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Abstract. Epilepsy is the most common neurological
disorder in young humans. Antiepileptic drugs (AEDs)
which are used to treat seizures in infants, children and
pregnant women can cause cognitive impairment, mi-
crocephaly and birth defects. lon channels, neurotrans-
mitters and second messenger systems constitute mole-
cular targets of AEDs. The same targets regulate brain
processes essential both for propagation of seizures and
for learning, memory and emotional behavior. Thus,
AEDs can influence brain function and brain develop-

ment in undesired ways. Here we review mechanisms
of action of AEDs, examine clinical evidence for their
adverse effects in the developing human brain, and pre-
sent studies on cognitive and behavioral effects in ani-
mal models. Furthermore, we discuss mechanisms re-
sponsible for adverse effects of AEDs in the developing
mammalian brain, including interference with cell pro-
liferation and migration, axonal arborization, synapto-
genesis, synaptic plasticity and physiological apoptotic
cell death.
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Introduction

Epilepsy is a brain disorder characterized by recurrent
seizures, affects 1-2% of humans worldwide and displays
its highest incidence in the first year of life [1]. Anti-
epileptic drugs (AEDs) are used to prevent epileptic
seizures but are also beneficial in other neurological and
psychiatric conditions, such as bipolar disorder, mi-
graine, movement disorders (dystonia, restless leg syn-
drome), myotonia and neuropathic pain [2].

The selection of an AED for treatment of epilepsy in in-
fancy, childhood and adolescence is based on the syn-
dromic diagnosis of the patient’s seizure disorder. The
broad spectrum of new-generation AEDs have expanded
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the choice of available agents for most syndromes (table 1).
Appropriate selection of an AED is based on the estab-
lished efficacy for a specific syndrome, on relative toxicity
and tolerability of AEDs, and on age-specific organ toxic-
ities [3, 4].

AEDs interact with ion channels, metabolic enzymes and
neurotransmitter transporters in the brain, modify burst-
ing properties of neurons, inhibit spread of epileptic ac-
tivity and reduce synchronization [5]. In addition, they
can interfere with neuronal migration, differentiation and
plasticity, and in the developing rodent brain, they can in-
duce neuronal cell death [6].

In this article we review mechanisms of action of AEDs,
and present clinical and experimental evidence describ-
ing their adverse effects in the developing mammalian
brain.
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Table 1. Pediatric epilepsy syndromes and treatments.

Syndrome Treatment

Neonatal seizures phenobarbital, phenytoin, anecdo-
tal reports for topiramate and leve-

tiracetam

Infantile spasms adrenocorticotropic hormome

(ACTH), vigabatrin, valproic acid

Lennox-Gastaut syndrome valproic acid, lamotrigine, topira-

mate

Childhood and juvenile
absence epilepsy

ethosuximide, valproic
acid, lamotrigine

Rolandic epilepsy sulthiame, carbamazepine,

gabapentin

Juvenile myoclonic epilepsy  valproic acid, lamotrigine, topira-

mate

Partial seizures carbamazepine, oxcarbazepine,

lamotrigine, topiramate, phenytoin

Generalized tonic-clonic
seizures (GTC)

oxcarbazepine, phenytoin,
topiramate, lamotrigine valproic
acid, carbamazepine

Table 2. Molecular targets of antiepileptic drugs.

GABA
system

Calcium
channels

Sodium
Channels

Glutamate
receptors

Drug

Benzodiazepines
Phenobarbital
Vigabatrin

+
+
+
Tiagabine +
Valproate +
Topiramate +
Gabapentin +
Phenytoin
Carbamazepine
Oxcarbazepine

Lamotrigine

+ o+ o+ + o+

Zonisamide
Levetiracetam +
Ethosuximide
Felbamate + + +

+ 4+ + + +

Mechanisms of action of AEDs

Voltage-gated ion channels are the main targets of AED
action. These channels determine the excitability of neu-
rons and regulate neurotransmitter release. AEDs which
act on voltage-gated ion channels inhibit epileptic burst-
ing, synchronization and seizure spread. Blockade of
sodium or calcium channels as well as facilitation of pot-
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assium channels lead to anticonvulsant action in animal
seizure models [7].

Voltage-gated sodium channels consist of multiple sub-
units and undergo conformational change as soon as a
neuron is depolarized to action potential threshold. This
conformational change converts the channels to an open
conducting state and permits sodium flux for only a few
milliseconds. Channels rapidly inactivate and can only
be reactivated following repolarization. Rapid changes
between open and closed states of sodium channels are
essential both for normal brain function and for epileptic
discharges. Phenytoin, carbamazepine, oxcarbazepine,
zonisamide and lamotrigine primarily act by modulating
voltage-dependent sodium channels. Blockade of sodium
channels can also be achieved with valproate, felbamate
and topiramate (table 2). These drugs block high-fre-
quency repetitive spike firing without affecting physio-
logical neural activity. This translates into an antiepilep-
tic effect without causing generalized impairment of
brain function. Although these drugs do not alter excita-
tory or inhibitory synaptic responses, they do reduce
transmitter output at synapses [8, 9].

