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GABA, a major inhibitory neurotransmitter in the adult
brain, activates synaptic and extrasynaptic GABA,
receptors, causing hyperpolarization of mature neurons.
As in the embryonic nervous system, GABA depolarizes
neural progenitors and immature neurons in the adult
brain. Several recent studies have suggested that GABA
has crucial roles in regulating different steps of adult
neurogenesis, including proliferation of neural progeni-
tors, migration and differentiation of neuroblasts, and
synaptic integration of newborn neurons. Here, we
review recent findings on how GABA regulates adult
neurogenesis in the subventricular zone of the lateral
ventricles and in the dentate gyrus of the hippocampus.
We also discuss an emerging view that GABA serves as a
key mediator of neuronal activity in setting the tempo of
adult neurogenesis.

Introduction

Activity-dependent  structural reorganization is a
fundamental mechanism of adult neural plasticity [1]. A
striking example of such anatomical change is the func-
tional integration of newly generated neurons in the adult
central nervous system (CNS). Since the pioneering work
of Altman and colleagues [2], numerous studies have
repeatedly demonstrated that active neurogenesis, a pro-
cess that generates functional neurons from neural
progenitor and/or stem cells (NPCs), occurs throughout
life in discrete brain regions of all mammals, including
humans [3,4]. Adult neurogenesis recapitulates the com-
plete process of neuronal development in a mature CNS
environment, from proliferation and neuronal fate speci-
fication of NPCs, through differentiation, migration and
targeting of neurons, to synaptic integration and survival
of new neurons [3,4]. In the olfactory system (Figure 1),
NPCs located within the subventricular zone (SVZ) give
rise to neuroblasts and immature neurons that migrate
significant distances — first tangentially via the rostral
migratory stream (RMS) and then radially into the olfac-
tory bulb. These new neurons eventually differentiate into
two types of interneuron: granule cells and periglomerular
cells. In the dentate gyrus of the hippocampus (Figure 2),
NPCs located within the subgranular zone (SGZ), at the
border between the granule cell layer and hilar region,
generate neuroblasts that migrate into the inner granule
cell layer and differentiate into new granule cells. These
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new neurons send axonal projections through the hilus to
the CA3 region, and receive glutamatergic and GABAergic
synaptic inputs from the entorhinal cortex and local inter-
neurons (Figure 2b).

Accumulating evidence suggests that different steps of
adult neurogenesis are differentially regulated by physio-
logical and pathological stimuli, including an enriched
environment, stress, learning and seizures [3]. Although
these studies also indicate that neuronal activity is essen-
tial for this adult form of structural plasticity [5], how
electrical activity directly regulates NPCs and their pro-
geny is largely unknown. Surprisingly GABA, a major
inhibitory neurotransmitter in the adult brain, has
emerged as a key player regulating multiple steps of adult
neurogenesis. Here, we review how GABA regulates the
development of NPCs and their neuronal progeny in the
adult brain, and discuss a potential role for GABA as a
sensor of neuronal activity and as a key regulator of the
speed and extent of adult mammalian neurogenesis.

Modes of activation and classic roles of GABA in the
adult brain

GABA was identified as the first clear example of an
inhibitory neurotransmitter in the mammalian brain dur-
ing the 1950s [6]. Three types of GABA receptor were
subsequently identified [7] (Figure 3). GABA, receptors
are bicuculline-sensitive ionotropic receptors that carry
primarily C1™ and, less efficiently, HCO3~. GABA( recep-
tors are related Cl -selective ionotropic receptors that are
insensitive to bicuculline. GABAg receptors are G-protein-
coupled metabotropic receptors that mediate presynaptic
and postsynaptic inhibition by reducing Ca®* currents and
activating K* currents, respectively.

