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Abstract
Neurogenesis in the adult brain, a process once thought to be essentially absent, has now been
demonstrated to occur throughout adult mammalian life within several brain regions. Adult
neurogenesis normally occurs only within the subventricular zone (SVZ) bordering the lateral
ventricles and the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG). Neurogenic
progenitors within these regions produce distinct neuron types, with progenitors in the SGZ giving
rise to glutamatergic neurons that populate the DG granule cell layer and those within the SVZ
producing neurons destined for the olfactory bulb. In this review, we highlight recent research on
transcription factor expression and function during adult hippocampal neurogenesis. In this regard,
recent evidence indicates that adult neurogenesis replicates important aspects of progenitor cell
development in the embryonic brain. Specifically, work from our laboratory and others indicates
that transcription factor cascades active in progenitor cells during neurogenesis in the embryonic
cerebral cortex are also activated in adult hippocampal progenitor cells, where they play an
important role in determining neuronal fate and regulating progenitor cell proliferation and
maintenance. These findings suggest that conserved transcription factor cascades regulate genetic
programs that delineate progenitor cell lineages and control progenitor cell proliferation and
differentiation.

Introduction
In recent years, numerous studies have confirmed that adult neurogenesis is a robust and
continual process that occurs within two specific neurogenic niches of the adult brain (Lie et
al., 2004). One of these neurogenic niches, the subgranular zone (SGZ) of the hippocampal
dentate gyrus, contains neural progenitor cells (NPCs) that give rise to neurons destined to
populate the granule cell layer (GCL) of the dentate gyrus. The subventricular zone (SVZ)
adjacent to the lateral ventricles represents the other main neurogenic niche in the adult
brain. Within the SVZ, NPCs divide to give rise to neuroblasts that travel through the rostral
migratory stream (RMS) and eventually differentiate into olfactory bulb neurons.
Additionally, the existence of neurogenesis in otherwise non-neurogenic regions of the adult
brain has been demonstrated in models of neurodegenerative diseases and following various
brain injuries (Mitchell et al., 2004; Emsley et al., 2005).

The functional significance of adult neurogenesis is an area of ongoing investigation.
Several studies suggest that hippocampal neurogenesis in the adult brain may contribute to
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learning and memory, as well as the regulation of emotional status (Encinas et al., 2006;
Clelland et al., 2009; Deng et al., 2009; Deng et al., 2010).

In terms of cellular and molecular mechanisms, recent work suggests that neurogenesis in
the adult brain recapitulates many aspects of neurogenesis in the developing brain (Espósito
et al., 2005; Nacher et al., 2005; Song et al., 2005; Hevner et al., 2006; Hodge et al., 2008).
In accordance with this idea, transcription factors known to influence progenitor cell
development in the embryonic brain may likewise play a conserved role in directing
proliferation and differentiation in the adult brain. Studies of embryonic development have
shown that coordinated transcription factor expression is important for the specification of
neuronal identity and neurotransmitter fate (Hevner et al., 2006). In many cases,
transcription factor cascades (sequential expression of multiple transcription factors) appear
to be important for controlling progenitor proliferation and specifying neuronal identity in
the developing brain (Arlotta et al., 2005; Englund et al., 2005; Hevner et al., 2006). This
review will summarize current data on the expression and actions of transcription factors
during progenitor cell development in the adult brain, focusing specifically on recent work
in the hippocampal dentate gyrus.

