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Epilepsy is the most common neurological disorder of young humans.
Each year 150,000 children in the United States experience their first
seizure. Antiepileptic drugs (AEDs), used to treat seizures in children,
infants, and pregnant women, cause cognitive impairment, micro-
cephaly, and birth defects. The cause of unwanted effects of therapy
with AEDs is unknown. Here we reveal that phenytoin, phenobarbi-
tal, diazepam, clonazepam, vigabatrin, and valproate cause apoptotic
neurodegeneration in the developing rat brain at plasma concen-
trations relevant for seizure control in humans. Neuronal death
is associated with reduced expression of neurotrophins and de-
creased concentrations of survival-promoting proteins in the brain.
�-Estradiol, which stimulates pathways that are activated by neuro-
trophins, ameliorates AED-induced apoptotic neurodegeneration.
Our findings present one possible mechanism to explain cognitive
impairment and reduced brain mass associated with prenatal or
postnatal exposure of humans to antiepileptic therapy.
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A seizure is a sudden change in behavior caused by synchronous,
rhythmic firing of neurons in the brain. Between 2% and 4%

of all children in Europe and the United States experience at least
one seizure before the age of 5 years (1). Epilepsy, a brain disorder
characterized by recurrent seizures, affects 1–2% of humans world-
wide and shows its highest incidence in the first year of life (1).

Antiepileptic drugs (AEDs) are used to prevent or interrupt
seizures. They act via three mechanisms: (i) limitation of sustained
repetitive neuronal firing via blockade of voltage-dependent so-
dium channels; (ii) enhancement of �-aminobutyric acid (GABA)-
mediated inhibition; and (iii) blockade of glutamatergic excitatory
neurotransmission (2–5). Phenytoin decreases neuronal firing
through use-dependent blockade of voltage-gated sodium channels.
Barbiturates and benzodiazepines enhance inhibition in the brain
by allosterically modulating permeability of the chloride channel
coupled to the GABA type A receptor. Vigabatrin decreases
GABA breakdown by blocking the GABA-degrading enzyme
GABA transaminase, and valproate influences GABA synthesis
and breakdown, leading to an increase of GABA concentrations in
the brain. Valproate also interferes with glutamate-mediated exci-
tation and limits sustained repetitive neuronal firing through
voltage- and use-dependent blockade of sodium channels (2–5).

AEDs are among the most common causes of fetal malforma-
tions, developmental delay, and microcephaly (6–11). Increasing
maternal blood levels and combinations of AEDs impose an
increased risk for harm to human infants (11). AEDs may also exert
unfavorable effects on human intellect when given to treat seizures
in infants and toddlers. Therapy with barbiturates during the first 3
years of life may cause cognitive impairment that persists into
adulthood (12–16). Although neurotoxic effects of AEDs have
been recognized since the 1970s, the underlying mechanisms are
not understood.

In the immature rodent brain, suppression of synaptic neuro-
transmission via blockade of glutamate N-methyl-D-aspartate re-
ceptors or activation of GABA type A receptors may trigger

apoptotic neurodegeneration (17, 18). Because depression of syn-
aptic neurotransmission is the common denominator in the action
of AEDs, we investigated whether common AEDs may cause
apoptotic neurodegeneration in the developing brain and what the
underlying pathogenetic mechanisms are. Furthermore, we at-
tempted to identify measures that will prevent AED neurotoxicity.

Materials and Methods
In Vivo Experiments. Wistar rats (Bundesinstitut für gesundheit-
lichen Verbraucherschutz und Veterinärmedizin, Berlin), 0–30
days old, received i.p. administration of AEDs, �-estradiol, or
vehicle (normal saline) and were allowed to survive for up to 48 h
after injection.

The following drugs and doses were administered: phenytoin
(Desitin, Hamburg, Germany), 10–50 mg�kg; phenobarbital
(Desitin), 20–100 mg�kg; pentobarbital (Sigma), 5 and 10 mg�kg;
diazepam (Ratiopharm, Ulm, Germany), 5–30 mg�kg; clonazepam
(Desitin), 0.5–4 mg�kg; valproate (Sigma), 50–400 mg�kg; and
vigabatrin (Aventis, Bad Soden, Germany), 50, 100, or 200 mg�kg
twice daily on 3 consecutive days. Flumazenil (Hoffman–La Roche)
was administered in hourly intervals for 5 h at the dose of 2 mg�kg,
beginning 15 min after administration of diazepam (30 mg�kg) or
clonazepam (4 mg�kg). �-Estradiol (Sigma) was administered three
times at the dose of 300 �g�kg every 8 h.

