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The developing immature brain is not simply a small adult brain but rather possesses unique physiological properties. These include neuronal ionic currents that differ markedly from those in the adult
brain, typically being longer-lasting and less selective. This enables immature heterogeneous neurons to
connect and ﬁre together but at the same time, along with other features may contribute to the enhanced
propensity of the developing brain to become epileptic. Indeed, immature neurons tend to readily
synchronize and thus generate seizures. Here, we review the differences between the immature and
adult brain, with particular focus on the developmental sequence of g-Aminobutyric acid that excites
immature neurons while being inhibitory in the normal adult brain. We review the mechanisms underlying the developmental changes to intracellular chloride levels, as well as how epileptiform activity
can drive pathologic changes to chloride balance in the brain. We show that regulation of intracellular
chloride is one important factor that underlies both the ease with which seizures can be generated and
the facilitation of further seizures. We stress in particular the importance of understanding normal
developmental sequences and how they are interrupted by seizures and other insults, and how this
knowledge has led to the identiﬁcation of potential novel treatments for conditions such as neonatal
seizures.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Clinical studies show that children are at a much higher risk
than adults of developing epileptic seizures, with the largest
number of new-onset seizure disorders occurring during the ﬁrst
few years of life.1 The neonatal period in particular has the greatest
incidence of seizures, with 1.8-3.5 per 1000 live births.2 Experimental data have conﬁrmed these ﬁndings, showing that animals
exhibit increased susceptibility to seizures during the developmental period equivalent to the human neonate. Animal models
also provide the means to gain insight into cellular and molecular
mechanisms. The aim of this review is to provide a background on
the mechanisms and effects of seizures in the immature brain.
The propensity of the immature brain to generate seizures
derives from multiple factors. Importantly, the immature brain is not
simply a smaller version of the adult brain, but rather a structure
which follows a developmental sequence characterized principally
by increased excitation and lowered inhibition. g-Aminobutyric acid
(GABA), the major inhibitory transmitter in the adult brain, in fact
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depolarizes immature neurons. This is due to a high intracellular
chloride concentration ([Cl]i) in such cells. The depolarizing action
of GABA in combination with immature properties of other voltageand transmitter-gated currents such as those generated by activation
of N-methyl-D-aspartate receptors (NMDAR), are the major contributors to the increased excitability. Other factors that contribute
to the susceptibility of the immature brain to seizures include an
immature synaptic architecture, wiring patterns, and functions of
supportive glia cells. Altogether, immature neuronal networks have
an enhanced intrinsic excitability that predisposes them to generate
synchronous events, while lacking the mechanisms that largely
prevent excessive excitability in the adult brain, thereby increasing
the propensity to develop seizures.
2. The immature brain is prone to seizures
2.1. The sensitivity to seizures is higher in the developing brain than
during the rest of life
2.1.1. External factors increase the susceptibility of the immature
brain to seizures
Many extrinsic factors unique to the neonatal period contribute
to the high risk of seizures during the ﬁrst few years of life.
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The newborn is at risk from insults that can result in seizures
including: birth trauma, hypoxic-ischaemic insults, perinatal
acquired infections, intracranial haemorrhage, fever and metabolic
disturbances.3,4 In addition to insults, several neonatal disorders
such as congenital brain anomalies, inborn errors of metabolism,
and genetic factors can be initially present with seizures or can lead
to recurrent seizures during the neonatal period.
2.1.2. Developmental factors predispose the immature brain to
seizures
Besides external factors, various intrinsic factors also make the
immature brain more susceptible to seizures than the adult brain.5
Chief among these is the early development of excitatory neurotransmitter systems and delayed development of inhibition.6,7
During the early postnatal period, GABA exerts a paradoxical
excitatory action. This has been demonstrated for all animal species and brain structures studied to date. In rats, GABA produces
depolarization of neurons up to postnatal day 14 (P14)8e10 and
until the third trimester in utero in primates.11 The lack of efﬁcient
GABAergic inhibition increases excitability and can facilitate synchronicity.12 Indeed, a correlation is observed between the incidence of seizures and the excitatory to inhibitory shift of GABA’s
effect. In addition, the delayed maturation of metabotropic GABAB
receptor-mediated inhibition is also thought to contribute to
augmented neuronal excitability.13 There are also developmental
differences in glutamatergic systems which promote excitability
in the immature brain. During development, the synergistic action
of GABAergic and glutamatergic immature currents generate
physiological network-driven events called Giant Depolarizing
Potentials (GDPs),8,10 but could also promote pathological oscillations. In addition, immature neurons have high input resistance
and tend to oscillate leading to action potentials and increased
excitability.
