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Eff ects of seizures on developmental processes in the 

immature brain

Yehezkel Ben-Ari, Gregory L Holmes

Infants and children are at a high risk for seizures compared with adults. Although most seizures in children are 
benign and result in no long-term consequences, increasing experimental animal data strongly suggest that frequent 
or prolonged seizures in the developing brain result in long-lasting sequelae. Such seizures may intervene with 
developmental programmes and lead to inadequate construction of cortical networks rather than induction of 
neuronal cell loss. As a consequence, the deleterious actions of seizures are strongly age dependent: seizures have 
diff erent eff ects on immature or migrating neurons endowed with few synapses and more developed neurons that 
express hundreds of functional synapses. This diff erential eff ect is even more important in human beings and 
subhuman primates who have an extended brain development period. Seizures also beget seizures during maturation 
and result in a replay of development programmes, which suggests that epileptogenesis recapitulates ontogenesis. 
Therefore, to understand seizures and their consequences in the developing brain, it is essential to determine how 
neuronal activity modulates the main steps of cortical formation. In this Review, we present basic developmental 
principles obtained from animal studies and examine the long-lasting consequences of epilepsy.  

Introduction
During the fi rst few months of life, children are at a 
particularly high risk for seizures, with the largest 
number of new-onset seizure disorders occurring during 
this time.1,2 During the birthing process, the infant is at 
risk for insults that can result in seizures. These insults 
include birth trauma, hypoxic-ischaemic insults, perinatal 
acquired infections, intracranial haemorrhages, and 
metabolic disturbances. In addition to being at a high 
risk for brain insults, substantial evidence suggests that 
the immature brain is more susceptible to seizures than 
the mature brain.3–5 

Any attempt to discuss seizures in the developing brain 
is problematic because of the intrinsic heterogeneity of 
developing neurons and the inherent diffi  culty of fi nding 
basic common rules that transcend diff erences between 
species and developmental stages. Thus, although two 
adjacent adult pyramidal neurons might look identical, 
in utero these same two neurons can diff er substantially, 
with one having many synapses and the other no 
dendrites or active synapses. This is particularly true for 
primate and human neurons; because of the long 
gestation period. Nevertheless, recent animal studies 
have led to advances in answering three essential 
questions: why seizures are more common during early 
life than adulthood; how early-life seizures lead to 
persistent deleterious eff ects; and why the eff ects of 
seizures are age dependent? The main emphasis of this 
Review is to examine how frequent or severe early-life 
seizures modify the development of neuronal circuits, 
thereby increasing the risk for subsequent seizures and 
adverse behavioural outcome. Not all seizures, particularly 
those that are infrequent or brief, are harmful. However, 
it is important to think about the adverse eff ects of 
seizures on brain development so that potential 
interventions can be considered.

In this Review, we concentrate on these issues and 
stress how they will improve our understanding of 

epilepsy in the developing brain. Animal models can only 
give a limited view of the complexity of human clinical 
data, but electroencephalographic, molecular, and 
morphological features of epilepsies can usually 
transcend interspecies diff erences.  

High incidence of seizures in developing brain
The propensity for seizures or seizure-like activity in the 
immature brain has been shown in several experimental 
models, including kainic acid,6,7 electrical stimulation,8 
hypoxia,9 penicillin,10 picrotoxin,11  GABAB receptor 
antagonists,12 and increased extracellular potassium.13,14 
The underlying mechanisms responsible for the 
increased excitability in the immature brain are not 
completely understood but are age dependent. Immature 
neurons and networks tend to generate periodic discharge 
and this facilitates the generation of pathological and 
pathogenic oscillations. This tendency of immature 
neurons to oscilliate is due to their high input resistance, 
which helps the generation of action potentials and 
increases excitability. In addition, during the early 
postnatal period, a time when the immature brain is 
highly susceptible to seizures,14,15 GABA exerts a 
paradoxical excitatory action in all animal species and 
brain structures including primates (in utero); this 
suggests that this mechanism has been preserved 
throughout evolution.16 In rats, GABA has a depolarising 
eff ect up to about day 14 (postnatal)14 and until the third 
trimester in primates.17 Immature neurons are enriched 
with a high intracellular concentration of chloride, which 
leads to an effl  ux of chloride instead of an infl ux when 
GABA receptors are activated.18,19 The lack of effi  cient 
GABAergic inhibition increases excitability and can 
facilitate synchronicity.13,14 The delayed maturation of 
postsynaptic G protein mediated GABAB mediated 
inhibition will also contribute to augment neuronal 
excitability. The prolonged NMDA-mediated excitatory 
postsynaptic currents in immature versus adult neurons 
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will promote the generation of network-driven events.20 
These properties also underline the propensity of 
immature networks to generate early network-driven 
patterns such as giant depolarising potentials.18,19 The 
curve that depicts the incidence of seizures and the 
excitatory to inhibitory shift of GABA’s eff ect shows 
excellent correlation. This shift also corresponds with the 
disappearance of giant depolarising potentials, which 
indicates that physiologically relevant oscillations are 
replaced by more adult patterns when GABAergic 
synapses are inhibited. At more developed stages, the 
transient exuberant formation of excitatory synapses may 
also contribute to increased excitability.21–23  

Children are at high risk for seizures during the fi rst 
few months and years of life.24 In addition to insults that 
may occur, several neonatal disorders can present initially 
with seizures. For example, congenital brain anomalies, 
inborn errors of metabolism, and genetic disorders can 
lead to recurrent seizures during the neonatal period. 
However, the increased risk of seizures in young brains is 
not only due to these causative factors but is also related 
to the lower seizure threshold of the immature brain. 

Febrile seizures provide an excellent example of the 
increased susceptibility for seizures in immature brains. 
Fever, which rarely results in seizures in adults, causes 
seizures in 1–14% of infants and children worldwide, 
thus constituting the most common seizure type in the 
developing brain.24 Although febrile seizures are typically 
quite benign, children with febrile seizures have a fi vefold 
excess of afebrile seizures compared with unaff ected 
children; 7% of children who have a febrile seizure will 
have an afebrile seizure by age 25 years.25 A small 
percentage of children with prolonged febrile seizures 
eventually develop mesial temporal lobe epilepsy.26,27 

However, it is still unclear whether prolonged febrile 
seizures are a cause of temporal lobe epilepsy or a marker 
for other processes, such as genetically driven factors.28,29 

The concentration of proinfl ammatory cytokines is 
increased during febrile seizures30,31 and these may play a 
part in febrile-seizure-induced changes in the brain. 