Neural Progenitor Cells in the Subgranular Zone of the Dentate Gyrus
NPCs in the dentate gyrus are located in the SGZ, which lies at the border of the hilus and
the granule cell layer (Fig. 1A, B). Neural stem cells or primary progenitors, referred to as
type-1 cells, are multipotent progenitors capable of producing neurons and glia; they can be
subdivided into active and quiescent populations (Suh et al., 2007; Ehninger and
Kempermann, 2008; Lugert et al., 2010). Quiescent type-1 NPCs typically exhibit radial
morphology characterized by a large, triangular soma and a long radial process that traverses
the granule cell layer and branches into numerous small processes within the molecular layer
of the dentate gyrus (Fig. 1B, C) (Kempermann et al., 2004; Lugert et al., 2010). These
quiescent radial type-1 cells are characterized by expression of the glial cell marker GFAP
and the neural progenitor marker nestin, divide at a slow rate, and represent a small fraction
of the total population of dividing cells in the SGZ (Encinas et al., 2006; Suh et al., 2007;
Lugert et al., 2010). A second class of type-1 cell with short, horizontal processes has
recently been characterized. These type-1 cells with horizontal morphology express markers
similar to radial type-1 cells, but typically divide at a greater frequency and account for a
larger proportion of the total population of dividing cells in the adult dentate gyrus (Encinas
et al., 2006; Suh et al., 2007; Lugert et al., 2010).

The type-1 cells are thought to produce type 2 and 3 transit amplifying cells, that can be
further subdivided into several developmental stages and appear to be responsible for the
bulk of neuron production in the adult dentate gyrus (Fig. 1B, C) (Kempermann et al.,
2004). Type-2a intermediate progenitors (IPs) express nestin (as determined by nestin-GFP
transgene labeling), but do not express microtubule-associated Doublecortin (DCX). DCX
expression is generally correlated with commitment of cells to a neuronal lineage and its
expression is greatest in cells with a migratory phenotype. A second subclass of IPs, called
type-2b cells, is characterized by expression of nestin-GFP and DCX, suggestive of
commitment to a neuronal lineage. Both type-2a and –2b progenitors are small cells that
exhibit very short tangential processes and tend to form clusters in the SGZ (Kempermann et
al., 2004). Type-3 cells are IPs that remain mitotically active, but express further markers of
neuronal differentiation such as PSA-NCAM, and do not express nestin. Given that
expression of neuronal lineage markers increases with progression from type-2 to type-3
cells, it is likely that these cell types represent continuous steps in progenitor cell
development rather than heterogeneous progenitor cell types within the neurogenic niche.
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However, the exact relationship between these different classes of intermediate stage
progenitors remains to be determined.

Newly generated neuroblasts in the SGZ are characterized by transient expression of the
calcium binding protein calretinin and upregulation of NeuN, a marker of postmitotic
neuronal nuclei (Fig. 1B, C) (Kempermann et al., 2004). Calretinin expression is estimated
to continue for approximately two weeks, after which time newborn neurons begin to
express calbindin. It is estimated that the time required for new granule neurons to be
generated and integrated into the existing hippocampal circuitry is in the range of four to
seven weeks (Kempermann et al., 2004; Ehninger and Kempermann, 2008).

Expression and functions of transcription factors in the adult hippocampal
SGZ

In order to determine the underlying molecular mechanisms controlling neuron production
in the adult hippocampus, recent studies have focused on the roles that transcription factors
play in regulating progenitor proliferation and differentiation. In general, the functions of
transcription factors in adult hippocampal neurogenesis are not as well understood as the
roles of transcription factors during embryonic neurogenesis. However, recent data suggests
that transcription factor sequences expressed during the embryonic generation of neocortical
glutamatergic neurons are part of a conserved program of neurogenesis responsible for the
generation of glutamatergic neurons in the adult dentate gyrus. In addition, analyses of
transcription factor expression that have helped to further understanding of the functions of
neurogenesis in the adult dentate gyrus will be discussed.

