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GABA REGULATES STEM CELL PROLIFERATION BEFORE NERVOUS

SYSTEM FORMATION

Histone H2AX-Dependent GABAA Receptor Regulation of Stem Cell Proliferation. Andäng M, Hjerling-Leffler J,
Moliner A, Lundgren TK, Castelo-Branco G, Nanou E, Pozas E, Bryja V, Halliez S, Nishimaru H, Wilbertz J, Arenas E,
Koltzenburg M, Charnay P, El Manira A, Ibañez CF, Ernfors P. Nature 2008;451(7177):460–464. Stem cell self-renewal

implies proliferation under continued maintenance of multipotency. Small changes in numbers of stem cells may lead to large differences

in differentiated cell numbers, resulting in significant physiological consequences. Proliferation is typically regulated in the G1 phase,

which is associated with differentiation and cell cycle arrest. However, embryonic stem (ES) cells may lack a G1 checkpoint. Regulaton of

proliferation in the “DNA damage” S/G2 cell cycle checkpoint pathway is known for its role in the maintenance of chromatin structural

integrity. Here we show that autocrine/paracrine γ -aminobutyric acid (GABA) signalling by means of GABAA receptors negatively

controls ES cell and peripheral neural crest stem (NCS) cell proliferation, preimplantation embryonic growth and proliferation in the

boundary-cap stem cell niche, resulting in an attenuation of neuronal progenies from this stem cell niche. Activation of GABAA receptors

leads to hyperpolarization, increased cell volume and accumulation of stem cells in S phase, thereby causing a rapid decrease in cell

proliferation. GABAA receptors signal through S-phase checkpoint kinases of the phosphatidylinositol-3-OH kinase-related kinase

family and the histone variant H2AX. This signalling pathway critically regulates proliferation independently of differentiation, apoptosis

and overt damage to DNA. These results indicate the presence of a fundamentally different mechanism of proliferation control in these

stem cells, in comparison with most somatic cells, involving proteins in the DNA damage checkpoint pathway.

COMMENTARY

G ABA, the principal inhibitory neurotransmitter in the
brain, is a versatile molecule that not only plays a role in

synaptic transmission but also provides important signaling cues
in the developing brain. The signaling function occurs through
anion-permeable GABAA receptors whose effects on neuronal
excitability are dependent upon the developmental stage: exci-
tatory in immature neurons because of higher intracellular Cl−

concentration ([Cl−]i) and inhibitory in adults because of a
progressive, developmentally programmed loss of [Cl−]i (1,2).
Recent studies show that GABA stimulates neurons even before
synapses have been formed, suggesting that the consumption
of GABA-acting drugs, including antiepileptic drugs, may af-
fect neuronal migration and produce misplaced neurons (3).
GABAA receptor-mediated events act to regulate neural stem
cell proliferation both in the developing cortex (4) and in the
adult subventricular zone (5), supporting the hypothesis that
GABA regulates the formation of neurons and cortical units,

such as achieving the balance between excitation and inhibition
in the neocortex.

As described in the commentary by Mathews in this is-
sue, the [Cl−]i gradient is created by the expression of the
Na+/K+/Cl−-cotransporter isoform 1 (NKCC1) or the re-
duced expression of the K+/Cl− cotransporter (KCC). NKCC1
imports Cl− and is expressed from the embryonic stage until the
first postnatal week, whereas KCC2 exports Cl− and is weakly
expressed at birth and upregulated as the brain matures. These
temporal patterns of transporter expression correspond to the
switch from GABA being excitatory to inhibitory. In the embry-
onic cortex and the adult neurogenic regions, GABA depolarizes
neuronal stem cells because they have high [Cl−]i (4–7).