The increased neural activity associated with the enhanced
excitation in the immature brain is essential for numerous activitydependent developmental processes, but it also renders the
developing brain more susceptible to seizures.
2.2. Animal experimental models: evidence of a high incidence of
seizures during development
Ethical and other considerations preclude most studies of the
human newborn brain.14 Thus, the availability of animal models has
proved essential in understanding the mechanisms and consequences of early-life seizures. Rodents between P7 and P14 are the
most studied models, an age thought to reﬂect the structural and
functional maturation of the brain during the ﬁrst year of human
life.15,16 The experimental models, including chemoconvulsants
such as kainic acid,17,18 electrical stimulation,19 hypoxia,20 penicillin,21 GABAB receptor antagonists,22 and increased extracellular
potassium,12 have all shown that the rodent brain in the early
postnatal period is highly susceptible to seizures. Indeed, the
amount of chemoconvulsant required to elicit seizures in immature
animals is much lower than in adults,23 and studies in rodent
hippocampal slices indicate that the lowest threshold for seizure
generation occurs around the second postnatal week, which corresponds to the neonatal period in humans.
3. Mechanistic differences underlying the excitability of the
immature brain: GABA and chloride
The immature brain is characterized by the presence of
voltage- and transmitter-gated currents that follow a deﬁned
developmental sequence. Among the plethora of receptors and

channels that are modulated during development, the GABAergic
and glutamatergic systems play a central role in physiological
activities.
3.1. The GABAergic developmental sequence
3.1.1. GABA depolarizes or hyperpolarizes depending on [Cl]i
GABA is a neurotransmitter that acts on two main types of receptors. The GABAA receptor complex functions as a ligand-gated
chloride channel. When GABA binds to the GABAAR it triggers a
conformational change that facilitates the inﬂow or outﬂow of Cl
ions, depending on the neuron’s equilibrium potential for chloride
ðECl Þ. In contrast, GABAB receptors do not directly gate Cl but are
instead metabotropic receptors which couple to intracellular
signaling pathways via G proteins.
In adult neurons, the level of intracellular chloride ([Cl]i) is
relatively low, with ECl near the resting membrane potential (Vm);
thus, minor changes in [Cl]i can signiﬁcantly affect the strength
and even polarity of GABA’s effects. When [Cl]i is low, as in the
case of adult neurons, ECl is negative relative to Vm. In that situation, GABAAR activation will trigger a Cl inﬂux and produce a
membrane hyperpolarization which has an inhibitory effect on the
ability of neurons to ﬁre an action potential (Figure 1A1,A2). By
contrast, in immature neurons, ECl is positive relative to Vm due to
a higher [Cl]i. This results in a net Cl efﬂux after GABAAR activation and the consequent membrane depolarization increases the
likelihood of action potential generation (Figure 1A1,A2). However,
cells can still be inhibited in a context of depolarizing GABA through
a shunting mechanism. In accordance to this, GABA increases the
conductance of the postsynaptic membrane, thereby reducing the
membrane depolarization ability of concurrent glutamatergic currents.24 In addition, the reversal potential of GABA even when
depolarizing is below that of glutamate, leading to an inhibition of
glutamate currents.
