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were found in the area of the lentiform nucleus, including both
the globus pallidus and putamen bilaterally, and in the hypothalamus. The investigators concluded that prenatal exposure to
AEDs may cause these subtle morphological changes in grey
matter, with the most striking findings consisting of lower grey
matter volumes in the basal ganglia and the hypothalamus (16).

Modelling Prenatal Exposure to AEDs
in Animal Studies
Antiepileptic drugs (AEDs) target ion channels and neurotransmitter systems in the brain; these same targets are responsible for
regulation of processes essential for brain development. In this review, experimental findings on adverse effects of AEDs in the developing mammalian brain will be presented, including interference with physiological apoptotic cell death, cell proliferation and
migration, neurogenesis, axonal arborization, synaptogenesis, and
synaptic plasticity.

Brain growth varies among mammals, but comparisons of brain
development between species are possible (17,18). The developmental ages of human and rat embryos or fetuses are comparable when anatomical features and histological landmarks
are similar in appearance between the two species, even though
their exact chronological ages are different (17). Dobbing and
Sands described the pattern of growth of the mammalian brain
as appearing in the shape of a sigmoid trajectory, when weight
is plotted against age. The transient phase of rapid growth is
known as the “brain growth spurt” period. The brain growth
spurt occurs at discrete times, in relation to birth, among different species and, thus, has to be taken into account when
extrapolating results obtained from one species and applying
them to another (18).
The different mammalian species can be categorized as
prenatal, perinatal, or postnatal brain developers. Knowledge
of the timing of the brain growth spurt for each species can
be used as a marker of developmental age that is a means
to identify comparable chronological ages; it is taken into
consideration when hypotheses relating to brain vulnerability are formulated. The brain growth spurt of rats and mice
occurs postnatally, with peak growth velocity on P7–P10, and
ends in the third week (Fig. 1). In humans, the brain growth
spurt period starts during the third trimester of pregnancy,
with peak growth velocity around the time of birth. Thus, for
purposes of modelling human prenatal exposure to AEDs in
rodents, exposures ought to occur prior to P10 in rats and
mice.

