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efficacy of a drug combination against typically treatmentresistant neonatal seizures may allow for use of lower doses
or shorter duration of phenobarbital therapy. In addition, the
benefit of providing earlier control of seizure activity may itself
reduce potential long-term consequences of neonatal seizures.
Finally, because of mounting evidence for altered chloride
homeostasis in adult epileptic brain, the prospective use of
this combination therapy may extend beyond neonates to
rational combinations of bumetanide and GABA-enhancing
medications in treatment-resistant adult epilepsy.
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VEGF AS A TARGET FOR NEUROPROTECTION
Vascular Endothelial Growth Factor Is Up-Regulated after Status Epilepticus and Protects against Seizure-Induced
Neuronal Loss in Hippocampus. Nicoletti JN, Shah SK, McCloskey DP, Goodman JH, Elkady A, Atassi H, Hylton
D, Rudge JS, Scharfman HE, Croll SD. Neuroscience 2008;151(1):232–241. Vascular endothelial growth factor (VEGF) is a
protein factor which has been found to play a significant role in both normal and pathological states. Its role as an angiogenic factor
is well-established. More recently, VEGF has been shown to protect neurons from cell death both in vivo and in vitro. While VEGF’s
potential as a protective factor has been demonstrated in hypoxia–ischemia, in vitro excitotoxicity, and motor neuron degeneration,
its role in seizure-induced cell loss has received little attention. A potential role in seizures is suggested by Newton et al.’s [Newton
SS, Collier EF, Hunsberger J, Adams D, Terwilliger R, Selvanayagam E, Duman RS (2003) Gene profile of electroconvulsive seizures:
Induction of neurotrophic and angiogenic factors. J Neurosci 23:10841–10851] finding that VEGF mRNA increases in areas of the
brain that are susceptible to cell loss after electroconvulsive-shock induced seizures. Because a linear relationship does not always
exist between expression of mRNA and protein, we investigated whether VEGF protein expression increased after pilocarpine-induced
status epilepticus. In addition, we administered exogenous VEGF in one experiment and blocked endogenous VEGF in another to
determine whether VEGF exerts a neuroprotective effect against status epilepticus-induced cell loss in one vulnerable brain region, the
rat hippocampus. Our data revealed that VEGF is dramatically up-regulated in neurons and glia in hippocampus, thalamus, amygdala,
and neocortex 24 h after status epilepticus. VEGF induced significant preservation of hippocampal neurons, suggesting that VEGF
may play a neuroprotective role following status epilepticus.
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ascular endothelial growth factor (VEGF) is a vascular
growth factor that induces angiogenesis, increases vascular permeability, and promotes inflammation in the CNS
(1,2). VEGF, originally considered as an endothelial-specific
growth factor and a potent mitogen for endothelial cells derived
from arteries, veins, and lymphatics, has recently been shown
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to have direct effects on different cell types, including neurons,
Schwann cells, astrocytes, neural stem cells, and microglia. Increased levels of VEGF in the brain have been measured after
a variety of insults, including hypoxia/ischaemia and seizures.
In particular, following seizure induction in experimental models, VEGF was expressed mainly by neurons and astrocytes (3;
Nicoletti et al.), while in human temporal lobe epilepsy specimens, prominent VEGF immunostaining was found also in
the microvasculature. The identification of VEGF receptors in
epileptogenic tissue—not only on endothelial cells of blood
vessels (3) but also on astrocytes and neurons (1,2,4)—raised
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the question of the functional consequences of seizure-induced
increases in the brain level of VEGF (other than those well
described on brain vessels). Neurotrophic and neuroprotective
effects of VEGF have been reported in several in vitro and in vivo
experimental conditions, suggesting the possibility that this protein may afford neuroprotection by acting directly on neuronal
receptors. Indeed, VEGF receptors appear to be inducible in
neurons in pathological states, such as after the induction of
status epilepticus (4).
