior/posterior length: approximately 3 mm in 
mouse, 5 mm in rat) and complicates attempts to measure total 
hippocampal neurogenesis or the impact of decreased neuro-
genesis in hippocampal function. However, for the SVZ, 
which extends towards the OB along the rostral migratory 
stream, this restricted diffusion may be a positive point, allow-
ing manipulation of one aspect of SVZ neurogenesis but not 
another.

Inducible mouse transgenic lines
A second technique to manipulate adult neurogenesis in vivo 
is the utilization of inducible transgenic mouse lines. Here we 
briefly describe the three components central to generation of 
such mouse lines: a “driver” or gene/gene promoter that has 
expression limited to one or more stages of adult neurogenesis 
(Fig. 2); a genetic cassette that allows the driver to inducibly 
control expression of a target gene; and a response gene. 

Identifying genetic components or “drivers” that are specific 
to discrete stages of adult neurogenesis has been challenging, 
but progress has been made. For example, no single marker 
yet exists that is specific to the stem cells themselves. Rather, 
adult neural stem cells express a variety of stem cell and glial 
markers, including Nestin, the high-affinity glial glutamate 
transporter GLAST, and glial fibrilary acidic protein (GFAP) (6 , 
51, 52). Later stages of neurogenesis are similarly marked by 
discrete proteins; doublecortin (DCX) expression, for example, 
is relatively restricted to immature neurons in the SGZ (53). 
The inducible aspect of using transgenic mice to target adult 
neurogenesis entails connecting these genes (Nestin, GLAST, 
GFAP for stem cells, Fig. 2) to a genetic cassette that allow the 
genetic manipulation to be “turned on” or “turned off”. One of 
the most common approaches is to link a driver gene, like 
Nestin or GFAP, to a genetic cassette encoding an inducible 
version of Cre recombinase (54), such as ERT2 or TM 
(tamoxifen sensitive mutant estrogen receptors) (e.g. 55, 
56-58). Another approach is to link a driver gene to a gene en-

coding tetracycline- transactivator (tTA) (59-61). The resulting 
inducible “driver” then allows control over the response gene 
of interest, leading to cell-specific gene knockout, knockdown, 
or over-expression. For example, in the case of a Nestin- or 
GLAST-CreERT2 driver, floxed genes can be removed specifi-
cally from Nestin- or GLAST-expressing cells after peripheral 
administration of tamoxifen (62, 63). In the case of a 
Nestin-tTA driver, genes under control of the tetracycline oper-
on (tet-Op) can be specifically excised from Nestin-expressing 
cells after cessation of doxicycline administration (64). A 
“reverse” system also exists, where genes under tet-Op control 
can be driven in Nestin-expressing cells after administration of 
doxicycline (60). Many combinations and permutations of 
these genetic components exist, and the reader is referred to 
other reviews for more details on these systems (65, 66). 
However, the relevant point for this review is that these trans-
genic systems allow inducible control over gene expression in 
key stages of neurogenesis in the adult brain, making it now 
possible to examine the in vivo cell-intrinsic effects likely so 
important to the neurogenesis process.

Inducible transgenic lines offer clear benefits over viral 
approaches, such as genetic control over large numbers of 
cells in neurogenic regions of the adult brain. This, in turn, 
leads to ease in quantification and in comparison across stud-
ies, and ability to assess the functional input of large numbers 
of adult-generated neurons to learning and memory (67-69). 
One challenge of this approach is the effort that must be put 
into breeding and crossing the transgenic lines, and into char-
acterizing the levels of recombination at different time points 
after tamoxifen administration or cessation of doxicycline. 
Considerations also include the mosaic nature of recombina-
tion, which leads to both recombined and wildtype cells with-
in the same structure, limiting the utility of molecular techni-
ques such as Western blotting or PCR. Furthermore, results 
can vary depending on the efficiency of the Cre-driver (57, 70, 
71). Like choice of virus, the choice of driver for Cre ex-
pression has considerable implications when interpreting 
results. However, because each Cre-driver targets different 
stages of neurogenesis (e.g. GLAST and GFAP likely targeting 
slightly earlier stages than Nestin) it may be possible to utilize 
this difference between drivers to refine our definition of the 
adult neural stem cell. 