GABA-induced activation of GABA4 receptors can lead to
either depolarization or hyperpolarization of the target cell,
largely depending on the Cl™ gradient across the cell mem-
brane (Box 1). Because most mature CNS neurons have low
concentrations of intracellular CI™ ([C17];) [7], release of
GABA from synaptic vesicles locally activates synaptic
GABA, receptors, leading to an influx of C1 ™~ and subsequent
hyperpolarization of the target neurons (Figure 3). In addi-
tion, ambient GABA, which accumulates owing to diffusion
from GABAergic synapses and non-synaptic release by
neurons and astrocytes, also persistently activates the
extrasynaptic GABA, receptors to generate tonic inhibitory
currents in specific populations of mature neurons
(Figure 3). These two modes of GABA action have been
termed phasic and tonic activation, respectively [8,9].
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Figure 1. Generation of new olfactory interneurons during adult neurogenesis. (a) Sequential steps involved in generating functional and integrated olfactory bulb
interneurons from neural progenitor and stem cells (NPCs) in the adult subventricular zone (SVZ). (i) Proliferation of NPCs, which exhibit some properties of astrocytes.
(ii,iii) Differentiation of NPCs into neuroblasts, via the stage of transient amplifying cells. (iv) Proliferation of neuroblasts. (v) Tangential migration of neuroblasts in a chain
through a tube formed by astrocytes within the rostral migratory stream (RMS). (vi) Radial migration of immature neurons into the olfactory bulb (OB). (vii) Synaptic
integration of new interneurons into the existing olfactory bulb circuitry. GABA signaling might regulate multiple steps, some of which remain to be demonstrated
experimentally (indicated by question marks). The boxes regions outlined are shown in more detail in (b—d). Additional abbreviation: GL, glomerular layer. (b) Cell-cell
interactions in the adult SVZ. GABA released from neuroblasts (NB) negatively regulates the proliferation of NPCs. Reuptake of GABA is controlled by a GABA transporter
(GAT) expressed in NPCs. Additional abbreviations: BV, blood vessel; TA, transient amplifying cell. (¢) Cell-cell interactions in the RMS. Neuroblasts migrate in tight
association as a chain ensheathed by astrocytes (AC). GABA released by neuroblasts in a soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE)-
independent fashion negatively regulates the speed of neuroblast migration. Ensheathing astrocytes express GAT and so control the ambient level of GABA through GABA
reuptake. (d) Cellular organization in the olfactory bulb. (i) Mitral cells (MC) and tufted cells (not shown) are output neurons in the olfactory bulb that are innervated by two
types of interneuron: periglomerular cells (PGC) and granule cells (GC). Once new neurons reach the olfactory bulb, they detach from the migratory chains and invade the
overlaying layers, where they differentiate into granule cells [in the deep layer of the olfactory bulb, the granule cell layer (GCL)] or periglomerular cells [in the most
superficial layer, the glomerular layer (GL)]. Additional abbreviation: MCL, mitral cell layer. (ii) Granule cells in the OB are unusual interneurons that lack an axon and
instead release GABA from dendritic spines to act on GABA, receptors (GABAAR) on dendrites of mitral or tufted cells. These are specialized reciprocal synapses, in that
glutamate (Glu) is also released from the mitral or tufted cell dendrites to stimulate ionotropic glutamate receptors (GluR) on the granule cells. Some periglomerular
neurons release dopamine (DA) in addition to GABA.