Nicoletti et al. provided evidence that VEGF is strongly
upregulated in neurons and glia 24 hours after pilocarpineinduced status epilepticus and established (by pharmacological
approaches) that VEGF has a neuroprotective potential against
status epilepticus-induced cell loss. Using ELISA, these authors
demonstrated that the level of this protein doubled in the hippocampus and cortex of rats exposed to status epilepticus; immunocytochemistry clearly showed that VEGF was upregulated
in surviving neurons (the activation resolved by 7 days after status epilepticus) and in activated astrocytes. Increased VEGF
expression was observed in all brain regions involved in seizure
spread as well as in the associated neuronal cell loss and glia activation. Previous work also reported that the seizure-induced
neuronal expression of VEGF is transient, while the astrocytic
expression is still evident during epileptogenesis preceding the
onset of spontaneous seizures and in chronic epileptic tissue (3).
Nicoletti et al. adopted a pharmacological approach to address the functional meaning of VEGF upregulation following
seizures: they chronically infused the hippocampus with the
VEGF blocker Fit-Fc (an immunoadhesin designed to sequester
VEGF) at a dose known to interfere with endogenous VEGF
binding or with human recombinant VEGF at a dose below the
doses that are optimal for inducing angiogenesis. Control rats
also were assessed, using inactivated VEGF or bovine serum
albumin to control for protein load or Fc domain of human
IgG (hFc), a recombinant human control protein. After 5 days
of protein infusion, rats were exposed to status epilepticus and
then killed after 24 hours to evaluate the degree of cell loss.
Protein infusion was stopped at the time of killing. Stereological estimates of neuronal density in the infused hippocampus showed a significant increase of pyramidal neuron death in
the rats receiving the VEGF blocker, while the rats receiving
VEGF had less neuronal loss. Interestingly, the levels of VEGF
reached in the hippocampus by this pharmacological treatment
were almost 200 times higher than the endogenous increase in
VEGF induced by seizures, making it unlikely that the much
smaller endogenous increases in VEGF are sufficient to mediate
neuroprotection. These neuroprotective effects of VEGF were
observed at concentrations that were neither associated with increased vascular density or diameter nor with increased vascular
permeability.

Available data suggest that VEGF is endowed with anticonvulsant effects, raising the possibility that its neuroprotective
action is mediated by antiictal properties (5). Nicoletti et al.,
however, reported no apparent changes in motor seizure behavior during status epilepticus in rats that received VEGF or its
blocker. Nevertheless, this issue requires further investigation,
perhaps by using EEG recording of seizures to unequivocally
demonstrate that the VEGF neuroprotection is not a consequence of reduced seizure activity. The molecular mechanisms
underlying the neuroprotective effect of VEGF are still mostly
unexplored; however, there is evidence that the activation of the
VEGF receptor, VEGFR2 (which is overexpressed by neurons
following seizures), triggers an intracellular phosphatidylinositol 3-kinase/Akt signaling pathway and inhibition of caspase-3
activity that mediate cell survival (6).
In conclusion, Nicoletti et al. envisaged that small
molecules, penetrating the blood–brain barrier and mimicking
VEGF neuroprotective effects, might be considered a means
to provide cell protection in epilepsy. However, this attractive
possibility must take into account that the protein can also provoke effects in brain tissue, such as alterations in blood–brain
barrier permeability properties, increased vessel density, and inflammation, that have the potential to promote epileptogenesis
(3,7–10). Therefore, a major goal would be to learn how to control the detrimental effects of VEGF and to facilitate its brain
repair functions.
by Annamaria Vezzani, PhD
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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.
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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: excitatory 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 affect 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,
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such as achieving the balance between excitation and inhibition
in the neocortex.
As described in the commentary by Mathews in this issue, the [Cl− ]i gradient is created by the expression of the
Na+ /K+ /Cl− -cotransporter isoform 1 (NKCC1) or the reduced 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 embryonic 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 hyperpolarizes embryonic stem cells and decreases proliferation. Two