Voltage-gated calcium channels are divided into high
voltage-activated (HVA) and low voltage-activated fami-
lies. HVA channels (L-, R-, P/Q- and N-types) can only
gate following strong membrane depolarization, and reg-
ulate calcium entry and neurotransmitter release from
presynaptic nerve terminals. Gabapentin and several
other AEDs inhibit HVA channels (table 2) [10-18].
Gabapentin binds to the a26-1 and a2 6-2 subunits and in-
hibits HVA calcium currents in a concentration-depen-
dent fashion [19-21]. This effect probably leads to reduc-
tion in excitatory transmission [22, 23].

Low-voltage calcium channels (T-type) regulate neuronal
firing and influence bursting and intrinsic oscillations
[24]. Abnormal oscillatory behavior is thought to under-
lie generalized absence seizures [25]. T-type calcium
channels generate low-threshold calcium spikes and trig-
ger a burst of action potentials mediated by sodium chan-
nels in thalamic reticular neurons [26]. Ethosuximide,
an AED that is effective against absence seizures, val-
proic acid and zonisamide inhibits T-type calcium chan-
nels [27, 28].

Interaction with neurotransmitter systems

Several AEDs enhance synaptic inhibition or decrease
synaptic excitation. These effects are mediated by interac-
tion with neurotransmitter receptors and neurotransmitter-
regulated channels and can also suppress bursting and
seizure spread. Two major neurotransmitter systems con-
stitute targets of AED action, the inhibitory GABAergic
system and the excitatory glutamatergic system. Many
AEDs enhance inhibition mediated by GABA , (y-amino-
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butyric acid A) receptors. Blockade of glutamate recep-
tors [including those of the NMDA (N-methyl-D-aspar-
tate), AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid), kainate and group I metabotropic recep-
tors] exhibit anticonvulsant action in animal models.
Other neurotransmitter systems which have been shown
to modulate seizure threshold include the glycine system,
monoamines, neuropeptides, galanin, neuropeptide Y,
adenosine, serotonin and histamine [5].

GABA-mediated inhibition

Inhibitory synapses are important for controlling activity
of excitatory neurons and for inhibiting synchronized
epileptiform discharges [29]. Enhancement of GABA-
mediated inhibition is a major mechanism of action of
AED:s.

GABA activates chloride-permeable GABA, receptors
and slower metabotropic G-protein-coupled GABAj re-
ceptors. Compounds which block GABA , receptors are
potent proconvulsants. Mutations in GABA, receptor
subunits have been associated with epilepsy syndromes
such as GEFS+, childhood absence epilepsy, Dravet’s
syndrome and juvenile myoclonic epilepsy [30-34].
Benzodiazepines are used as first-line drugs in the treat-
ment of status epilepticus. They allosterically modulate
GABA, receptors containing the y2 subunit and the al
subunit [35, 36]. Enhancement of tonic GABA , receptor
currents is important for benzodiazepine action [37].
Barbiturates such as phenobarbital also allosterically
modulate GABA, receptors. At clinically relevant con-
centrations, phenobarbital shifts the relative proportion
of openings to favor the longest-lived open state and in-
creases the overall probability that the channel is open
[38]. Barbiturates act on calcium and sodium channels
as well [13]. Felbamate and topiramate might also partly
act through positive modulation of GABA, receptors
[39-41].

Vigabatrin (y-vinyl GABA) is an irreversible inhibitor of
the GABA-degrading enzyme GABA transaminase [42]
and leads to elevations of GABA levels in the brain [43].
It is assumed that elevation of extracellular GABA alters
the dynamics of inhibition and reduces the fading of in-
hibitory mechanisms during repetitive activation of neu-
rons [44]. Such fading, which is dependent on GABA; re-
ceptors and on trafficking of GABA, receptors [45, 46],
is an important factor that permits localized epileptiform
activity to develop into a seizure.

Tiagabide is a selective competitive inhibitor of the high-
affinity plasma membrane GABA transporter GAT1 [47].
Tiagabine prevents GABA uptake and prolongs inhibitory
postsynaptic potentials [48—50].

Glutamate-mediated excitation
Ionotropic glutamate receptors are glutamate-gated cation
channels that mediate fast excitatory neurotransmission in
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the central nervous system (CNS) [S51]. Antagonists at
glutamate NMDA, AMPA and kainate receptors are po-
tent anticonvulsants in animal seizure models [52].
Several AEDs can influence ionotropic glutamate recep-
tors. Felbamate inhibits NMDA receptors at clinically rel-
evant concentrations [53, 54] and is modestly more potent
as an antagonist of NMDA receptors containing NR2B
subunits [55, 56].

AMPA and kainate receptors mediate seizure spread and
seizure-induced brain damage [57]. Kainate receptors
also modulate glutamate release from excitatory afferents
and suppress GABA release from inhibitory interneurons
[58]. Topiramate selectively inhibits AMPA and kainate
receptors [59, 60].