Intracerebroventricular injections of U0126 (Calbiochem) or
wortmannin (Calbiochem) were performed in pups subjected to
brief halothane anesthesia by using a Hamilton syringe with a
27-gauge needle. The location was 1 mm rostral, 1.5 mm lateral to
bregma, and 2 mm deep to skull surface. Drugs were dissolved in
10% DMSO and phosphate buffer and administered in a volume
of 1 �l over 2 min. Control pups received i.c.v. injection of vehicle.

To exclude the possibility that hypoxia might contribute to
histological changes detected in the brains, oxygen saturations were
measured every 30 min over a period of 4 h after injection of the
drugs by pulse oximetry.

At the end of the observation period, animals received an
overdose of chloralhydrate (150 mg�kg). Before perfusion fixation,
a 200-�l blood sample was obtained from the left ventricle for
measurement of drug-plasma concentrations. Rats were perfused
through the heart and ascending aorta for 15 min with a solution
containing paraformaldehyde (1%) and glutaraldehyde (1.5%) in
pyrophosphate buffer (for combined light and electron microscopy)
or paraformaldehyde (4%) in cacodylate buffer (for terminal
deoxynucleotidyltransferase-mediated dUTP end labeling or De-
Olmos cupric silver staining).

Histology. To visualize degenerating cells, coronal sections of the
whole brain were stained with silver nitrate and cupric nitrate (19).

Abbreviations: AED, antiepileptic drug; GABA, �-aminobutyric acid; BDNF, brain-derived
neurotrophic factor; NT-3, neurotrophin 3; Pn, postnatal day; ERK, extracellular signal-
related protein kinase.
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To visualize nuclei with DNA cleavage, serial coronal paraffin
sections (10 �m) of the entire brain were cut on a microtome and
residues of peroxidase-labeled digoxigenin nucleotides were cata-
lytically added to DNA fragments by terminal deoxynucleotidyl-
transferase (TdT Frag EL, DNA Fragmentation Detection Kit,
Calbiochem-Novabiochem).

For light microscopy on plastic sections and electron microscopy
brains were sliced in 1-mm thick slabs, fixed in osmium tetroxide,
dehydrated in alcohols, and embedded in araldite. Ultrathin sec-
tions were cut and stained with uranyl acetate�lead citrate.

Quantitation. Quantitation of damage was performed in silver-
stained sections by estimating mean numerical densities (Nv) of
degenerating cells (20). An unbiased counting frame (0.05 mm �
0.05 mm; disector height 0.07 mm) and a high aperture objective
were used for the sampling. Counts were performed in a blinded
manner. Nv values from 16 brain regions (Table 1) were summed to
give a total score for degenerating neurons for each brain.

RT-PCR Studies and Western Blotting. Total cellular RNA was
isolated from snap-frozen tissue by acidic phenol�chloroform ex-
traction and DNase treatment (Hybaid, Roche Diagnostics); 500 ng
of RNA was reverse-transcribed with Moloney murine leu-
kemia virus reverse transcriptase (Promega) and oligo(dT)16
primer (Roche Diagnostics) in 25 �l of reaction mixture. cDNA
(1 �l) was amplified by PCR in 30 cycles, subjected to PAGE,
subsequent silver staining, and densitometric analysis with the
image analysis program BIODOCANALYZE (Whatman Biometra).

Primers for brain-derived neurotrophic factor (BDNF) [Gen-
Bank accession no. D10938; sense, 5�-CGACGTCCCTGGCTG-
GACACTTTT-3� (positions 2296–2318); and antisense 5�-
AGTAAGGGCCCGAACATACGATTGG-3� (positions 2762–
2786)], primers for neurotrophin 3 (NT-3) [GenBank accession no.
M34643,; sense, 5�-GGTCAGAATTCCAGCCGATGATTGC-3�
(positions 308–332); and antisense 5�-CAGCGCCAGCCTAC-
GAGTTTGTTGT-3� (positions 767–791)], and primers for �-actin
[GenBank accession no. V01217; sense, 5�-CCCTAAGGCCAAC-
CGTGAAAAGATG-3� (positions 1663–1687); and antisense 5�-

GAACCGCTCATTGCCGATAGTGATG-3� (positions 2535–
2559)], were used.

