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Abstract Neurogenesis, the production of new neurons,
occurs in two specialized niches in the adult brain, the
subgranular zone (SGZ) of the dentate gyrus and the
subventricular zone (SVZ) adjacent to the lateral ven-
tricles. In the SGZ, neural stem cells (NSCs) give rise to
glutamatergic granule neurons that integrate into the
granule cell layer. In the SVZ, NSCs generate a more
diverse cohort of new neurons, including GABAergic,
dopaminergic, and glutamatergic neurons, all of which
migrate to the olfactory bulb through the rostral migra-
tory stream. In both adult neurogenic niches, specific
transcription factors have been shown to direct fate
specification and lineage commitment. This review
summarizes current progress on the transcriptional con-
trol of glutamatergic neurogenesis in the SGZ and SVZ,
highlighting commonalities as well as differences in their
transcriptional programs. In particular, we focus on work
from our laboratory and others indicating that precise,
sequential expression of transcription factors regulates
the progression from NSC to lineage-committed
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progenitor, and ultimately regulates the production and
differentiation of adult-born glutamatergic neurons.
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Introduction

In the adult hippocampus and subventricular zone (SVZ),
neurogenesis (the generation, differentiation and integra-
tion of new neurons) is an ongoing process that occurs
throughout the mammalian lifespan. Within these brain
regions, adult neurogenesis occurs in specialized stem cell
niches. In the hippocampus, adult-born neurons are gen-
erated exclusively in the dentate gyrus (DG) from neural
stem cells (NSCs) that reside in the subgranular zone
(SGZ). These NSCs produce granule neurons, a glutama-
tergic population of cells that integrate into the existing
granule cell layer (GCL). Adult hippocampal neurogenesis
is thought to contribute to learning and memory, and may
also be involved in the regulation of emotional behaviors
[1-4]. NSCs in the SVZ, a region that lies adjacent to the
lateral ventricles, produce multiple lineages of new neurons
that include dopaminergic, GABAergic, and a recently
described subset of glutamatergic neurons, all of which
migrate through the rostral migratory stream (RMS) to
populate several areas of the olfactory bulb [5-8]. Adult-
born olfactory neurons are thought to contribute to olfac-
tory memory, odor discrimination, and, interestingly, to
some maternal and sexual behaviors [9-12].

The molecular mechanisms controlling adult neuro-
genesis in the SVZ and DG have been the subject of much
recent research. Transcription factors that regulate gene
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expression by activating and/or repressing downstream
target genes have been implicated in controlling neuro-
genesis in many brain regions. Indeed, in both the SVZ
and SGZ, coordinated, sequential expression of tran-
scription factors has been demonstrated during the
generation and differentiation of newborn neurons [5, 13—
16]. In this review we will summarize the current research
on transcription factor expression and function during
adult neurogenesis in the SVZ and SGZ, focusing spe-
cifically on regulation of glutamatergic neurogenesis in
these regions.

Hippocampus

KI67 MCM2

radial & horizontal type-2a & -2b

type-1 NSCs INPs

Fig. 1 The subgranular zone (SGZ) neurogenic niche of the dentate
gyrus (DG). a-b The DG is part of the hippocampal formation
(dashed red box). b Schematic diagram of the hippocampal formation
outlined in the red box in a. Granule neurons in the DG receive inputs
from the perforant pathway, and in turn, send axonal projections via
the mossy fiber pathway to the CA3 field. The tri-synaptic
hippocampal circuitry is completed by Schaffer collateral projections
from CA3 to CAl, which sends reciprocal axonal projections to
entorhinal cortex. ¢ The SGZ neurogenic niche is made up of radial
and horizontal type-1 NSCs (green), early stage type-2a and -2b INPs
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The subgranular zone neurogenic niche

NSCs in the SGZ reside adjacent to the dentate hilus at the
border of the GCL (Fig. 1). Multipotent SGZ NSCs can be
divided into several subtypes according to their morphology
and proliferative characteristics. Radial (type-1) NSCs are
typically quiescent, dividing slowly and infrequently
(Fig. Ic); [17, 18]. These radial NSCs are characterized
morphologically by a single radial process that passes
through the GCL, ending in multiple branches in the
molecular layer, and immunohistochemically by expression