Susceptibility of the developing brain
to environmental agents

Short- and long-term deleterious effects resulting from
any interference with normal brain development differ in
their extent and quantity depending on the nature of in-
terference and the timing of the insult [61]. In the past
several decades, studies in rodents have provided sub-
stantial information on brain development [61-66]. Al-
though there are variations in the rates of brain growth
among mammals, comparisons of brain development be-
tween species are possible [66, 67]. The developmental
ages of human and rat embryos or fetuses are comparable
when anatomical features and histological landmarks are
similar in appearance in the two species, even though
their exact chronological ages are different [66]. In the
CNS, structures are built by cell proliferation, migration
and a sequence of steps called differentiation [61]. Nor-
mal function requires a specific number of cells with the
proper characteristics in the correct location [61]. With
autoradiography, the neurogenesis of individual neuronal
populations has been determined in rodent brain, and ex-
trapolations were made to the human brain [61, 66].
These studies clearly indicate that different brain areas
develop at different times during gestation, and within a
single brain region, subpopulations of neurons develop at
different rates and at different times. Cerebellar Purkinje
cells, for example, develop early (embryonic days 13—15
in the rat, corresponding to gestational weeks 5-7 in hu-
mans), whereas granule cells are generated much later
(postnatal days 4-19 in the rat, corresponding to gesta-
tional weeks 24-40 in humans) [66]. Many agents, such
as X-ray irradiation, cause brain damage by interfering
with cell proliferation, and if the insult occurs during the
stage of formation of a certain neuronal subpopulation,
those cells will not be formed.

Cell migration is another important process during brain
development by which neurons reach their final location.
Such physical contact between the cells is important for



402 A. M. Kaindl et al.

the construction of complex circuits, and any interference
with cell migration has deleterious effects on the devel-
oping brain [62]. During development, migration occurs
in waves associated with different cell types [68]. Neu-
rons must subsequently form connections, and this occurs
during the process of synaptogenesis. The developmental
period of synaptogenesis is critical for the formation of
the basic circuitry of the nervous system, although neu-
rons are able to form new synapses throughout life [68].
Furthermore, evidence exists that neurotransmitters can
modulate proliferation of neural stem cells, neuroblasts
and glioblasts, regulate migration and induce differentia-
tion [69—72]. Thus, pharmacological agents that interfere
with neurotransmission during development may cause
permanent defects in the CNS.

Neurogenesis produces about twice as many neurons in a
given structure as the number of neurons that survive in
the adult organism. This initial excess of neurons is short
lasting and followed by a process known as apoptosis or
programmed cell death [73]. Apoptosis is regulated by
growth factors and cytokines as well as by neurotrans-
mitters and is executed by a number of intracellular pro-
teins [74—77]. Any compound that interferes with these
processes may trigger apoptotic degeneration of neurons
that would not otherwise have been deleted from the de-
veloping brain, or may, in contrast, promote survival of
unnecessary cells [78].

Pruning, defined as a loss of synapses, also occurs physi-
ologically in the developing brain [78]. Such trimming of
connections is a more extensive process than cell death
and occurs late in childhood and adolescence [78]. Any in-
terference with this process would be expected to affect
the number of synaptic connections. Most of the develop-
mental processes discussed so far have focused on neu-
rons. However, it is well established that glial cells (astro-
cytes, oligodendrocytes and microglia) play a most rele-
vant role in brain function as well as in brain development.
An important period of brain development is the so-called
brain growth spurt, a transient period when the brain is
growing most rapidly [63]. This occurs in the first 2 post-
natal weeks in the rat and in the third trimester of gestation
and first 2 years of life in humans [64].

Clinical evidence for adverse effects
of AEDs in humans

AEDs are among the most common causes of fetal mal-
formations. These include neural tube defects, orofacial
clefts and digital anomalies, growth retardation, develop-
mental delay and microcephaly [79-84]. Teratogenic ef-
fects have been associated with the use of phenytoin, car-
bamazepine, valproate and phenobarbital. Increasing ma-
ternal blood levels and combinations of AEDs impose an
increased risk for harm to human infants [84].
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The neonatal brain is vulnerable to teratogenic agents,
which have an impact on neuronal migration and synap-
tic organization. However, specific cognitive dysfunction
may be difficult to detect in children below the age of
5 years [85], as brain maturation is incomplete and devel-
opmental tests have poor predictability for future intel-
lectual functioning [86]. Despite these difficulties, it has
been shown that AEDs may have adverse effects on hu-
man intellect when given to treat seizures in pregnant
women, infants and toddlers. Long-lasting neurobehav-
ioral effects in humans following in utero exposure to
phenobarbital such as impaired cognitive development
[87] and lower IQ scores [88] have been reported. Despite
the developmental neurotoxicity of phenobarbital, its em-
bryotoxicity and teratogenic effects appear to be less than
those of other anticonvulsants in animal models [83].
Valproic acid is a clear animal and human teratogen [89,
90]. The nervous system appears to be very sensitive to
the developmental toxicity of valproic acid. Neural tube
defects, specifically spina bifida, occur at a high rate
upon in utero exposure to this compound [91].

Similar to valproic acid, in utero exposure to carba-
mazepine has been associated with an increased risk of
spina bifida, with an incidence of about 1% [81, 92]. Car-
bamazepine has been found to be teratogenic in humans,
and the pattern of malformations (facial dysmorphic fea-
tures, microcephaly, growth retardation) resembles that
of other anticonvulsants [81, 93].

There is evidence that phenytoin is a developmental tox-
icant in animals and humans. The fetal hydantoin syn-
drome in humans is characterized by facial dysmor-
phologies, growth retardation and other anomalies [94,
95], and similar effects have also been seen in rodents
[96]. Microcephaly, learning disabilities and decreased
1Q scores have also been reported in humans [97-99].
The majority of studies investigating the effects of prena-
tal antiepileptic drug exposure were performed in chil-
dren below age 5. In many studies a trend towards lower
developmental scores was reported, although in few stud-
ies no adverse effects could be shown [100].