3.1.2. GABA can exert excitatory effects
In general, a high [Cl]i facilitates GABA-mediated excitation by
moving Vm toward the threshold for action potential ﬁring (Vthreshold)
(Figure 1A3). Although EGABA is below spike threshold in several
brain structures and cannot directly trigger action potentials, this can
be achieved through the activation of voltage-gated currents by
GABAergic post-synaptic currents (Figure 1A4).25,26 Moreover, GABA
depolarization may also be sufﬁcient to remove the voltagedependent magnesium block from NMDAR by shifting the afﬁnity
of NMDAR channels for magnesium,27,28 thus allowing calcium entry
into the immature neuron and the activation of second messengers
involved in a wide range of trophic actions.10,27,29
As immature neurons progress through their differentiation and
maturation sequences they display different spike threshold levels
at distinct timepoints. Consequently, GABA can depolarize some
neurons while exciting others, raising the question of how neurons
at different developmental stages can be simultaneously activated
to ultimately mature and be integrated into a common neural circuit.30 While GABA-induced depolarizing currents constitute the
principal source of depolarization at certain developmental stages,
their synergistic action on NMDAR enhances neuronal activity in
the network. This facilitates the synchronous ﬁring of neurons
going through different developmental stages due to the longlasting duration of the currents generated by the joint action of
GABAA and NMDA receptors.9,26 Notably, these prolonged excitatory currents promote the generation of GDPs which are early
network-driven events characteristic of developing networks.
Although the immature excitatory currents are necessary for
normal circuit development and assembly, they also increases the
propensity of the brain to the develop seizures.
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Fig 1. The shift in GABA actions through development is determined in part by a sequential development of two major chloride co-transporters: NKCC1 and KCC2. (A1) NKCC1,
which imports chloride into the cell, is present in utero. (A2) This leads to a higher accumulation of chloride in immature neurons, ECl is positive relative to Vm and therefore
GABAAR activation (blue dot) will result in a net Cl efﬂux and neuronal depolarization. GABA can excite immature neurons by different mechanisms: (A3) ECl is superior to
Vthreshold and can generate an action potential; (A4) GABAAR-induced depolarization will activates subthreshold persistent voltage-gated currents (VGC), which in turn triggers
action potentials. (B1) In more adult neurons, KCC2, that exports chloride, is fully operational whereas NKCC1 is less active, leading to a low [Cl]i, (B2) ECl is negative relative to Vm,
and GABAAR activation will trigger a Cl inﬂux and induce hyperpolarization.

3.1.3. Cation-coupled chloride co-transporters dictate the nature of
GABA signaling
The intracellular neuronal concentration of chloride is critical
for proper GABAergic signaling. [Cl]i is regulated by cationcoupled chloride co-transporters (CCCs) such as NKCC1 and KCC2,
the primary neuronal Cl importer and exporter, respectively. CCCs
are plasmalemmal glycoproteins that transport Cl ions, together
with Naþ and/or Kþ ions, in an electroneutral manner.31
The Na-K-2Cl CCCs, such as NKCC1, act as Cl importers and use
the large inward gradient for Naþ across the cell membrane to raise
[Cl]i above its electrochemical equilibrium. In contrast, K-Cl CCCs,
such as KCC2, use the large outward gradient for Kþ across cell
membranes to reduce [Cl]i below its equilibrium potential, acting
as Cl exporters. The balance between Cl importing and Cl
exporting activities of CCCs determines the overall level of [Cl]i in
numerous cell types, playing key roles in the regulation of different
processes such as cell volume and neuronal excitability.
The regulation of intracellular chloride by NKCC1 and KCC2 has
important effects on GABAergic signaling (Figure 1). In embryonic
and early postnatal life, NKCC1’s high expression and activity in
hippocampal neurons (together with minimal activity of KCC2)
results in a positive ECl relative to Vm such that the activation of
GABAAR mediates an outwardly directed Cl current, thus producing neuronal depolarization. A negative shift in the GABA
reversal potential (EGABA) is accompanied by a strong increase in the
expression of KCC2 (which is expressed at very low levels at birth)
near the end of the second postnatal week in rat cortical neurons.32

The result is an ECl that is negative relative to the neuron’s Vm.
Subsequently, GABAergic responses become hyperpolarizing and
hence, inhibitory for neuronal ﬁring.