Schaffer
Collaterals

Cortex

immature granule mature granule
neuron

neuron

(yellow), and late-stage type-3 INPs. These progenitor cells are
located along the base of the granule cell layer (GCL), adjacent to the
dentate hilus. This progenitor pool gives rise to immature granule
neuroblasts (orange), which, if they survive, integrate into the
existing GCL circuitry (pink, mature neurons). The progression from
NSC to mature granule neuron is signaled by expression of a number
of stage-specific cellular markers (upper colored panels correspond-
ing to individual cell types) and transcription factors (lower colored
panels). Color gradients indicate overlap of transcription factor
expression into multiple cell types
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of GFAP and nestin [17]. Horizontal (type-1) NSCs also
express GFAP and nestin, but divide at a faster rate than
radial NSCs and are morphologically characterized by
short, horizontal processes (Fig. 1c); [17]. The lineage
relationship between radial and horizontal NSCs is not
currently clear. However, the existing model of adult hip-
pocampal neurogenesis suggests that one or both of these
NSC subtypes divides to give rise to transit-amplifying
intermediate neuronal progenitors (INPs) [19]. INPs are
neuronal lineage committed progenitors that divide rapidly
in the SGZ [13, 20]. Morphologically, they are small cells
that have very short tangential processes, and they tend to
be present in clusters in the SGZ (Fig. 1c). Several types of
INPs have been distinguished on the basis of morphology
and molecular expression. Late-stage (type-2b/type-3) INPs
are characterized by their expression of neuronal lineage
markers such as Doublecortin (DCX) and PSA-NCAM
[20]. INPs divide to give rise to new glutamatergic granule
neurons, which downregulate DCX and upregulate calreti-
nin, a calcium-binding protein, and NeuN, a marker of
neuronal differentiation. If these adult-born neurons sur-
vive, they will be integrated into the existing hippocampal
circuitry in approximately 4-7 weeks [20].

Transcriptional control of glutamatergic neurogenesis
in the SGZ

The transcriptional program regulating progression from
multipotent NSCs to differentiated glutamatergic granule
neurons in the SGZ is beginning to emerge. As NSCs
divide to generate INPs they transition through expression
of a series of transcription factors that signal commitment
to a glutamatergic neuronal lineage. However, radial and
horizontal NSCs initially express a number of transcription
factors that maintain their undifferentiated state. One of the
best-studied transcription factors expressed in DG NSCs is
the SRY-related HMG-box (Sox) family member Sox2, a
transcription factor important for stem cell maintenance in
many systems. Sox2 is expressed in both the radial and
horizontal subtypes of NSCs, where it colocalizes with
GFAP, Blbp, and nestin [17, 21]. Sox2 expression persists
at decreasing levels in early-stage (type-2a/type-2b) INPs,
as it colocalizes in a subset of cells with the INP specific
transcription factor Tbr2 [13]. Accordingly, Sox2 is
expressed in numerous dividing cells in the SGZ and has
been shown to colocalize with as many as 90% of
PCNA + (dividing) cells in the neurogenic niche [22, 23].
Functionally, Sox2 appears to be involved in the mainte-
nance of NSCs in the SGZ, as conditional deletion of the
Sox2 gene results in depletion of type-1 NSCs [24]. Inter-
estingly, Sox2 represses expression of NeuroDI, a
transcription factor expressed in late-stage (type-3) INPs

and newborn granule neurons, and this repression must be
removed in order for granule neurogenesis to proceed [25].
Indeed, Sox2 is downregulated in late-stage INPs and is not
present in newborn granule neurons [13, 21]. Maintenance
of Sox2 expression itself appears to be dependent upon
active Notch signaling, which increases expression of Sox2,
whereas loss of activated Notch in RBPJ«-deficient NSCs
decreases expression of Sox2 [26]. In line with a role for
Notch in regulating Sox2 expression, Hes5, a bHLH tran-
scription factor that is a known read-out of canonical Notch
signaling, is expressed in both radial and horizontal NSCs
where it frequently colocalizes with Sox2 [17]. However,
the function of Hes5 during adult hippocampal neurogen-
esis is not currently known.