Rodent models of hyperthermic seizures have been 
used to model febrile seizures.32–34 Prolonged hyper-
thermic seizures in 10-day-old rats are associated with 
long-term enhancement of hippocampal excitability, and 
spontaneous seizures devlop in some of the rats.35 This 
increased seizure susceptibility is not associated with cell 
loss.33 However, it should be noted that the hyperthermic 
seizures studied by Dube and colleagues35 were pro-
longed, lasting more than 20 min, and corresponded 
with complex febrile seizures in human beings. The 
fi nding that prolonged hyperthermic seizures are 
necessary for persistent excessive hippocampal excitability 
corresponds with clinical studies showing that prolonged 
(complex) febrile seizures are a risk factor for temporal 
lobe epilepsy.26 Similarly, if the rat brain is predisposed to 
seizures by a cortical malformation, the sequelae of 
hyperthermic seizures are more pronounced.34  

Experimental hyperthermic seizures are associated 
with long-term slowed kinetics of the hyperpolarisation-
activated depolarising current, which is mediated through 
the hyperpolarisation-activated cyclic nucleotide-gated 
(HCN) cation channel.36 These currents contribute to 
various physiological functions, including cardiac and 
neuronal pacemaker activity, the setting of resting 
potentials, input conductance and length constants, and 
dendritic integration. Hyperthermic seizures induce a 
coordinated reduction of HCN1 mRNA and increase 
HCN2 expression, thus changing the neuronal HCN 
phenotype, which favours the formation of slow-kinetic 
HCN2-encoded channels.37 Long-term modulation of 
HCN expression may critically contribute to the increased 
hippocampal excitability after neonatal seizures. 

Taken together, these results suggest that prolonged 
febrile seizures cause permanent changes in the brain, 
probably resulting in long-standing increased excitability. 
Whether similar changes occur in the human brain is 
not clear. 

Maturation of cortical networks
During the development of cortical networks, there is a 
sequential shift from an ensemble of immature cells with 
little or no organised communication devices to an active 
network composed of neurons with thousands of active 
synapses. This shift is mediated by a series of events that 
includes both intrinsic and extrinsic factors. Like other 
insults, seizures can modify these pathways and this 
leads to persistent deleterious eff ects. Therefore, it is 
essential to identify these developmental events and the 
eff ects of aberrant activity on these pathways.

Excitatory actions of GABA on immature neurons
GABA, which provides most of the inhibitory drive in 
adult networks, is initially excitatory because there is a 
larger intracellular concentration of chloride in immature 
neurons than in mature ones (fi gure 1).18,19,38 The shift 
from a depolarising to a hyperpolarising intracellular 
chloride concentration occurs in an extended period and 
this depends on the age and developmental stage of the 
neuron. The shift is mediated by a delayed expression of 
a chloride co-transporter (KCC2) that extrudes chloride 
to establish adult concentrations of intracellular chloride. 
Depolarisation of immature neurons with GABA is 
suffi  cient to generate sodium action potentials and 
remove the voltage-dependent magnesium-ion blockade 
of NMDA channels and activate voltage-dependent 
calcium channels; this leads to a large infl ux of calcium 
that in turn triggers long-term changes of synaptic 
effi  cacy.

This maturation is dynamic and the expression of the 
co-transporter, KCC2, is activity dependent and down 
regulated by seizures and other insults.39–42 In addition, 
drugs that interfere with the transport of chloride have 
an antiepileptogenic eff ect.43 After recurrent seizures in 
vitro, GABA exerts an excitatory action; this indicates 
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that there is a permanent shift back to the immature state 
with seizures and a halt of developmental trends.7 This 
action is preserved for the life of an in vitro preparation 
(days); however it is not known whether this is a 
permanent action. In tissue from human adults with 
epilepsy,44 there is a shift to excitatory GABA in some 
neurons years after seizures, raising the possibility that 
epileptogenesis recapitulates ontogenesis. Therefore, 
seizures can reduce the threshold for further seizures via 
permanent modifi cation of the intracellular chloride 
concentration and therefore the eff ects of GABAergic 
transmission. How seizures can induce such long-lasting 
consequences on GABA’s eff ects is still to be explained. 
One study45 has reported an association between KCC2 
and density of GABAergic synapses, suggesting that the 
intracellular chloride concentration may aff ect the 
effi  cacy of GABAergic inhibition in postsynaptic neurons. 
Clearly, the control of intracellular chloride concentration 
is an essential step that links developmental trends and 
the pathogenic eff ects of seizures.  

GABAergic synapses are formed before 
glutamatergic synapses 
Studies that use both GABA receptor antagonists and 
neuronal reconstruction showed that GABAergic 
synapses are formed fi rst and glutamate synapses 
subsequently.19,46 This applies to neonatal rodents47 and 
in utero primate central neurons.16 GABA also has an 
important trophic role in the modulation of dendrite 
extension and neuronal arborisation.48,49 Because of the 
intrinsic heterogeneity of neurons during early 
development, the actions of GABAergic drugs on 
diff erent neurons will vary. Thus, seizures in early life 
may diff erentially aff ect neurons with only GABA 
synapses and those with both GABA and glutamate 
synapses with diff erent long-term changes of synaptic 
effi  cacy.

There are two additional fundamental properties of 
immature networks to consider: GABA transporters 
mature after glutamate transporters and this leads to a 
greater diff usion of GABA that can act as a 
neuromodulator at distant sites.50 Conversely, the 
extracellular concentration of glutamate is controlled 
tightly even before synapses are formed. Thus, in-vitro 
and in-vivo administration of a glutamate-transport  
inhibitor generates oscillations and long-lasting seizures 
at birth in rats51—with electroencephalograms that are 
reminiscent of the suppression bursts associated with 
epileptic encephalopathies.52 A mutation in glutamate 
mitochondrial transport in a familial form of 
encephalopathy was shown recently;53 and even before 
synapses are formed, there is tonic release of GABA that 
modulates migration of immature neurons and neuronal 
precursors. Inhibition of GABA receptors slows neuronal 
migration in vitro, which indicates the possible 
consequences of drugs that act on GABA receptors in 
utero, including antiepileptic drugs.54 

A primitive oscillation pattern in developing 
networks 
By contrast to adult networks, which have a plethora of 
behaviourally relevant oscillations, immature networks 
initially show a single primitive pattern of giant 
depolarising potentials that is present in all developing 
networks and animal species, including in-utero primates 
and premature infants.16,18,19,55 This is the only activity in 
the developing hippocampus until the end of the fi rst 
postnatal week when it disappears in parallel with 
GABA’s excitatory to inhibitory shift. In other species 
studied, the switch occurs at diff erent stages: early in 
structures that develop fi rst, such as the spinal cord, and 
even within the same structure the shift will depend on 
the postmitotic age of the neuron.49 Studies in rodent 
hippocampal slices indicate that the lowest threshold for 
seizure generation occurs around the second postnatal 
week (fi gure 2), a time when two factors converge: a 
massive shift of less excitatory actions due to GABA (but 
not yet fullly effi  cient as hyperpolarising or inhibitory); 
and the formation of glutamatergic synapses, which can 
facilitate the propagation of seizures. The strong 
correlation between the disappearance of this primitive 
ocillatory pattern and the GABA shift together with the 
low seizure threshold reinforces the importance of the 
GABA shift.56 