Antiepileptic drugs (AEDs) interact with ion channels,
metabolic enzymes, and neurotransmitter receptors and transporters in the brain; in addition, they modify bursting properties of neurons, inhibit spread of epileptic activity, and reduce
synchronization (1). AEDs are among the most common causes
of fetal malformations, such as neural tube defects, congenital
heart defects, orofacial clefts, digital anomalies, growth retardation, developmental delay, and microcephaly (2–7). Teratogenic effects have been associated with the use of phenytoin,
carbamazepine, valproate, lamotrigine, and phenobarbital. Elevated maternal blood levels of these drugs and combinations of
AEDs, as compared with monotherapy, impose increased risks
for human infants (3,7–10).
In addition, several studies report that in utero exposure
to AEDs increases the risk of cognitive dysfunction later in
life (11–15). Morphological changes in the brains of subjects
exposed in utero to AEDs have been described. In a group of
healthy young adults with prenatal exposure to AEDs and a
group of age-matched unexposed healthy controls, MRI and
voxel-based morphometry of the brains revealed structural differences between the two groups (16). Among subjects exposed
prenatally to AEDs, regional decreases of grey matter volumes Effects of AEDs in Infant Rodents
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In utero exposure of rats to valproic acid (at peak blood levels
of 99–134 mg/mL) causes cerebellar anomalies (36).
In contrast, a study of active avoidance using carbamazepine, administered at low doses, protected against impairment of learning rate caused by repeated application of convulsant shock and had no effect on learned taste aversion (30). In
rodents, incidence and severity of teratogenic effects from carbamazepine were less than those observed with other AEDs and
occurred mostly at high, therapeutically irrelevant doses (30).
Similarly, neonatal rats without seizures exposed to 4 weeks of
topiramate did not differ from untreated controls in water maze
performance or histologic examination. In addition, long-term
administration of high-dose topiramate to normal developing
rats does not appear to impair cognitive performance. ExperFIGURE 1. Brain growth spurts in humans and rats, expressed
imental data suggest that anticonvulsant doses of topiramate
as first-order velocity curves of the increase in weight with age.
might be neuroprotective in the developing brain in a neonatal
Reference : Ikonomidou and Turski (55).
hypoxia model of seizures in rats (37).
exposure of rodents to phenobarbital may cause decrements in
various spatial learning tasks (24,25) or may increase aggres- Mechanisms of Adverse Effects of AEDs
sion and locomotor activity (22,25–27). Prenatal exposure to in the Developing Brain
phenobarbital resulted in deficits in the hippocampal eightarm maze (23), caused spontaneous alternations in water maze Neuronal Apoptosis
behaviors in adult animals (23), and affected operant condi- Physiological cell death, a process by which cells are deleted
from the developing CNS, is a regular phenomenon in the
tioning (28,29).
Phenobarbital was found to be an effective anticonvul- developing brain. Studies have shown that compounds that
sant against spontaneous seizures in developing animals that are used medically as sedatives, anesthetics, or anticonvulsants
had undergone kainic acid-induced status epilepticus. How- can trigger widespread apoptotic neurodegeneration throughever, animals receiving anticonvulsant doses of phenobarbital out the developing brain when administered to immature
performed worse in the water maze than animals receiving rodents (38–41). Such compounds include antagonists of
saline (although the drug had been withdrawn during cogni- NMDA receptors (e.g., ketamine, nitrous oxide), agonists of
tive testing), while saline-treated animals had significantly more GABA A receptors (e.g., barbiturates, benzodiazepines, propospontaneous seizures (26). These results indicate that phenobar- fol), and AEDs (e.g., sulthiame, phenytoin, vigabatrin, and
bital can have adverse effects on cognition when administered valproate).
The vulnerable developmental period during which drugfollowing an acute insult.
Perinatal administration of phenytoin in rodents causes a induced neuroapoptosis is observed in rodents spans the first
reduction in brain weight (29,30) and a number of behavioral two postnatal weeks of life. The comparable period in humans
deficits (seen at subteratogenic doses), including deficits in spa- stretches from the sixth month of gestation to several years after
tial learning tasks and hyperactivity (31). Furthermore, neural birth. Thus, there is an extended period in prenatal human
tube defects have been noted in mice administered valproic development, during which immature neurons might be prone
acid (32); strain differences in susceptibility suggest an under- to commit suicide if exposed to some AEDs.
Neurotoxic effects of AEDs were systematically studied in
lying genetic predisposition (33). At therapeutically relevant
concentrations, valproic acid alters the expression of certain infant rodents (38,41,42). It was determined that the majority
homeobox genes and inhibits histone deacetylase, which is of AEDs cause apoptotic neurodegeneration in the developinvolved in the repression of gene expression (34). Inhibition of ing rat brain at doses and plasma concentrations relevant for
histone deacetylase may underlie the ability of valproic acid to anticonvulsant treatment.
Neurodegeneration was described within the septum; nureduce proliferation of C6 glioma cells and may correlate to its
teratogenicity, as alterations in the normal proliferation rate of cleus accumbens, thalamic, and hypothalamic nuclei; subicuthese cells can result in an embryo with a neural tube defect (35). lum; amygdala; and the globus pallidus, piriform, entorhinal,
Exposure to subteratogenic doses of valproic acid can cause mi- frontoparietal, cingulate, and retrosplenial cortices, following
crocephaly and behavioral changes (i.e., deficits in spatial learn- treatment with barbiturates, benzodiazepines, valproate, sulthing tasks and altered locomotor activity) in rodents (30,36). iame, or phenytoin (38). Using electron microscopy, it was
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determined that the degenerating cells displayed ultrastructural changes similar to those described in neurons undergoing
programmed cell death. The threshold dose for triggering an
apoptotic response for phenytoin was 20 mg/kg, which resulted
in phenytoin plasma concentrations ranging between 10 and
15 μg/mL over 4 hours. When concentrations of phenobarbital
were maintained at 25–35 μg/mL over a 12-hour period, significant apoptotic neurodegeneration occurred. Dose-dependent
neurodegeneration was also seen following valproate or vigabatrin treatment in infant rats (38). Interestingly, lamotrigine at
low doses was devoid of neurotoxic effects in infant rats (42).
Additional experiments were performed to determine how
the apoptotic response to AEDs might differ as a function of
developmental age. These experiments revealed that there is
a time window between P0 and P14 when various neuronal
populations in the rat forebrain show transient sensitivity to
the proapoptotic effects of AEDs (38). One study reported
that neonatal exposure of mice to phenytoin leads to cerebellar
damage, characterized by apoptotic death, delayed migration
of granule cells, and altered development of Purkinje cells (43).
In vitro experiments have confirmed that phenytoin induces
apoptotic cell death of cultured cerebellar granule cells, degeneration of Purkinje cells, and toxicity in cerebral cortical cell
cultures (44). Interestingly, topiramate did not elicit a neurotoxic effect in infant rat brain until a dose of 50 mg/kg,
which is higher than the effective anticonvulsant doses in infant rodent seizure models (45). Therefore, the investigators
concluded that topiramate has a rather beneficial profile, since
it shows no detectable toxicity at anticonvulsant doses. Interestingly, levetiracetam exhibited no neurotoxicity in the infant
rat brain (46).
The proapoptotic action of AEDs in the developing brain
is partially due to reduction in synthesis of neurotrophins, including brain-derived neurotrophic factor (BDNF) and neurotrophins 3 and 4, as well as to reduced levels of the active
phosphorylated forms of extracellular signal regulated kinase
(ERK1/2) and protein kinase B (AKT). These kinases are key
players in two major survival-promoting pathways, the MEKERK1/2 and the PI3 kinase-AKT pathways, both of which are
activated by tyrosine kinase receptors upon binding of growth
factors (38). Such changes reflect an imbalance between neuroprotective and neurodestructive mechanisms in the brain that
will likely promote apoptotic death. Interestingly, 17β-estradiol
counteracted inactivation of the ERK1/2 and AKT pathways
and, in doing so, conferred protection against apoptotic neuronal deletion following treatment with some AEDs (47).