In addition to Sox2, NSCs in the SGZ characteristically
express the paired domain and homeodomain-containing
transcription factor Pax6 (Fig. 1c); [13, 27, 28]. Expression
of Pax6 in DG NSCs parallels expression of this tran-
scription factor in the embryonic cerebral cortex, where it
is present in radial glia that give rise to glutamatergic
cortical projection neurons [29, 30]. In the SGZ, Pax6 is
expressed by radial and horizontal type-1 NSCs, as well as
at least a subset of Tbr2 + INPs [13, 15]. However, Pax6
expression is absent from late stage INPs and granule
neurons [13, 15]. Little information is available on the
function of Pax6 in the SGZ; however, in heterozygous
Pax6-deficient mice, GFAP + NSCs are reduced in the
SGZ, as is overall proliferation, suggesting that Pax6 may
be involved in regulating the NSC pool in the adult DG
[28].

Ascll, a basic helix loop helix (bHLH) transcription
factor, is also expressed in both radial and horizontal type-
1 NSCs in the adult SGZ [13, 15, 31, 32]. Like Sox2 and
Pax6, Ascll expression persists in early stage INPs, where
it overlaps with Tbr2, and is downregulated prior to ter-
minal INP division [13]. Expression of Ascll in DG NSCs
is confirmed by lineage-tracing studies, which show that
Ascll + NSCs predominantly give rise to granule neurons
in the normal context of the SGZ neurogenic niche [31,
32]. However, when Ascll is overexpressed in SGZ NSCs,
the progeny produced are predominantly oligodendrocytes,
indicating that the level of Asc// expression is an important
determinant of its in vivo function [33]. Regardless, it is
not currently known if Ascll is explicitly required for
glutamatergic neurogenesis in the context of the adult SGZ.

The transcriptional repressor REST/NRSF (repressor
element-1 silencing transcription/neuron-restrictive silen-
cer factor) exhibits an interesting pattern of biphasic
expression in the adult DG [34]. REST/NRSF is expressed
in quiescent and proliferating type-1 cells, and its expres-
sion is maintained into type-2a INPs. REST/NRSF is
downregulated in late-stage type-3 INPs, but then increases
again in postmitotic neurons. In fact, REST/NRSF
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expression is maintained at high levels in all postmitotic
granule neurons in the DG [34]. Within the adult SGZ,
REST/NRSF functions to maintain the NSC pool. Knock-
down of REST/NRSF in hippocampal stem cell cultures
results in accelerated neuronal differentiation. Similarly,
deletion of REST/NRSF in vivo in adult NSCs causes
NSCs to exit from quiescence, leading to a transient
increase in neurogenesis. However, the stem cell pool in
the SGZ is ultimately depleted in the absence of REST/
NRSF, eventually leading to reduced production of new
granule neurons, suggesting that REST/NRSF acts to reg-
ulate the balance between stem cell maintenance and
neuronal differentiation [34].

The transition from uncommitted NSC to neuronal
lineage committed INP is signaled by the upregulation of
several transcription factors. First among these is the bHLH
transcription factor Neurog2, which colocalizes with a
small subset of Sox2 +/Pax6 +/nestin + NSCs, presum-
ably those committed to neurogenesis [15]. More broadly,
Neurog?2 expression overlaps substantially with the INP
marker Tbr2, and many Neurog2 + cells also express
proliferation markers such as Ki67, typical of rapidly
dividing INPs [13, 15]. Neurog2 expression is generally
transient and discrete in the SGZ, as it is not usually
coexpressed with DCX or PSA-NCAM [15]. Little is
known about the role of Neurog2 in regulating neurogen-
esis specifically within the adult SGZ, but Neurog2 null
mutants do exhibit impaired DG development [15, 35].
Retroviral overexpression studies show that increased
expression of Neurog2 promotes neuronal fate, indicating
that this transcription factor is likely involved in specifying
glutamatergic granule neurons in the adult DG [15].