The deleterious consequences of seizures strongly 
depend on the developmental stage at which they occur. 
If, as present results suggest, the crucial factor in an 
effi  cient chloride removal is the expression of the KCC2 
co-transporter, then immature neurons that have few 
synapses will accumulate chloride more readily and show 
long-lasting consequences of seizures. Seizures may also 
interfere with the construction of cortical maps; this will 
have particularly deleterious eff ects considering the large 
degree of plasticity of neurons at that stage.55 Key factors 
in the modulation of seizures include NMDA receptors 
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 Figure 1: Excitatory actions of GABA and developmental alterations of the intracellular concentration of chloride

The diagram shows early operation of a co-transporter that imports and augments the chloride ion concentration 

in immature neurons, whereas the extruding co-transporter is not effi  cient. This leads to a higher concentration of 

chloride ions at an early stage and an effl  ux of chloride when GABA receptors are activated. Green represents the 

immature neuron and blue represents the mature neuron. [cl-]    i=intracellular concentration of chloride.
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and voltage-gated calcium currents, which together 
control intracellular calcium and the activation of genes, 
and the expression of neuronal phenotypes and neuronal 
excitability.  

Diff erences between developing and adult 
networks 
Animal studies have shown that the pathophysiological 
consequences of both status epilepticus and recurrent 
seizures in the developing brain diff er substantially from 
those of the mature brain.57

In adult animals, status epilepticus causes neuronal 
loss in the hippocampal regions CA1, CA3, and the 
dentate hilus.58 In addition to cell death, prolonged 
seizures in the adult brain lead to synaptic reorganisation 
with aberrant growth (sprouting) of granule cell axons 
(the so-called mossy fi bres) in the supragranular zone of 
the fascia and infrapyramidale region of CA3.59,60 
Sprouting and neosynapse formation occur in other 
brain regions, notably the CA1 pyramidal neurons, where 
newly formed synapses result in an increased frequency 
of glutamatergic spontaneous synaptic currents61 and the 
formation of new aberrant kainatergic synapses on 
targets of mossy fi bres.62 Additionally, status epilepticus 
in adult rats results in long-term defi cits in learning, 
memory, and behaviour.63–65 By contrast, young animals, 
less than two weeks of age, are less vulnerable than 
mature animals to cell loss in the hippocampus after a 
prolonged seizure (fi gure 3).6,66–68 Cell loss in the 
hippocampus, as a result of status epilepticus, is unlikely 
to occur until after age 2 weeks.67,69 Reactive plasticity of 
mossy fi bres, a signature of adult temporal lobe 

epilepsies, is less prominent in young animals.70,71 
Although the hippocampus seems to be preserved after 
prolonged seizures, thalamic lesions have been reported 
after prolonged seizures.72

Resistance to other insults parallels the relative 
resistance of the immature brain to seizure-induced 
damage. Immature hippocampal neurons are also less 
sensitive to anoxic insults and respond to synaptic stimuli 
in a fully anoxic environment for longer durations than 
adult neurons.73 Several factors make the immature brain 
less susceptible to seizure-induced changes than the 
mature brain.57 The immature brain seems to be less 
vulnerable to the toxic eff ects of glutamate than the 
mature brain.74–76 This is probably the result of the lower 
calcium ion entry in the immature brain. This relative 
resistance may be due to the smaller density of active 
synapses, lower energy consumption, and the relative 
immaturity of biochemical cascades that lead to cell death 
after insults. Additional protective factors probably 
include: high concentrations of brain-derived 
neurotrophic factor in newborn brains;77  reduced 
proinfl ammatory cytokines associated with seizures in 
young rats;78 and better maintenance of GABA synthesis 
during status epilepticus in the immature rather than the 
mature brain.79 Neonatal seizures are also associated with 
reduced oxidative stress compared with adult seizures.80 
High concentrations of the mitochondrial uncoupling 
protein (UCP2), which are basally increased in neonatal 
brains by the fat-rich diet of maternal milk, seem to 
reduce the formation of reactive oxygen species and 
protect the mitochondria from seizure-induced 
damage.81 

Behavioural eff ects of status epilepticus are also 
associated with the age of the animal at the time of the 
event; adult animals that survive status epilepticus have 
substantial defi cits in learning, memory, and behaviour; 
whereas, young rats (<2 weeks of age) after status 
epilepticus had fewer defi cits in learning, memory, and 
behaviour.65 Similarly, spontaneous seizures after status 
epilepticus are more likely to occur in adult animals with 
status epilepticus than in young animals.82 

Changes in glutamate and GABA receptors have also 
been reported after status epilepticus in young animals.83,84 
GluR2 mRNA expression and protein concentrations are 
reduced in the dentate gyrus after lithium or pilocarpine- 
induced status epilepticus,84 and in the neocortex and 
hippocampus after hypoxia-induced seizures85 in young 
rats. The excitatory amino acid carrier 1 (EAAC1) protein 
is increased in the dentate gyrus after status epilepticus.84  
Zhang and colleagues83 reported that status epilepticus in 
young rats resulted in an increase in α1 subunit 
expression of the GABAA receptor. However, these 
changes in the α1 subunit were the opposite of those 
seen in adult rats with status epilepticus.86,87 

In summary, substantial data from rodents suggest 
that prolonged seizures result in far less cell loss in 
young rats (<2 weeks) than seizures of similar duration 
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Figure 2: Developmental shifts in the threshold of seizure generation 

In hippocampal slices, seizures are more readily generated around the second 

postnatal week. This corresponds to the peak shift of the actions of GABA—when 

GABA is less excitatory but not yet inhibitory—but the density of glutamatergic 

synapses is close to that of adults. Therefore, seizures will be readily generated 

and propagate as a result of a relatively dense glutamate network.
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in adult brains. This reduced susceptibility to cell loss is 
probably due to the decreased vulnerability of immature 
neurons to glutamate toxicity. However, the lack of 
seizure-induced cell loss does not mean that prolonged 
seizures do not permanently alter the immature brain. 
Changes in glutamate and GABA subunit confi guration 
and altered expression are just a few of the changes that 
occur after status epilepticus. A challenge for scientists is 
to determine which of these changes are harmful.