Cell-intrinsic molecules that regulate adult neurogenesis in 
vivo
The focus of the rest of this review is on the insight inducible 
techniques have offered into cell-intrinsic molecules important 
for adult neurogenesis in vivo. We first and most extensively 
discuss Notch, a signaling molecule involved in a plethora of 
cellular functions, since it is an excellent example of how 
these inducible approaches have helped to specifically identify 
a role for a molecule is discrete stages of adult neurogenesis. 
We then briefly discuss recent advances in understanding 
cell-intrinsic roles for Cdk5, neurotrophin receptors, Wnt/BMP, 
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DISC1, glutamate and GABA receptors, and CREB. For each 
molecule, we highlight which stages of neurogenesis these fac-
tors are thought to regulate, and indicate new questions that 
have emerged.

Notch
During development, Notch1 is a universally utilized fate sig-
nal integrator in stem cells, generally allowing cells to main-
tain self-renewal (28). Notch cell-intrinsic signaling typically 
follows this sequence of events: membrane-bound Notch 
binds to ligand (e.g. Delta) on an adjacent cell; gamma secre-
tase cleaves the membrane bound Notch receptor; the Notch 
intracellular domain (NICD) is translocated to the nucleus (72, 
73); nuclear NICD interacts with mastermind- like (mam1) to 
convert the required transcriptional cofactor of Notch, RBP-J, 
from a transcriptional repressor to an activator; transcription of 
downstream target genes, including Hes1 and Hes5, is acti-
vated (Fig. 3) (74, 75). In neural stem cells, targets of Notch 
signaling work together to prevent terminal differentiation and 
preserve a pool of stem cells (76). While Notch signaling is 
thought to maintain “stemness” and prevent exit from the cell 
cycle and maturation (28, 38), its role in adult neurogenesis 
has not been clear, primarily because Notch plays so many 
other roles in maturation, neuroplasticity, and even survival 
(77, 78). Therefore, Notch1 was an ideal candidate for the ap-
plication of inducible techniques in order to dissect its potential 
cell-intrinsic role in adult neurogenesis.

In the first study to inducibly alter Notch1 signaling in early 
postnatal neural stem cells, Breunig et al. generated two lines 
of mice to either knock-out Notch (hGFAP-CreERT2;floxed 
Notch1) or over-express the active domain of Notch (hGFAP- 
CreERT2;floxed stop-NICD) in GFAP+ stem cells and their 
progeny (79). Loss of Notch signaling from stem cells and their 
progeny in the SGZ shifted the cells from stem-like (GFAP+) 
to neuronal (DCX+), while overactivation of Notch signaling 
in NICD mice led to persistent GFAP+ stem cells and fewer 
DCX+ neurons. Loss of Notch signaling also increased cell cy-
cle exit and decreased the progenitor pool, while over-
activation of Notch signaling decreased cell cycle exit and in-
creased the progenitor pool. Finally, loss of Notch led to stunt-
ed dendritic arbors and fewer varicosities, while overactivation 
of Notch signaling led to enlarged arbors and increased vari-
cosities in DCX+ cells. Most of the data in Breunig et al. 
comes from manipulation of GFAP+ stem cells in the early 
postnatal SGZ, a region distinct from the adult SGZ. However 
they also offer data that show Notch signaling regulates cell 
fate in the postnatal and adult SGZ similarly. In sum, this semi-
nal study demonstrates that Notch signaling is important not 
only in regulating cell cycle exit and fate choice in GFAP+ 
neural stem cells, but also in regulating choices at each sub-
sequent stage of neurogenesis, even influencing maturation 
and survival (Fig. 2). 

This work establishes that Notch signaling in the early post-
natal and adult SGZ recapitulates embryonic Notch signaling, 

but these findings open up many avenues for future work. For 
example, while it is intriguing that cell-intrinsic Notch signa-
ling regulates dendritic development in the postnatal SGZ, the 
mechanisms underlying this regulation are unclear. One group 
suggests that dendritic morphology may be dependent on 
downstream targets of Notch, such as Hes1/5 and Neurogene-
nin3 (80, 81), but further investigation is needed to determine 
if these or other signaling events lead to Notch-induced cy-
toskeletal reorganization in the adult SGZ in vivo. Additio-
nally, the GFAP driver used by Breunig et al. to target neural 
stem cells also targets astrocytes (55, 82, 83). Would the re-
sults be the same if the inducible KO or over-expression of 
Notch was restricted to just neural stem cells and their pro-
geny (e.g. Nestin driver), or are their results due to a cell- ex-
trinsic effect, perhaps due to loss of Notch in SGZ astrocytes? 
Notch signaling is context-dependent (72), and the results of 
altering this pathway may be dependent upon the choice of 
Cre-driver, so this is an important question to consider. 
Furthermore, given the growing evidence that adult SGZ neu-
rogenesis influences hippocampal behavior (67), what effect 
does disruption of Notch in stem cells and their progeny have 
on hippocampal function? Along these lines, increased neuro-
genesis is required for the behavioral effects of antidepressants 
(84). Would animals with impaired Notch signaling increase 
neurogenesis in response to antidepressants or other neuro-
genic stimuli? Finally, we have reviewed here the literature on 
Notch1, when in fact there are several more members of the 
Notch family, Notch2-4. What distinct or redundant roles do 
each of the Notch family members play in adult neurogenesis?