The T-box transcription factor Tbr2 is perhaps the best-
documented and most specific marker of INPs in the adult
SGZ [13]. Tbr2 expression begins in type-2a INPs, where it
is coexpressed with Sox2, Pax6, and Ascll. As expression
of Tbr2 increases with INP maturation, markers of neuro-
nal commitment such as NeuroD1, DCX, and PSA-NCAM
increase in parallel (Fig. 1c); [13, 15]. Consistent with
expression in INPs, Tbr2 + cells are typically small with
short horizontal processes, rapidly dividing, and often
found in clusters in the SGZ [13]. While the function of
Tbr2 in adult hippocampal neurogenesis is not currently
known, Thr2 is essential for development of the DG, sug-
gesting that it likely has a role in regulating granule
neurogenesis [36]. Indeed, ongoing studies from our lab-
oratory suggest that 7br2 is required in the adult SGZ for
production and maturation of granule neurons. This
requirement can be traced at least in part to Tbr2 control
over the transition from NSC to INP (RDH and RFH,
manuscript submitted).

As INPs mature to later stages and become committed
to neuronal differentiation, expression of the bHLH
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transcription factor NeuroD1 is highly upregulated [13, 15,
37]. NeuroD1 is rarely coexpressed with Sox2 or Pax6 in DG
NSCs, but is frequently present in Tbr2 + INPs [13, 15].
However, unlike Tbr2, NeuroD1 expression persists into
postmitotic granule neuroblasts. Accordingly, only a subset
of NeuroD1 + cells actively proliferates in the adult SGZ
[15]. Consistent with expression in late stage INPs and new
glutamatergic neurons, the majority of NeuroD1 + cells in
the GCL coexpress DCX and PSA-NCAM, and many are
positive for calretinin (Fig. 1c). NeuroD1 expression is
transient in adult-born granule neurons, and as new neuro-
blasts mature in the GCL, NeuroD1 is downregulated [15,
37]. Expression of NeuroD1 is essential for development of
the DG [38], and recent studies suggest that NeuroD1 is also
a critical regulator of adult hippocampal neurogenesis [38].
In conditional NeuroDI knockouts, adult-born granule
neurons are greatly decreased because of a failure of these
cells to survive and properly integrate into the adult hippo-
campus [38]. This loss of adult granule neurogenesis in
conditional NeuroDI knockouts does not appear to result
from decreased progenitor proliferation or numbers, indi-
cating that NeuroD1 acts mainly to promote differentiation
and survival of adult-born glutamatergic neurons [38].
Intriguingly, a recent study suggests that increased expres-
sion of NeuroD1 in late-stage INPs results from Wnt/f-
catenin mediated transcriptional activation and removal of
Sox2-mediated repression from the NeuroD1 promoter [25].

Several Sox-family transcription factors are also
expressed in INPs in the adult SGZ, although their roles in
regulating adult neurogenesis have not been extensively
studied (Fig. 1). Sox3, a member of the SoxB1 subgroup, is
expressed in late stage DCX + INPs, some of which are
actively proliferating (acute BrdU+-), and in new postmi-
totic neuroblasts [39]. Sox3 is rapidly downregulated and,
as such, is not present in NeuN + granule neurons [39].
Similarly, Sox11, a member of the SoxC subgroup, is
expressed in DCX + INPs and new neuroblasts [40].
Overexpression of Sox// in NSCs promotes neuron gen-
eration in vitro, suggesting that Sox11 may act to promote
differentiation [40].

The forkhead transcription factor FoxGl is also
expressed predominantly in INPs in the SGZ [41].
Evidence of a role for FoxG1 in adult hippocampal neu-
rogenesis comes from analyses of heterozygous FoxGl
mutant mice. BrdU labeling studies indicate a reduction in
progenitor proliferation in the adult SGZ, as well as
decreased numbers of new neuroblasts due to impaired
neuronal differentiation, suggesting that FoxG1 may reg-
ulate both the progenitor pool in the SGZ and the
maturation of adult-born granule neurons [41].