synaptogenesis, synaptic plasticity, cell migration, and axonal
arborization. It is possible that a disruption of these developmental processes could account for the neurological deficits
seen in humans exposed to AEDs prenatally; however, this theory remains unsubstantiated, because, unfortunately, the effects
of AEDs in the developing brain have not been systematically
analyzed.
Glutamate and GABA neurotransmitter systems are implicated in neuronal proliferation and migration during CNS
development. The application of a single dose of diazepam
(5 mg/kg) at P11 induced a significant reduction of mitotic activity in rodent cerebral cortex and anterior pituitary gland (48).
Valproate, in contrast, promoted neuronal differentiation in
human fetal forebrain stem cell cultures (49), while increased
numbers of immature granule cells in the dentate gyrus resulted
from treatment of mice with phenytoin from P5 to P14 (50).
In a recent study, the question of whether or not drugs
that induce neuroapoptosis in the developing rodent brain
also impair neurogenesis was addressed. The NMDA antagonist, MK801, and the GABA A agonists, phenobarbital and diazepam, were administered to infant rats; cell proliferation and
neurogenesis were studied in the brain, using BrdU and doublecortin immunohistochemistry, and stereology (51). Neurogenesis was quantified in the dentate gyrus on P15, following
treatment with MK801 or with phenobarbital on P6–P10.
MK801, phenobarbital, and diazepam reduced numbers of
newly born cells in the brain. In the dentate gyrus, many of
the newly formed cells differentiated toward a neuronal phenotype. Phenobarbital and MK801 significantly reduced numbers of new neurons in that structure. At the age of 6 months,
phenobarbital-treated rats had fewer neurons in the dentate
gyrus and performed worse than saline-treated littermates in
water maze learning and memory task. These findings show
that blockade of NMDA-receptor mediated excitation, as well
as enhancement of GABA A -receptor activation, impair cell
proliferation, and inhibit neurogenesis in the immature rat
brain (51).

Synaptogenesis and Synaptic Plasticity

Concerns have been expressed that AEDs may disrupt synaptogenesis and synapse remodelling as a result of inhibition of
excitatory neurotransmission (52). Immature dendritic spines
of Purkinje cells were found in immature mice following
administration of 35 mg/kg/day of phenytoin from P5 to
P14 (50). Phenytoin, added to the culture medium, resulted
in cell loss, decreased numbers of neurites, rarefied branching,
and decreased levels of the cytoskeletal protein, microtubuleCell Proliferation, Differentiation, and Migration
associated protein 2 (MAP2), in cultured mouse cerebellar granIn addition to their proapoptotic effects in the developing brain, ule cells—an effect that has been associated with decreased neuAEDs may also impair cell proliferation and differentiation, rite formation (53). In addition, Manet et al. reported that fetal
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exposure to GABA-acting AEDs can induce hippocampal and
cortical dysplasias (54).

Conclusions
The experimental data presented in this brief review demonstrate that many AEDs can alter normal brain development
by influencing cell proliferation, neurogenesis, migration, programmed cell death, synaptogenesis, and synaptic plasticity.
Various adverse effects can be elicited when exposure occurs
prenatally. As discussed, a critical period, characterized by high
vulnerability of the brain to AEDs, is the brain growth spurt
period, during which widespread neuronal apoptosis is induced
by many AEDs. There is substantial clinical evidence to suggest that prenatal exposure to AEDs has negative functional
consequences in humans (55).
The findings reviewed here raise concerns regarding the
current clinical practice of employing AEDs for seizure control
in pregnant women and call for the design of novel AEDs and
adjunctive neuroprotective therapies as well as for the generation of new data, by means of well-designed clinical trials, to
guide medical practice (55). The finding that β-estradiol ameliorated phenobarbital neurotoxicity in experimental animal
models suggests that maternal estrogens may be protecting the
fetal human brain against AED-induced neurotoxicity. Preterm
infants, who are prematurely deprived of maternal β-estradiol
and are frequently treated with AEDs (especially phenobarbital), are expected to be at high risk for AED neurotoxicity.
Experimental studies demonstrated a generally favourable
profile for carbamazepine and lamotrigine, whereas topiramate
had a favourable therapeutic index in that there is a distinct
separation between the anticonvulsant and the neurotoxic- or
proapoptotic-dose ranges in the developing rat brain (43). Even
more encouraging was the finding that levetiracetam does not
demonstrate a proapoptotic effect (44). Thus, by choosing the
appropriate antiepileptic therapies, it may be possible to avoid
or minimize neurotoxic side effects on the developing human
fetus.
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