For Western blotting analysis of brain tissue, animals were killed,
and brains were removed, microdissected, and then immediately
snap-frozen in liquid nitrogen.

Tissue was then homogenized at 4°C in a Tris�HCL buffer (50
mM, pH 7.6). Homogenate was centrifuged at 15,000 � g for 20
min, and the supernatant was used as the cytosolic fraction.

Total cellular proteins (30 �g�lane cytosolic fraction) were
separated on a 10% SDS-polyacrylamide gel and electrotransferred
onto nitrocellulose membranes (Hybond ECL, Amersham Phar-
macia). The membranes were incubated overnight at 4°C with the
following antibodies: antiphospho-raf (1:2,000), antiphospho-
ERK1�2 (1:2,000), antiphospho-AKT (1:2,000), anti-ERK1�2
phosphorylation state independent (1:2,000), or anti-AKT phos-
phorylation state independent (1:2,000) (Cell Signaling Technol-
ogy, Beverly, MA). After incubation with secondary antibody
conjugated to horseradish peroxidase (anti-mouse, 1:1,000 dilu-
tion), immunoreactive proteins were detected by the enhanced
chemiluminescence system (ECL, Amersham Pharmacia) and se-
rial exposures were made to radiographic film (Hyperfilm ECL,
Amersham Pharmacia). Densitometric analysis of the blots was
performed with the image analysis program TINA 2.09g.

Results
To determine whether AEDs exert neurotoxic effects in the de-
veloping rat brain, we injected rats i.p. with phenytoin, phenobar-
bital, pentobarbital, diazepam, clonazepam, vigabatrin, or val-
proate on postnatal day 7 (P7) and analyzed their brains 24 h later.

In the brains of vehicle-treated rats, either silver or terminal
deoxynucleotidyltransferase-mediated dUTP end labeling revealed
a light pattern of neurodegeneration attributable to programmed
cell death (21) (Table 1).

Phenytoin (10–50 mg�kg) produced widespread neurodegenera-
tion on P7 (Fig. 1, Table 1). By electron microscopy it was
determined that the cells degenerating in the brains of phenytoin-
treated rats displayed ultrastructural changes similar to those
described in neurons undergoing programmed cell death (21). A

Table 1. Phenytoin, phenobarbital, and valproate increase the rate of apoptosis in the brain of 7-day-old rats

Brain region

Vehicle Phenytoin Phenobarbital Valproate

Numerical density
of total cells,

mean�mm3 � SEM

Degenerating cells as
% of total cells,

mean � SEM

Degenerating cells as
% of total cells,

mean � SEM

Degenerating cells as
% of total cells,

mean � SEM

Degenerating cells as
% of total cells,

mean � SEM

CA1 HC 220,050 � 4,584 0.85 � 0.11 2.63 � 0.43* 2.09 � 0.45* 1.97 � 0.40*

DG 284,127 � 23,089 0.37 � 0.06 1.21 � 0.14*** 1.54 � 0.11*** 1.32 � 0.20**

Subiculum 198,124 � 8,205 0.59 � 0.04 2.28 � 0.31*** 3.79 � 0.41*** 7.30 � 0.51***

Caudate 242,534 � 11,140 0.29 � 0.04 0.58 � 0.04** 1.81 � 0.29*** 2.17 � 0.16***

Thal LD 133,945 � 13,148 0.30 � 0.05 2.62 � 0.37*** 9.94 � 0.96*** 15.90 � 3.53***