CCCs function is also regulated by protein phosphorylation/
dephosphorylation. Recent evidence suggests that WNK serinethreonine kinases are Cl-sensitive regulatory kinases that have a
key role in the regulation of the NKCC1 and KCC2 cotransporters
activity (for a review see33). WNK kinases activate NKCC1 by
phosphorylating residues T203/T207/T212 (human). On the other
hand, WNKs decrease KCC2 activity by phosphorylating KCC2 at
residues T991/T1048 without modifying membrane trafﬁcking. In
addition to WNK, PKC has also been shown to play a role in the
modulation of KCC2 activity by directly phosphorylating S940. This
phosphorylation increases the cell surface stability and ion transport activity of KCC2 without modifying trafﬁcking. Furthermore,
Moss and others have shown that tyrosine phosphorylation of KCC2
residues Y1081 and Y903 can regulate its activity and stability.34
3.1.4. GABA’s depolarizing/excitatory action is important for
development
The depolarizing and excitatory actions of GABA exert trophic
actions on the formation of cortical networks by acting on major
developmental processes including migration, growth, synapse
formation and early network activities, such as GDPs that provide
much of the early synapse-driven activity (for review see9,10).
GABAergic signals operate early during development, depolarizing neurons and increasing the level of intracellular calcium that
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act as a major source of excitatory drive. When neurons are still
migrating and before synapses have been formed, GABA is released
in a calcium-independent way by growth cones and astrocytes. The
absence of an efﬁcient uptake system allows GABA to diffuse away
and accumulate in the extracellular space to reach a concentration
which is high enough to exert its depolarizing and excitatory effects
on extrasynaptic receptors in distal neurons in a paracrine fashion.
In addition this extracellular GABA also modulates neuronal
migration.35,36 If this depolarizing action is blocked in utero it
strongly affects migration and circuit formation, suggesting that
GABA modulates these and other functions at an early stage.37,38
In the hippocampus of rodents and primates, GABAergic signals
mature and function before glutamatergic ones, and this correlates
with the level of dendritic arborization.10,11,39 During development,
there are three stages that can be identiﬁed in this maturational
process: (i) presence of silent neurons with no apical dendrites and
no functional synapses, (ii) GABA-only neurons with small apical
(and not basal) dendrites that express GABA but not glutamate
postsynaptic currents (PSCs), and (iii) GABA and glutamate neurons
with extensive apical and basal dendrites that generate both GABA
and glutamate PSCs. This sequence is also followed by GABAergic
interneurons at earlier developmental stages,40 with the vast majority of interneurons displaying already fully operative synapses at
a time when most of the pyramidal cells are still silent.10 Altogether,
GABAergic neurons provide the early source of activity in an
otherwise silent network.
3.1.5. A unique shift of EGABA during delivery
A particularly striking example of the importance of the GABA
developmental sequence is the dramatic and transient hyperpolarizing shift of GABA that occurs during parturition (delivery).41
Using single GABAAR channel recordings to determine EGABA from
embryonic to postnatal periods, a striking reduction of [Cl]i
shortly before and after delivery is observed. This decrease is
accompanied by a depolarizing to hyperpolarizing shift in GABAA
driving force (i.e. the potential difference from rest that drives
chloride primarily ðDFGABA ¼ ECl  Vm Þ).41 The cause of this shift
was found to be the oxytocin, a hormone released by the mother to
trigger labor, since antagonists of oxytocin receptors produced a
block in this shift. An oxytocin-mediated decrease of [Cl]i exerts
neuroprotective actions by reducing the severity of anoxic episodes.41 Furthermore, it also exerts analgesic actions by increasing
the threshold for pain and reducing electrical signals in pain
pathways.42 Both these effects are mediated by changes in [Cl]i
and mimicked by diuretics that reduce [Cl]i. Remarkably, it has
been shown that babies delivered vaginally are less sensitive to
pain than babies delivered by caesarean section,43 suggesting that
the regulation of GABA polarity during delivery is an important
biological signal.
3.2. Glutamate as an additional seizure-susceptibility factor
Glutamate is the main excitatory neurotransmitter in neurons.