In addition to inducible alteration of Notch signaling, stud-
ies have also used inducible methods to manipulate down-
stream targets of Notch. Ascl1 (previously known as Mash1) is 
a proneural transcription factor negatively regulated by Notch 
signaling (74). One recent study used retrovirus to upregulate 
Ascl1 in SGZ progenitor cells (85). Four weeks after viral in-
jection, Ascl1 tranfection led to a remarkable fate switch in the 
progeny generated. While normally a small proportion of pro-
genitor cells in the SGZ assume an oligodendrocyte fate, Ascl1 
transfected progeny became oligodendrocytes at an increased 
frequency and at the expense of immature neurons (Fig. 2). 
However, this fate switch was exclusive to SGZ progenitors; 
lateral ventricle infusion of the retrovirus did not induce a fate 
change in progenitors in the SVZ, perhaps because Ascl1 is 
normally highly expressed there, or perhaps because of the 
distinct microenvironment of the SVZ. This result supports the 
fact that regulation of downstream targets by Notch signaling is 
a fundamental requirement for fate choice during neurogenesis 
in the adult SGZ. However, this study raises questions about 
the potential of adult progenitors. Are progenitors in the SGZ 
capable of generating more cell types than those in the SVZ, or 
does the microenvironment dictate the potency of adult neural 
stem cells? Understanding how Notch signaling regulates the 
choices neural stem cells make during development into neu-
rons paves the way for controlling neural stem cells in vivo, 
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Fig. 3. Potential convergence of cell-in-
trinsic signaling pathways for the regulation
of adult neurogenesis. This schematic of a 
single cell (with its bilipid membrane, cyto-
plasm, and nucleus containing DNA and 
transcriptional elements) proposes a hypo-
thesis of how many of the individual cell- 
intrinsic components discussed in this review
may act in concert or in opposition to 
regulate stages of adult neurogenesis. Com-
ponents summarized in this review are in-
dicated in yellow. Direct signaling is indi-
cated by solid lines, while indirect sig-
naling is indicated by dashed lines. Note 
that several of these proteins receive sig-
nals from outside the cell and from the neu-
rogenic niche to regulate differentiation, pro-
liferation, survival, and maturation.

which is critical for therapeutic use. In addition, while this 
study did not find Ascl1 in the SGZ at baseline, this is in con-
trast to previous work that showed Ascl1 is expressed in rela-
tively significant levels in the adult SGZ (86, 87). Therefore, 
future work might attempt to prevent Ascl1 expression via ret-
roviral-mediated gene transfer of shRNA, or perhaps use an in-
ducible Ascl1-CreERT2 to selectively remove genes specifi-
cally from this fate-restricted population of cells. In this regard, 
NeuroD is an interesting candidate. NeuroD is another pro-
neural transcription factor that is further downstream from 
Notch than Ascl1 (28). Recent work using the Nestin-CreERT2 
system has established that NeuroD is necessary and sufficient 
for granule cell differentiation in the adult SGZ and olfactory 
bulb (unpublished data, Jenny Hsieh). However, more work is 
needed to elucidate the cell-intrinsic mechanisms by which 
NeuroD drives neuronal development.

While less work has been done in the SVZ relative to the 
SGZ, two studies that inducibly regulated Notch in this more 
anterior neurogenic region are worth highlighting (Fig. 2). In 
the first study, infusion of retrovirus expressing activated 
Notch into the P2 SVZ via retrovirus converted OB precursors 
to a stem-like state: nonmigratory, slowly dividing, and undi-
fferentiated (88). This work is extremely early in postnatal de-
velopment and therefore cannot be considered a manipula-
tion of adult SVZ neurogenesis. However, it is interesting to 
note that, as seen in SGZ neurogenesis, Notch activation ap-
peared to maintain “stemness”. A second study used indu-
cible manipulation of Notch to test whether ependymal cells 
lining the lateral ventricle are really fully differentiated 