In a longitudinal study, children exposed to carba-
mazepine and phenytoin had lower developmental and
language scores, compared with controls. In children re-
ceiving carbamazepine, a deficit in language develop-
ment was not evident until an age beyond 3 years, sug-
gesting that specific cognitive deficits may first become
apparent when the child is older [101].

Inconsistent results have also been obtained in studies
that have investigated the long-term effects of AED ex-
posure in children older than 5 years [99, 102-105].
Some studies have reported specific cognitive deficits in
visuospatial functioning [87, 106], spelling and linguistic
abilities [101, 107, 108].

Intrauterine exposure to phenytoin, phenobarbital, poly-
therapy, valproate and carbamazepine is associated with
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lower intellectual functioning [107—110]. Carbamazepine
appears to be the least developmentally neurotoxic com-
pound among the major AEDs. Although in one study
mild mental retardation has been reported in children
exposed in utero to carbamazepine [111], no neurologic
or 1Q differences were found by other investigators
[87,107].

In humans, in utero exposure to valproic acid has been as-
sociated with developmental delay, mental retardation,
cognitive impairment and other behavioral deficits [112,
113]. In a recent retrospective study exploring neuropsy-
chological effects of exposure to anticonvulsant medica-
tion in utero, Vinten et al. reported that an in utero expo-
sure to valproate was harmful to later neuropsychological
development. Children exposed to valproate had a signif-
icantly lower IQ compared with children exposed to other
antiepileptic drugs or not exposed at all. The same chil-
dren were more likely to have an IQ below 69 and more
likely to have memory impairment when compared with
other groups [114].

In addition, postnatal exposure to AEDs during the first
years of life may be harmful for cognitive development.
In several studies it was shown that therapy with barbitu-
rates during the first 3 years of life may cause cognitive
impairment that persists into adulthood [88, 115-117].

Adverse effects of AEDs in animal studies

Phenobarbital is the oldest synthetic antiepileptic drug
available. The effect of exposure of animal fetuses or
pups to phenobarbital on brain growth and behavior has
been studied extensively [118—120]. Perinatal exposure to
phenobarbital can reduce brain weight [121], and causes
a reduction of Purkinje and granule cells in the cerebel-
lum [122] and pyramidal and granule cells in the hip-
pocampus [123]. Neurochemical studies have indicated
that phenobarbital profoundly disrupts cholinergic neuro-
transmission in the hippocampus [124].

Administration of phenobarbital to rat pups results in sig-
nificant decreases in brain weight and DNA, RNA, pro-
tein and cholesterol concentrations and reduced neuronal
number [125, 126]. Results of behavioral studies are con-
sistent with morphological and neurochemical changes,
as perinatal exposure of rodents to phenobarbital causes
decrements in various spatial learning tasks [124, 127].
Compared with controls, rats receiving phenobarbital
have increased aggression and activity levels [125, 128,
129]. Prenatal exposure to phenobarbital resulted in de-
ficits in the hippocampal eight-arm maze, spontaneous
alternations and water maze behaviors in adulthood
[126], and affected operant conditioning [130, 131]. Sim-
ilar effects were reported in kindled rats when AEDs were
administered in doses that protected against kindled
seizures [132].
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When phenobarbital was administered to developing ani-
mals that had undergone kainic acid-induced status
epilepticus, it exhibited a clear-cut anticonvulsant effect.
Young animals develop spontancous seizures following
status epilepticus and reorganization, and phenobarbital
was effective in reducing these spontanecous seizures.
However, animals receiving phenobarbital performed
worse in the water maze than animals receiving saline, al-
though saline treated animals has significantly more
spontaneous seizures. For cognitive testing phenobarbital
had been withdrawn. Thus it appears that phenobarbital
can have adverse effects on cognition when administered
following an acute insult, such as status epilepticus [128].
Concerning phenytoin and carbamazepine, there are no
experimental data which convincingly demonstrate ad-
verse effects of these compounds on cognition when they
are given at an early age. In a study of active avoidance,
carbamazepine at low doses protected against impair-
ment of learning rate caused by repeated application of
convulsant shock [133] and had no effect on learned taste
aversion [134].