Glutamate receptors (GluRs), and speciﬁcally, GluR subunits, are
developmentally regulated in neurons and glia.44 In the immature
brain at birth, neuronal NMDARs include high level of the NR2B
subunit that result in prolonged current decay times and excitatory
postsynaptic potentials. Furthermore, at this stage there is also a
high level of NR3A and NR2D subunits45 which reduce the sensitivity of NMDARs to magnesium ions. Overall, the high levels of
expression of these subunits contribute to an increase in NMDARmediated calcium inﬂux in the immature brain, as well as a
decrease in the threshold for seizures.
Conversely, glutamate transporters are functional well before
synapses have been formed,46 suggesting the presence of a tight

control on glutamate signaling that prevents possible toxic actions
of this neurotransmitter. Thus, in vitro administration of a glutamate transporter inhibitor generates oscillations and long-lasting
seizures at birth in rats.47 Furthermore, astrocytes have been
shown to play a key role in regulating neuronal excitability by
controlling extracellular glutamate concentrations. This goal is
achieved through the expression of the glutamate transporters
GLT1 and GLAST1 involved in glutamate metabolism and clearance
from the neuropil. However, as during neonatal period neonatal
astrocytes are immature, this could contribute to the propensity of
the immature brain to be excited.
The combination of these factors confers an enhanced susceptibility to seizures (Figure 2).
4. Effects of seizures in the immature brain
Whether or not the effects of seizures add to the long-term effects of their underlying cause is still not clear. However, a growing
literature supports the idea that neonatal seizures per se can be
harmful to the developing brain and contribute to long-term
neurological disability. It has been observed that seizures in neonates with hypoxia were associated with worse brain injury,48 as
well as worse motor and cognitive outcomes49 comparing to neonates without seizures. Moreover, children who experienced febrile
seizures have a ﬁve-fold excess of afebrile seizures compared with
unaffected children. Independently of the aetiology, the consequences of seizures in infants and children can be correlated with
the duration and the recurrence of seizures.48,50 Speciﬁcally, not all
seizures, particularly those that are infrequent or brief, are harmful.
The deleterious consequences and the severity of recurrent or
prolonged seizures strongly depend on the developmental stage at
which they occur. Results from animal research conﬁrm what is
observed in clinical studies. Neonatal seizures have been shown to
exacerbate hypoxiaeischemia-induced brain injury and to cause
long-term neurological problems.51 While multiple studies performed in various animal models suggest that cognitive and
behavioral deﬁcits develop in later life stages following early-life
seizures.52
In addition to the potential direct consequences to neurons
through excitotoxic processes, seizures may also produce indirect
harmful effects on brain function. During brain development, cells
divide, differentiate and migrate to their assigned targets to form
synapses and active cell assemblies. The presence of seizures can
alter these developmental sequences and lead to persistent deleterious effects. Speciﬁcally, since distinct brain structures and
neuron subtypes have different developmental speeds, the effects
of seizures depend on the maturational stage of the individual
neuron. For example, since GABAergic synapses are formed before
glutamatergic ones,11,39 seizures may differentially affect neurons
with only GABA synapses and those with both GABA and glutamate
synapses. Also, the hyperactivity generated by the more developed
neurons can be due to alterations of essential developmental processes in adjacent less developed neurons. This duality may also
explain the plethora and heterogeneity of actions of seizures at an
early stage.
4.1. Seizures beget seizures
One of the strongest indications that seizures can reliably lead
to long-lasting effects is the transformation of a naive network
by seizures to one that has increased seizure susceptibility. The
idea that “seizures beget seizures” began with the neurologist
William Gower at the beginning of the last century.53 In vivo direct
support for Gower’s idea emerged from the discovery of the
kindling model of epilepsy54 where repeated focal application of
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Fig 2. Developmental shift in the threshold of seizure generation. GABA is more excitatory during the ﬁrst postnatal week in rats, and up to, and including, the neonatal period in
humans. Seizures are more readily generated around the second postnatal week in rat hippocampal slices, and after term in humans. This corresponds to (i) the peak shift of the
actions of GABA, when GABA is less excitatory but not inhibitory; and (ii) when the density of glutamatergic synapses is close to that of adults. Thus, seizures will be readily
generated and propagate as a result of a relatively dense glutamate network. Adapted from93.