Several transcription factors have been identified as
important regulators of the maturation and survival of
adult-born granule neurons. Perhaps the most well studied
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of these transcription factors is the prospero-related
homeobox gene Proxi, which is upregulated in late stage
(type-3) INPs as they terminally divide and then constitu-
tively expressed in newborn granule cells, as well as in all
neurons in the GCL [42]. Several recent studies have
demonstrated the requirement for Prox1 expression during
adult hippocampal neurogenesis. Conditional knockout of
Prox] in the adult SGZ results in reduced numbers of
DCX + and calretinin + newborn granule neurons, indi-
cating that Proxl is necessary for the survival and
maturation of adult-born neurons [43]. This finding is
confirmed by shRNA knockdown studies that show
reduced glutamatergic neuron production in vitro and in the
adult hippocampus in the absence of Prox1 expression [44].
Conditional Prox] knockouts also show reduced numbers
of INPs in the adult SGZ and transiently increased numbers
of NSCs, suggesting that Prox! functions indirectly to
regulate the SGZ progenitor pool through feedback from
postmitotic cells [43]. Interestingly, the ProxI gene is a
target of Wnt/f-catenin regulation, similar to NeuroDI
[44]. Additionally, the role of Proxl in regulating granule
neuron survival is specific to newborn adult-generated
neurons, as knockdown of Prox/ in mature granule neurons
does not impact their survival [44].

The T-box transcription factor Tbrl has a very similar
expression pattern to that of Prox1, although its functions
during adult hippocampal neurogenesis are unknown [13].
Tbrl is best known for its role in specifying glutamatergic
pyramidal neurons in the cerebral cortex [45, 46]. In the
adult SGZ, Tbrl is upregulated in late-stage (type-3) INPs
and maintained in maturing adult-born granule neurons.
Like Prox1, Tbrl is constitutively expressed by mature
granule neurons, but its function in this context is also
unknown [13].

Lastly, the transcription factor cAMP response-element
binding protein (Crebl, CREB), a member of the CREB
transcription factor family, also appears to regulate the
survival and maturation of adult-born granule cells [47]. In
particular, increased expression of CREB results in
enhanced dendrite length and branching, whereas loss of
CREB expression has the converse effect of decreasing
dendritic branching [47]. Moreover, DCX and NeuroD1 are
both downregulated in the SGZ following loss of CREB
function, suggestive of decreased glutamatergic differen-
tiation and survival [47].

The subventricular zone neurogenic niche

The SVZ is the larger of the two neurogenic niches in
the adult brain, spanning approximately 6 mm? in mice.
During the first postnatal weeks, the germinal niche of the
adult subventricular zone develops from the embryonic

progenitor compartment. Radial glia (NSCs in the embry-
onic brain) that generated multiple cell types during
embryonic neurogenesis differentiate to become a hetero-
geneous group of astrocyte-like NSCs that line the lateral
ventricles and produce diverse types of interneurons for the
olfactory bulb [6, 7]. The adult SVZ consists of primary
neural stem cells (NSCs, type B cells) that give rise to
rapidly dividing intermediate neuronal progenitors (INPs,
type C cells) and ultimately immature neuroblasts (type A
cells) (Fig. 2). Adult SVZ neurogenesis is instructed by a
microenvironment of astrocytes, ependymal cells, blood
vessels, extracellular matrix, cerebrospinal fluid, and
microglia [48, 49]. Genetic and retroviral approaches to
fate mapping have identified regional (rostral/caudal and
dorsal/ventral) variations in neuronal output from the SVZ.
The ventral SVZ produces deep granule cells and calbin-
din + periglomerular cells, while the dorsal SVZ gives rise
to superficial granule cells and tyrosine hydroxylase-posi-
tive periglomerular cells, and the medial face produces
calretinin-positive superficial granule and periglomerular
cells [7, 8, 50]. While the majority of newborn neurons are
inhibitory (GABAergic), a new subtype of glutamatergic
juxtaglomerular short axon interneuron, produced in the
dorsal compartment of the adult SVZ, has recently been
identified [5], broadening the discussion surrounding pro-
genitor identity and the mechanisms of differentiation
during adult SVZ neurogenesis.