Recurrent seizures
As with prolonged seizures, recurrent seizures in infants 
and children can be harmful.88,89 Several studies have 
shown that recurrent seizures during early development 
can result in long-term morphological and behavioural 
changes.90–92

Neonatal seizures induced in rats by the inhalant fl urotyl 
at days 1–5 caused impairment of visual spatial memory in 
the Morris water maze—a measure of visual-spatial 
memory.93 When recurrent seizures were induced by 
fl urotyl in animals at day 15–20, impairment of auditory 
discrimination was also reported.94 These morphological, 
behavioural, and physiological changes occur in the absence 
of any discernible cell loss.95 Although cell loss does not 
occur after recurrent seizures in immature rats, recurrent 
seizures can adversely aff ect neurogenesis.96 After a series 
of neonatal seizures, rats have a substantial reduction in 
the number of newly formed granular cells in the dentate 
gyrus and hilus compared with control animals. In 
comparison, adult rats that undergo a series of 25-fl urotyl-
induced seizures had a notable increase in neurogenesis 
compared with controls. This study indicates that after 
recurrent seizures in the neonatal rat, there is a reduction 
in newly formed granule cells.

After recurrent seizures, there is extensive synaptic 
reorganisation of the axons and terminals of the dentate 
granule cells, with sprouting of mossy fi bres in the CA3 
hippocampal subfi eld.90,91,93 The sprouting in CA3 after 
neonatal seizures diff ers substantially from the sprouting 
reported in adult animals after status epilepticus, which 
occurs in the supragranular region and is a result of cell 
loss in the hilus and CA3. Because seizure-induced 
sprouting occurs in the absence of cell loss and is not 
secondary to a failure of pruning, the sprouting seems to 
be a result of excessive excitatory drive. Although the 
functional signifi cance of the CA3 sprouting is not clear, 
there is a correlation between degree of mossy-fi bre 
sprouting in CA3 and performance in the Morris water 
maze; the animals with the most sprouting do worse in 
the maze than animals with little sprouting.97

In summary, recurrent seizures during early 
development in rodents result in aberrant sprouting in 
the CA3 and supragranular regions of the hippocampus, 
reduced neurogenesis, morphological changes in 
dendritic spines, and changes in glutamate receptor 
distribution. It is not clear whether these changes have 
long-term detrimental eff ects.

Seizures beget seizures: confi rming an old concept
One of the strongest indications that seizures can 
reliably lead to long-lasting eff ects is the transformation 
of a naive network by seizures to one that has increased 
seizure susceptibility. The distinguished neurologist 

William Gowers98 noted: “The tendency of the disease 
[epilepsy] is to self-perpetuation; each attack facilitates 
the occurrence of another, by increasing the instability 
of the nerve elements.” Direct support for Gowers’ idea 
that seizures beget seizures emerged from the discovery 
of the kindling model of epilepsy.99 In the kindling 
model, repeated focal application of initially 
subconvulsive electrical stimuli eventually resulted 
in intense focal and tonic-clonic seizures. Once 
established, this increased sensitivity to electrical 

Figure 3: Histological lesions in the hippocampus of rats in status 

epilepticus at age 10 days (immature), left column, or age 60 days 

(mature), right column

In both animals status epilepticus was induced with the chemoconvulsant 

pilocarpine. A,B: stained with thionin. There is extensive cell loss in CA3 

(arrowheads), CA1 (arrows), and the hilus (H) in the mature, but not immature 

brain. The granule cells in the dentate gyrus (DG) are spared from extensive cell 

loss in both age groups. C–H: hippocampus was stained with Timm. Timm staining 

is used to stain zinc, which is concentrated in the mossy fi bres. C,D: sprouting of 

mossy fi bres in the supragranular region in the adult, but not immature rat 

(arrows). E,F: higher magnifi cation of the supragranular region showing Timm 

stained granules in the inner molecular layer (IML) of the granule cell (GC) layer. 

G,H: mossy fi bre sprouting in CA3 of the mature, but not immature rat. Usually 

the terminals of the mossy fi bres are in the stratum radiatum (SR). However, in 

mature rats with status epilepticus sprouting into the stratum pyramidale (SP) 

occurs (arrows; SO=stratum oriens). Calibration: A–D=100 μm; E–H=50 μm.
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stimulation persists throughout the animal’s 
lifetime.100,101 The kindling paradigm is central to our 
understanding of the associations between synaptic 
plasticity and hyperactivity as well as the generation 
and propagation of seizures between brain structures.100 
This paradigm is reminiscent of changes of synaptic 
effi  cacy in which electrical stimuli generate a persistent 
increase in the responses evoked by electrical stimuli.102 
Kindling, like kainate administration, operates at an 
early developmental stage. Seizures in the immature 
brain can not only change synaptic effi  cacy but also 
aff ect processes that are only or mainly expressed 
during development.

Despite the usefulness of in-vivo studies, they are 
inadequate to control the conditions by which seizures 
propagate and the mechanisms that induce long-lasting 
consequences. In other studies, Khazipov and 
colleagues7,103,104  developed a triple chamber that 
accommodated two interconnected intact hippocampi 
in vitro that allowed the application of diff erent drugs to 
each hemisphere as well as to their hemispheric 
connections placed in a third chamber.104 A persistent 
epileptogenic mirror focus in a drug-naive hippocampus 
was formed after repeated applications of kainate or other 
epileptogenic drugs to the other hippocampus.7 Although 
one seizure had no detectable eff ect, after a few seizures 
the naive network was transformed to an epileptic 
condition with unprovoked spontaneous discharges. This 
transformation was valid for the life of the preparation 
(up to 2 days). However, preparation of slices from the 
mirror focus hemisphere generated spontaneous ictal 
seizures that have never been reported in conventional 
submerged slices; this indicates that there were some 
intrinsic changes.7 Unfortunately, this preparation cannot 
be used in adult hippocampi; however, similar studies 
with adult slices and repeated applications of kainate 
have already shown that recurrent seizures lead to long-
lasting transformations of naive networks to networks 
that show repetitive seizures.102

 Next, we examined the properties of seizures that are 
needed for the transformation to occur; only seizures 
that had high-frequency components elicited long-
lasting alterations in excitability in the contralateral 
hippocampus.105 Seizures with recurrent low-frequency 
events did not lead to long-lasting consequences. Both 
GABA and NMDA receptors are needed to generate 
high-frequency oscillations; blocking either type of 
receptor alleviates the long-term eff ects of seizures—ie, 
the naive hippocampus remains unable to generate 
spontaneous seizures after several hours of propagated 
seizures from the other hemisphere. Thus, the 
synergistic actions of GABA and NMDA receptors106 are 
needed to generate high-frequency oscillations. This is 
perhaps best shown by the fi nding that co-application of 
kainate and a GABA receptor antagonist to the same 
hippocampus prevented the local formation of a mirror 
focus, even after long-lasting seizures, because these did 

not contain high-frequency oscillations. By contrast, the 
other hemisphere did become epileptic because GABA 
receptors were not blocked there. Therefore, if GABA 
receptors are blocked, recurrent seizures do not have 
long-lasting consequences. The time course of 
postsynaptic currents mediated by GABA and NMDA 
receptors are complementary in immature neurons. The 
long-lasting kinetics of NMDA-receptor-mediated 
currents in immature neurons generates prolonged 
excitatory postsynaptic currents that help the generation 
of synapse-driven network activities. Thus, the developing 
network is ideally organised to produce prolonged 
currents and thus facilitates the eff ects of synchronised 
events. These fi ndings also indicate the massive changes 
that occur after seizures and emphasise the importance 
of GABA in the generation of high-frequency oscillations 
that in turn will lead to pathogenic consequences. 

