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SYMPOS IUM REPORT

Control of neuroblast production and migration by
converging GABA and glutamate signals in the postnatal
forebrain

Jean-Claude Platel, Kathleen A. Dave and Angélique Bordey

Departments of Neurosurgery, and Cellular and Molecular Physiology, Yale University, New Haven, CT 06520-8082, USA

The production of adult-born neurons is an ongoing process accounting for > 10 000 immature
neurons migrating to the olfactory bulb every day. This high turnover rate necessitates profound
control mechanisms converging onto neural stem cells and neuroblasts to achieve adequate
adult-born neuron production. Here, we elaborate on a novel epigenetic control of adult
neurogenesis via highly coordinated, non-synaptic, intercellular signalling. This communication
engages the neurotransmitters GABA and glutamate, whose extracellular concentrations depend
on neuroblast number and high affinity uptake systems in stem cells. Previous studies show
that neuroblasts release GABA providing a negative feedback control of stem cell proliferation.
Recent findings show an unexpected mosaic expression of glutamate receptors leading to calcium
elevations in migrating neuroblasts. We speculate that stem cells release glutamate that activates
glutamate receptors on migrating neuroblasts providing them with migratory and survival cues.
In addition, we propose that the timing of neurotransmitter release and their spatial diffusion will
determine the convergent coactivation of neuroblasts and stem cells, and provide a steady-state
level of neuroblast production. Upon external impact or injury this signalling may adjust to a
new steady-state level, thus providing non-synaptic scaling of neuroblast production.

(Received 16 April 2008; accepted after revision 8 May 2008; first published online 8 May 2008)
Corresponding author A. Bordey: Department of Neurosurgery, Yale University School of Medicine, 333 Cedar Street,
FMB 422, New Haven, CT 06520-8082, USA. Email: angelique.bordey@yale.edu

The production of adult-born neurons persists in two
brain regions, the subventricular zone (SVZ, Fig. 1A)
and the dentate gyrus subgranular zone (SGZ) in the
hippocampus. The SVZ contains the largest pool of
dividing neural stem cells in the adult mammalian brain,
including in humans (Sanai et al. 2004; Curtis et al.
2007). The division of stem cells generates intermediate
progenitors (called transit-amplifying cells), which in turn
divide to give rise to neuroblasts (Doetsch et al. 1999a)
(Fig. 2). Neural stem cells have several properties of
mature astrocytes and will be called stem cells or astrocytes
interchangeably throughout this text. Neuroblasts migrate
along the rostral migratory stream (RMS) to the olfactory
bulb where they differentiate into interneurons (Bryans,

This report was presented at The Journal of Physiology Symposium on
The role of GABA and glutamate on adult neurogenesis, which took place
at Experimental Biology 2008, San Diego, CA, USA, 9 April 2008. It
was commissioned by the Editorial Board and reflects the views of the
authors.

1959; Altman, 1969; Luskin, 1993; Lois & Alvarez-Buylla,
1994). Here, we discuss data obtained in the SVZ and
RMS. We do not discuss data on GABAergic signalling in
the SGZ that can be found in other reviews (Bordey, 2006,
2007; Ge et al. 2007).

Adult neuron production is an ongoing process.
Estimates suggest that 10 000–30 000 neurons migrate
to the olfactory bulb every day (Lois & Alvarez-Buylla,
1994). This high turnover rate necessitates profound
homeostatic control mechanisms. The rate of neuroblast
production and the number that ultimately integrate into
the olfactory bulb is determined by the combined outcome
of cell proliferation, migration and survival, each of
which is regulated by genetic and epigenetic mechanisms.
For example, it is thought that each cell has an inter-
nal clock determining the number of divisions it can
undergo or the length of time it can remain in the cell
cycle. Epigenetic factors, which include mitogenic or anti-
proliferative factors in the local environment, have been
shown to control the length of the cell cycle or the number
of cells cycling and the speed of neuroblast migration prior
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to their integration into the olfactory bulb circuitry (for
reviews see Hagg, 2005; Bordey, 2006).

Here, we will discuss the function of the local signalling
molecules GABA and glutamate on cell proliferation,
migration and survival in the SVZ and RMS prior to
the acquisition of synaptic inputs. While we start to
understand how these signals operate at the single cell
level, we do not clearly understand how these signals are
integrated at a population level to deliver the appropriate
number of neuroblasts. We propose that cell number
controls the concentration and supply of local GABA and
glutamate that determines the level of receptor activation
thus providing a feedback control on cell production.

GABA: a stop signal of neuroblast production

Many components of GABAergic signalling have been
identified in the SVZ (Figs 1 and 2). GABA is synthesized
and released by neuroblasts (Stewart et al. 2002; Bolteus
& Bordey, 2004; Liu et al. 2005). Both neuroblasts and
stem cells express GABAA receptors that are activated
by ambient GABA (Stewart et al. 2002; Wang et al.