“support players” under basal conditions (89). Using lentiviral 
injection of FoxJ1-Cre, the authors excised the required tran-
scriptional cofactor of Notch, RBP-J, from adult ependymal 
cells. The cellular specificity in this study came from the fact 
that adult ependymal cells are the sole expressers of FoxJ-1 in 
the SVZ. In the absence of Notch signaling, ependymal cells 
left the quiescent state and began generating granule and peri-
glomerular neurons, which migrated and integrated into the 
circuitry of the olfactory bulb. Thus, in contrast to their pre-
viously appreciated support role, this study showed ependy-
mal cells to be quiescent, but still multipotent. While striking, 
this study fuels the controversy surrounding the debate about 
neural stem cell identity. Are all radial-glial derived ependymal 
cells and astroglia capable of becoming mulitpotent? How 
does Notch signaling promote stem cell identity in one cell, 
while maintaining a differentiated phenotype in another cell 
within the same niche? Given the arsenal of tools now at our 
disposal to inducibly manipulate Notch signaling in discrete 
neurogenic populations, these questions will likely be addressed 
in the next few years.

Cyclin dependent kinase 5 (Cdk5) 
Cdk5 is homologous to Cdk1-4, and, like other cyclin depen-
dent kinases, it regulates aspects of the cell cycle, particularly 
in pathological situations (90, 91). However, Cdk5 also appears 
to be extremely important in maturation and migration. 
Biochemical support for this comes from the fact that Cdk5 
phosphorylates a host of molecules in post-mitotic neurons, in-
cluding many that regulate neurite growth and synaptogenesis 
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(Fig. 3) (92, 93). Close examination of Cdk5's role in adult 
neurogenesis is particularly appealing given this dual role; 
would knockout of Cdk5 in adult-generated cells influence cell 
cycle/proliferation, maturation, or both? Previously, this ques-
tion could not be answered because Cdk5 KO mice are not 
viable (94). Therefore, exploration of whether Cdk5 played a 
cell-intrinsic role in adult neurogenesis awaited the develop-
ment of inducible techniques.

The intrinsic role of Cdk5 in adult neurogenesis has recently 
been investigated using two different inducible models. Jess-
berger et al. used a retroviral approach to knockdown Cdk5 
expression in a restricted region in the anterior SGZ. SGZ neu-
roblasts lacking Cdk5 had ectopically projecting dendrites, ab-
normal migration and dendritic spine formation, but there was 
only a minimal effect on survival of immature neurons (95). 
These results are in contrast to those found by Lagace et al., 
who utilized a Nestin-CreERT2 system to ablate Cdk5 in 
Nestin+ stem cells and their progeny throughout the SGZ 
(62). This inducible transgenic approach revealed that loss of 
Cdk5 from stem cells and their progeny led to decreased accu-
mulation of immature neurons, presumably due to cell death, 
but no change in proliferation.

There are many differences between these groundbreaking 
studies that explore the cell-intrinsic role of Cdk5 in adult 
neurogenesis. These include differences in approach which 
likely result in different cell types targeted (e.g. viral-mediated 
gene transfer targets dividing cells vs. Nestin-CreERT2 transgenic 
targets stem cells and their progeny), as well as different 
amount of cells targeted (e.g. here viral-mediated gene transfer 
targeted specifically the anterior SGZ vs. Nestin-CreERT2 trans-
genic targets the entire SGZ and SVZ). Aside from these dif-
ferences in methodology, it is notable that in both cases Cdk5 
appears to act in relatively late stages of neurogenesis (Fig. 2). 
Thus, both studies suggest that Cdk5’s cell-intrinsic role in 
adult neurogenesis does not grossly influence proliferation or cell 
cycle progression, an exceptionally intriguing finding given the 
dual role of Cdk5 in cell cycle regulation and maturation in 
development and in vitro. Future work to reconcile these dis-
tinct but complementary results is warranted, and could focus 
on the hypothesis that Cdk5 mediates synapse formation, and 
synaptogenesis in turn mediates immature neuron survival. It 
will also be interesting to see if loss of Cdk5 from stem cells 
and their progeny disrupts hippocampal function, as has been 
shown for overt loss of SGZ neurogenesis (67) and cell ex-
trinsic loss of dentate gyrus Cdk5 (96).