An array of molecular and morphological markers have
been utilized to characterize different cell types and their
differentiation during neurogenesis in the adult SVZ. Type-
B1 NSCs extend an apical process with a nonmotile pri-
mary cilium that contacts the ventricle and a basal process
that contacts blood vessels and migrating neuroblasts
(type-A cells) (Fig. 2b). Type-B2 NSCs do not contact the
ventricle, but maintain astrocytic morphology and ultra-
structure. Although there is no marker with absolute
sensitivity and specificity for each cellular subtype, NSCs
in the adult SVZ typically express astrocyte-specific glu-
tamate transporter (GLAST), Blbp, connexin-30, GFAP,
vimentin, and nestin. Activated type-B NSCs divide to
produce type-C INPs, which can, in the GABAergic lin-
eages, be distinguished by their upregulation of the
transcription factors Ascll and DIx2, and by loss of contact
with the ventricular surface (Fig. 2b). INPs (type-C cells)
are highly proliferative and tend to cluster around blood
vessels. Type-C INPs generate type-A migratory neuro-
blasts, identified by their elongated cell bodies with leading
and lagging processes, and by their production of the
cytoskeletal proteins DCX, PSA-NCAM, and Tujl (-
tubulin class III) (Fig. 2). In the adult SVZ, the type-A
neuroblasts coalesce into chains within glial tubes and
migrate tangentially through the rostral migratory stream
(RMS) into the core of the olfactory bulb (OB). There,
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Type-B1 and -B2 NSCs  Type-C INPs

Fig. 2 The subventricular zone (SVZ) neurogenic niche. a The SVZ
neurogenic niche (dashed red box) is located adjacent to the lateral
ventricle (LV). b Schematic diagram of the SVZ neurogenic niche
corresponding to the red box outlined in a. Type B NSCs (green)
maintain contact with the ventricle and are surrounded in a pinwheel
formation by ependymal cells (brown). Type B NSCs often contact
blood vessels (BV, red). NSCs give rise to type C INPs (yellow),
which in turn produce type A new neuroblasts (blue). These cells
migrate through the rostral migratory stream (RMS) to the olfactory
bulb (OB). ¢ The progression from adult NSC to new adult-born OB

neuroblasts detach from chains and migrate radially to
integrate at their final positions in the granule cell layer or
superficial layers of the OB. The time course from birth to
synaptic integration of a newborn neuron takes approxi-
mately 3 weeks in the adult mouse [51].

Transcription factors regulating adult glutamatergic
SVZ neurogenesis

Recently, we and others determined that not only GAB-
Aergic, but also glutamatergic neurons are produced from
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neuron is signaled by a number of cellular markers (upper colored
panels correspond to individual cell types). In the glutamatergic
lineage, expression of vGlut2 is critical in mature juxtaglomerular OB
interneurons (pink). Neurons in the glutamatergic lineage are
specified by sequential expression of a number of transcription
factors (lower colored panels) that characterize the transition from
uncommitted NSC to fate specified neuron. However, there is no
known transcription factor that characteristically labels adult-born
glutamatergic OB neurons. Color gradients indicate overlap of
transcription factor expression into multiple cell types

the adult SVZ. In addition, there appears to be significant
temporal heterogeneity with regard to the glutamatergic
neuron subtypes produced during postnatal versus adult
ages. Glutamatergic neurons generated from the SVZ
during early postnatal development are juxtaglomerular
interneurons that virtually all co-express the transcription
factors Tbr2 and Tbrl as well as either of the vesicular
glutamate transporter genes, vGlutl or vGlut2 [52]. Adult-
born neurons are also juxtaglomerular interneurons, but
these cells do not constitutively express Tbr2 or Tbrl, and
express vGlut2 exclusively [5]. Interestingly, many of the
same transcription factors are expressed during the



Transcriptional control of glutamatergic differentiation

2131

generation of these distinct glutamatergic subtypes, sug-
gesting that there is a conserved (albeit temporally
modulated) genetic program regulating glutamatergic fate
specification in the SVZ.

With some exceptions, the program of transcription
factors expressed in glutamatergic lineages of the adult DG
and embryonic cerebral cortex is largely conserved in the
adult SVZ. Sox2 is expressed in virtually all dividing
progenitors along the entire rostrocaudal axis of the adult
SVZ [22]. Although not specifically studied in the gluta-
matergic lineage, Sox2 is important for the maintenance of
the proliferative NSC pool in the SVZ, with Sox2 mutants
showing a 55% decrease in proliferating cells as well as an
80% reduction in the generation of DCX+ neuroblasts
[22]. Pax6 is also transiently expressed in the vast majority
of proliferating, multipotent type B NSCs (GLAST+/
Nestin+/GFAP+), including those that give rise to gluta-
matergic neurons, along the entire axis of the SVZ [5, 16]
(Fig. 2¢). However, expression of Pax6 is also observed in
a subset of migrating neuroblasts and tyrosine hydroxylase-
positive dopaminergic periglomerular neurons, demon-
strating its role as a determinant of periglomerular subtype
specification and survival in the adult SVZ and olfactory
bulb [53-55].