Pax6
During embryonic generation of cortical glutamatergic neurons, Pax6, a paired domain and
homeodomain-containing transcription factor, is expressed in radial glia (Götz et al., 1998;
Englund et al., 2005). Radial glia act as the primary progenitor cells of the cerebral cortex,
and divide to give rise to IPs that, in turn, are responsible for generating most cortical
glutamatergic neurons (Hevner et al., 2006; Pontious et al., 2008). Current evidence suggests
that Pax6 expression in the SGZ parallels its embryonic pattern of expression (Fig. 1C).
Several studies have shown that Pax6 is expressed in cells with morphology typical of radial
type-1 cells and have indicated coexpression with the type-1 cell markers GFAP, Glast and
nestin (Maekawa et al., 2005; Nacher et al., 2005; Hodge et al., 2008; Roybon et al., 2009).
Pax6 expression appears to persist to some extent in type-2 progenitors, as approximately
30% of Pax6-positive cells coexpress DCX, but Pax6 is not present in postmitotic
neuroblasts (Nacher et al., 2005; Roybon et al., 2009). Analyses of heterozygous rSey2 Pax6
mutant mice support a role for Pax6 expression in the regulation of type-1 cell development.
In these heterozygous Pax6-deficient mice, GFAP-positive cells are reduced in the SGZ, and
GFAP-positive cells that persist in this zone exhibit decreased proliferation as evidenced by
a reduction in GFAP/BrdU-positive cells (Maekawa et al., 2005).

T-box Transcription Factors
Tbr1 and Tbr2 are T-box transcription factors that are expressed in both the developing
cerebral cortex and the adult hippocampus. Analyses in the embryonic cortex first
demonstrated the expression of the T-box transcription factor Tbr2 in cortical IPs (Englund
et al., 2005). Work from our laboratory and others has since shown that Tbr2 is likewise
expressed specifically in IPs in the adult SGZ (Fig. 1B, C) (Hodge et al., 2008; Roybon et
al., 2009). Tbr2-positive cells are localized to the SGZ, where they are often found in
clusters and exhibit morphology typical of type-2/3 cells (Hodge et al., 2008; Roybon et al.,
2009). A subset of Tbr2-positive cells colocalizes with Pax6, which parallels the partially
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overlapping expression pattern of these transcription factors observed during embryonic
development (Englund et al., 2005; Hevner et al., 2006; Hodge et al., 2008; Roybon et al.,
2009). Consistent with type-2 progenitor identity, we found that Tbr2-positive cells
coexpressed nestin-GFP (Hodge et al., 2008). Additionally, Tbr2 expression likely persists
into type-3 cells to some extent as Tbr2-positive cells often expressed low levels of DCX
and PSA-NCAM (Hodge et al., 2008; Roybon et al., 2009). Interestingly, Tbr2-positive cells
are dramatically increased in the dentate gyrus after voluntary wheel running, consistent
with previous data suggesting that proliferation of type-2 cells is regulated by neurogenic
stimuli (Hodge et al., 2008). Recent work suggests that Tbr2 is also particularly important
for proper development of the dentate gyrus (Arnold et al., 2008). While the exact functions
of Tbr2 in adult neurogenesis have not yet been determined, ongoing studies in our
laboratory suggest that Tbr2 is required for proper production and maturation of newborn
granule neurons in the adult dentate gyrus.

During embryonic cortical development, downregulation of Tbr2 as cells exit the cell cycle
and differentiate into postmitotic neuroblasts coincides with upregulation of the T-box
transcription factor Tbr1(Hevner et al., 2001; Englund et al., 2005). This expression pattern
is recapitulated in the adult SGZ, where Tbr1 expression is particularly strong in newly
generated neurons (Fig. 1C) (Hodge et al., 2008). Tbr1 does not colocalize with nestin-GFP
or with markers of cell cycle activity, suggesting that expression of this transcription factor
is largely confined to postmitotic cells (Hodge et al., 2008; Roybon et al., 2009). The
functions of Tbr1 in regulating adult neurogenesis remain to be elucidated.