Thal MD 199,335 � 6,398 0.40 � 0.01 1.86 � 0.34** 3.33 � 0.79*** 6.39 � 1.57**

Thal V 132,907 � 2,634 0.76 � 0.05 0.72 � 0.20ns 1.39 � 0.21* 4.47 � 0.97**

Hth VM 134,500 � 2,343 0.90 � 0.01 2.16 � 0.15*** 2.72 � 0.51*** 6.88 � 0.90**

Fr II 219,432 � 4,541 1.55 � 0.18 5.19 � 0.38*** 4.23 � 0.32*** 4.64 � 0.14***

Fr IV 142,120 � 10,323 0.20 � 0.05 2.57 � 0.21*** 1.46 � 0.21*** 3.33 � 0.55***

Par II 223,900 � 13,434 1.08 � 0.28 6.07 � 0.64*** 4.01 � 0.50*** 4.22 � 0.19***

Par IV 156,078 � 6,323 0.22 � 0.05 3.31 � 0.33*** 1.54 � 0.29** 2.36 � 0.49**

Cing II 218,932 � 11,239 1.54 � 0.21 3.59 � 0.56** 4.80 � 0.45*** 3.01 � 0.51**

Cing IV 148,100 � 6,125 0.13 � 0.03 2.85 � 0.32*** 1.15 � 0.69* 6.01 � 0.81***

Rspl II 235,948 � 13,857 0.89 � 0.07 2.16 � 0.07*** 1.78 � 0.19*** 1.40 � 0.14**

Rspl IV 143,250 � 10,857 0.33 � 0.08 3.06 � 0.22*** 1.38 � 0.21* 4.52 � 0.64***

Rats received vehicle, phenytoin (50 mg�kg), phenobarbital (75 mg�kg), or valproate (400 mg�kg) and were killed 24 h later on P8. Using an optical disector
method the numerical densities of total cells (cells per mm3) and degenerating cells (degenerating cells per mm3) in 16 brain regions of vehicle- (n � 6), phenytoin-
(n � 6), phenobarbital- (n � 6), and valproate-treated rats (n � 6) were estimated. In column 2, mean numerical total cell densities � SEM in 8-day-old rats are
shown. The extent of apoptosis in vehicle-, phenytoin-, phenobarbital-, and valproate-treated rats is shown as the ratio of degenerating cell density to total cell
density and is presented as % � SEM. *, P � 0.05; **, P � 0.01; ***, P � 0.001, Student’s t test. CA1 HC, CA1 hippocampus; DG, dentate gyrus; Thal, thalamus;
LD, laterodorsal; MD, mediodorsal; V, ventral; Hthal VM, ventromedial hypothalamus; Fr, frontal cortex; Par, parietal cortex; Cing, cingulate cortex; Rspl,
retrosplenial cortex; II, IV, cortical layers 2 and 4.
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proapoptotic effect of phenytoin has been described in the devel-
oping mouse cerebellum (22).

Phenytoin�s neurotoxic action in the forebrain was dose-
dependent. The threshold dose was 20 mg�kg, which resulted in
phenytoin plasma concentrations ranging between 10 and 15 �g�ml
over 4 h (Fig. 2).

Phenobarbital (20–100 mg�kg) and diazepam (5–30 mg�kg)
caused widespread apoptotic neurodegeneration in the brains of
rats on P7 (Fig. 1, Table 1). By electron microscopy (Fig. 1) it was
determined that the cells degenerating in the brains of phenobar-
bital- or diazepam-treated rats fulfilled ultrastructural criteria for
apoptosis. Neurotoxic effects were reproduced by pentobarbital (5
or 10 mg�kg) and clonazepam (0.5–4 mg�kg) in 7-day-old rats.
Administration of the benzodiazepine receptor antagonist fluma-
zenil prevented apoptotic neurodegeneration induced by diazepam
(data not shown).

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 (Fig. 2). These doses caused sedation but no
hypoxia or cardiorespiratory compromise in 7-day-old rats. When
concentrations of phenobarbital were maintained at 25–35 �g�ml
over a 12-h period significant apoptotic neurodegeneration oc-
curred (Fig. 2).

Valproate (50–400 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 (Figs. 1 and 2, Table 2). The threshold
dose for valproate was 50 mg�kg (Fig. 2) and resulted in a peak
valproate plasma concentration of 80 �g�ml, which rapidly declined
within 8 h. The threshold dose for vigabatrin was 100 mg�kg given
twice daily on 3 consecutive days.

To investigate whether a combination of AEDs with different
modes of action may result in a more profound neurodegenerative

response compared with monotherapy, we administered diazepam
(5 mg�kg) in combination with phenobarbital (20 mg�kg) or
phenytoin (20 mg�kg) to rats on P7. This combination resulted in
profound apoptotic neurodegeneration with the combination of
diazepam and phenobarbital being most detrimental (Fig. 3).
Oxygen saturations remained above 90% in pups treated with
phenobarbital and diazepam.