Ascll expression is upregulated as type B NSCs tran-
sition to INPs in the adult SVZ. Although they lose the
NSC marker GLAST [16], Ascll+ cells are multipotent
progenitors capable of generating neurons as well as oli-
godendrocytes [31, 56]. Accordingly, Ascll is expressed in
both the GABAergic lineage, where coexpression with
Pax6 is critical, and in the glutamatergic lineage. In order
to specify glutamatergic fate, Ascll must be coexpressed
with the transcription factors Neurog2 and Tbr2 [5].
Conversely, oligodendrocytes are generated from the
co-expression of Olig2 with Ascll [56].

Neurog? is expressed in a limited subset of progenitors
along the dorsal SVZ, and expression of this transcription
factor is a key determinant of glutamatergic fate specifi-
cation. Neurog2 expression labels about one-third of
actively dividing cells in the SVZ (presumably, mainly
type-C INPs) and is coexpressed with Tbr2, and to a lesser
extent with Tbrl [5, 16]. Neuronal lineage commitment
after onset of Neurog2 expression is signaled by upregu-
lation of neuroblast marker DCX. While the function of
Neurog2 has not been explicitly determined in vivo,
overexpression of Neurog?2 in vitro results in upregulation
of Tbrl and subsequent acquisition of glutamatergic iden-
tity [57]. The mechanisms directing GABAergic versus
glutamatergic fate at this critical differentiation step in the
SVZ are currently unknown, although f-catenin and Lefl
have been shown by in vitro ChIP experiments to directly
bind to the Neurogl promoter and to upregulate Neurog2,
suggesting that they may be important in directing fate

specification [58]. However, it may be that the adult SVZ
contains distinct lineages of NSCs that are already com-
mitted to GABAergic or glutamatergic fates, as in
embryonic neurogenesis. Alternatively, a single type of
uncommitted NSC may give rise to multiple neuronal
lineages.

Tbr2, a transcription factor implicated in glutamatergic
fate specification in the cerebral cortex and DG, is also
expressed in Neurog2-+ INPs in the dorsal compartment of
the adult SVZ [5]. Fate mapping with Ascll BAC-GFP
transgenic mice demonstrates that Tbr2 4+ INPs are
derived from multipotent Ascll/-expressing progenitors,
although very few Tbr2+4 INPs actually co-express Ascll
protein [5]. Tbr2+4 INPs are proliferative, although only
about 10% are labeled acutely with BrdU, and many
co-express the neuroblast marker DCX. Tbr2+ progenitors
are committed to the glutamatergic lineage. It is important
to note that Tbr2 is downregulated as neuroblasts exit the
cell cycle, distinguishing adult born juxtaglomerular gluta-
matergic neurons from those that are born during embryonic
and early postnatal development that constitutively express
Tbr2 [5, 52].

The bHLH transcription factor NeuroD1 is also
expressed in the program of glutamatergic differentiation
in the SVZ. NeuroD1 is not co-expressed with Ascll
in multipotent NSCs, but NeuroD1 expression increases
with the onset of Tbr2 expression in INPs, and Tbrl in
postmitotic glutamatergic neuroblasts. NeuroD1 + cells
upregulate neuroblast markers PSA-NCAM and DCX [16].
NeuroD1 also participates in the generation of GABAergic
neurons, as it is co-expressed in nearly all DIx1/2—positive
cells [16]. Although there have been no functional studies
of NeuroD1 in the specific context of glutamatergic neu-
rogenesis in the SVZ, recent work in the postnatal SVZ
demonstrates that NeuroD1 plays a key role in neuroblast
exit from the cell cycle and terminal differentiation in the
OB [59].