SRY-related HMG-box (Sox) transcription factors
One of the best studied transcription factors in adult hippocampal neurogenesis, Sox2, is a
member of the SoxB1 subgroup (Sox 1-3) that is strongly expressed in both radial and
horizontal type-1 cells within the SGZ, and colocalizes with the stem cell markers with
GFAP, nestin, and BLBP (Fig. 1C) (Ferri et al., 2004; Komitova and Eriksson, 2004; Suh et
al., 2007; Lugert et al., 2010). Expression of Sox2 is apparent in the majority of dividing
cells in the SGZ, with some studies estimating that greater than 90% of PCNA-positive cells
coexpress Sox2 (Lugert et al., 2010). Sox2 expression persists at least into type-2a cells,
where it overlaps with the IP marker Tbr2 (Hodge et al., 2008). Rarely, Sox2-positive cells
coexpress markers of neuronal fate commitment, such as PSA-NCAM and DCX (Ferri et al.,
2004; Suh et al., 2007), indicating that Sox2 is downregulated as postmitotic neuroblasts are
produced. Running has been shown to increase the proliferation of Sox2-positive cells
without changing the overall density of this cell population, indicating that Sox2-positive
progenitors are responsive to physiological stimuli (Suh et al., 2007). Evidence of a role for
Sox2 in regulating neurogenesis in the dentate gyrus comes from studies of Sox2 null
mutant, and conditional null mutant mice. Conditional null mutant Sox2 mice in which Sox2
is deleted during embryonic development exhibit almost complete absence of the dentate
gyrus by P7 (Favaro et al., 2009). Similarly, conditional deletion of Sox2 in adult
hippocampal NSCs results in a decline of nestin/GFAP-positive type-1 cells in the SGZ
(Favaro et al., 2009), suggesting that Sox2 is required for NPC maintenance in the dentate
gyrus. Sox2 may act to maintain the NPC pool in the dentate gyrus, at least in part, through
regulation of Sonic hedgehog (Shh), which has been identified as a direct target of Sox2
(Favaro et al., 2009). Additionally, recent evidence suggests that Sox2 represses expression
of NeuroD1, a bHLH transcription factor required for granule neuron differentiation
(discussed below), and that this Sox2-dependent repression of NeuroD1 must be removed in
order for neurogenesis to progress (Kuwabara et al., 2009). Sox2 expression itself appears to
be regulated by Notch/RBPJκ signaling (Ehm et al., 2010). Specifically, Notch signaling has
been shown to increase activity of the Sox2 promoter and increase Sox2 expression (Ehm et
al., 2010).
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Sox3, another member of the SoxB1 subgroup, exhibits a pattern of expression similar to
that of DCX. Whereas Sox2 is expressed predominantly in type-1 cells, Sox3 expression is
upregulated in intermediate stage progenitors and immature granule neurons (Wang et al.,
2006). Sox3-positive cells colabel with acutely administered BrdU, indicating that at least a
subset of these cells are actively proliferating. Most Sox3 positive cells coexpress PSA-
NCAM and calretinin, markers of immature granule neurons, indicating that Sox3
expression persists to some extent in newly born neurons (Fig. 1C). Sox3-positive cells do
not coexpress the mature neuronal marker NeuN, suggesting that this transcription factor is
only involved in progenitor proliferation and early stages of neuron maturation (Wang et al.,
2006).

Sox11 is a member of the SoxC subgroup (Sox4, Sox11, Sox12) whose expression has been
characterized in the adult hippocampus (Haslinger et al., 2009). Within the adult dentate
gyrus, Sox11 expression is restricted to DCX-positive type-3 cells and postmitotic
neuroblasts (Fig. 1C). While the exact role of Sox11 in adult hippocampal neurogenesis
remains unclear, overexpression of Sox11 has been shown to promote neuron generation
from NPCs in vitro (Haslinger et al., 2009).