Animal studies have shown that perinatal administration
of phenytoin causes a reduction in brain weight [135] and
a number of behavioral deficits (seen at subteratogenic
doses), which include, in particular, deficits in spatial
learning tasks and activity change (hyperactivity) [136—
138]. In rodents, incidence and severity of teratogenic ef-
fects of carbamazepine were less than those observed with
other AEDs and occurred mostly at high doses [139].
Impaired learning has been ascribed to benzodiazepines
[133, 140]. Pereira et al. reported profound effects of di-
azepam on shuttle avoidance behavior and attributed this
to its interfering effects on memory [140]. Holley et al.
suggested that the effects of benzodiazepines on memory
and learning could be related to an effect on attention
[141]. This is a matter of concern that is unique to the de-
veloping brain, and GABA  receptor activation could be
of relevance to benzodiazepines as well as barbiturates
and general anesthetic agents. Our group has found that
phenytoin, valproic acid, vigabatrin, diazepam and clon-
azepam induce apoptotic neurodegeneration in the devel-
oping rat brain at plasma concentrations relevant for
seizure control in humans [142, fig. 1]. Jevtovic-Todoro-
vic et al. administered midazolam, nitrous oxide and
isoflurane to 7-day-old infant rats and described wide-
spread apoptotic neurodegeneration and impaired long-
term potentiation in hippocampal slices obtained from
these animals 3 weeks later [143]. Persistent deficits in
memory and learning were evident when the rats were
tested using the Morris water maze or the radial arm maze.
Neural tube defects have been seen with valproic acid in
mice [144], and strain differences in susceptibility suggest
an underlying genetic predisposition [145]. Most mecha-
nistic studies have focused on the major malformations in-
duced by valproic acid [146]. At therapeutically relevant
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concentrations, valproic acid alters the expression of cer-
tain homeobox genes, which suggests that teratogenicity
may be at least in part mediated by changes in Hox gene
expression [145]. Concentrations of valproic acid within
its therapeutic range inhibit histone deacetylase, which is
involved in the repression of gene expression and plays an
important role in embryonic development [147, 148]. In-
hibition of histone deacetylase can prevent cell prolifera-
tion and may be responsible for the ability of valproic acid
to reduce proliferation of C6 glioma cells [149]. This an-
tiproliferative effect of valproic acid may be relevant for
its teratogenicity, as alterations of normal proliferation
rate of the tissues involved with neuronal tube closure may
result in an embryo with a neural tube defect [150]. The
effect of valproic acid as an inhibitor of the detoxifying
epoxide hydrolase could also be relevant to the teratogenic
effect of this AED [151].

Exposure to subteratogenic doses of valproic acid may
cause microencephaly and behavioral changes (deficits in
spatial learning tasks and altered locomotor activity) in
rodents [150]. Valproic acid may be more toxic to the de-
veloping brain than other anticonvulsants [112], and
neural tube defects may only be the tip of the iceberg, be-
cause valproate carries particular risks to the learning and
development of children [101]. In utero exposure of rats
to valproic acid causes cerebellar anomalies associated
with autism, and an association between exposure to val-
proic acid and autistic-type behaviors has been suggested
in humans [112, 152].

Bolanos et al. compared the cognitive function in rats
that received phenobarbital or valproic acid following
kainic acid-induced status epilepticus [153]. A convul-
sant dose of kainic acid was administered to rats on post-
natal day P35, which corresponds to prepubescence in
children. From P36 to P75, rats received daily injections
of phenobarbital, valproic acid or saline, and sponta-
neous seizure frequency was monitored. Following ta-
pering of the drugs, the rats were tested in the water
maze, on visuospatial memory and using a handling test
(a measure of emotionality). Rats receiving phenobarbi-
tal or saline were significantly impaired in learning in
the water maze and also had increased emotionality in
the handling test, whereas rats receiving valproic acid
had no deficits in the water maze and did not differ from
non-status epilepticus rats in their emotionality scores.
However, rats receiving valproic acid had no spontane-
ous seizures following the status epilepticus compared
with frequent spontaneous seizures in the rats receiving
saline or phenobarbital.

Topiramate interacts with AMPA and kainate subtypes of
glutamate receptors, and because of these effects con-
cerns have been raised about the impact of its long-term
use on cognitive function. Cha et al. evaluated effects of
topiramate on cognitive function in the immature brain.
They administered topiramate, 80 mg/kg, or saline for 4
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weeks following a series of 25 neonatal seizures or status
epilepticus induced by lithium-pilocarpine in P20 rats
[154]. Animals were tested in the water maze for spatial
learning, and the brains were examined for cell loss and
sprouting of mossy fibers. There was a trend for im-
proved visuospatial performance in the water maze fol-
lowing topiramate therapy in rats with neonatal seizures.
Neonatal rats without seizures exposed to 4 weeks of top-
iramate did not differ from untreated controls in water
maze performance or histologic examination.

In weanling rats subjected to status epilepticus, topira-
mate-treated rats performed better in the water maze than
rats receiving saline, a finding indicative of a possible
neuroprotective effect. These findings demonstrate a mild
beneficial effect of topiramate on cognitive function. In
addition, long-term administration of high-dose topira-
mate in the normal developing rat brain does not appear
to impair cognitive performance.

Work by Cha et al. (2002) and Koh and Jensen (2001)
suggests that topiramate might be neuroprotective in the
developing brain, an effect similar to that of NBQX, a
specific AMPA receptor antagonist in a neonatal hypoxia
model of neonatal seizures in rats [154—156].

Cilio et al. treated P35 rats subjected to kainic acid-in-
duced status epilepticus with twice-daily doses of
gabapentin [157]. After tapering of the drugs, the rats
were tested in the water maze and open field, a test that
measures activity level. In animals treated with gaba-
pentin, there was a reduced incidence of spontaneous re-
current seizures and reduced hyperactivity compared
with saline-treated controls. No differences in perfor-
mance in the water maze or emotional response to painful
injection were found between the gabapentin-treated and
saline-treated animals. This study demonstrates that
gabapentin has a beneficial effect following status epilep-
ticus but does not contribute to impairment or enhance-
ment of learning in animals.