initially subconvulsive electrical stimuli resulted in intense
epileptic seizures. Once established, this increased sensitivity to
electrical stimulation persists throughout the animal’s lifetime.55
The kindling paradigm is reminiscent of changes of synaptic efﬁcacy in which electrical stimuli generate a persistent increase in the
evoked responses. Kindling already operates in the immature brain,
where seizures can affect processes that are only or mainly
expressed during development in addition to change synaptic efﬁcacy. However this model is inadequate to control the conditions
by which seizures propagate and the mechanisms that induce longlasting consequences.
To deﬁne the conditions required for seizures to beget seizures,
Khalilov and colleagues in 1997 developed a triple chamber that
accommodated two interconnected intact hippocampi in vitro that
allowed the application of different drugs to each hemisphere as
well as to their hemispheric connections placed in a third chamber.18,56 With this preparation it is possible to apply a convulsive
agent (i.e. kainate) to one intact hippocampus placed in one
chamber to generate epileptiform, seizure-like discharges, and
determine the effects of these on the other intact hippocampus that
has not been subjected to direct application of drugs (Figure 3A).56
A persistent epileptogenic mirror focus (MF) in the drug-naïve
hippocampus was formed after repeated applications of kainate or
other epileptogenic drugs to the ipsilateral hippocampus
(Figure 3B).18 Although one single seizure-like event had no
detectable effect, after a few seizures the naïve network was
transformed to an epileptic one capable of producing unprovoked
spontaneous discharges. This transformation remained for the life

of the preparation (up to 2 days). Furthermore, in this preparation,
it was found that recurrent seizures that propagate from one hippocampus to the other will trigger the formation of a MF only when
high-frequency oscillations (HFOs) are included in the seizures.63
This in turn is conditioned by the synergistic actions of GABAA
and NMDA receptors (Figure 3C).28
4.2. Depolarizing actions of GABA in epileptic neurons
The polarity of GABA acting on GABAAR can be modulated by
neuronal activity, and, early observations on animal models
in vivo57 and in vitro58 suggest that GABAergic action is persistently
altered by seizures. More than 20 years later, using hippocampal
slices from epileptic patients it was shown that GABA depolarizes
some neurons in the same region (subiculum) where seizure-like
activity was recorded.59 Similar excitatory actions of GABA have
been reported in rodents in vitro using a variety of convulsive
agents and procedures.60,61 Notably, DFGABA is highly increased
compared to a naïve tissue in a mirror focus that generates spontaneous seizures (Figure 4A).62 GABA will then depolarize and
excite neurons63 (Figure 4B) indicating that the propagation of
seizures persistently augment [Cl]i.
4.3. Cation-coupled chloride co-transporters and their role in
seizures
Although a wide range of mechanisms could mediate alterations
in [Cl]i, changes in the expression or function of the chloride
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Fig 3. Seizures beget Seizures. (A, left) Triple chamber preparation. (A, right) Application of kainate (KA) to one hippocampus (red) induces a seizure that propagates to the
contralateral side (black). (B) After repetitive application of KA and performing a commissural separation using a Naþ channel blocker (tetrodotoxin: TTX), the contralateral
hippocampus generates spontaneous seizures. (C) The presence of high-frequency oscillations (HFO, * in A) is necessary to induce a mirror focus (MF) that generates spontaneous
seizures. The blockade of GABAAR or NMDAR will block HFOs and therefore the induction of MF. KA, kainate; ACSF, artiﬁcial cerebrospinal ﬂuid. Adapted from18,63.