Basic-helix-loop-helix (bHLH) transcription factors
A number of bHLH family members appear to have transcriptional roles in controlling NPC
development in the SGZ. Hes5, a read-out of canonical Notch signaling, is expressed in both
quiescent and active type-1 cells exhibiting either radial or horizontal morphology (Lugert et
al., 2010). Hes5 expression overlaps with that of Sox2 in many hippocampal NPCs (Fig. 1C)
(Lugert et al., 2010). Recent work indicates that Hes5-positive cells are responsive to
exercise, exhibiting increased proliferation after running (Lugert et al., 2010). Similarly,
seizures have been shown to increase the proliferation of Hes5-positive type-1 cells and to
increase the density of these cells in the SGZ (Lugert et al., 2010). Ascl1 (also called
Mash1), is expressed predominantly in type-2a NPCs in the SGZ. Ascl1 expression can also
be detected in some type-1 cells where it colocalizes with Sox2 (Kim et al., 2007). Ascl1
colocalizes with a small percentage of Tbr2-positive cells, but does not coexpress markers of
type-3 progenitors or postmitotic neuroblasts (Kim et al., 2007; Hodge et al., 2008; Roybon
et al., 2009). Lineage tracing experiments using Ascl1-CreER™ mice suggest that Ascl1-
postive NPCs give rise predominantly to granule neurons in the dentate gyrus (Kim et al.,
2007). However, retroviral overexpression of Ascl1 has been shown to redirect the fate of
newborn cells from granule neurons to oligodendrocytes, which populate the hilus of the
dentate gyrus (Jessberger et al., 2008), indicating that the quantitative level of Ascl1
expression may be an important determinant of its in vivo functions in the dentate gyrus.

The transition from type-2a to type 2b progenitors is marked by downregulation of Ascl1
and upregulation of another bHLH transcription factor, Neurogenin-2 (Neurog2) (Roybon et
al., 2009). Expression of Neurog2 is initiated in late type-2a progenitors, where
colocalization with Pax6 and nestin is apparent (Ozen et al., 2007; Hodge et al., 2008;
Roybon et al., 2009). Transition to the type-2b phase is marked by coexpression of Tbr2
(Hodge et al., 2008; Roybon et al., 2009). Neurog2 protein does not typically colocalize with
DCX or other markers of neuronal commitment, indicating downregulation of this
transcription factor as IPs transition to the type-3 stage (Fig. 1C). Many Neurog2-positive
cells colocalize with Ki67 and acutely administered BrdU, confirming expression of
Neurog2 in rapidly dividing progenitor populations (Ozen et al., 2007; Roybon et al., 2009).
Phenotypes in Neurog2 null mutant mice support a role for Neurog2 in postnatal
neurogenesis in the dentate gyrus. These animals exhibit decreased greatly reduced cell
proliferation and a failure to form the infrapyramidal blade of the dentate gyrus (Ozen et al.,
2007; Roybon et al., 2009). Conversely, retroviral overexpression of Neurog2 produces
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mostly neuronal progeny, indicating that Neurog2 expression is involved in granule neuron
specification in the dentate gyrus (Roybon et al., 2009).