Treatment with tiagabine has been reported to impair per-
formance in the Morris water maze test in adult rats
[158]. No comparable studies have been performed in de-
veloping animals.

Levetiracetam is structurally related to nootropic agents,
which may produce cognitive enhancement in certain
models of learning and memory. The structural analogs
piracetam [159] and etiracetam [160] seem to have a pos-
itive effect on learning and memory. Verloes et al. found
that levetiracetam antagonized the amnestic effects of
scopolamine in passive avoidance learning in mice [161].
In water maze testing in rats, levetiracetam did not affect
the latency for locating the platform at any dose tested in
amygdala-kindled rats, whereas all reference antiepilep-
tic drugs tested in the experiment (valproic acid, carba-
mazepine and clonazepam in normal rats, valproic acid in
amygdala-kindled rats) significantly increased latencies
at comparable doses [162].
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Very little is known about the effect of zonisamide on be-
havior or learning and memory. No adverse effects of
zonisamide were reported in spontaneous alternation be-
havior and active avoidance in mice, but impaired acqui-
sition of step-down passive avoidance behavior was re-
ported [163]. No studies have so far evaluated the behav-
ioral effects of zonisamide in developing animals.

Neurotoxicity of antiepileptic drugs
in the developing brain

Physiological cell death, a process by which redundant or
unsuccessful neurons are deleted by apoptosis (cell sui-
cide) from the developing CNS, has been recognized as a
regular phenomenon in the developing brain. In recent
studies it has been shown that compounds which are used
as sedatives [76, 77], anesthetics [143] or anticonvulsants
[142] in medicine trigger widespread apoptotic neurode-
generation throughout the developing brain when admin-
istered to immature rodents during the period of the brain
growth spurt. Such compounds include drugs which alter
physiologic synaptic activity, i.e. antagonists of NMDA
receptors (ketamine, nitrous oxide), agonists of y-amino-
butyric acid subtype A (GABA,) receptors (barbiturates,
benzodiazepines, propofol) and/or sodium channel
blockers (phenytoin, valproate).

The brain growth spurt period occurs at different times
relative to birth in different species. In rats and mice it oc-
curs postnatally, but in humans it extends from the sixth
month of gestation to several years after birth [164].
Thus, there is a period in pre- and postnatal human de-
velopment that lasts for several years, during which im-
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mature neurons might be prone to commit suicide if ex-
posed to AEDs.

Possible neurotoxicity of AEDs was systematically stud-
ied in infant rodents [142]. Phenytoin (10-50 mg/kg)
produced widespread and dose-dependent neurodegen-
eration in infant rats within the medial septum, nucleus
accumbens, thalamic and hypothalamic nuclei, subicu-
lum, globus pallidus, piriform and entorhinal cortices,
the amygdala and layers II and IV of the frontoparietal,
cingulate and retrosplenial cortices. By electron mi-
croscopy it was determined that the cells degenerating in
the brains of phenytoin-treated rats displayed ultrastruc-
tural changes similar to those described in neurons un-
dergoing programmed cell death, a prototypic example
of apoptosis [165]. The threshold dose for triggering an
apoptotic response was 20 mg/kg, which resulted in
phenytoin plasma concentrations ranging between 10—
15 pg/ml over 4 h.

Phenobarbital (20—100 mg/kg) and diazepam (5-30 mg/
kg) caused widespread apoptotic neurodegeneration in
the brains of rats on P7 with a similar distribution pattern.
Neurotoxic effects were reproduced by clonazepam (0.5—
4 mg/kg) in 7-day-old rats [142] (fig. 1). The threshold
doses for triggering apoptotic brain damage were 40 mg/
kg for phenobarbital, 10 mg/kg for diazepam and 0.5 mg/
kg for clonazepam. Analysis of plasma concentrations re-
vealed that when concentrations of phenobarbital were
maintained at 25-35 pg/ml over a 12-h period, significant
apoptotic neurodegeneration occurred [142]. Valproate
(50400 mg/kg on P7) or vigabatrin (50, 100 or 200 mg/
kg twice daily on 3 consecutive days starting on P5)
elicited apoptotic neurodegeneration in the developing rat
brain in a dose-dependent manner.

DZP

Figure 1. AEDs induce apoptotic neurodegeneration in the infant rat brain. (4—C) Low-magnification light microscopic overviews of sil-
ver-stained transverse sections and electron micrograph depicting neurodegenerative changes in the brains of P8 rats following treatment
with phenytoin (DPH; 4, B in parietal cortex and subiculum) and phenobarbital (PHB; C, in the thalamus). In D an electron micrograph
(X1800) is shown illustrating late stages of apoptotic neurodegeneration within the thalamus 24 h following administration of diazepam.
In E the distribution pattern of apoptotic neurodegeneration, as seen in the brains of 8-day-old rats following administration of diazepam
24 h earlier, is depicted. Darker shades indicate higher densities of degenerating cells.
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Figure 2. Proapoptotic effect of phenobarbital, phenytoin, valproic
acid, sulthiame, topiramate and levetiracetam in 7-day-old rats in
comparison. Bars represent degeneration scores (mean + SEM) as
determined using a stereological dissector [166]. Lines underneath
the x-coordinates depict reported EDs, (mean effective concentra-
tion) dose range of the given drug in various rodent seizure models.
Statistical comparisons were performed between drug-treated and
vehicle-treated groups (n=7-9 per group). *P <0.05; ***P <0.001,
Student’s #-test (adapted from [166, 167]).