Because very immature networks cannot generate 
high-frequency oscillations until the density of 
functional GABA and glutamate synapses is suffi  cient, 
the deleterious eff ects of recurrent seizures, at least 
those mediated by neuronal activity, will not operate. 
Other actions of hyperactivity generated by the more 
developed neurons are 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. 

Whether the mature brain diff ers from the immature 
brain in the development of a mirror focus remains 
unclear. After about day 12 (postnatal) the triple chamber 
cannot be used to study the development of the mirror 
focus because the brain is no longer viable. However, as 
in immature neurons, in adult slices recurrent seizures 
need functional NMDA receptors to trigger the cascade 
of events needed to transform a naive hippocampus to an 
epileptic one.102 Whether the oscillations play a similar 
part is still not known. Future studies will need to 
incorporate an in-vivo model to compare the physiological 
factors needed to develop a mirror focus in the immature 
and mature brain. 

Conclusions
Recurrent seizures are more readily generated in 
immature networks than in adult networks. Although 
most children with epilepsy do well and eventually 
outgrow their seizures,107,108 some will have long-lasting 
eff ects. Experimental evidence suggests that the adverse 
eff ects of frequent or prolonged seizures at an early 
stage are primarily due to their interference with 
developmental programmes rather than cell loss because 
developing networks are quite resistant to brain damage. 
This implies that the severity of recurrent seizures will 
be time dependent. We hypothesise that seizures or 
brief episodes of hyperactivity that occur when most 
neurons are migrating with receptors, but few if any 
functional synapses, will exert diff erent eff ects than 
seizures occurring when neurons have many synapses 
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and a primitive network-driven pattern. The former may 
interrupt the construction of cortical networks or lead to 
displaced cells and migration disorders, whereas the 
latter will change the expression or the operation of 
functional receptors and synapses and consequently 
change the threshold of further seizures. Considering 
developing networks as a single entity in terms of the 
sequelae of seizures is counterproductive. From a 
clinical perspective, determining the time dependent 
eff ects of seizures in experimental animals will help to 
extract from the many consequences of seizures, those 
that are directly harmful. The fi nding that some seizures 
beget seizures whereas others do not, raises the 
possibility that we may be able to identify which 
components of seizures are detrimental. This will lead 
to more effi  cient assessment of the need for aggressive 
interventions to interrupt seizures. 

Contributors

YB-A wrote the fi rst draft and most of the expeirmental data. GH wrote 

the clinical aspects.

Confl icts of interest

We have no confl icts of interest.

Acknowledgments

We are supported by INSERM, the regional council of Provence, the 

French Foundation for Medical Research, the French Brain Research 

Organization (YBA), and the Western Massachusetts Epilepsy Awareness 

Fund, Friends of Shannon McDermott, and NINDS.

References
1 Hauser WA. Epidemiology of epilepsy in children. 

Neurosurg Clin North Am 1995; 6: 419–29.

2  Cowan LD. The epidemiology of the epilepsies in children. 
Ment Retard Dev Disabil Res Rev 2002; 8: 171–81.

3  Holmes GL, Khazipov R, Ben-Ari Y. New concepts in neonatal 
seizures. NeuroReport 2002; 13: A3–8.

4  Holmes GL, Ben-Ari Y. The neurobiology and consequences of 
epilepsy in the developing brain. Pediatr Res 2001; 49: 320–25.

5  Holmes GL. Eff ects of seizures on brain development: lessons from 
the laboratory. Pediatr Neurol 2005; 33: 1–11.

6  Tremblay E, Nitecka L, Berger ML, Ben-Ari Y. Maturation of kainic acid 
seizure-brain damage syndrome in the rat I: clinical, electrographic 
and metabolic observations. Neuroscience 1984; 13: 1051–72.

7  Khalilov I, Holmes GL, Ben-Ari Y. In vitro formation of a secondary 
epileptogenic mirror focus by interhippocampal propagation of 
seizures. Nat Neurosci 2003; 6: 1079–85.

8  Moshe SL. The eff ects of age on the kindling phenomenon. 
Dev Psychobiol 1981; 14: 75–81.

9  Jensen FE, Applegate CD, Holtzman D, Belin TR, Burchfi el JL. 
Epileptogenic eff ect of hypoxia in the immature rodent brain. 
Ann Neurol 1991; 29: 629–37.

Search strategy and selection criteria

References for this review were identifi ed by searches of 

PubMed from 1980 until 2006 in September 2006, with 

special reference to “maturation of transmitters”, “networks”, 

“synapse formation and their relation to seizures” and 

“adverse eff ects on brain development”. Articles were also 

identifi ed through searches of the authors’ personal fi les. To 

limit the references to 100, review articles were reviewed 

after assessing original articles. Only papers published in 

English were reviewed.

10  Swann JW, Brady RJ. Penicillin-induced epileptogenesis in 
immature rats CA3 hippocampal pyramidal cells. Dev Brain Res 
1984; 12: 243–54.

11  Gomez-Di Cesare CM, Smith KL, Rice FL, Swann JW. Axonal 
remodeling during postnatal maturation of CA3 hippocampal 
pyramidal neurons. J Comp Neurol 1997; 384: 165–80.

12  McLean HA, Caillard O, Khazipov R, Ben-Ari Y, Gaiarsa JL. 
Spontaneous release of GABA activates GABAB receptors and 
controls network activity in the neonatal rat hippocampus. 
J Neurophysiol 1996; 76: 1036–46.

13  Dzhala VI, Staley KJ. Transition from interictal to ictal activity in 
limbic networks in vitro. J Neurosci 2003; 23: 7873–80.

14  Khazipov R, Khalilov I, Tyzio R, Morozova E, Ben-Ari Y, 
Holmes GL. Developmental changes in GABAergic actions and 
seizure susceptibility in the rat hippocampus. Eur J Neurosci 2004; 
19: 590–600.

15  Jensen FE, Baram TZ. Developmental seizures induced by common 
early-life insults: short- and long-term eff ects on seizure 
susceptibility. Ment Retard Dev Disabil Res Rev 2000; 6: 253–57.

16  Khazipov R, Esclapez M, Caillard O, et al. Early development of 
neuronal activity in the primate hippocampus in utero. J Neurosci 
2001; 21: 9770–81.

