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SUMMARY
Purpose—Current treatments for epilepsy may control seizures, but have no known effects on
the underlying disease. We sought to determine whether early treatment in a model of genetic
epilepsy would reduce the severity of the epilepsy phenotype in adulthood.

Methods—We used Wistar albino Glaxo rats of Rijswijk (WAG/Rij) rats, an established model
of human absence epilepsy. Oral ethosuximide was given from age p21 to 5 months, covering the
usual period in which seizures develop in this model (age ~3 months). Two experiments were
performed: (1) cortical expression of ion channels Nav1.1, Nav1.6, and HCN1 (previously shown
to be dysregulated in WAG/Rij) measured by immunocytochemistry in adult treated rats; and (2)
electroencephalogram (EEG) recordings to measure seizure severity at serial time points after
stopping the treatment.

Results—Early treatment with ethosuximide blocked changes in the expression of ion channels
Nav1.1, Nav1.6, and HCN1 normally associated with epilepsy in this model. In addition, the
treatment led to a persistent suppression of seizures, even after therapy was discontinued. Thus,
animals treated with ethosuximide from age p21 to 5 months still had a marked suppression of
seizures at age 8 months.

Discussion—These findings suggest that early treatment during development may provide a
new strategy for preventing epilepsy in susceptible individuals. If confirmed with other drugs and
epilepsy paradigms, the availability of a model in which epileptogenesis can be controlled has
important implications both for future basic studies, and human therapeutic trials.
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Epilepsy is a chronic disease characterized by recurrent unprovoked seizures. Present
treatments are aimed at control of seizures, but do not cure the underlying disease (Duncan
et al., 2006). Genetic susceptibility plays an important role in many forms of epilepsy
(Berkovic et al., 2006). With improved understanding of the human genome, the potential to
predict epilepsy makes primary prevention a realistic goal (Collins, 1999). However, it is not
known whether intervening at a critical stage of development can alter the course of
epileptogenesis. As a proof-of-principle study, we sought to determine whether early
treatment, prior to the development of epilepsy, would alter the course of epilepsy
development in an animal model. This goal is in keeping with recently proposed
“Benchmarks for epilepsy research” (http://www.ninds.nih.gov/).

Idiopathic generalized epilepsy is a relatively common form of genetic epilepsy, and
includes subtypes with predominantly tonic–clonic, myoclonic, or absence seizures (Avoli et
al., 2001; Jallon & Latour, 2005). Absence seizures are brief episodes of staring and
behavioral unresponsiveness, accompanied by spike-wave discharges (SWD) on
electroencephalogram (EEG) (Blumenfeld, 2005a, 2005b). Treatment of absence epilepsy is
usually initiated in childhood shortly after the detection of seizures, typically at age 5–6
years, although the onset time of more subtle seizures is not known. Fortunately, most
children outgrow the seizures in adolescence, but a substantial minority continue to have
seizures into adulthood, and have significant long-term psychosocial sequelae (Wirrell et al.,
1996, 1997; Camfield & Camfield, 2002). Wistar albino Glaxo rats of Rijswijk (WAG/Rij)
are an established animal model of human absence epilepsy (Van Luijtelaar & Coenen,
1986; Coenen & Van Luijtelaar, 2003). At age 3 months, WAG/Rij rats develop similar
episodes of behavioral unresponsiveness accompanied by SWD; however, unlike in
children, the rat SWD always continue into adulthood (Coenen & Van Luijtelaar, 2003;
Klein et al., 2004; Blumenfeld, 2005b). Ethosuximide, and several other medications,
effectively block absence seizures in both humans, and in the WAG/Rij model (Peeters et
al., 1988; Coenen et al., 1992).

We initiated antiepileptic therapy in WAG/Rij rats at an early age (p21), prior to the onset of
SWD, by providing continuous ethosuximide in their drinking water. Treatment was
continued until age 5 months, when SWD are typically well established. We found that this
treatment had two interesting effects. First, the treatment blocked changes in the expression
of sodium channels and hyperpolarization-activated cation channels (HCN1) seen in
epileptic WAG/Rij rats (Klein et al., 2004; Strauss et al., 2004). Second, the treatment
markedly suppressed SWD, an effect which persisted for the full 3 months of sequential
recordings performed after stopping the medication. This treatment model may for the first
time allow the investigation of primary prevention in epileptogenesis, with implications both
for future basic studies, and human therapeutic trials.

Materials And Methods
Animals and ethosuximide treatment

All procedures were in full compliance with approved institutional animal care and use
protocols. We used female WAG/Rij rats bred at our institution, which originated from the
Radiobiological Institute, TNO, in Rijswijk (Reinhold, 1966), and age-matched nonepileptic
control female Wistar rats from Charles River Laboratories (Wilmington, MA). These two
strains were chosen for the experiments since they are genetically similar, both being Wistar
substrains, but the WAG/Rij rats have a much higher rate of SWD than ordinary Wistars.
Because even ordinary (unselected) Wistar rats can occasionally show a SWD phenotype
(Coenen et al., 1992; Coenen & Van Luijtelaar, 2003), the nonepileptic control rats were
screened by EEG and if significant SWD occurred, they were eliminated from the
experiment. No selection procedure was used for the WAG/Rij rats. Animals were housed in
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groups of 2 or 3, and kept on a 12-h light/dark cycle (lights on at 07:00 h) with unlimited
access to food and water. Following implants of recording electrodes, animals were single
housed to prevent injuries.