The Andäng et al. study reviewed here proposes that the
GABAergic signaling system plays a role in the generation of
embryonic stem cells. Through a variety of in vitro and in vivo
studies, the authors demonstrate that mouse embryonic and
neural crest stem cells express glutamic acid decarboxylase and
functional GABAA receptors. They also show that stem cells
possess the machinery to synthesize and respond to GABA long
before the formation of the nervous system: GABA hyperpo-
larizes embryonic stem cells and decreases proliferation. Two
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important questions raised by this study will be discussed: How
can GABA hyperpolarize stem cells and then depolarize imma-
ture neurons a few days later? By what mechanism do these
actions occur, since the cotransporter that extrudes chloride is
not expressed at this early stage? This issue is of importance
considering the large number of antiepileptic drugs that exert
their action by GABA receptors and are used during pregnancy
by women with epilepsy.

Andäng and colleagues note that embryonic stem cells
have a relatively depolarized resting membrane potential of
−26 mV and a hyperpolarizing GABAA receptor-mediated re-
sponse (E GABA) of –78 mV. However, other studies have found
depolarizing GABA responses in embryonic neuronal stem cells
as well as in the adult hippocampus and subventricular zone
(4,5,7). The discrepancy may be explained in several ways.
For instance, embryonic stem cells were recorded in cell cul-
ture medium, whereas the neuronal stem cells were recorded
in standard artificial cerebrospinal fluid. Without knowing the
external Cl− concentration one cannot extrapolate the inter-
nal Cl− concentration from E GABA. Furthermore, the current
elicited by application of GABA was not completely blocked by
the GABAA-receptor antagonist, bicuculline. The residual cur-
rent, carried through another channel, may have contributed
to the reversal potential seen in this study. While the authors
used voltage-sensitive dyes and Ca2+ imaging to confirm the
nondepolarizing effects of GABA, a direct measurement of the
Cl− gradient would have given an unequivocal determination
of the effect of GABA on embryonic stem cell membrane po-
tential. The investigators’ use of invasive recording techniques
(i.e., intracellular, perforated, or whole cell recordings) may also
present problems, as recent studies indicate that basic param-
eters, particularly the resting membrane potential, cannot be
adequately measured in immature neurons by these recording
techniques because of their high input resistance that produces
large leak currents through the seal between electrode and cell
(8). The disparity in outcomes is highly significant (over 30mV)
and will lead to major differences in estimations of E GABA and
in the resting membrane potential (less than 30mV), which is
most likely underestimated. The issue is more than theoret-
ical. Indeed, extensive investigations suggest that the chloride
extruder cotransporter KCC2 is functional after delivery and in-
duces the postnatal depolarizing to hyperpolarizing shift in the
actions of GABA (1). If GABA hyperpolarizes stem cells and
depolarizes immature neurons, a mechanism, such as KCC2
or some other Cl− transporter, must be present for chloride
removal at an early embryonic stage. This putative, undeter-
mined system would have to be eliminated later when neurons
develop, migrate, and form coherent patterns.

Andäng et al. suggest that GABA signaling activates the
phosphatidylinositol-3-OH-kinase-related kinase (PIKK) fam-
ily of proteins that phosphorylate histone H2AX—a critical
factor in the S/G2 DNA-damage checkpoint complex. Activa-

tion of this pathway by GABA hyperpolarization leads to an
accumulation of cells in S-phase without influencing cell sur-
vival, apoptosis, or overt DNA damage. Their proposed model
provides an intriguing mechanism by which GABA can reg-
ulate stem cell proliferation, given that a previous study on
neuronal stem cells of the developing cortex demonstrated that
GABA depolarization was found to inhibit DNA synthesis and
cell cycle progression (4). While these two mechanisms are not
mutually exclusive, to determine the effect of GABA on cell
survival, the authors assayed the amount of cleaved Poly(ADP-
ribose) polymerase-1 (PARP-1), an early marker of apoptosis.
The use of other more appropriate markers of cell death, such
as TUNEL and caspase-3, would reinforce the conclusions and
exclude possible negative effects of GABA on survival of em-
bryonic stem cells. Also, the suggestion of a GABA-induced
hyperpolarization that (via Cl− influx) induces cell swelling to
activate the DNA-damage checkpoint pathway remains to be
directly shown.