Pioneering studies by Ben-Ari, Kriegstein and  immature neurons because of their high [CI7]; [7] (Box
others have shown that GABA is also a developmental 1). Recent studies have shown that GABA is also exci-
signal during stages of embryonic neurogenesis, includ- tatory for some mature neurons in established brain
ing progenitor proliferation, neuronal migration and  networks, owing to changes in Cl~ homeostasis caused
neurite outgrowth [7,10,11]. This is largely attributed by neuronal activation or under pathological conditions
to the depolarizing effect of GABA on NPCs and [12].
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Figure 2. Adult neurogenesis in the dentate gyrus of the hippocampus. (a) Sequential steps involved in generating functional and integrated new granule cells from neural
progenitor and stem cells (NPCs) in the adult hippocampus. (i) Proliferation of NPCs localized in the subgranular zone (SGZ2). (ii) Differentiation of NPCs into neuroblasts and
immature neurons. (iii) Migration and axonal and dendritic development of new granule cells. (iv) Synaptic integration of new granule cells into the existing hippocampal
circuitry. GABA can potentially regulate all of these steps. (b) Interaction between NPCs, immature neurons and local interneurons through GABA-mediated signaling.
Cellular organization and synaptic connections within the dentate gyrus are shown. Newborn granule cells are sequentially integrated into the existing neuronal circuitry. (i)
Radial-glia-like astrocytes (AC), NPCs and their neuroblast progeny (NB) are tonically activated by ambient GABA released from local interneurons. (ii) Immature granule
cells (GC) receive GABAergic synaptic inputs at their dendrites in the inner molecular layer from hilar cells with axonal projections to the associational pathway (e.g. HICAP
cells). (iii) New granule cells receive glutamatergic synaptic inputs from the medial and lateral perforant pathways (LPP and MPP) and GABAergic synaptic inputs in the
outer molecular layer from hilar and local interneurons (HIPP cells and MOPP cells, respectively). (iv) Mature new granule cells receive somatic GABAergic synaptic inputs
from basket cells (BC) and axoaxonic cells (AAC). Axoaxonic cells, which are also known as chandelier cells, are located within the granule cell layer (GCL) or SGZ and their
axons form rows of 2-30 boutons on axon initiation segment of granule cells.
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Figure 3. Sources of GABA and modes of GABA receptor activation. GABA is synthesized in GABAergic neurons from glutamate by glutamic acid decarboxylase (GAD) and
released from the synaptic vesicles in a SNARE-dependent fashion. GABA is also released through non-vesicular means from neurons and glia in a SNARE-independent
fashion. Reuptake of GABA occurs through GABA transporters (GAT) in both neurons and glia. GABA receptors are localized at both presynaptic and postsynaptic sites.
GABAA, receptors (GABAAR) are bicuculline-sensitive ionotropic receptors that conduct primarily ClI; GABAc receptors (GABACR) are related Cl -selective ionotropic
receptors that are insensitive to bicuculline. GABAg receptors (GABAgR) are G-protein-coupled metabotropic receptors that cause presynaptic inhibition by suppressing
Ca?* influx and reducing transmitter release, and that cause postsynaptic inhibition by activating K* channels and membrane hyperpolarization. Synaptic release of GABA
leads to activation of GABAA receptors that are clustered in the membrane immediately beneath the release site, resulting in a transient synaptic current (phasic activation,
pathways shown in red). A low concentration of ambient GABA, which is accumulated by diffusion from synaptic sites and by non-vesicular release from neurons and glia,
also activates high-affinity extrasynaptic GABAA receptors (tonic activation, pathways shown in blue). GABA, receptor activation can lead to either depolarization via efflux
of CI~ or hyperpolarization via influx of ClI~, depending on the Cl~ gradient across the membrane.

Regulation of adult neurogenesis by GABA signaling

Adult neurogenesis seems to recapitulate the neuronal
developmental processes of embryonic stages, despite
significant differences in the local environment [13-
16]. Recent technical advances in using retroviruses and

Box 1. How GABA excites immature neurons

GABA, receptors carry primarily Cl-, and the direction of flow
across the membrane largely determines whether GABA depo-
larizes or hyperpolarizes target cells. Previous studies have
identified two major CI~ transporters that control CI~ homeostasis
in neurons, the Na*-K*-Cl~ co-transporter NKCC1 (a Cl~ accumu-
lator) and the K*-CI~ co-transporter KCC2 (a CI~ exporter) [7,10].
During embryonic development, NKCC1 is expressed in NPCs and
immature neurons, whereas little KCC2 is expressed, resulting in
high neuronal [CI™];. During embryonic development and matura-
tion, neurons downregulate NKCC1 expression and upregulate
KCC2 expression, resulting in low [CI"]; in most mature neurons.
The same expression pattern of NKCC1 and KCC2 occurs during
adult neurogenesis [15] (Figure 4a). Electrophysiological studies [15]
have further demonstrated that the reversal potential for GABA-
induced currents (Egaga) in newborn granule cells in the adult brain
gradually decreases during maturation (Figure 4b), indicating a
developmentally regulated decrease of [CI™]; (Figure 4c). However,
the resting membrane potential (V,.s) decreases only slightly over
this period (Figure 4b). Because Vg is significantly more negative
than Egaga during the first two weeks after a granule cell is born,
GABA, receptor activation of these cells leads to Cl~ efflux and
membrane depolarization. However, synaptically integrated new-
born granule cells and mature neurons have a low [CI"];; therefore,
GABA, receptor activation leads to Cl™ influx and membrane
hyperpolarization.
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developmentally regulated promoters to drive green
fluorescent protein (GFP) expression have enabled visua-
lization of newborn cells in living preparations for physio-
logical characterization [17]. Electrophysiological analysis
has revealed the expression of functional GABA receptors
in NPCs and their neuronal progeny in both juvenile and
adult animals [14,15,18-20]. Furthermore, GABA initially
depolarizes these immature cells in the adult brain during
the first 2-3 weeks of their neuronal development [13—
15,21,22] (Figure 4b; Box 1). Adult-born neurons go
through the same sequence of developmental milestones
as occurs in the embryonic CNS: initial activation by
ambient GABA, then activation by GABAergic synaptic
inputs and, finally, activation by glutamatergic inputs
[15,18,21-23]. This stereotypic developmental sequence
sets the stage for GABA to be a key signal for regulating
adult neurogenesis in response to neuronal activity.