To determine whether treatment with AEDs causes a persistent
reduction in brain weight, we administered a single dose of
phenytoin (50 mg�kg, n � 6), phenobarbital (75 mg�kg, n � 6), or
valproate (300 mg�kg, n � 6) to P7 rats and measured unperfused
hemispheric brain weights after 8 days. A single treatment with
phenytoin on P7 led to a significant decrease in mean hemispheric
weight of 9.2% (0.3958 � 0.008 g vs. 0.4363 � 0.03 g in vehicle-

Fig. 1. Light microscopic overviews of silver-stained transverse sections and
electron micrographs depicting neurodegenerative changes in the brains of P8
rats after treatment with phenytoin (A–D), diazepam (E–G), or valproate (H–J).
(A–C) Layer IV of the parietal cortex (A, �40), the subiculum (B, �40), and the
thalamus (C, �25) of P8 rats treated 24 h previously with phenytoin (50 mg�kg).
(E and F) Low-magnification (�25) light microscopic overviews of silver-stained
sections fromtheparietalandcingulatecortices (E) andthethalamus (F)ofP8rats
treated 24 h previously with diazepam (30 mg�kg). (H and I) Low-magnification
(�25) light microscopic overviews of silver-stained sections from the parietal and
cingulate cortices (H) and the thalamus (I) of P8 rats treated 24 h previously with
valproate (200 mg�kg). Degenerating neurons (small dark dots) are sparsely
present after treatment with saline in those same brain regions but abundantly
present after treatment with phenytoin, diazepam, or valproate. (D, G, and J)
Electron micrographs (�1,800) illustrating late stages of apoptotic neurodegen-
erationwithinthethalamus24hafteradministrationofphenytoin (D),diazepam
(G), or valproate (J) to rats on P7.

Fig. 2. Phenytoin (10–50 mg�kg), phenobarbital (30–75 mg�kg), or valproate
(50–400 mg�kg) were administered to P7 rats. (A, C, and E) Phenytoin, pheno-
barbital, andvalproateplasmaconcentrationsassociatedwitheachof theseveral
dosing regimens. Dotted lines represent threshold levels for triggering an apo-
ptotic response. (B, D, and F) Severity of apoptotic neurodegeneration associated
with each dose-plasma concentration curve. Severity of degeneration was estab-
lished as described in Materials and Methods. Histographic values in B, D, and F
represent cumulative scores for apoptotic brain damage (means � SEM, n � 6 per
group) in the forebrains of treated rats. Dotted lines in B, D, and F represent the
mean score for apoptotic neurons in saline-treated rats. ANOVA revealed a
significant effect of treatment with phenytoin [F(1,50) � 703.8, P � 0.0001],
phenobarbital [F(1,60) � 555.1, P � 0.0001], and valproate [F(1,50) � 356.0, P �
0.0001] with multiple comparisons showing that the doses of 20 mg�kg pheny-
toin, 40 mg�kg phenobarbital, and 50 mg�kg valproate significantly increased
apoptosis. Thick lines at the x coordinate indicate reported ED50 doses of the
corresponding drug in various rodent seizure models. ED50 is defined as the dose
that blocks seizures in 50% of tested animals.
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treated rats, P � 0.05). Phenobarbital treatment also resulted in a
significant decrease in hemispheric weight of 8% (0.4012 � 0.008
g, P � 0.05). Similarly, valproate treatment resulted in a decrease
of hemispheric weight of 15% compared with control rats (0.3698 �
0.01g, P � 0.001).

To determine how the apoptotic response to AEDs might differ
as a function of developmental age, we administered either saline,
phenobarbital (75 mg�kg), or valproate (400 mg�kg) to postnatal
rats on P0, P3, P7, P14, and P20. These experiments revealed (Table
2) that there is a time window from P0 to P14 when various neuronal
populations in the forebrain show transient sensitivity to pheno-
barbital and valproate, and within this period, different neuronal
populations display transient sensitivity at different times (Table 2).