As IPs become committed to a neuronal lineage in the type-2b and type-3 stage of
development, expression of the basic-helix-loop-helix (bHLH) transcription factor NeuroD1
(also known as NeuroD and BETA2) is upregulated (Fig. 1C). NeuroD1-positive cells are
localized to the SGZ and inner granule cell layer, and studies suggest that at least some of
these cells are mitotically active progenitors (Lee et al., 2000; Seki, 2002; Gao et al., 2009).
The majority of NeuroD1-positive cells coexpress PSA-NCAM and DCX, suggesting that
they are committed to a neuronal fate (Seki, 2002; Hodge et al., 2008; Roybon et al., 2009).
NeuroD1 is coexpressed with Tbr2 in many type-3 progenitor cells (Hodge et al., 2008);
interestingly, this pattern of expression closely parallels that seen in the embryonic cortex
where NeuroD1 and Tbr2 are coexpressed in terminally dividing IPs in the cortical
subventricular zone (Englund et al., 2005; Hevner et al., 2006). However, PSA-NCAM-
positive cells with well developed dendrites and morphology typical of immature neurons
express NeuroD1 weakly or not at all, indicating that NeuroD1 expression is downregulated
as new granule neurons mature (Seki, 2002; Seri et al., 2004; Gao et al., 2009). Studies of
several mutant mouse models indicate a role for NeuroD1 in controlling neuroblast
differentiation in the SGZ. In most mouse strains, NeuroD1 null mutants die several days
after birth, limiting their usefulness in studying adult neurogenesis. However, these mice
lack a well demarcated dentate gyrus as early as postnatal day (P)0 and P2 (Schwab et al.,
2000). Slice cultures harvested from NeuroD1 null mice develop normally in vitro, but fail
to form a distinct dentate gyrus (Schwab et al., 2000). When backcrossed onto certain mouse
strains, the viability of NeuroD1 null mutants increases, allowing for studies of dentate
gyrus development during later postnatal stages (Liu et al., 2000). These studies confirm that
NeuroD1 null mice fail to develop an organized dentate gyrus, and exhibit only a
disorganized cap of cells with some granule cell features such as expression of calbindin
(Liu et al., 2000). Early GFAP-positive type-1 progenitor populations appear to be present in
null mice, suggesting that intermediate stage progenitors fail to differentiate properly in the
absence of NeuroD1 expression (Del Turco et al., 2004). Intriguingly, a small number of
mature granule neurons are present within the disorganized dentate gyrus and exhibit normal
afferent and efferent connectivity patterns, suggesting that NeuroD1 is not required for
proper target innervation (Del Turco et al., 2004). More recently, studies of conditional
NeuroD1 knockout mice have revealed a critical role for this transcription factor in adult
neurogenesis (Gao et al., 2009). Conditional deletion of NeuroD1 in the adult dentate gyrus
results in loss of newborn granule neurons due to failure of these cells to survive and
integrate into existing circuitry (Gao et al., 2009). This loss of newborn granule neurons
appears to occur without an effect on progenitor cell numbers in the SGZ (Gao et al., 2009).
Recent evidence suggests that upregulation of NeuroD1, which is required for granule
neuron differentiation, is mediated by Wnt/β-catenin transcriptional activation of NeuroD1
and removal of Sox2 repression on the NeuroD1 promoter (Kuwabara et al., 2009).

NPAS3, a brain enriched bHLH PAS domain transcription factor, also appears to be
involved in regulating progenitor cell development in the adult hippocampus. Studies of
NPAS3 null mutant mice suggest that progenitor cell proliferation in the dentate gyrus is
disrupted in the absence of expression of this transcription factor (Pieper et al., 2005).
Counts of BrdU-positive cells in the NPAS3 null mutant granule cell layer show that
proliferation is reduced to 84% of control levels in mutant mice. Correspondingly, the
thickness of the granule cell layer is reduced in mutant mice, indicating failure to produce a
full complement of new granule cells. NPAS3 expression may be related to the
pathophysiology of Schizophrenia as translocation of the Npas3 gene has been described in
a family with Schizophrenia present across several generations (Pieper et al., 2005).
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Forkhead transcription factors
Expression patterns of FoxG1 (formerly called BF-1), a forkhead transcription factor
expressed in the telencephalon during early development, suggest that this transcription
factor is also expressed in IPs (Fig. 1C). FoxG1-positive cells are restricted to the SGZ of
the dentate gyrus, and are often present in clusters typical of type-2/3 cells (Shen et al.,
2006). Analyses of Foxg1 mutant mice indicate reductions in hippocampal volume, dentate
gyrus volume, and granule cell number in heterozygous mutants (Shen et al., 2006; Eagleson
et al., 2007). BrdU labeling analyses in adult animals reveal reduced progenitor proliferation
in the SGZ and decreased production and differentiation of immature granule neurons in
mutant mice. Additionally, newly born PSA-NCAM-positive cells do not extend fully
formed dendrites into the granule cell layer and calretinin expression is decreased in mutant
animals (Shen et al., 2006). Early embryonic development of the dentate gyrus proceeds
normally in FoxG1 heterozygous mutants, suggesting that FoxG1 is specifically required for
directing progenitor differentiation in the adult SGZ. These mice also offer insight into the
function of adult neurogenesis as they exhibit abnormal contextual fear responses and
hyperactivity (Shen et al., 2006). Previous studies have shown that normal hippocampal
activity is required for appropriate contextual fear conditioning, and the results from FoxG1
mutant mice suggest that functional adult neurogenesis may be required for this process
(Shen et al., 2006). Similarly, FoxG1 heterozygous mutant mice do not show a response to
antidepressant treatment, which may be due to deficiencies in adult neurogenesis (Kinsler et
al., 2010).