Neurotrophin receptors
Neurotrophins, such as brain derived neurotrophic factor 
(BDNF) and nerve growth factor (NGF), and their membrane- 
bound receptors, TrkB and p75, have long been presumed to 
regulate adult neurogenesis (97), but the extent to which this 
regulation was cell-intrinsic or cell-extrinsic has not been 
clear. Research suggests that cells in discrete (especially early) 
stages of SGZ or SVZ neurogenesis do not make or release 

neurotrophins. However, neurogenic cells do express the re-
ceptors for the neurotrophins (Fig. 3), suggesting a cell- in-
trinsic role for these receptors. p75, a receptor with roughly 
equal affinity for the neurotrophins, and TrkB, a receptor with 
greatest relative affinity for BDNF, are both expressed on divid-
ing SVZ cells (98, 99). In the SGZ, p75 is expressed on divid-
ing SGZ cells (100), but TrkB has dynamic expression across 
the stages of SGZ neurogenesis (101). Interestingly, TrkB is ex-
pressed on a large proportion of stem cells, but its expression 
then drops in proliferating cells, only to increase again a large 
proportion as the progeny mature (101). Of course, presence 
of the receptor is not definitive evidence of its cell-intrinsic 
effect. It is only recently through the use of inducible techni-
ques that a cell-intrinsic role for neurotrophin receptors in 
adult neurogenesis has become clear. Here we will focus on 
two recent papers that used transgenic systems to remove TrkB 
from stem cells and their progeny in the adult SGZ.

In the first study, Li et al. used a Nestin-CreERT2 system to 
genetically remove floxed TrkB from stem cells and their prog-
eny in order to determine the long-term and functional con-
sequences of TrkB signaling in SGZ neurogenesis (68). Loss of 
TrkB from stem cells and their progeny did not disrupt basal 
neurogenesis, but these mice failed to show an increase in 
neurogenesis upon administration of antidepressants, a treat-
ment that increases proliferation and the number of immature 
neurons in wild-type animals (102). This induced decrease in 
TrkB expression and signaling in Nestin+ cells also blocked 
the behavioral effects of antidepressant treatment in two tests 
of anxiety/depression, the novelty-supressed feeding and 
tail-suspension tests. 

A second study by Bergami et al. utilized the GLAST- 
CreERT2 system to ablate TrkB signaling in adult neural stem 
cells and their progeny (63), although GLAST is known to 
drive gene expression in astrocytes as well as stem cells. This 
group showed a decrease in survival of neurons after tamoxifen- 
induced deletion of TrkB. By analyzing immature neurons at 
an earlier time point, they were able to demonstrate that a 
compromised dendritic morphology (complexity, dendritic 
length) may have led to this decreased survival. This pheno-
type also correlated with a decrease in number of protrusions 
(potential synapses) along dendrites, as well as in the ability of 
recombined cells to develop long-term potentiation after teta-
nic stimulation. In this study as well, loss of TrkB signaling in 
adult-generated cells had functional consequences on the be-
havior of the animal. Ablation of TrkB specifically in adult neu-
rogenic cells led to a marked increase in measures of anxiety 
in two different paradigms, the open field and elevated plus 
maze tests. Together these studies demonstrated requirement 
of TrkB signaling in SGZ neurogenesis and hippocampal 
function. Specifically, TrkB in neuroblasts appears important 
for normal proliferation in response to pharmacological stim-
ulation, and in immature neurons for proper integration and 
survival (Fig. 2). Functionally, TrkB in SGZ neuroblasts may be 
important for mood- related behavior. 
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The role of TrkB and other neurotrophin receptors in the 
SVZ is less certain than in the SGZ. While these receptors are 
expressed in the SVZ (98, 99), recent studies suggest that the 
TrkB ligand BDNF does not stimulate SVZ neurogenesis (42) 
as it does in the SGZ (103). However, given that a genetic var-
iant of BDNF can influence SVZ neurogenesis and olfaction 
(104) and that neurotrophin receptors may regulate neurogen-
esis under pathological conditions (105), additional work to 
explore a role for neurotrophin receptors in SVZ neurogenesis 
and to more thoroughly understand its role in SGZ neuro-
genesis is warranted. Inducible techniques will be especially 
important to such research given that multiple ligands are 
known to interact with each receptor, and that the complexity 
of receptor interactions, isoforms, splice variants, and signaling 
cascades grows each year (106-108).