Neurotrophins provide trophic support to developing neurons
and their withdrawal may lead to neuronal death (23). We tested

Fig. 3. (A) Combinations of AEDs elicit neurotoxic effects. Diazepam (DZ, 5
mg�kg), phenobarbital (PHB, 20 mg�kg), and phenytoin (DPH, 20 mg�kg) were
administered alone or in combination to P7 rats. Severity of degeneration was
established as described in Materials and Methods. Histographic values represent
cumulative scores for apoptotic damage (means � SEM, n � 6 per group) in the
forebrains of treated rats on P8. Dotted line represents the mean apoptotic score
in saline-treated rats. Whereas these doses of AEDs alone elicited no or minimal
neurotoxic response, their combination resulted in severe apoptotic neurode-
generation (***, P � 0.001 compared with DZ- and PHB-treated rats; ††, P � 0.01
compared with DPH-treated rats, Student�s t test). (B) �-Estradiol (Estr) amelio-
rates apoptotic response to phenobarbital (PHB) and phenytoin in P7 rats. Saline
or �-estradiol (300 �g�kg) were administered s.c. to P6 rats in three injections 8 h
apart. Pups received i.p. injection of phenobarbital (50 mg�kg) or phenytoin (30
mg�kg) on P7 and the brains were analyzed on P8. Histographic values represent
cumulative scores for brain damage (means � SEM, n � 6 per group) in the
forebrains of treated rats on P8. The scores illustrate that there are fewer
apoptotic neurons in the brains of �-estradiol-treated rats compared with saline-
treatedrats (***,P�0.001forphenobarbital;*,P�0.05forphenytoin,Student�s
t test). (C) �-Estradiol increases protein levels for p-ERK1�2 and p-AKT but does
not alter total protein levels in the thalamus of rats treated with phenobarbital
(50 mg�kg) or phenytoin (50 mg�kg). Immunoblotting was performed with
antiphospho-ERK1�2, antiphospho-AKT, ERK1�2 (phosphorylation state inde-
pendent), or AKT (phosphorylation state independent) antibodies. Blots are
representative of a series of four blots for each antibody and each treatment
condition.
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whether and how AEDs affect expression of the neurotrophins
BDNF and NT-3 in the cingulate cortex, hippocampus, and thal-
amus in P7 rats. Phenobarbital (50 mg�kg), valproate (200 mg�kg),
and phenytoin (40 mg�kg) reduced mRNA levels for BDNF and
NT-3, as revealed by RT-PCR analysis, in all three areas. This
down-regulation was evident within 6 h and still present at 24 h after
administration of the AEDs (Fig. 4).

Western blot analysis revealed decreased levels of the active,
phosphorylated isoforms of the serine-threonin kinase AKT (p-
AKT, protein kinase B), and the members of the mitogen-activated
protein kinase pathway c-RAF and extracellular signal-related
protein kinase ERK1�2 (p-ERK1�2), which mediate intracellular
signaling after activation of receptor tyrosine kinases by growth
factors (Fig. 4) (24).

To confirm that reduction of levels of phosphorylated forms of
ERK1�2 and AKT may cause neurodegeneration in the developing
rat brain, we injected the mitogen-activated protein kinase kinase
inhibitor U0126 (2 nmol), the phosphatidylinositol 3-kinase inhib-
itor wortmannin (2 nmol), or vehicle into the right cerebral ventricle
of P7 rats and analyzed the brains 24 h later for signs of degener-
ation. These doses of U0126 and wortmannin have been shown to
reduce p-ERK1�2 and p-AKT levels in the brains of P7 rats (25).
Both compounds induced a significant neurodegenerative response
in brain areas surrounding the right cerebral ventricle, i.e., septum
and caudate nucleus.

The female hormone estrogen has neuroprotective properties in
models of in vitro and in vivo neurodegeneration. These properties
result from activation of estrogen receptors and cross-talking of
estrogen with intracellular signaling pathways that are activated by
neurotrophins, such as mitogen-activated protein kinase and phos-

phatidylinositol 3-AKT pathways (26). In an attempt to identify
measures that will counteract neurotoxicity of AEDs and taking
into consideration that AEDs impair neurotrophin-activated sig-
naling, we investigated whether stimulation of these same pathways
by �-estradiol may ameliorate phenobarbital- and phenytoin-
induced apoptotic neurodegeneration.

�-Estradiol (total of three injections at 300 �g�kg every 8 h
starting 10 h before the injection of phenobarbital or phenytoin) or
vehicle were injected s.c. to P7 rats followed by phenobarbital
(50 mg�kg) or phenytoin (30 mg�kg) on P7.