The novel finding that GABA can regulate embryonic stem
cell proliferation has important implications for studies of de-
velopment and disease. Controlling embryonic stem cell cycle
progression by autocrine/paracrine GABA secretion provides a
negative feedback mechanism that regulates embryo growth.
GABA levels correlate with the stem cell pool size, and an in-
crease in GABA concentration provides a signal to slow prolif-
eration. The proposed GABA activated DNA-damage check-
point pathways may shed light on developmental pathological
conditions, such as tumor formation. Interestingly, in the de-
veloping nervous system, this pathway may be a key regulator
for creating a balance between excitatory and inhibitory neuron
generation. Inhibitory GABAergic and excitatory glutamatergic
neurons arise from two distinct progenitor populations in the
brain, the ganglionic eminences and cortical ventricular zone,
respectively (9–12). During corticogenesis, the inhibitory in-
terneurons from the ganglionic eminences migrate tangentially
to the cortex (9,12) where they may tonically release GABA and
provide paracrine GABA signaling of neuronal stem cells that
regulate the generation of excitatory neurons (4,13,14). If this
GABA signaling is disrupted, increased generation of excitatory
neurons might lead to a hyperexcitable cortical circuit, making
the brain more prone to epilepsy. The role of GABA signaling
is becoming more intriguing. Understanding the diverse devel-
opmental roles of GABA may further an understanding of the
pathophysiology of a variety of developmental disorders and
epilepsy.

by Doris D. Wang, BS, Arnold R. Kriegstein, MD, PhD, and
Yehezkel Ben-Ari, PhD
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IS EPILEPSY A DISEASE OF SYNAPTIC TRANSMISSION?

Masking Epilepsy by Combining Two Epilepsy Genes. Glasscock E, Qian J, Yoo JW, Noebels JL. Nat Neurosci
2007;10(12):1554–1558. Inherited errors in ion channel genes comprise the largest subset of monogenic causes of idiopathic

epilepsy, and pathogenic variants contribute to genetic risk in the complex inheritance of this common disorder. We generated a di-

genic mouse model of human idiopathic epilepsy by combining two epilepsy-associated ion channel mutations with mutually opposing

excitability defects and overlapping subcellular localization. We found that increasing membrane excitability by removing Shaker-like

K+ channels, which are encoded by the Kcna1 gene, masked the absence epilepsy caused by a P/Q-type Ca2+ channelopathy due

to a missense mutation in the Cacna1a gene. Conversely, decreasing network excitability by impairing Cacna1a Ca2+-channel func-

tion attenuated limbic seizures and sudden death in Kcna1-null mice. We also identified intermediate excitability phenotypes at the

network and axonal levels. Protective interactions between pathogenic ion channel variants may markedly alter the clinical expres-

sion of epilepsy, highlighting the need for comprehensive profiling of this candidate gene set to improve the accuracy of genetic risk

assessment of this complex disease.

COMMENTARY

M uch work has been done in the past 3 decades to sup-
port the notion that seizures and interictal spikes result

from the combined action of networks of neurons. Alterations
in synaptic transmission appear to play a critical role in generat-
ing this network activity. Some of the earliest work investigating
the nature of paroxysmal depolarizing shifts, which is the in-
tracellular signature of a focal interictal spike, suggested a role
for synaptic activity. These studies demonstrated that in the
penicillin focus, paroxysmal depolarizing shifts had properties

similar to those of an EPSP: they were graded and could be
reversed in polarity (1). Follow-up studies have established that
postdepolarizing shifts are mediated by glutamatergic neuro-
transmission.

Additional support for the synaptic transmission hypothe-
sis was provided by studies of acquired epilepsies in experimental
animals and in human surgical specimens. One of the most
intensely investigated mechanisms of altered synaptic trans-
mission in acquired epilepsies is sprouting of axon collaterals.
Sprouting of mossy fibers (i.e., axons) of dentate granule cells
of the hippocampus was demonstrated in experimental models
and later in human specimens. These studies indicated that for-
mation of new glutamatergic synapses on principal neurons was
a key feature of temporal lobe epilepsy (2). Other studies have
shown the presence of altered GABAergic synaptic transmission
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