Wnt/BMP
Wnt and bone morphogenic protein (BMP) are key regulators 
of neurogenesis during embryonic development. Their role in 
adult neurogenesis might have been predicted based on the 
expression of many Wnt and BMP signaling components in 
the adult SVZ and SGZ (109) and because Wnt and mediators 
of Wnt signaling, like β-catenin, are upregulated when neuro-
genesis is increased experimentally (e.g. 110-112). In addition, 
a tremendous number of papers have utilized elegant in vitro 
approaches to further surmise a role for Wnt and BMP signa-
ling in neurogenesis (e.g. 113, 114). However, only recently 
have the inducible approaches that are the focus of this review 
been applied to the question of whether these signaling mole-
cules are important in adult neurogenesis in a cell-intrinsic 
manner. One study built a large basis of in vitro support for 
the role of Wnt signaling in adult hippocampal neurogenesis, 
but also included loss and gain of function data from infusions 
of lentiviruses encoding either a signaling inhibitor (Wnt1/ 
dnWnt) or stimulator (Wnt3) (43). Blocking Wnt signaling sup-
pressed, while stimulating Wnt signaling enhanced, SGZ neu-
rogenesis, as indicated by changes in DCX+/BrdU+ cell 
number. Intriguingly, the same group used the same approach 
to show an effect of Wnt signaling on neurogenesis and learn-
ing and memory (115). These studies emphasize that interfer-
ence with Wnt signaling can disrupt not only early and late 
stages of neurogenesis, but can also have functional con-
sequences in terms of the animal’s behavior.

Downstream targets in the BMP pathway, such as Smad4, 
are also critical for normal neurogenesis. A recent study 
showed that Smad4 is expressed exclusively in progenitors of 
the SVZ and not in the SGZ (116). This study then utilized the 
GLAST-CreERT2 system to demonstrate a requirement for 
Smad4 in adult neural progenitors. Deletion of Smad4 in SVZ 
GLAST+ stem cells decreased the number of neuroblasts gene-
rated and increased the number of Olig2+ oligodendrocyte 
precursors that migrated to the corpus callosum. Inducible de-
letion of Smad4 from either stem cells (using lentivirus) or 
transit amplifying cells and neuroblasts (using retrovirus) 

showed that Smad4 signaling was only required at the earliest 
stage of SVZ neurogenesis for proper neuronal development 
(Fig. 2). This work demonstrates that a single element of a sig-
naling cascade reduced in a discrete cell type in an adult ani-
mal can result in a dynamic change in the fate of cells gen-
erated, and suggests BMP signaling is essential to adult 
neurogenesis.

DISC1
Mutations in the gene “disrupted in schizophrenia 1” (DISC1) 
have been shown to increase susceptibility of an individual to 
become schizophrenic (117). DISC1 is an intracellular signa-
ling molecule whose upstream regulators and downstream tar-
gets are still rather enigmatic. Two recent studies have at-
tempted to elucidate the function of DISC1 in adult-generated 
neurons by utilizing inducible genetic manipulations (118, 
119). Duan et al. infused a retrovirus encoding a shRNA to 
knock down expression of DISC1 in the dentate gyrus adult 
animals, and found that the process of neurogenesis was ac-
tually enhanced. Neuronal progeny of stem cells with de-
creased DISC1 signaling had longer dendrites and more den-
dritic crossings, enhanced spine formation and synaptogen-
esis, and increased excitability. However, these enhance-
ments were also accompanied by ectopic dendrites and cell 
bodies, emphasizing a likely balance between too much and 
too little DISC1 signaling. This study concludes that DISC1 
negatively regulates the progression of maturation of adult- 
generated neurons (Fig. 2). 

The relationship between DISC1 and neurogenesis was fur-
ther advanced by Mao et al., who also provided a possible 
downstream target for DISC1 signaling (119). After characteriz-
ing an interaction between DISC1 and GSK3β and β-catenin in 
vitro, they stereotaxically infused DISC1 shRNA lentivirus into 
the dentate gyrus to knockdown DISC1. Five weeks later SGZ 
proliferation was decreased, with no change in cell death. 
Intriguingly, a GSK inhibitor prevented the decrease in SGZ 
proliferation, suggesting that DISC1 regulates proliferation 
through interaction with GSK3β. Additionally, animals with re-
duced DISC1 cell-intrinsic signaling showed behavioral abnor-
malities associated with schizophrenia endophenotyes, includ-
ing hyperactivity in an open field, novelty- induced hyper-
locomotion and decreased latency to immobility in a forced 
swim test. GSK3β-signaling inhibition in DISC1 knockdown 
animals also prevented the development of these behavioral 
phenotypes. While the behavioral interpretations of this paper 
may be viewed as controversial (e.g. forced swim test is more 
associated with depression than schizophrenia, and testing it 
in hyperactive animals may be confounding), in general this 
body of evidence strongly supports the conclusion that DISC1 
negatively regulates GSK3β to maintain normal adult SGZ neu-
rogenesis (Fig. 2, 3).