17  Khazipov R, Esclapez M, Caillard O, et al. Early development of 
neuronal activity in the primate hippocampus in utero. J Neurosci 
2001; 21: 9770–81.

18  Ben-Ari Y, Cherubini E, Corradetti R, Gaiarsa J-L. Giant synaptic 
potentials in immature rat CA3 hippocampal neurones. J Physiol 
1989; 416: 303–25.

19  Ben-Ari Y. Excitatory actions of gaba during development: the 
nature of the nurture. Nat Rev Neurosci 2002; 3: 728–39.

20  Flint AC, Maisch US, Weishaupt JH, Kriegstein AR, Monyer H. 
NR2A subunit composition shortens NMDA receptor synaptic 
currents in developing neocortex. J Neurosci 1997; 17: 2469–76.

21  Miller LP, Johnson AE, Gelhard RE, Insel TR. The ontogeny of 
excitatory amino acid receptors in the rat forebrain II: kainic acid 
receptors. Neuroscience 1990; 35: 45–51.

22  McDonald JW, Johnston MV, Young AB. Diff erential ontogenic 
development of three receptors comprising the NMDA receptor/
channel complex in the rat hippocampus. Exp Neurol 1990; 110: 237–47.

23  Swann JW, Smith KL, Brady RJ. Age-dependent alterations in the 
operations of hippocampal neural networks. Ann N Y Acad Sci 1991; 
627: 264–76.

24  Hauser WA. The prevalence and incidence of convulsive disorders 
in children. Epilepsia 1994; 35 (suppl 2): S1–6.

25  Nelson KB, Ellenberg JH. Predictors of epilepsy in children who 
have experienced febrile seizures. N Engl J Med 1976; 295: 1029–33.

26  French JA, Williamson PD, Thadani VM, et al. Characteristics of 
medial temporal lobe epilepsy I: results of history and physical 
examination. Ann Neurol 1993; 34: 774–80.

27  Lewis DV, Barboriak DP, MacFall JR, Provenzale JM, Mitchell TV, 
VanLandingham KE. Do prolonged febrile seizures produce medial 
temporal sclerosis? Hypotheses, MRI evidence and unanswered 
questions. Prog Brain Res 2002; 135: 263–78.

28  Fernandez G, Eff enberger O, Vinz B, et al. Hippocampal 
malformation as a cause of familial febrile convulsions and 
subsequent hippocampal sclerosis. Neurology 1998; 50: 909–17.

29  Wallace RH, Scheff er IE, Barnett S, et al. Neuronal sodium-channel 
alpha1-subunit mutations in generalized epilepsy with febrile 
seizures plus. Am J Hum Genet 2001; 68: 859–65.

30  Heida JG, Pittman QJ. Causal links between brain cytokines and 
experimental febrile convulsions in the rat. Epilepsia 2005; 46: 1906–13.

31  Dube C, Vezzani A, Behrens M, Bartfai T, Baram TZ. Interleukin-
1beta contributes to the generation of experimental febrile seizures. 
Ann Neurol 2005; 57: 152–55.

32  Dube C, Chen K, Eghbal-Ahmadi M, Brunson K, Soltesz I, Baram TZ. 
Prolonged febrile seizures in the immature rat model enhance 
hippocampal excitability long term. Ann Neurol 2000; 47: 336–44.

33  Toth Z, Yan X-X, Haftoglou S, Ribak CE, Baram TZ. Seizure-
induced neuronal injury: vulnerability to febrile seizures in an 
immature rat model. J Neurosci 1998; 18: 4285–94.

34  Scantlebury MH, Gibbs SA, Foadjo B, Lema P, Psarropoulou C, 
Carmant L. Febrile seizures in the predisposed brain: a new model 
of temporal lobe epilepsy. Ann Neurol 2005; 58: 41–49.



1062 http://neurology.thelancet.com   Vol 5   December 2006

Review

35  Dube C, Richichi C, Bender RA, Chung G, Litt B, Baram TZ. 
Temporal lobe epilepsy after experimental prolonged febrile 
seizures: prospective analysis. Brain 2006; 129: 911–22.

36  Chen K, Aradi I, Thon N, Eghbal-Ahmadi M, Baram TZ, Soltesz I. 
Persistently modifi ed h-channels after complex febrile seizures 
convert the seizure-induced enhancement of inhibition to 
hyperexcitability. Nat Med 2001; 7: 331–37.

37  Brewster A, Bender RA, Chen Y, Dube C, Eghbal-Ahmadi M, 
Baram TZ. Developmental febrile seizures modulate hippocampal 
gene expression of hyperpolarization-activated channels in an 
isoform- and cell-specifi c manner. J Neurosci 2002; 22: 4591–99.

38  Ben-Ari Y, Holmes GL. The multiple facets of gamma-
aminobutyric acid dysfunction in epilepsy. Curr Opin Neurol 2005; 
18: 141–45.

39  Rivera C, Voipio J, Payne JA, et al. The K+/Cl- co-transporter KCC2 
renders GABA hyperpolarizing during neuronal maturation. Nature 
1999; 397: 251–55.

40  Ganguly K, Schinder AF, Wong ST, Poo M. GABA itself promotes 
the developmental switch of neuronal GABAergic responses from 
excitation to inhibition. Cell 2001; 105: 521–32.

41  Fiumelli H, Cancedda L, Poo MM. Modulation of GABAergic 
transmission by activity via postsynaptic Ca2+-dependent regulation 
of KCC2 function. Neuron 2005; 48: 773–86.

42  Payne JA, Rivera C, Voipio J, Kaila K. Cation-chloride co-
transporters in neuronal communication, development and trauma. 
Trends Neurosci 2003; 26: 199–206.

43  Dzhala VI, Talos DM, Sdrulla DA, et al. NKCC1 transporter 
facilitates seizures in the developing brain. Nat Med 2005; 
11: 1205–13.

44  Cohen I, Navarro V, Clemenceau S, Baulac M, Miles R. On the 
origin of interictal activity in human temporal lobe epilepsy in vitro. 
Science 2002; 298: 1418–21.

45  Chudotvorova I, Ivanov A, Rama S, et al. Early expression of KCC2 
in rat hippocampal cultures augments expression of functional 
GABA synapses. J Physiol 2005; 566: 671–79.

46  Owens DF, Kriegstein AR. Is there more to GABA than synaptic 
inhibition? Nat Rev Neurosci 2002; 3: 715–27.

47  Tyzio R, Represa A, Jorquera I, Ben-Ari Y, Gozlan H, Aniksztejn L. 
The establishment of GABAergic and glutamatergic synapses on 
CA1 pyramidal neurons is sequential and correlates with the 
development of the apical dendrite. J Neurosci 1999; 19: 10372–82.