Progenitor proliferation

Adult NPCs are localized within specialized
microenvironments or niches [24,25] that consist of multi-
ple cell types, including endothelial cells of blood vessels
[26], astrocytes [25] and immature progeny of NPCs [27]. A
decision to self-renew, differentiate or be quiescent
requires NPCs to decipher multiple signals within the
niche.

Within the adult SVZ, some glial fibrillary acidic protein
(GFAP)-expressing cells exhibit NPC properties and gen-
erate neuroblasts [24] (Figure 1b). Using electrophysiolo-
gical recordings from acute slices, Bordey and colleagues



4 TRENDS in Neurosciences Vol.30 No.1
(a) (b) (c)
il 40+
-30 =
(] dl
S —40 1 = + . 30 =
>
€Z 501 SE = 20;
GCL = <= i
* 2% [sas o)
== < E
g5 60 G g 10
C o 8.
2 701
T T 0 T r T T
0 7 14 28 0 7 14 21 28
H Time (dpi) Time (dpi)

Figure 4. Effects of GABA on newborn neurons during adult neurogenesis. (a) Expression of a Na*-K*-Cl~ co-transporter (NKCC1) and a K*-CI~ co-transporter (KCC2) in the
dentate gyrus of adult mouse brain. Confocal images of immunostaining for NKCC1 (red), KCC2 (green) and doublecortin (DCX, a marker of immature neurons; blue).
Abbreviations: GCL, granule cell layer; H, hilus; ML, molecular layer. (b) Time course of the GABAa-receptor equilibrium potential and resting membrane potential of
newborn granule cells during their development in the adult brain. Data are derived from electrophysiological recordings of newborn dentate granule cells at different days
post infection (dpi) with retroviruses to express enhanced green fluorescent protein (EGFP). (¢) Calculated [CI~]; of newborn granule neurons during their maturation in the

adult brain. Modified, with permission, from Ref. [15].

have demonstrated that functional GABA, receptors are
expressed in NPCs of the SVZ in juvenile animal brains
[27]. It is known that GABA depolarizes NPCs and inhibits
their proliferation during embryonic development [28].
Whether GABA also depolarizes postnatal NPCs in the
SVZ remains to be demonstrated. Interestingly, GABA,
receptors in NPCs are tonically activated by ambient
GABA released from neuroblasts in a non-synaptic, non-
vesicular fashion [27]. Furthermore, GABA signaling
seems to limit the progression of NPCs through the
cell cycle, because pharmacological inhibition of GABAA
receptors increases DNA synthesis in these NPCs in a
slice-culture preparation [27]. Thus, GABA released from
neuroblasts could provide a negative-feedback signal to
control the proliferation of NPCs through tonic activation
of their GABA, receptors (Figure 1b). GABA might also
regulate the proliferation of neuroblasts within the post-
natal SVZ. It was shown that GABA negatively regulates
proliferation of neuroblasts in the postnatal striatum [29].
In addition, GABA transporters (GATs) are expressed in
NPCs in the adult SVZ; such expression could regulate the
local ambient GABA levels and, thus, control NPC prolif-
eration through a negative-feedback loop (Figure 1b,c).
Taken together, GABA could be a negative signal for
proliferation, to ensure that the proper numbers of new
NPCs and their progeny are generated.