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 from P0-P14 when various neu-
ronal populations in the rat forebrain show transient sen-
sitivity to AEDs.

Developmental neurotoxicity of topiramate, levetirac-
etam and sulthiame were tested in a similar way. Topira-
mate elicited a neurotoxic effect in infant rat brain begin-
ning at a dose of 50 mg/kg, which is higher than the ef-
fective anticonvulsant doses in infant rodent seizure
models [166]. Thus, it was concluded that topiramate has
a rather beneficial profile, since it shows no detectable
toxicity at anticonvulsant doses. Interestingly, levetirac-
etam showed no neurotoxicity in the infant rat brain at all
doses tested [167, fig. 2].

Other groups have reported that phenytoin can affect the
cerebellar system and the hippocampus. Indeed, neona-
tal exposure of mice to phenytoin leads to cerebellar
damage, characterized by apoptotic death, delayed mi-
gration of granule cells and altered development of Purk-
inje cells [168, 169]. In vitro experiments have con-
firmed that phenytoin induces apoptotic cell death of
cultured cerebellar granule cells [170], degeneration of
Purkinje cells [171] and toxicity in cerebral cortical cell
cultures [172].

Further studies elaborated several mechanisms responsi-
ble for AED-induced apoptotic death in the developing
rodent brain. One mechanism includes changes in gene
expression in the developing brain, i.e. depressed synthe-
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sis of brain derived neurotrophic factor, neurotrophins 3
and 4, as well as reduced levels of the active phosphory-
lated forms of extracellular signal regulated kinase
(ERK1/2) and protein kinase B (AKT). ERK1/2 and AKT
are key players in two major survival promoting path-
ways, the MEK-ERK1/2 and the phosphatidylinositol 3-
kinase-AKT pathways, which are activated by tyrosine
kinase receptors upon binding of growth factors [142,
173]. Ras activation results from binding of growth fac-
tors to the respective receptors and initiates signaling via
the MEK and PI3 kinase pathways. SynRas transgenic
mice, which postnatally overexpress activated Ras in neu-
rons and display higher levels of phosphorylated ERK1/2
in the cortex, were less susceptible to the proapoptotic ef-
fect of MK801 or phenobarbital [173]. Such changes,
which have also been described in in vitro systems fol-
lowing blockade of NMDA receptors [174], reflect an im-
balance between neuroprotective and neurodestructive
mechanisms in the brain. During a developmental period
of ongoing physiological elimination of cells in the brain,
such an imbalance will likely promote apoptotic death.
Interestingly, 17-estradiol counteracted inactivation of
the ERK1/2 and AKT pathways and, by doing so, con-
ferred protection against apoptotic neuronal deletion fol-
lowing treatment with AEDs [142, 175].

Influence of AEDs on other developmental processes

AEDs not only induce widespread apoptotic neurodegen-
eration in the developing brain, but can also impair cell
proliferation and differentiation, synaptogenesis and
synaptic plasticity, cell migration and axonal arboriza-
tion. A disruption of these developmental processes may
potentially account for neurological deficits seen in hu-
mans exposed to AEDs pre- or postnatally. Unfortunately,
the effect of AEDs on these processes in the developing
brain has not been systematically analyzed.

Cell proliferation and differentiation

Glutamate and GABA neurotransmitter systems are im-
plicated in neuronal proliferation and migration during
CNS development. The application of a single dose of di-
azepam (5 mg/kg) at P11 induced a significant reduction
of mitotic activity in rodent cerebral cortex and anterior
pituitary gland [176]. The sodium channel blocker val-
proate, on the other hand, promoted neuronal differentia-
tion in human fetal forebrain stem cell cultures [177]. In-
creased numbers of immature granule cells in the dentate
gyrus resulted from treatment of mice with 35 mg/kg/d
phenytoin from P5 to P14 [178]. Reactive astrogliosis has
previously been observed, along with microglial activa-
tion, in rats given 250 mg/kg/d vigabatrin for a period of
8 weeks beginning at age P28 [179].
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Synaptogenesis and synaptic plasticity

Concerns have been expressed that AEDs may disrupt
synaptogenesis and synapse remodeling due to inhibition
of excitatory neurotransmission [180, 181]. Results of
published studies are, however, somewhat contradictory.
NMDA receptors are involved in the refinement of
synaptic circuitry and the pruning of synaptic connec-
tions during brain development [182]. Pharmacological
inhibition of NMDA receptor activity in 5- or 15-day-old
rats for 2 weeks through intracranial application of 2-
amino-5-phosphonovaleric acid (APV) or phencyclidine
(PCP) has been associated with decreased brain weight,
cortex layer depth and total number of synapses [183].
Withdrawal from these NMDA antagonists led to similar
results initially, but was later (P36) displaced by a transi-
tory rebound with increased molecular layer depth and to-
tal number of synapses.