48  Barbin G, Pollard H, Gaiarsa J-L, Ben-Ari Y. Involvement of GABAA 
receptors in the outgrowth of cultured hippocampal neurons. 
Neurosci Lett 1993; 152: 150–54.

49  Ge S, Goh EL, Sailor KA, Kitabatake Y, Ming GL, Song H. GABA 
regulates synaptic integration of newly generated neurons in the 
adult brain. Nature 2006; 439: 589–93.

50  Demarque M, Represa A, Becq H, Khalilov I, Ben-Ari Y, 
Aniksztejn L. Paracrine intercellular communication by a Ca2+- and 
SNARE-independent release of GABA and glutamate prior to 
synapse formation. Neuron 2002; 36: 1051–61.

51  Demarque M, Villeneuve N, Manent JB, et al. Glutamate 
transporters prevent the generation of seizures in the developing rat 
neocortex. J Neurosci 2004; 24: 3289–94.

52  Nabbout R, Dulac O. Epileptic encephalopathies: a brief overview. 
J Clin Neurophysiol 2003; 20: 393–97.

53  Molinari F, Raas-Rothschild A, Rio M, et al. Impaired mitochondrial 
glutamate transport in autosomal recessive neonatal myoclonic 
epilepsy. Am J Hum Genet 2005; 76: 334–39.

54  Manent JB, Demarque M, Jorquera I, et al. A noncanonical release 
of GABA and glutamate modulates neuronal migration. J Neurosci 
2005; 25: 4755–65.

55  Khazipov R, Sirota A, Leinekugel X, Holmes GL, Ben-Ari Y, 
Buzsaki G. Early motor activity drives spindle bursts in the 
developing somatosensory cortex. Nature 2004; 432: 758–61.

56  Le Van Quyen M, Khalilov I, Ben-Ari Y. The dark side of high-
frequency oscillations in the developing brain. Trend Neurosci 
(in press). 

57  Haut SR, Veliskova J, Moshe SL. Susceptibility of immature and 
adult brains to seizure eff ects. Lancet Neurol 2004; 3: 608–17.

58  Ben-Ari Y. Limbic seizure and brain damage produced by kainic 
acid: mechanisms and relevance to human temporal lobe epilepsy. 
Neuroscience 1985; 14: 375–403.

59  Represa A, Niquet J, Pollard H, Khrestchatisky M, Ben-Ari Y. From 
seizures to neo-synaptogenesis: intrinsic and extrinsic determinants 
of mossy fi ber sprouting in the adult hippocampus. Hippocampus 
1994; 4: 270–74.

60  Sutula T, Xiao-Xian H, Cavazos J, Scott G. Synaptic reorganization 
in the hippocampus induced by abnormal functional activity. 
Science 1988; 239: 1147–50.

61  Esclapez M, Hirsch J, Ben-Ari Y, Bernard C. Newly formed 
excitatory pathways provide a substrate for hyperexcitblity in 
experimental temporal lobe epilepsy. J Comp Neur 1999; 
408: 449–60.

62  Epsztein J, Represa A, Jorquera I, Ben-Ari Y, Crepel V. Recurrent 
mossy fi bers establish aberrant kainate receptor-operated synapses 
on granule cells from epileptic rats. J Neurosci 2005; 25: 8229–39.

63  Rice AC, Floyd CL, Lyeth BG, Hamm RJ, DeLorenzo RJ. Status 
epilepticus causes long-term NMDA receptor-dependent behavioral 
changes and cognitive defi cits. Epilepsia 1998; 39: 1148–57.

64  Kelsey JE, Sanderson KL, Frye CA. Perforant path stimulation in 
rats produces seizures, loss of hippocampal neurons, and a defi cit 
in spatial mapping which are reduced by prior MK-801. 
Behav Brain Res 2000; 107: 59–69.

65  Stafstrom CE, Chronopoulos A, Thurber S, Thompson JL, 
Holmes GL. Age-dependent cognitive and behavioral defi cits after 
kainic acid seizures. Epilepsia 1993; 34: 420–32.

66  Berger ML, Tremblay E, Nitecka L, Ben-Ari Y. Maturation of kainic 
acid seizure-brain damage syndrome in the rat III: postnatal 
development of kainic acid binding sites in the limbic system. 
Neuroscience 1984; 13: 1095–104.

67  Sankar R, Shin DH, Liu H, Mazarati A, Pereira de Vasconcelos A, 
Wasterlain CG. Patterns of status epilepticus-induced neuronal 
injury during development and long-term consequences. J Neurosci 
1998; 18: 8382–93.

68  Nitecka L, Tremblay E, Charton G, Bouillot JP, Berger M, Ben-Ari Y. 
Maturation of kainic acid seizure-brain damage syndrome in the rat 
II: histopathological sequelae. Neuroscience 1984; 13: 1073–94.

69  Cilio MR, Sogawa Y, Huang LT, Silveira DC, McCabe BK, 
Holmes GL. Status epilepticus in the developing brain: age-
dependent neuronal injury, mossy fi ber sprouting, seizure 
susceptibility, and cognitive impairment. Epilepsia 1999; 40 
(suppl 7): 34.

70  Yang Y, Tandon P, Liu Z, Sarkisian MR, Stafstrom CE, Holmes GL. 
Synaptic reorganization following kainic acid-induced seizures 
during development. Brain Res Dev Brain Res 1998; 107: 169–77.

71  Sperber EF, Haas KZ, Stanton PK, Moshe SL. Resistance of the 
immature hippocampus to seizure-induced synaptic reorganization. 
Brain Res Dev Brain Res 1991; 60: 88–93.

72  Kubova H, Druga R, Lukasiuk K, et al. Status epilepticus causes 
necrotic damage in the mediodorsal nucleus of the thalamus in 
immature rats. J Neurosci 2001; 21: 3593–99.

73  Cherubini E, Ben-Ari Y, Krnjevic K. Anoxia produces smaller 
changes in synaptic transmission, membrane potential and input 
resistance in immature rat hippocampus. J Neurophysiol 1989; 
62: 882–95.

74  Bickler PE, Gallego SM, Hansen BM. Developmental changes in 
intracellular calcium regulation in rat cerebral cortex during 
hypoxia. J Cereb Blood Flow Metab 1993; 13: 811–19.

75  Liu Z, Stafstrom CE, Sarkisian M, et al. Age-dependent eff ects of 
glutamate toxicity in the hippocampus. Brain Res Dev Brain Res 
1996; 97: 178–84.

76  Marks JD, Friedman JE, Haddad GG. Vulnerability of CA1 neurons 
to glutamate is developmentally regulated. Brain Res Dev Brain Res 
1996; 97: 194–206.

77 Tandon P, Yang Y, Das K, Holmes GL, Stafstrom CE. 
Neuroprotective eff ects of brain-derived neurotrophic factor in 
seizures during development. Neuroscience 1999; 91: 293–303.