Within the adult SGZ, radial-glia-like astrocytes also
serve as NPCs and give rise to neuroblasts [24] (Figure 2b).
Electrophysiological analysis of retrovirally labeled NPCs
and immature neurons in the SGZ have shown that, within
2-3 weeks of their birth, these cells have a resting mem-
brane potential around —60 mV and are depolarized by
GABA because of their high [C17]; [15] (Figure 4b,c). Inter-
estingly, these immature cells also exhibit a depolarizing
tonic response to GABA [15]. In this case, the ambient
GABA could come from local interneurons (Figure 2b),
because stimulation of interneurons leads to an increase
in tonic activation [15]. Two independent studies have
further shown that SGZ NPCs that expressed GFP under
control of the nestin promoter in adult transgenic
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mice exhibited both spontaneous and evoked GABAergic
synaptic transmission [14,20]. Whether tonic and/or
phasic GABA activation also regulates the proliferation
of the NPCs and neuroblasts in the SGZ remains to be
determined.

Fate specification and differentiation

Adult neurogenesis begins with NPCs in the SVZ or SGZ and
results in new granule cells in the dentate gyrus or new
interneurons in olfactory bulb, respectively [3,4]. Kemper-
mann and colleagues have defined stages of hippocampal
neurogenesis using a series of immunohistological markers
[30,31]. This characterization has provided a blueprint for
determining how different intrinsic and extrinsic cues affect
specific phases of adult neurogenesis. Currently, it is
unknown whether GABA regulates neuronal or glial fate
choice of adult NPCs in the SVZ and SGZ. Interestingly,
application of GABA to acute slices of brain increases the
expression of the transcription factor NeuroD in nestin-
expressing NPCs within the SGZ [14]. NeuroD is a
positive regulator of neuronal differentiation that mediates
the terminal differentiation of granule cells in the dentate
gyrus [14]. Further in vivo studies using GABA4 receptor
agonists [32] support the notion that excitatory activity of
GABA increases the tempo and extent of neuronal differ-
entiation during adult hippocampal neurogenesis.

Neuronal migration

Immature neurons generated from SVZ NPCs migrate
significant distances: first tangentially via the RMS and
then radially into the olfactory bulb (Figure 1a). In the
RMS, which is tightly encapsulated by astrocytes, neuro-
blasts undergo a specialized type of migration in a chain
formation (Figure 1b). Electrophysiological analysis has
demonstrated that tangentially migrating neuroblasts
from the SVZ, although still lacking synaptic input,
already express functional GABA, receptors [18]. Further-
more, these neuroblasts have a resting membrane poten-
tial of around —59 mV and are depolarized by application
of GABA [13,19]. Interestingly, increasing ambient GABA
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concentrations, by enhancing non-vesicular GABA release
from migrating neuroblasts or by blocking GABA uptake
into ensheathing astrocytes, reduces the migration rate of
the SVZ neuroblasts in acute slices from juvenile animals
[33]. These findings suggest that, among migrating neuro-
blasts and ensheathing astrocytes, GABA is a signal that
regulates the speed of neuronal migration during adult
SVZ neurogenesis. Because SVZ neuroblasts also migrate
to injury sites after stroke and in degenerative neurological
diseases [3], it would be interesting to determine whether
GABA also has similar role in pathological conditions.

In the dentate gyrus, immature neurons migrate only a
short distance into the inner granule cell layer (Figure 2b).
Neuroblasts and immature neurons seem to migrate along
the radial fibers of radial glia-like NPCs that extend
through the granule cell layer [34]. In slice cultures of
embryonic brains, activation of GABA: and GABAg recep-
tors promotes radial migration of postmitotic neurons out
of the ventricular zone and intermediate zone, whereas
activation of GABA,4 receptors serves as a stop signal once
cells have reached the cortical plate [35]. Whether GABA
also regulates neuronal migration during adult hippocam-
pal neurogenesis has yet to be determined. It will also be
interesting to determine whether GABA signaling is
involved in the aberrant migration of new granule cells
into the hilus after seizures induced by kainic acid or
pilocarpine in animal models [36], because extracellular
GABA levels are elevated after epilepsy [37—40].