importer NKCC1 and/or the chloride exporter KCC2 are the most
important. Upregulation of NKCC1 and/or a down-regulation of
KCC2 increase [Cl]i and have been observed in experimental and
human epileptic tissue. In neurons from human epileptic tissue, the
depolarizing actions of GABA are associated with a reduced KCC2
immunolabeling suggesting a reduction of KCC2 expression
levels.64 Also, transfecting oocytes with mRNA from the subiculum
of epileptic patients produced an anomalous expression of both
chloride co-transporters.65
However, contradictory ﬁndings have been published, with
some research suggesting that seizures produce upregulation of

NKCC1 and/or downregulation of KCC2. Using long-lasting applications of zero Mg2þ, Dzhala and co-workers reported an upregulation of NKCC1 after seizures.66 They also found that bumetanide
(a diuretic that speciﬁcally blocks NKCC1 at a low concentration)
prevented chloride accumulation and in turn reduced subsequent
recurrent seizure severity. These authors also reported an in vivo
decrease of EEG seizures by the diuretic although the effects were
quite limited. Other in vitro studies provided contradictory observations on the effects of bumetanide in different models.67,68 In the
triple chamber model chloride removal from neurons is slowed
down and there is an internalization with consequent loss of KCC2
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Fig 4. Depolarizing actions of GABA in epileptic neurons. (A, a) Single NMDAR and GABAAR channels were recorded with two independent patch-clamp electrodes to determine,
respectively, the resting membrane potential (Vm) and the GABAA driving force (DFGABA). (A, b) I-V relationships of single NMDAR and GABAAR channels. (A, c) Histograms of DFGABA
and Vm from naïve and epileptic neurons from mirror foci in the intact hippocampus. Vm are not different, whereas DFGABA is signiﬁcantly more depolarized. (B) In cell attached
recording, synaptic stimulation (red arrows) depolarizes and excites epileptic neurons independently of glutamate (GluR antagonist does not prevent GABA excitation). AP, action
potential; Vp, pipette potential. Adapted from62,63.

membrane expression in epileptic neurons of the MF.69 Although a
contribution of NKCC1 cannot be excluded, NKCC1 is neither
necessary nor sufﬁcient for these shifts to take place since they are
observed in NKCC1-KO mice.69
Parallel studies have provided a mechanism to the alterations of
chloride co-transporters. Dynamic phosphoregulation of KCC2 has
recently been shown to be associated with pathophysiological
glutamate release and seizures. The expression of KCC2 is dynamic
and can be modulated by activity. In addition, expression of KCC2
can be downregulated by seizures and other insults.32,70 Thus,
enhanced activity, status epilepticus and recurrent seizures
mediate a tyrosine phosphorylation of KCC2 at residues Y1081 and
Y903 thereby regulating its membrane trafﬁcking and reducing its
stability by promoting lysosomal degradation.71,72 Furthermore, an
excessive neuronal activity through NMDAR activation and Ca2þ
inﬂux cause dephosphorylation of S940 of KCC2 in rat neurons,
leading to a loss of KCC2 function that coincides with a deﬁcit in

hyperpolarizing GABAergic inhibition.73 Interestingly, in contrast to
recurrent seizures, single events increase KCC2 activity and
augment the efﬁciency of chloride removal.74 This suggests that the
downregulation and intracellular trafﬁcking of KCC2 require
recurrent, not single seizures, thereby differentiating seizures and
epilepsy.
Therefore, the permanent modiﬁcation of the intracellular
chloride concentration and the effects of GABAergic transmission
are clearly important factors in the long-lasting sequels of seizures
and how these beget further seizures.
4.4. The immature brain is more resistant to seizure-induced cell
loss than the adult brain
Despite the high incidence of epileptic seizures during the
neonatal period, the immature brain is relatively resistant to
seizure-induced damages compared to the mature brain. It is also
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much more resistant to damages caused by anoxic episodes.