Prox1
Prox1, a homeobox transcription factor homologous to the Drosophila melanogaster gene
prospero, is upregulated in type-3 progenitor cells and expression of this transcription factor
is maintained in all granule neurons in the dentate gyrus (Fig. 1C) (Lavado and Oliver,
2007). The functions of Prox1 in regulating granule cell maturation have only recently been
described (Lavado et al., 2010). Conditional Prox1 knockout mice reveal that Prox1
expression is necessary for formation of the dentate gyrus as the infrapyramidal blade fails
to form in these mice and the size of the suprapyramidal blade is reduced. Additionally,
postnatal deletion of Prox1 expression results in reduced numbers of DCX-positive and
Calretinin-positive new granule neurons in the dentate gyrus (Lavado et al., 2010).
Interestingly, Prox1 conditional knockout mice also display decreased numbers of IPs and
transiently increased numbers of type-1 NPCs (Lavado et al., 2010). This disruption of NPC
maintenance in Prox1 conditional knockouts may be due to disregulation of Notch signaling
as illustrated by decreased Jagged1 expression in these mice (Lavado et al., 2010).

CREB (Creb1)
The transcription factor cAMP response-element binding protein (Creb1, CREB) is a
member of the CREB transcription factor family that acts in conjunction with its
transcriptional coactivators p300/CBP/Crebbp as an intracellular effector that has been
implicated in regulating neuronal survival and plasticity (Lonze and Ginty, 2002; Nakagawa
et al., 2002a, b). CREB is activated via phosphorylation (pCREB) and this activated form is
expressed predominantly in immature neurons in the adult dentate gyrus, where it
colocalizes with DCX and calretinin (Nakagawa et al., 2002a, b; Jagasia et al., 2009).
Pharmacological activation of the CREB signaling cascade has been shown to increase
proliferation in adult hippocampal progenitor cells (Nakagawa et al., 2002a). However,
inhibition of CREB signaling primarily in immature neuroblasts does not appear to alter
progenitor proliferation (Jagasia et al., 2009). Several studies indicate that CREB signaling
has a role in regulating morphological development and differentiation of newborn granule
neurons (Fujioka et al., 2004; Jagasia et al., 2009). Increased CREB activity has been shown
to enhance dendrite length and increase dendritic branching, whereas cell autonomous loss
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of CREB function has been shown to decrease dendritic branching and expression of DCX
and NeuroD1 (Fujioka et al., 2004; Jagasia et al., 2009). Moreover, loss of CREB function
reduces the survival of newborn neurons in the adult dentate gyrus (Jagasia et al., 2009).
Interestingly, GABA-mediated excitation increases CREB activation, whereas inhibition of
GABA-mediated excitation results in loss of pCREB from newborn neurons and
recapitulates many of the morphological defects seen with CREB loss of function (Jagasia et
al., 2009), suggesting that regulation of CREB is activity dependent. Indeed, forced CREB
signaling in cells deficient for NKCC1, a cotransporter required for GABA-mediated
depolarization, rescues many of the morphological defects observed after loss of GABA-
mediated excitation (Jagasia et al., 2009). Taken together, these results suggest that CREB
signaling has a crucial role in regulating neuronal maturation in the adult dentate gyrus.