Tbrl is expressed in later stages of glutamatergic neuronal
differentiation in the SVZ, predominantly in post-mitotic
neuroblasts derived from lineages expressing Neurog?2,
Tbr2, and NeuroD1 (Fig. 2c); [5]. Only approximately 1% of
Tbri+ neuroblasts are actively dividing, and virtually all
Tbrl + cells in the SVZ and RMS express DCX. Short- and
long-term lineage tracing methods have demonstrated that
Tbr1+4 neuroblasts originate from Tbr2 + progenitors and
are exclusively glutamatergic [5]. Tbrl is downregulated
during terminal differentiation of adult-born glutamatergic
neuroblasts in the OB, and like Tbr2, is not constitutively
expressed in adult born glutamatergic neurons. Tbr1+ neu-
roblasts ultimately differentiate into short axon,
juxtaglomerular neurons that mediate glutamatergic trans-
mission between glomeruli in the OB [5]. They have
dendritic arbors that project over two to three neighboring
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glomeruli and express vGlut2 on their presynaptic terminals.
These adult-born glutamatergic interneurons represent
approximately 2% of the total output of adult SVZ neuro-
genesis [5]. Although expression of Tbrl appears to be
restricted to glutamatergic OB neurogenesis in vivo, in vitro
overexpression of Thrl in adult OB-derived stem cells
results in an increase in neurons as well as oligodendrocytes,
while inhibiting astrocyte production [60]. Interestingly,
astrocyte production was similarly inhibited after retroviral-
mediated overexpression of 7hr! in OB progenitors in vivo,
but oligodendrocyte production was unaffected [60].

Given that the discovery of glutamatergic neurogenesis
in the adult SVZ is quite recent and constitutes a minority
of adult SVZ neuronal output, very little is known about
the functions of the above transcription factors in this
specific context. Clearly, more research is needed to define
the mechanisms regulating not only glutamatergic fate
determinants during adult SVZ neurogenesis, but also the
lineage-specific and context-dependent effects of tran-
scriptional programs and individual transcription factors.

Summary

Sequential expression of transcription factors defines a
genetic program regulating glutamatergic neurogenesis in
the adult neurogenic niches. In general, a similar sequence
of transcription factors is expressed during glutamatergic
neurogenesis in both the SGZ and SVZ, suggesting that
the genetic program specifying glutamatergic fate is lar-
gely conserved across diverse subtypes of these neurons.
Intriguingly, the pattern of transcription factor expression
during adult glutamatergic neurogenesis closely resembles
the sequence of transcription factors expressed during
embryonic generation of cortical pyramidal neurons,
suggesting that a general genetic program may regulate
glutamatergic neurogenesis at many different stages of
development and in many brain regions. However, it
remains to be determined if the functions of individual
transcription factors are strictly the same in the embryonic
and adult brain, or if distinct, context-dependent functions
and downstream targets may exist within individual
niches. What is clear from studies of these adult and
embryonic niches is that expression of Neurog2 and Tbr2
signals commitment to glutamatergic fate, and expression
of NeuroD1 and Tbrl occur at the onset of glutamatergic
neuronal differentiation. Although the sequence of tran-
scription  factors expressed during glutamatergic
neurogenesis in the adult niches has been well described,
relatively little is known about the functions and down-
stream targets of individual transcription factors in this
context. Specifically, it is not clear if individual tran-
scription factors have distinct functional roles or if there is

@ Springer

redundancy in the genetic program specifying adult-born
glutamatergic neurons. Many transcription factors exhibit
overlapping expression patterns during neurogenesis
(NeuroD1, Tbrl, and ProxlI in the SGZ, for example), and
it is currently unclear if all of these transcription factors
have distinct and critical roles in regulating glutamatergic
differentiation or if there might be a hierarchy in the
genetic program with some transcription factors being
functionally more important than others. As well, it is
uncertain what mechanisms are at play in defining the
transcriptional code expressed during glutamatergic neu-
rogenesis in the adult brain, but it is likely that extrinsic,
intrinsic, and epigenetic factors all have contributory
roles. Thus, there is clearly much room for future work to
define the roles of key transcription factors and broaden
our understanding of the molecular networks that regulate
adult glutamatergic neurogenesis. Experiments performed
in the Hevner laboratory conformed to all current, appli-
cable laws in the United States of America.
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