78  Rizzi M, Perego C, Aliprandi M, et al. Glia activation and cytokine 
increase in rat hippocampus by kainic acid-induced status 
epilepticus during postnatal development. Neurobiol Dis 2003; 
14: 494–503.

79  Sankar R, Shin DH, Wasterlain CG. GABA metabolism during 
status epilepticus in the developing rat brain. Brain Res Dev 
Brain Res 1997; 98: 60–64.

80  Patel M, Li QY. Age dependence of seizure-induced oxidative stress. 
Neuroscience 2003; 118: 431–37.



http://neurology.thelancet.com   Vol 5   December 2006 1063

Review

81  Sullivan PG, Dube C, Dorenbos K, Steward O, Baram TZ. 
Mitochondrial uncoupling protein-2 protects the immature brain 
from excitotoxic neuronal death. Ann Neurol 2003; 53: 711–17.

82  Stafstrom CE, Thompson JL, Holmes GL. Kainic acid seizures in 
the developing brain: status epilepticus and spontaneous recurrent 
seizures. Brain Res Dev Brain Res 1992; 65: 227–36.

83  Zhang G, Raol YH, Hsu FC, Coulter DA, Brooks-Kayal AR. Eff ects 
of status epilepticus on hippocampal GABAA receptors are age-
dependent. Neuroscience 2004; 125: 299–303.

84  Zhang G, Raol YS, Hsu FC, Brooks-Kayal AR. Long-term alterations 
in glutamate receptor and transporter expression following early-life 
seizures are associated with increased seizure susceptibility. 
J Neurochem 2004; 88: 91–101.

85  Sanchez RM, Koh S, Rio C, et al. Decreased glutamate receptor 2 
expression and enhanced epileptogenesis in immature rat 
hippocampus after perinatal hypoxia-induced seizures. J Neurosci 
2001; 21: 8154–63.

86  Brooks-Kayal AR, Shumate MD, Jin H, et al. Human neuronal 
gamma-aminobutyric acid(A) receptors: coordinated subunit 
mRNA expression and functional correlates in individual dentate 
granule cells. J Neurosci 1999; 19: 8312–18.

87  Coulter DA. Chronic epileptogenic cellular alterations in the limbic 
system after status epilepticus. Epilepsia 1999; 40 (suppl 1): S23–33.

88  Brunquell PJ, Glennon CM, DiMario FJ Jr, Lerer T, Eisenfeld L. 
Prediction of outcome based on clinical seizure type in newborn 
infants. J Pediatr 2002; 140: 707–12.

89  Miller SP, Weiss J, Barnwell A, et al. Seizure-associated brain injury 
in term newborns with perinatal asphyxia. Neurology 2002; 
58: 542–48.

90  Liu Z, Yang Y, Silveira DC, et al. Consequences of recurrent 
seizures during early brain development. Neuroscience 1999; 
92: 1443–54.

91  Holmes GL, Sarkisian M, Ben-Ari Y, Chevassus-Au-Louis N. Mossy 
fi ber sprouting after recurrent seizures during early development in 
rats. J Comp Neurol 1999; 404: 537–53.

92  Chang YC, Huang AM, Kuo YM, Wang ST, Chang YY, Huang CC. 
Febrile seizures impair memory and cAMP response-element 
binding protein activation. Ann Neurol 2003; 54: 701–05.

93  Holmes GL, Gairsa JL, Chevassus-Au-Louis N, Ben-Ari Y. 
Consequences of neonatal seizures in the rat: morphological and 
behavioral eff ects. Ann Neurol 1998; 44: 845–57.

94  Neill JC, Liu Z, Sarkisian M, et al. Recurrent seizures in immature 
rats: eff ect on auditory and visual discrimination. Brain Res Dev 
Brain Res 1996; 95: 283–92.

95  Riviello P, de Rogalski Landrot I, Holmes GL. Lack of cell loss 
following recurrent neonatal seizures. Brain Res Dev Brain Res 
2002; 135: 101–04.

96  McCabe BK, Silveira DC, Cilio MR, et al. Reduced neurogenesis 
after neonatal seizures. J Neurosci 2001; 21: 2094–103.

97  de Rogalski Landrot I, Minokoshi M, Silveira DC, Cha BH, 
Holmes GL. Recurrent neonatal seizures: relationship of pathology 
to the electroencephalogram and cognition. Brain Res Dev Brain Res 
2001; 129: 27–38.

98  Gowers WR. Epilepsy and Other Chronic Convulsive Diseases. 
London: Churchill Livingston; 1881.

99  Goddard GV, McIntyre DC, Leech CK. A permanent change in 
brain function resulting from daily electrical stimulation. 
Exp Neurol 1969; 25: 295–30.

100  McNamara JO. Kindling model of epilepsy. Adv Neurol 1986; 
44: 303–18.

101  Morimoto K, Fahnestock M, Racine RJ. Kindling and status 
epilepticus models of epilepsy: rewiring the brain. Prog Neurobiol 
2004; 73: 1–60.

102  Ben-Ari Y, Gho M. Long-lasting modifi cation of the synaptic 
properties of rat CA3 hippocampal neurones induced by kainic 
acid. J Physiol 1988; 404: 365–84.

103  Khalilov I, Esclapez M, Medina I, et al. A novel in vitro preparation: 
the intact hippocampal formation. Neuron 1997; 19: 743–49.

104  Khazipov R, Desfreres L, Khalilov I, Ben Ari Y. Three-independent-
compartment chamber to study in vitro commissural synapses. 
J Neurophysiol 1999; 81: 921–24.

105  Khalilov I, Le Van QM, Gozlan H, Ben-Ari Y. Epileptogenic actions 
of GABA and fast oscillations in the developing hippocampus. 
Neuron 2005; 48: 787–96.

106  Ben-Ari Y, Khazipov R, Leinekugel X, Caillard O, Gaiarsa J-L. 
GABAA, NMDA and AMPA receptors: a developmentally regulated 
“ménage à trois”. Trends Neurosci 1997; 20: 523–29.

107  Berg AT, Shinnar S, Levy SR, et al. Two-year remission and 
subsequent relapse in children with newly diagnosed epilepsy. 
Epilepsia 2001; 42: 1553–62.

108  Sillanpaa M, Jalava M, Kaleva O, Shinnar S. Long-term prognosis of 
seizures with onset in childhood. N Engl J Med 1998; 338: 1916–18.


	Effects of seizures on developmental processes in the immature brain
	Introduction
	High incidence of seizures in developing brain
	Maturation of cortical networks
	Excitatory actions of GABA on immature neurons

	GABAergic synapses are formed before glutamatergic synapses
	A primitive oscillation pattern in developing networks
	Differences between developing and adult networks
	Recurrent seizures
	Seizures beget seizures: confirming an old concept
	Conclusions
	Acknowledgments
	References