Synaptic integration

New neurons become integrated into the existing adult
neuronal circuitry in the olfactory bulb [18,41] and dentate
gyrus [15,23,42] within several weeks of birth. Recent in
vivo experiments suggest that GABA-mediated activation
is essential for the dendritic development and synaptic
integration of newborn granule cells in the adult hippo-
campus [15]. Using retrovirus-mediated expression of
short-hairpin RNA (shRNA) in adult-born neurons to
knock down endogenous expression of the Na*—K*—2CIl~
cotransporter NKCC1 (which accumulates Cl™ within
cells; Box 1), it is possible to reduce [Cl7]; significantly,
such that GABA causes hyperpolarization instead of depo-
larization of these newborn cells [15]. Confocal imaging
and electrophysiological analysis have shown that, in the
absence of GABA-induced depolarization, newborn neu-
rons exhibit significant defects in their dendritic develop-
ment with delayed formation of GABAergic and
glutamatergic synapses in the adult brain [15].

Using pro-opiomelanocortin (POMC)-GFP mice, in
which a specific population of newborn neurons is labeled
[43], Westbrook and colleagues have shown that develop-
ment of newborn granule cells takes much longer in the
adult brain than in neonates [44]. It was suggested that the
prolonged development is partially due to the reduced
depolarizing GABA-mediated network activity in the adult
brain. Interestingly, pilocarpine-induced seizures greatly
accelerate the dendritic development and synaptic integra-
tion of newborn granule cells in adult mice [45]. Because
seizures also increase the local ambient GABA levels [37—
40], it would be interesting to determine the role of GABA-
mediated activation in these pathological conditions.
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GABA signaling as a sensor of neuronal activity during
adult neurogenesis

Neurogenesis is classically thought to be regulated by
neuronal activity [46], and many in vivo manipulations
that influence electrical activity also affect adult neurogen-
esis [5]. For example, activation of the mossy-fiber pathway
[47] increases hippocampal neurogenesis, whereas partial
septohippocampal denervation [48] or lesions of the fim-
bria and fornix [49] have an opposite effect. Electroconvul-
sive shock [50,51] and seizures [52] increase NPC
proliferation in the SGZ, and prolonged seizures increase
neuroblast proliferation in the SVZ [53]. Seizures also lead
to accelerated dendritic development and integration of
newborn granule neurons in the adult brain [45]. In addi-
tion, an enriched environment and some learning para-
digms regulate NPC proliferation and/or survival of
newborn neurons during adult olfactory bulb and hippo-
campal neurogenesis [4,54,55].

As we have already discussed, GABA might enable
NPCs and their neuronal progeny to respond to activity
and so might control the tempo and extent of adult neu-
rogenesis at stages from proliferation of NPCs, through
migration and differentiation of neuroblasts, to synaptic
integration of new neurons. Ambient GABA activates
NPCs and immature neurons when they have not yet
received any synaptic input, and is likely to continue to
have a pivotal role even beyond the initial formation of
GABAergic synapses [15]. Electrophysiological analysis
has determined that the total charge carried by hyperpo-
larizing action of tonic GABA in mature granule cells is
several times higher than that attributed to phasic activa-
tion by GABA [56]. Tonic activation by GABA is also likely
to be the principal cause of depolarization when GABAer-
gic synaptic inputs are relatively weak [15].

The amount of ambient GABA in the adult SVZ is
regulated by the activity of neuroblasts and controls the
rate of NPC proliferation and neuroblast migration [27,33].
In the adult SGZ, the ambient GABA level is controlled by
the activity of local interneurons and regulates the differ-
entiation and synaptic integration of newborn neurons
[14,15]. Because of extensive recurrent connections
between principal neurons and interneurons within the
dentate gyrus [57] (Figure 2b), the ambient GABA levels
might reflect the general activity of local neuronal net-
works and could therefore serve as a general indicator of
the dynamic neuronal network activity. Once GABAergic
synaptic transmission becomes stronger, synaptic release
of GABA could act as an activity sensor in an input-specific
manner to regulate neuronal development. It is interesting
that in adult-born neurons somatic GABAergic synapses
are formed later than glutamatergic synapses are [23]
(Figure 2b), suggesting additional roles for GABA after
initial synaptic integration of new neurons.