Figure 1
A, montage of mid-sagittal sections from a
transgenic mouse expressing green
fluorescent protein (GFP) under the
doublecortin (DCX) promoter. Chains of
DCX-expressing neuroblasts from the
subventricular zone (SVZ) converge to form a
bright green rostral migratory stream (RMS),
which terminates in the olfactory bulb. H,
hippocampus; St, striatum; OB, olfactory bulb.
B, simplified diagram illustrating the
expression of GABA and glutamate signalling
molecules in the SVZ. Neuroblasts (green, Nb)
express both GABAA receptors and release
GABA into the extracellular space. This GABA
release results in autocrine activation of
neuroblasts and paracrine activation of the
astrocyte-like stem cells, decreasing their rate
of proliferation (blue) through GABAA

receptors. Stem cells (blue) are able to
regulate the amount of GABA in the
extracellular space through uptake
mechanisms. Stem cells also contain
glutamate that may serve as a feedback signal
to neuroblasts through either or both GLUK5

kainate receptors and mGluR5 metabotropic
glutamate receptor activation. The role of
transit-amplifying cells (purple) in GABA and
glutamate signalling has yet to be discovered.

2003; Bolteus & Bordey, 2004; Liu et al. 2005). GABA
levels are tightly regulated by high affinity GABA trans-
porters in stem cells (mouse GAT4) but not in neuro-
blasts that lack GAT1 (a neuronal GAT) (Bolteus &
Bordey, 2004; Platel et al. 2007). It remains unknown
whether transit-amplifying progenitors contain GABA
and express GABAergic signalling molecules. Functionally,
tonic GABAA receptor activation reduces the number of
proliferative neuroblasts (Nguyen et al. 2003) and stem
cells (Liu et al. 2005). It also reduces the speed of neuroblast
migration (Bolteus & Bordey, 2004) perhaps as a result of
its enhancement of dendritic growth (Gascon et al. 2006).
The intracellular mechanisms leading to these effects on
cell development as well as the mode of Ca2+-dependent
GABA release are not clearly understood. This is true
particularly for the antiproliferative effect of GABA on
stem cell proliferation. A recent study reported that
GABA blocks embryonic stem cell proliferation through
S-phase checkpoint kinases and the histone variant H2AX,
independently of Ca2+ increases (Andang et al. 2008).
This mechanism remains to be explored in SVZ stem
cells.
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Mosaic expression of glutamate receptors
in migrating neuroblasts

Glutamatergic signals are conveyed by different glutamate
receptor subtypes, namely ionotropic NMDA and
non-NMDA or AMPA/kainate receptors (Sommer &
Seeburg, 1992; Hollmann & Heinemann, 1994) and
metabotropic glutamate receptors (mGluRs; groups I–III
subtypes; Cartmell & Schoepp, 2000). The mGluR5
metabotropic glutamate receptors are expressed in SVZ
cells (Di Giorgi Gerevini et al. 2004), including neuro-
blasts (Platel et al. 2008 in this issue of The Journal
of Physiology) (Fig. 2). Our recent data suggest that
mGluR5 activation leads to Ca2+ increases in neuroblasts.
Stem cells do not express functional AMPA or NMDA
receptors (Liu et al. 2006). In addition, it was thought that
neuroblasts did not express AMPA/kainate and NMDA

Figure 2. Chart summarizing known GABA and glutamate signalling molecules along the SVZ cell
lineage
Top panel: schematic diagram depicting the lineage of major cell types in the SVZ. Stem cells (blue) divide
asymmetrically to both self-renew and give rise to a population of transit-amplifying cells (TACs), which undergo an
unknown number of asymmetrical divisions, renewing themselves and generating neuroblasts (green). Neuroblasts
are born in the SVZ or RMS, where they migrate, and are fated to become interneurons in the olfactory bulb.
Middle panel: GABAergic signalling molecules are summarized here. The neuroblasts (green) are the source of
GABA in the SVZ and RMS. The stem cells (blue) do not contain any GABA, while both cell types express
GABAA receptors. Stem cells regulate the extracellular concentration of GABA via uptake through GAT4 GABA
transporters. GABA decreases the speed of neuroblast migration and the number of proliferative stem cells. Bottom
panel: glutamatergic molecules are summarized here. Stem cells appear to be the major source of glutamate in
the SVZ and RMS. Neuroblasts express both mGluR5 and GLUK5-containing kainate receptors.

receptors until they entered the granule cell layer of the
olfactory bulb (for review see Lledo et al. 2006). However,
recent findings from our group suggest the expression
of functional AMPA/kainate receptors in neuroblasts
in the SVZ and RMS (Platel et al. 2007). More pre-
cisely, we found that neuroblasts express Ca2+-permeable
GLUK5-containing kainate receptors (Platel et al. 2008).
This finding is exciting as GLUK5 receptors provide an
additional pharmacological target for novel therapeutics
aimed at controlling neuroblast production. In addition,
unpublished observations from our laboratory (J.-C.
Platel) suggest that neuroblasts acquire functional NMDA
receptors during their migration along the RMS.