As a corollary, one study has recently shown a requirement 
of the GSK3β interactor β-Catenin in POMC-expressing imma-
ture neurons (120). This study induced a specific knockout of 
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β-Catenin in early postnatal dentate gyrus immature neurons 
and found a deficit in dendritic morphology. It will be interest-
ing to see if this result is replicated utilizing inducible techni-
ques in the more mature neurogenic niche, as β-Catenin is an 
interesting point of convergence between many pathways 
(Wnt, cadherin, TrkB) and DISC1.

Glutamate receptors
Glutamate is a well-known regulator of adult neurogenesis 
(121, 122), but only recently have studies begun to dissect a 
cell-intrinsic role for glutamate receptors. The NMDA glutam-
ate receptor (NMDAR) is a crucial integrator of excitation and 
physiological changes that can lead to potentiation of synapses 
and long-term changes in neuronal circuits. Its role in the proc-
ess of adult SGZ neurogenesis has been investigated by 
Tashiro et al. using retroviral knockdown of the NR1 subunit 
of the receptor (123). Maturing neurons lacking functional 
NMDAR had a decreased density in SGZ at 3 weeks. Decrease 
in number of maturing neurons was also accompanied by an 
increase in cell death. The authors suggest the existence of a 
critical period in the life of a newborn neuron, in which syn-
aptic activity mediated by NMDAR is ultimately required for 
new neuron survival (Fig. 2, 3). However, many questions re-
main unanswered. For example, pharmacological and bio-
chemical studies in vivo and in vitro strongly suggest a role for 
NMDAR in other stages of neurogenesis, such as proliferation 
and fate choice (e.g. 124-126). Therefore, more studies are 
needed to investigate whether NMDAR is a cell-intrinsic signal 
for these early stages of neurogenesis. In addition, evidence 
suggests that other glutamate receptors (kainate, AMPA, 
mGluR) are also potential cell-intrinsic regulators of SGZ neu-
rogenesis (e.g. 127-129), and this is worthy of additional inves-
tigation using the inducible tools now available.

Even less is known about the cell-intrinsic role of NMDA or 
any glutamate receptor subtype in the SVZ. Recent studies sug-
gest certain glutamate receptors are expressed and functional 
in discrete stages of SVZ neurogenesis (121), while others 
show that global manipulation of glutamate receptors leads to 
altered SVZ neurogenesis (130). The paucity of information 
about the importance of glutamate receptor subtypes in SGZ 
and SVZ neurogenesis likely will change given the current 
availability of the tools to inducibly manipulate these proteins 
in the adult neurogenic regions.

GABA receptors
Another neurotransmitter receptor essential to neurogenesis in 
general is the GABAA receptor (GABAAR) (131-133). In fact, 
GABAergic signaling has been charged with dictating the 
“tempo” with which cells progress through stages of adult neu-
rogenesis (134). Work in embryonic development and in vitro 
work in juvenile SGZ and SVZ suggest potential roles for 
GABAAR in proliferation, migration and maturation (121, 134). 
GABAAR is an ionotropic receptor that passes chloride upon 
GABA binding. The chloride potential in maturing neurons de-

pends upon expression of the chloride transporters NKCC1 
and KCC2 (135). Until KCC2 is expressed and begins to ex-
trude chloride, the chloride reversal potential is dependent on 
NKCC1, such that GABAAR activation causes depolarization 
(136). GABAergic excitation promotes maturation of adult 
neural stem cells in the SGZ in vitro (137), thus coupling neu-
ronal activity to progression through stages of neurogenesis 
(138). This phenomena of being excited by GABA, a neuro-
transmitter that typically inhibits mature neurons, is one of 
many factors that led to adult-generated progenitors being re-
ferred to as “young and excitable” (139) (Fig. 3).