GABA activation can be modulated during both its tonic
and phasic modes of action. For example, the major targets
of cholinergicinputs in the dentate gyrus are interneurons
[58] and it is possible that ACh promotes neurogenesis [59]
through GABA release from interneurons receiving cho-
linergic inputs. 5-Hydroxytryptamine (5-HT or serotonin)
inputs also target interneurons in the dentate gyrus
[60] and regulate adult hippocampal neurogenesis [31].
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GABA-mediated activation can also be regulated by
aberrant activity in the adult brain, as during seizures
[37—-40], and by neurosteroids through non-synaptic path-
ways [8,61]. In addition, modulation of local astrocyte
properties, by changing their uptake and/or release of
GABA, could also potentially regulate adult neurogenesis.

Potential mechanisms that underlie GABA-mediated
regulation of adult neurogenesis

Little is known about how GABA-mediated stimulation
regulates adult neurogenesis. For example, the molecular
compositions of the receptors and the downstream signal-
ing pathways have yet to be determined.

Receptor activation

The expression profiles of different GABA receptors during
adult neurogenesis have not been well characterized. In
particular, GABA, receptors can be assembled from a large
number of diverse subunits [7]. It is generally believed that
GABA activation by the phasic or tonic mode is mediated
by different GABA,4 receptors that have different subunit
compositions [8]. Phasic GABA-mediated transmission is
produced by short lived (<1 ms) high concentrations of
GABA (0.3-1.0 mM) in the synaptic cleft, where GABA,
receptors usually contain vy subunits, in particular y2
subunits. By contrast, tonic activation is sustained and
involves much lower concentrations of GABA; thus, sub-
units of the GABA4 receptor that are responsible for tonic
activation are likely to have high affinity for GABA and low
desensitization probability [8,9]. GABA, receptors that

TRENDS in Neurosciences Vol.30 No.1

contain 8 or a5 subunits seem to have major roles in
mediating tonic hyperpolarization of mature granule cells
[61,62] and CAl pyramidal neurons [62,63] in the adult
hippocampus, respectively. However, tonic inhibition of
cerebellar granule neurons is mediated by a high-affinity
GABA, receptor that contains the a6 subunit [64]. It is
unknown whether these subunits are also involved in tonic
activation of newborn neurons in the adult brain. Identi-
fication of the specific subunit compositions would provide
a basis for genetic manipulations to interfere specifically
with either tonic or phasic activation by GABA, thus
enabling the unique roles of these activation types to be
examined during different steps of adult neurogenesis.

Downstream signaling
How does activation of GABA receptors lead to different
behaviors of NPCs and their neuronal progeny? Ca?*, a
major second messenger of neurotransmitter receptor acti-
vation, is likely to have a significant role (Figure 5). Ca®*-
imaging analysis of adult SGZ nestin-expressing progeni-
tors has shown that bath application of GABA induces
elevation of CaZ* levels in these cells [14]. Nickel ions,
which block Ca?*-channels, inhibit both the GABA-induced
Ca”* rise and expression of NeuroD in these progenitors
[14]. Interfering with GABA-induced internal Ca®* signal-
ing also alters the speed of neuroblast migration in the SVZ
[13].

At the early phase of adult neurogenesis, tonic activation
by GABA leads to only a small change in the membrane
potential [13,15] and is, thus, unlikely to activate most of
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Figure 5. Potential mechanisms underlying GABAx-receptor-mediated regulation of adult neurogenesis. There are two modes of GABA-mediated activation through
GABAA receptors in NPCs and immature neurons. In the tonic activation mode, ambient GABA at low concentrations activates high-affinity extrasynaptic GABAa receptors,
leading to CI~ efflux. The resulting small depolarization can potentially stimulate low-voltage-activated T-type Ca* channels, causing Ca* influx. Other types of Ca*-
permeable channel, such as transient receptor potential (TRP) channels, might also be activated in a voltage-independent fashion. In the phasic activation mode, synaptic

release of GABA at high concentrations activates synaptic GABA receptors, leading to Cl~ efflux and sufficient membrane depolarization to activate voltage-gated Ca