Here are two important remarks regarding glutamate
receptor expression in neuroblasts. First, there is a
mosaic expression of GLUK5, mGluR5 and GABAA

receptors. About 40% of rostral SVZ cells express all
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three receptors, ∼30% express either GLUK5 or mGluR5
with GABAA receptors while ∼90% of neuroblasts express
GABAA receptors either alone (∼30%) or with these
other receptors. Second, there is an increase in the number
of neuroblasts expressing GluK5 and mGluR5 along the
rostral–caudal axis. This suggests that neuroblasts mature
during their tangential migration to the olfactory bulb
(Fig. 2).

Glutamate: a mitogenic and survival signal
for neuroblasts?

It was recently reported that adult mice lacking mGluR5
or treated with mGluR5 antagonists showed a dramatic
reduction in the number of proliferating cells in the SVZ
(Giorgi-Gerevini et al. 2005). These findings suggest that
mGluR5s are tonically activated by ambient glutamate pre-
sumably originating from a local source of glutamate in
the SVZ consistent with our strong immunoreactivity for
glutamate in SVZ stem cells (Platel et al. 2007). It was also
shown that astrocytes release a molecule promoting neuro-
blast migration from SVZ explants (Mason et al. 2001).
This molecule was not identified, but glutamate is a good
candidate to promote neuroblast migration as both AMPA
and NMDA receptors have been shown to promote the
migration of neuronal precursors in other developmental
systems (for review see Schlett, 2006). The role of GluK5

kainate receptors in cell development prior to synapse
formation has remained unexplored. In our recent study,
we found that inhibition of GLUK5 kainate receptors using
a selective antagonist resulted in a significant increase in
the speed of neuroblast migration (Platel et al. 2008). This
finding suggests that GLUK5 kainate receptors are tonically
activated in migrating neuroblasts and that their activation
decreases the speed of neuroblast migration. This finding
was surprising at first because we expected glutamate to
counteract GABA’s effect on cell migration. However,
a mosaic expression of glutamate receptors in neuro-
blasts may allow glutamate to exert differential effects on
neuroblast production and migration. Glutamate acting at
GLUK5 kainate receptors may cooperate with GABA and
act as ‘a backup mechanism’ to limit neuroblast migration.
Glutamate tonically acting at mGluR5 did not affect the
speed of neuroblast migration. The effect of glutamate
acting at AMPA receptors on neuroblasts remains to be
determined.

Collectively, we propose that using distinct
Ca2+-dependent intracellular pathways each glutamate
receptor type, GLUK5 kainate receptor and mGluR5,
differentially affects the development of neuroblasts. As in
other developing systems (Schlett, 2006), we propose that
glutamate acting at both ionotropic and metabotropic
receptors has a positive effect overall on the production
of adult-born neurons, but activation of some glutamate
receptors may cooperate with GABA or mimic GABA’s
effect as part of a backup mechanism.

Integration of GABA and glutamate signals at the
population level

At the population level, the ambient GABA concentration
provides information to stem cells about the size of
the neuroblast pool (i.e. number of neuroblasts). As
more neuroblasts are generated, more GABA is expected
to be released into the extracellular space, resulting in
increased GABAA receptor activation in stem cells. Thus,
GABA carries information on the number of neuroblasts
produced and provides a negative feedback control of stem
cell proliferation and therefore neuroblast production.
This negative feedback reconciles well with the constant
migration of neuroblasts to the olfactory bulb, which
would limit ambient GABA accumulation in the SVZ,
and with increased proliferation of astrocytes following
elimination of neuroblasts (Doetsch et al. 1999b).
Assuming that stem cells release glutamate, glutamate has
to diffuse variable distances to activate glutamate receptors
on migrating neuroblasts. The glutamate concentration
and receptor location may determine which receptors
are activated resulting in a selective effect on neuro-
blast development. It remains unclear how GABA and
glutamate signals are integrated in neuroblasts. Both lead
to Ca2+ increases and may also shunt their respective
depolarization of neuroblasts.

Based on our recent finding that stem cells (i.e. SVZ
astrocytes) do not migrate, we propose that stem cells act as
‘lighthouses’ in the SVZ where neuroblasts sail by. During
their passage, neuroblasts receive signals from stem cells
that are expected to positively affect their development. We
propose that one of these signals is carried by glutamate.

Conclusion

Tumours are rarely observed in the SVZ, suggesting very
strong regulatory mechanisms of neuroblast production.
We propose that glutamate and GABA act as homeostatic
signals to regulate neuroblast production. These signals,
in turn, are subject to regulation by other factors. For
example, growth factors may up- or down-regulate the
expression of transporter and/or receptors leading to new
steady-state levels of ambient neurotransmitter levels and
receptor activation. The production of neuroblasts may
thus be scaled up or down following drug injection or
injuries modulating non-synaptic GABA and glutamate
signalling. Such a homeostatic non-synaptic scaling of
neurogenesis may explain that under various treatments
or disorders, cell proliferation in the SVZ is altered but
reaches a new steady-state of neuroblast production.
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