Much work has been done on the role of GABA in regulat-
ing stages of adult neurogenesis in the SVZ and SGZ (121, 
132, 140, 141). Here we highlight a seminal study that indu-
cibly advanced the “switch” to inhibitory transmission of the 
GABAAR and examined the effect on SGZ adult neurogenesis 
in vivo (142). This study used retrovirus expressing shRNA to 
knock down NKCC1 expression in the adult SGZ, while leav-
ing the level of KCC2 expression unchanged. This cell-intrinsic 
manipulation resulted in a lower intracellular chloride concen-
tration and hyperpolarization of the cell upon GABA 
application. It was discovered that immature neurons that are 
prematurely hyperpolarized by GABA showed reduced for-
mation of both GABAergic and glutamatergic synapses. 
Electrophysiological measures of reduced synapse formation 
were accompanied by structural deficits in maturation of adult 
generated neurons. Newborn neurons with an early switch to 
hyperpolarization had decreased complexity as measured by 
total dendritic length, branch number, and Sholl analysis of 
number of crossings per unit distance from the soma. This 
study shows that inducible manipulation of a single type of 
chloride transporter can significantly alter the rate at which 
new neurons in the adult SGZ mature (Fig. 2). Taken together 
with cell extrinsic studies showing that GABA can influence 
proliferation, migration, and fate in adult neurogenesis (132, 
133, 143), additional studies are needed to explore if GABAAR 
contributes similarly to all these stages, or whether distinct 
components of the GABAergic signaling pathway regulate dis-
tinct phases of adult neurogenesis.

CREB
One essential integrator of neuronal activity and gene trans-
cription is cyclic AMP response element binding protein 
(CREB). Neuronal activity can result in calcium dependent as 
well as cAMP/PKA dependent phosphorylation of CREB and 
subsequent regulation of genes that lead to long-term changes 
in activity and morphology (Fig. 3) (144). While little has been 
done to inducibly regulate CREB in a cell-intrinsic manner to 
study adult neurogenesis in vivo, intriguing evidence suggests 
that such studies are necessary. For example, CREB is activated 
in differentiating neurons as they move from the SVZ to the 
OB and deletion of CREB in early postnatal animals decreases 
survival of OB granule cells (145). In addition, immature SGZ 
neurons present the phosphorylated form of CREB, and phar-
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macological activation of PKA/CREB signaling enhances neu-
ronal proliferation (146). 

One study that has manipulated CREB signaling in SVZ 
adult neurogenesis in vivo used a Nestin-tTA transgenic mouse 
that overexpressed a mutant form of CREB (mCREB) in stem 
cells and their progeny (64). In contrast to their hypothesis that 
CREB disruption would alter adult SVZ neurogenesis, disrup-
tion of CREB DNA binding via mCREB overexpression did not 
alter proliferation or fate in the SVZ. It is possible that mCREB 
overexpression was not sufficient to test the cell- intrinsic role 
of CREB; in this study, mCREB acted as a competitive antago-
nist for CREB binding to DNA, but did not directly affect either 
the expression or phosphorylation state of CREB. Therefore, 
additional studies are needed that apply the growing knowl-
edge of how to interfere with CREB signaling in vivo (147, 
148). Given the relatively clear expression and activation of 
CREB in distinct stages of adult neurogenesis (145, 146), grow-
ing evidence that cell extrinsic CREB mediates neurogenesis 
(e.g. 149), and the ability of CREB to both integrate numerous 
intracellular signals and mediate transcription (Fig. 3) (150), it 
will be extremely surprising if CREB does not emerge in the 
next five years as a major player in cell-intrinsic regulation of 
neurogenesis in vivo.

CONCLUSION

The studies summarized here are among the first to inducibly 
alter expression of a single molecule specifically in adult neu-
ral stem cells and progenitors in vivo. Taken as a whole, it is 
intriguing to hypothesize that this wide variety of pathways 
may converge within individual cells to regulate multiple as-
pects of adult neurogenesis (Fig. 3). Of course, the results of 
these studies are biased by the fact that the inducible techni-
ques currently available require manipulation through the ear-
ly stages of neurogenesis in order to look at later stages of 
maturation. Future studies will likely employ inducible techni-
ques using promoters that drive expression selectively in im-
mature neurons, such as POMC, PSA-NCAM or DCX, and will 
focus on signaling molecules and cascades ripe for analysis, 
such as CREB, mentioned above, adhesion molecules (151, 
152) and other growth factor cascades (153-156). As more in-
ducible systems are developed and more signaling pathways 
interrogated, the cell-intrinsic requirements for stages of adult 
neurogenesis will be established. Ultimately, intimate knowl-
edge of the signaling cascades that regulate adult neurogen-
esis could provide precise pharmacological and cellular inter-
ventions to manipulate the process, resulting in specific treat-
ments to repair the damaged brain. 
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