The numerical densities of degenerating cells in 16 evaluated
brain regions were significantly lower in �-estradiol-pretreated pups
in comparison to P7 pups who received phenobarbital, phenytoin,
and vehicle (Fig. 3B). Analysis of protein levels for p-AKT and
p-ERK1�2 revealed higher levels for p-AKT and p-ERK1�2 after
�-estradiol treatment (Fig. 3C).

Discussion
Here we report that major AEDs cause sensitive neurons to
undergo apoptotic death in the developing rat forebrain. These
findings apply to compounds that block voltage-gated sodium
channels, enhance GABAergic inhibition, or block glutamate-
mediated excitation. Neurotoxicity of AEDs is age-dependent and
is associated with impairment of neurotrophin-mediated, survival-
promoting signals in the brain. The combination of AEDs with
different modes of action results in a substantially higher apoptotic
response compared with monotherapy.

Proapoptotic threshold doses and plasma concentrations of
AEDs are not higher than their reported anticonvulsant doses in
rodent seizure models. ED50 doses range between 5 and 25 mg�kg

Fig. 4. (A) Phenobarbital and phenytoin
decrease mRNA levels for BDNF and NT-3 and
decrease phosphorylation of c-RAF, ERK1�2,
and AKT in the neonatal brain. P7 pups re-
ceived i.p. injection of phenobarbital (50 mg�
kg), phenytoin (40 mg�kg), or vehicle (Co).
Brain tissue from the thalamus was dissected
at thevarious times indicated.Decreasedden-
sity of the BDNF- and NT-3-specific bands is
evident at 6, 12, and 24 h after administration
of AEDs. Immunoblotting was performed
with antiphospho-RAF, antiphospho-ERK1�2,
antiphospho-AKT, ERK1�2 (phosphorylation
state independent), or AKT (phosphorylation
state independent) antibodies. There is a de-
crease in the levels of p-RAF, p-ERK1�2, and
p-AKT at 6 h after injection of AEDs, whereas
ERK1�2 and AKT (phosphorylation indepen-
dent) are unaffected. (B) Quantitation of sup-
pressionbyAEDsofmRNAlevels forBDNFand
NT-3 in the thalamus of infant rats. P7 pups
received injection of phenobarbital (50 mg�
kg, n � 9), phenytoin (50 mg�kg, n � 9),
valproate (200 mg�kg, n � 9), or vehicle (n �
9) and were killed at 6, 12, or 24 h after treat-
ment (n � 3 per group). mRNA levels for
BDNF, NT-3, and �-actin were analyzed by
means of PAGE and densitometrically quanti-
tated. Values represent mean normalized ra-
tios of the BDNF and NT-3 bands to �-actin
(n�3perpoint�SEM).ANOVArevealedthat
there was a significant effect of treatment
with AEDs on BDNF [F(1,12)valproate � 29.79, P � 0.0001; F(1,12)phenytoin � 5.492, P � 0.05; F(1,12)phenobarbital � 838.2, P � 0.0001] and NT-3 [F(1,12)valproate � 283.9, P �
0.0001; F(1,12)phenytoin � 167.3, P � 0.0001; F(1,12)phenobarbital � 109.2, P � 0.0001] levels. (C) Quantitation of suppression by AEDs of protein levels of p-RAF, p-ERK1�2,
and p-AKT in the thalamus of infant rats. P7 pups received injection of phenobarbital (50 mg�kg, n � 16), phenytoin (50 mg�kg, n � 16), or vehicle (n � 16) and were
killed at 0, 6, 12, or 24 h after treatment (n � 4 per group). Protein levels for p-RAF, p-ERK1�2, p-AKT, ERK1�2, and AKT were analyzed by Western blotting and
densitometrically quantitated. Values represent the mean normalized values of the densities of p-RAF, p-ERK1�2, p-AKT, ERK1�2, and AKT bands compared with the
density of the respective band at 0 h (percent; n � 4 per point � SEM). ANOVA revealed that there was a significant effect of treatment with AEDs on p-RAF
[F(1,24)phenobarbital � 115.9, P � 0.0001; F(1,24)phenytoin � 3,206, P � 0.0001], p-ERK1�2 [F(1,24)phenobarbital � 477.4, P � 0.0001; F(1,24)phenytoin � 478.7, P � 0.0001] and
p-AKT [F(1,24)phenobarbital � 254.3, P � 0.0001; F(1,24)phenytoin � 96.69, P � 0.0001] levels. ERK1�2 and AKT levels were not affected by treatment.
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for phenytoin (27, 28), 5 and 15 mg�kg for diazepam, and 0.4 and
0.6 mg�kg for clonazepam (28–31). We found that phenobarbital
plasma concentrations between 25 and 35 �g�ml over a 12-h period
triggered apoptotic neurodegeneration in infant rats. Such plasma
concentrations are easily achieved when phenobarbital is given to
human infants for management of seizures or status epilepticus and
in the course of long-term antiepileptic treatment (32, 33). Re-
ported ED50 doses for vigabatrin in rodent seizure models range
between 200 and 1,000 mg�kg (34, 35). The threshold neurotoxic
dose of valproate (50 mg�kg) was even lower than the reported
effective anticonvulsant doses in rodents (133–250 mg�kg). Val-
proate�s high neurotoxicity probably relates to the fact that it
acts via several different mechanisms to elicit its anticonvulsant
action (3, 4).