2+

channels (e.g. L-type Ca®* channels) and NMDA receptors (NMDAR). The resulting rise of intracellular Ca®* activates downstream signaling cascades, leading to
cytoskeleton rearrangement and activation of transcription, which are important for proliferation, differentiation, migration, development of axons and dendrites and

synapse formation.
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the voltage-gated Ca®*-permeable channels. Interestingly,
newborn neurons in the dentate gyrus express high levels of
low-voltage-activated T-type Ca®* channels [65]. These Ca®*
channels can be activated at below —57 mV [65], a value close
to the resting membrane potential of immature neurons [15]
(Figure 4b). Therefore, tonic activation by GABA could lead
to sufficient membrane depolarization to activate these T-
type Ca®* channels (Figure 5). Stimulation of GABA recep-
tors might also lead to the activation of other types of Ca®*-
permeable channels (e.g. transient potential channels)
through different mechanisms (Figure 5), such as osmotic
tension [66]. In addition to the influx of extracellular Ca®*,
tonic GABA-induced release of Ca* from internal stores can
also be involved [33]. Future studies using, for example,
shRNA-mediated knockdown or genetically modified mice,
will directly test these possibilities.

Once neurons receive GABAergic synaptic inputs, the
depolarization induced by synaptically released GABA
could then cause sufficient membrane depolarization to
activate other voltage-gated Ca®* channels, such as L-type
Ca®* channels (Figure 5). In vitro studies have shown that
activation of L-type Ca?* channels in NPCs promotes
their neuronal differentiation [67]. In addition, synaptic
GABA-mediated activation can facilitate the opening of
NMDA-receptor channels in response to glutamate and the
subsequent Ca®* influx — a role taken over by AMPA
receptors later in development [68] (Figure 5).

During the past decade, we have gained significant
knowledge about how Ca®* signaling mediates neuronal
development and plasticity [69,70]. Ca%*-activated cas-
cades can lead to both acute effects through cytoskeleton
rearrangement and long-term effects by activation of tran-
scriptional programs. Future studies are needed to deter-
mine how these pathways are differentially activated to
regulate multiple steps of adult neurogenesis.

Concluding remarks
A traditional view of adult neural plasticity involves only
postmitotic neuronal modifications and limited turnover of
non-neuronal cells. The discovery of active adult neurogen-
esis across various mammalian species suggests a greater
capacity for plasticity in the mature CNS than was pre-
viously imagined. The prospect of stimulating endogenous
neurogenesis and integrating transplanted neurons also
raises hope for new cell-replacement therapies to repair
the mature CNS after injury or neurological diseases.
Adult neurogenesis is a complex process that is regu-
lated by neuronal activity. GABA is emerging as a key
signal within the neurogenic niche, enabling NPCs and
their neuronal progeny to sense neuronal activity and
regulate their development. There are many unanswered
questions regarding GABA-mediated regulation of adult
neurogenesis. Which temporal subunit compositions of
GABA, receptors regulate different steps of adult neuro-
genesis? Is GABA-mediated activation also involved in the
pathological stimulation of adult neurogenesis, in aberrant
migration in the SGZ and SVZ, or even in neurogenesis
outside these two regions? In addition, the roles of GABAg
and GABA( receptors in adult neurogenesis remain largely
unexplored. GABA might have important roles in other
aspects of adult neurogenesis, such as neuronal fate
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specification of NPCs, axonal development of newborn
neurons, and the formation of synapses between newborn
neurons and their target neurons. Studies of GABA signal-
ing in adult neurogenesis have so far served as an entry
point for exploring the basic principles of neuronal devel-
opment in the mature CNS. Future attempts to elucidate
mechanisms that couple network activity to cellular differ-
entiation face the challenge of developing and employing
new methods to track and control circuit activity in vivo,
and of determining how progenitor cells proliferate, differ-
entiate and integrate in response to different known levels
of physiological network activity. A better understanding
of endogenous adult neurogenesis will bring great benefits
in applying stem cell therapy to brain disorders.
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