Therefore, when immature and adult brain slices are subjected to
the same anoxic episode, synaptic responses in the adult slice are
blocked within minutes while it takes hours for this to occur in the
immature slice.75 Experimental evidence suggests that the adverse
effects of frequent or prolonged seizures at an early stage are primarily due to their interference with developmental programs
rather than cell loss and aberrant mossy ﬁber sprouting as occurs in
the adult. Indeed, data from rodents suggest that even if cell loss
could be observed after hypoxia during the neonatal period,76 animals younger than 2 weeks of age are less vulnerable than adults
to hippocampal cell loss after a prolonged seizure induced by kainate17; recurrent seizures induced by ﬂurothyl77; or seizures
induced by hyperthermia (the animal model of febrile seizures).78
Moreover, the synaptic reorganization of mossy ﬁbers, a signature
of adult temporal lobe epilepsies, has also been observed in some
models but is much less prominent in young animals.79
Several factors make the immature brain less susceptible to
seizure-induced changes.80 The immature brain is less vulnerable
to glutamate toxicity,81 has a lower density of active synapses, a
lower energy consumption and an immaturity of biochemical cascades that lead to cell death after insults. Additionally, different
protective factors were shown to be present in newborn brains
such as high concentrations of brain-derived neurotrophic factor
(BDNF82), reduced levels of cytokines associated with seizures,83 a
better maintenance of GABA synthesis during prolonged seizures84
and reduced oxidative stress associated with neonatal seizures.85
However, the limited seizure-induced cell loss and mossy ﬁber
aberrant sprouting does not mean that prolonged or recurrent
seizures do not permanently alter the immature brain. Studies
conducted in animal models of neonatal seizures have identiﬁed
increases in the thickness of the prefrontal cortex,52 thalamic lesions after prolonged seizures and changes in the rate of neurogenesis (for review86) with a decrease in newly formed granule
cells. Moreover, after recurrent neonatal seizures in the rodent,
there is aberrant sprouting of mossy ﬁbres in the CA3 hippocampal
subﬁeld.87
In addition to structural modiﬁcations other changes have been
observed in the brain after occurrence of neonatal seizures. These
include a chronic suppression of inhibitory activity,88 a long-term
increase in excitatory activity89 and modiﬁcations in subunit
composition of GABA and glutamate receptors (for review90).
Persistent changes in inhibitory and excitatory pathways may
explain some of the neurological sequelae, such as increased
seizure susceptibility and memory impairment, observed in later
life following neonatal seizures.
However, and perhaps more important conceptually, is the
suggestion that insults during the embryonic period may alter the
developmental program rather than producing lesions and cell loss,
and in that respect be considered as a programmatic insult rather
than a lesional one. Thus, in many genetic or environmental insults,
neurons that fail to perform their assigned program -as in the
example of abnormal migration-, can be sources of intractable epilepsies. It has been suggested that neurons that fail to perform their
developmental program remain immature thereby constituting a
presymptomatic electrical and architectural signature of disorders
to come. This neuroarcheology concept91 constitutes a major source
of understanding and a therapeutical strategy for developmental
disorders and infantile epilepsies that are in almost one third of the
cases due to migration disorders. There is now direct evidence that
these neurons remain immature, with subunits that otherwise
disappear when the developmental program is correctly achieved.92
Agents that selectively block immature currents may provide a
novel therapeutic source that would block the activity of these
“immature” neurons without altering adjacent adult neurons.

In addition, it will be important in the future to take into account
the heterogeneity of neurons, some being endowed with unique
features to play as Hub neurons orchestrating the generation of
network activities.94 It is conceivable that similar neurons also
orchestrate seizures as shown recently.95

Practice Points
 The immature brain possesses unique physiological
properties including an increased excitation and lowered inhibition ability.
 These properties enhance the propensity of the developing brain to generate seizures.
 Adapted treatment of seizures during the neonatal
period should consider the unique developmental features of the brain during this period.
 The permanent modification of [Cl]i and the effects of
GABAergic transmission are important factors in the
long-lasting effects of seizures and the way these beget
further seizures.
 The history of seizures prior to the first treatment is
important as, after many seizures, chloride regulation
mechanisms are impaired. Some antiepileptic agents
may work after few but not several seizures.96

Research Directions
 To better understand normal developmental sequences
and how they can be affected by seizures and other
insults, and in particular the mechanisms underlying
the loss of regulation of intracellular chloride.
 To identify novel more specific treatments for seizures
during development, in particular the neonatal period.
 To define the effects of diuretics and other agents on
the polarity of GABA.
 To use suitable recordings and functional tools combined with adequate animal models of epilepsies to
develop novel treatments to drug resistant infantile
epilepsies.
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