We find that AEDs depress an endogenous neuroprotective
system in the brain that is crucial for neuronal survival during
development (23, 36). Phenytoin, phenobarbital, and valproate
depressed synthesis of the neurotrophins BDNF and NT-3 and
reduced levels of the active phosphorylated forms of c-RAF,
ERK1�2, and AKT. Such changes reflect impairment of survival-
promoting signals and an imbalance between neuroprotective and
neurodestructive mechanisms in the brain, which, during a devel-
opmental period of ongoing programmed neuronal death, will
promote apoptotic neurodegeneration (37). In support of this
hypothesis, administration of the mitogen-activated protein kinase
kinase inhibitor U0126 and the phosphatidylinositol 3-kinase in-
hibitor wortmannin induced neurodegeneration in the developing
rat forebrain. Furthermore, �-estradiol, at doses that increased
levels of phosphorylated ERK1�2 and AKT, ameliorated AED
neurotoxicity. These findings conform with the hypothesis that
depression of the mitogen-activated protein kinase and the phos-
phatidylinositol 3-AKT pathways by AEDs contributes to the
induction of neuronal apoptosis in the developing brain.

The vulnerability period to the proapoptotic effect of AEDs
coincides with the brain growth spurt period, which in the rat spans
the first 2 postnatal weeks of life (38). In humans, the comparable
period begins in the third trimester of gestation and extends to

several years after birth. Apoptotic neurodegeneration triggered by
AEDs during this critical stage of development can at least partly
account for reduced head circumference and impaired intellectual
skills observed in prenatally or postnatally exposed humans (6–16).
The observation that combinations of AEDs cause more pro-
nounced neurotoxic effects offers one possible explanation for the
increased risk for cognitive impairment associated with AED
polytherapy (11). It remains open whether other mechanisms, not
explored in the context of this study, such as impairment of
migration or proliferation of neuronal progenitors as well as
disturbance of synaptogenesis, may also account for neurological
deficits seen in humans exposed prenatally or postnatally to AEDs.

Our results raise the interesting hypothesis that burst firing may
play a role in neuronal survival during critical stages of develop-
ment. Furthermore, they raise concerns with regard to current
clinical practice using AEDs for seizure control in young humans
and call for the design of novel AEDs and�or adjunctive neuro-
protective therapies that will enable pregnant women, infants, and
young children to be safely treated for epilepsy. In addition,
measures that promote neurotrophin signaling in the brain may
offer a novel adjunctive neuroprotective approach. The finding that
�-estradiol ameliorated phenobarbital and phenytoin neurotoxicity
is encouraging in that respect. Because the brain growth spurt
period in humans begins in the third trimester of gestation, preterm
infants, which are prematurely deprived of maternal �-estradiol and
are frequently treated with AEDs (especially phenobarbital), are
expected to be at high risk for AED neurotoxicity. �-Estradiol
replacement therapy in premature infants has been introduced in
some centers with the goal to improve bone mineralization (39)
and, so far, no adverse side effects have been observed. Based on
our findings, we advocate that maintaining in utero �-estradiol
plasma levels may be one safe and effective measure to protect
premature infants from AED neurotoxicity.
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