Chronic exposure of cultured mouse spinal cord neurons
to phenobarbital led to reduced cell survival and decreased
length and number of dendrite branches [184, 185]. Mor-
phologically immature dendritic development of Purkinje
cells was observed in immature mice following adminis-
tration of 35 mg/kg/d phenytoin from P5 to P14 [186].
Phenytoin application to mouse cerebellar granule cells in
vitro resulted in cell loss, decreased numbers of neurites,
rarefied branching and decreased levels of cytoskeletal
protein microtubule-associated protein 2 (MAP2) [187].
Such inhibition of MAP2 expression has been associated
with decreased neurite formation in vitro [188]. The ap-
plication of AMPA receptor antagonists to hippocampal
slice cultures prepared from 6-day-old rats similarly de-
creased CAl pyramidal cell spine density and length;
pharmacological NMDA receptor blockage did not reduce
the density of spines but induced a change of spine ap-
pearance [189]. Intracerebral infusion of the NMDA an-
tagonist APV led to a disruption of experience-dependent
synaptic modifications in the cortex of immature kittens
[190], and blocking of glutamatergic transmission de-
creased dendritic filopodial motility in vitro [180].

In contrast to these findings, Liithi et al. demonstrated a
substantial increase in synapse number in slice cultures
prepared from newborn rats, a more complex dendritic
arborization and an increased density of presynaptic but-
tons of CA1 and CA3 pyramidal cells in vitro upon phar-
macological blockage of NMDA receptors for 14 days
[182]. Similarly, infusion of APV to 14-day-old ferrets
led to an increase in the number of branch points and den-
sity of dendritic spines of lateral geniculate nucleus com-
pared with control animals [191].

Neuronal migration and axon arborization.

The relationship between neurotransmitter receptor activ-
ity and neuronal morphology has been studied in cultured
dentate granule neurons from embryonic rat hippocam-
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pus. Here, NMDA receptor antagonist MK801 blocked
branching of neuronal processes [192]. Phenytoin (35
mg/kg/d), administered daily from P2 to P4, inhibited mi-
gration of granule cells in murine cerebella; purkinje
cells in brains studied at P7-P21 had poor and immature
arbors in the treated group [169]. A temporary block of
NMDA and non-NMDA glutamate receptors in immature
rats also disrupted the topographic refinement of thalam-
ocortical connectivity and columnar organization, i.e. the
topographic organization of synaptic connections [193].
On the other hand, exposure of embryonic E14 rat corti-
cal or striatal primordial stem cells to 6 days of valproate
increased neurite outgrowth [194], and topiramate in-
creased neurite outgrowth in immature rodent E18 hip-
pocampal and cortical neurons in vitro [195].

Myelination

Based on animal studies concerns were raised that pro-
longed vigabatrin administration may induce intramye-
linic edema (IME) [196, 197]: treatment of rodents with
30 mg/kg/d vigabatrin was associated with IME changes
1 year following the initiation of treatment, whereas a
dose of 100-300 mg/kg/d triggered IME already within
6 months [196]. However, a progression of IME lesions to
demyelination has not been reported, and microvacuola-
tion has been described as reversible after cessation of
treatment [196]. Monkeys treated with high doses of vi-
gabatrin (300 mg/kg/d) for up to 16 months demonstrated
only occasional mild microvacuolation; monkeys treated
with 50-100 mg/kg/d for 6 years showed no pathology
[196]. Moreover, the phenomenon of IME has not been
documented in humans. Other groups have reported a re-
duction in myelination in immature rat brains at P20 and
P40 following subcutaneous vigabatrin injections of
40 mg/kg/d from P12 to P16 and 25 mg/kg/d from P12 to
P26, respectively [197, 198]. Similarly, long-lasting
myelin abnormalities have been reported following ad-
ministration of phenobarbital to immature mice [199].
Phenobarbital, phenytoin and valproate administration to
dams resulted in a decrease of brain myelin in their off-
spring [200].

Relevance for the clinic

The information presented raises concerns with regard to
current clinical practice employing AEDs for seizure con-
trol in pregnant women, infants and children. They call
for the design of novel AEDs, adjunctive neuroprotective
therapies and generation of new clinical data by means of
well-designed clinical trials to guide clinical practice.
Measures that promote neurotrophin signaling in the
brain may offer a novel adjunctive neuroprotective ap-
proach. The finding that S-estradiol ameliorated pheno-
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barbital neurotoxicity is encouraging in that respect [175].
Preterm infants, which are prematurely deprived mater-
nal f-estradiol and are frequently treated with AEDs (es-
pecially phenobarbital), are expected to be at high risk for
AED neurotoxicity. B-Estradiol replacement therapy in
premature infants has been introduced in some centers
with the goal to improve bone mineralization [201]. We
thus speculate that maintaining in utero p-estradiol plas-
ma levels may be an effective measure to protect prema-
ture infants from AED neurotoxicity.

Our studies demonstrated that topiramate is an antiepi-
leptic drug with a favorable therapeutic index in terms of
the separation between anticonvulsant activity and neuro-
toxic/proapoptotic effects in the developing rat brain
[166]. Even more encouraging was the finding that leve-
tiracetam does not demonstarate a proapoptotic effect
[167]. These findings suggest that it may possible to de-
sign age-specific antiepileptic therapies and avoid or
minimize neurotoxic side effects in the vulnerable age
groups. Whether such data apply to humans remains an
open question which will need to be addressed by means
of carefully designed clinical studies and use of appropri-
ate brain-imaging techniques.
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