Summary
The above results suggest that the sequence of transcription factors expressed during
development of SGZ progenitor cells precisely recapitulates many aspects of embryonic
neocortical neurogenesis, and suggest a role for a diverse array of transcription factors in
controlling hippocampal neurogenesis. Specifically, recent studies indicate that sequential
expression of Pax6 → Neurog2 → Tbr2 → NeuroD1 → Tbr1 in progenitor and post-mitotic
stages of differentiation is important for the production of glutamatergic neurons in the
hippocampus and neocortex. In addition, the roles of several other important transcription
factors in regulating the balance between NPC maintenance and granule neuron production
are currently being delineated. However, the study of transcription factor expression and
function specifically in the adult hippocampus is currently in its infancy, and will no doubt
be the subject of much future research on adult hippocampal neurogenesis.
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Figure 1.
Schematic diagram of neural progenitor cell development and transcription factor expression
in the adult hippocampal dentate gyrus. A) Location of the dentate gyrus neurogenic niche in
sagittal view. B) Neural progenitors are localized in the subgranular zone (SGZ) of the
dentate gyrus. Within this zone, radial and horizontal type-1 cells (green) give rise to
intermediate progenitors (IPs, yellow). IPs in turn divide to produce postmitotic granule
neurons (orange), which are typically localized to the inner half of the granule cell layer
(GCL). As these newborn neurons mature, the complexity of their dendritic arbors increases
with multiple branch points apparent in the molecular layer (ML). C) Schematic diagram
illustrating the progression of neural progenitor cell development and corresponding
expression patterns of relevant transcription factors in the adult dentate gyrus.
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Table 1

Summary of transcription factor expression in the dentate gyrus.

Transcription
Factor

Expression
Pattern

Type of Study and Stage
of Development

References

Pax6 Type-1 and type-2a
cells

Expression (postnatal and
adult)
Loss of function (postnatal)

Maekawa et al., 2005
Nacher et al., 2005
Hodge et al., 2008
Roybon et al., 2009

Tbr2 Type-2b and type-3
cells

Expression (adult)
Loss of function
(embryonic conditional null
mutant)

Arnold et al., 2008
Hodge et al., 2008
Roybon et al., 2009

Tbr1 Immature neurons
and mature
neurons

Expression (adult) Hodge et al., 2008
Roybon et al., 2009

Sox2 Type-1 and type-2a
cells

Expression (adult)
Loss of Function
(embryonic null mutant)
Loss of function (adult
inducible conditional
knockout)

Eriksson, 2004
Ferri et al., 2004
Komitova and
Suh et al., 2007
Favaro et al., 2009
Kuwabara et al., 2009
Ehm et al., 2010
Lugert et al., 2010

Sox3 Type-3 cells and
immature neurons

Expression (adult) Wang et al., 2006

Sox11 Type-3 cells and
immature neurons

Expression (adult)
Gain of function (in vitro
overexpression)

Haslinger et al.,
2011

Hes5 Type-1 cells Expression (adult) Lugert et al., 2010

Ascl1 Type-1 and type-2a
cells

Expression (adult)
Lineage tracing (adult)
Gain of function (retroviral
overexpression in vivo)

Kim et al., 2007
Hodge et al., 2008
Roybon et al., 2009

Neurog2 Type-2a and type-
2b cells

Expression (postnatal,
adult)
Loss of function (postnatal)
Gain of function (postnatal
retroviral overexpression)

Ozen et al., 2007
Hodge et al., 2008
Roybon et al., 2009

NeuroD1 Type-2b, type-3,
and immature
neurons

Expression (postnatal,
adult)
Loss of function
(embryonic null mutant)
Loss of function (adult
conditional knockout)

Lee et al., 2000
Liu et al., 2000
Schwab et al., 2000
Seki, 2002
Del Turco et al., 2004
Seri et al., 2004
Hodge et al., 2008
Gao et al., 2009
Kuwabara et al., 2009
Roybon et al., 2009

NPAS3 Not determined Loss of function
(embryonic null mutant)

Pieper et al., 2005

FoxG1 Type-2 and type-3
cells

Loss of function (postnatal) Shen et al., 2006
Eagleson et al., 2007

Prox1 Type-3 cells,
immature and
mature neurons

Expression (postnatal,
adult)
Loss of function (postnatal
and adult conditional
knockout)

Lavado and Oliver, 2007
Lavado et al., 2010

CREB Immature neurons Expression (adult)
Loss of function (adult)
Gain of function (adult)

Nakagawa et al., 2002a, b
Fujioka et al., 2004
Jagasia et al., 2009
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