Ethosuximide (ESX) was administered orally at a dose of 300 mg/kg/day by adding it to the
drinking water beginning at the time of weaning (p21–p23). This dosage and route were
selected based on prior work, and on initial pilot experiments. In previous rat studies, EEG
recordings showed suppression of SWD shortly after single oral or IP doses of ethosuximide
ranging from 12.5 to 200 mg/kg (Micheletti et al., 1985; Vergnes et al., 1985; Peeters et al.,
1988; Wahle & Frey, 1990; van Rijn et al., 2004). However, prior work showed that SWD
returned within a few hours after single doses (Micheletti et al., 1985; Peeters et al., 1988),
and the half-life of ethosuximide is considerably shorter in rats than in humans (Faingold &
Browning, 1987; Mifsud et al., 2001). Therefore, we added ethosuximide to the drinking
water, which was freely available to the rats, in the hope that this would produce a more
stable or nearly continuous delivery of the medication. Based on pilot measurements, we
determined that the rats drink approximately 120 cc/kg/day, and drink slightly more (~200
cc/kg/day) in the first 1.5 months. Therefore, ethosuximide 300 mg/kg/day was given using
250 mg/5 ml syrup (Pharmaceutical Associates, Inc. Greenville, SC) by adding 3 cc of syrup
per 100 cc H2O for p21 through p45, and 5 cc per 100 cc H2O for p45 onward. In initial
pilot experiments, we tried lower doses of ethosuximide (200 mg/kg/day in three animals)
but this did not consistently block SWD. Higher doses (400 mg/kg/day in three animals)
caused significant lethargy, hair loss and gait ataxia. The dose of 300 mg/kg/day was chosen
because it was effective in completely blocking SWD, and was also well tolerated without
any side effects of lethargy, ataxia, hair loss, or reduced food intake. All animals were
evaluated for these adverse effects three times weekly throughout the experiments, and none
were detected with the 300 mg/kg/day dose.

Water bottles were coated on the outside with black paint since the medication is light-
sensitive. Medication in the bottles was replaced at least weekly to ensure that therapeutic
doses were continuously available.

There were four groups of animals in the first experiment, and three groups of animals in the
second experiment (Fig. 1). The four groups in Experiment 1 (Fig. 1A) were: nonepileptic
(NE) control rats on water (n = 8), NE control rats on ethosuximide 300 mg/kg/day (n = 8),
WAG/Rij rats on water (n = 7), and WAG/Rij rats on ethosuximide 300 mg/kg/day (n = 8).
In Experiment 1, animals on ethosuximide were treated from weaning (p21) until they were
sacrificed at 5 months. The three groups in Experiment 2 (Fig. 1B) were: WAG/Rij rats on
water (n = 13), WAG/Rij rats on ethosuximide 300 mg/kg/day for p21 through age 5 months
(ESX 4 months group) (n = 11), and WAG/Rij rats on ethosuximide for p21 through age 8
months (ESX continuous group) (n = 13).

Serum ethosuximide levels (National Medical Services; Willow Grove, PA) were measured
at the time that animals were sacrificed. Oral ethosuximide 300 mg/kg/day produced
therapeutic blood levels (88 ± 10 µg/dl; mean ± S.E.M.), and effective seizure blockade
without toxic side effects (see above).

Surgery and recordings
At age 4.75 months all animals were implanted with electrodes for EEG recordings. Under
ketamine (100 mg/kg), xylazine (10 mg/kg), and acepromazine (1 mg/kg) anesthesia, we
implanted tripolar electrodes (Part # MS333/3-A, Tripolar electrode uncut untwisted 0.005,
Pedestal Height: 8 mm, Internal control # 8LMS3333XXXE; Plastics One, Inc., Roanoke,
VA, U.S.A.) using a stereotactic frame (David Kopf Instruments, Tujunga, CA, U.S.A.). To
provide good electrical contact before wrapping around skull screws, the ends of the
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recording electrodes were prepared by scraping off all the polyimide insulation and exposing
stainless steel wire up to 10 mm from the tip, leaving insulation intact proximally, as
verified under the microscope. Level of anesthesia was monitored by respiration, heart rate,
glabrous skin perfusion, and response to foot pinch. Small burr holes (using Micro Drill
Steel Burrs, 2.3 mm shaft diameter, 44 mm overall length; Item # 19007-14, Fine Science
Tools, Foster City, CA, U.S.A.) were made in the skull without disturbing the dura and
electrodes were secured to the skull using stainless steel screws (Part # 0-80X1/16, Internal
control # 8L010121201F, with shaft length = 1.60 mm, head diameter = 2.50 mm, shaft
diameter = 1.57 mm; Plastics One, Inc.). EEG recording electrodes were placed at frontal
cortex (AP +2.0, ML +2.0 mm), and parietal cortex (AP −6.0, ML +2.0 mm) and a ground
electrode was placed in the midline over the cerebellum. An additional anchoring screw,
without electrode, was placed at ML −2.5 mm, equal distance between the coronal suture
and lamdoidal suture. Dental acrylic (Cat # 1255710; Henry Schein, Inc., Indianapolis, IN,
U.S.A.; Lang Jet Denture Repair Acylic) was used to fix the electrode pedestal in place.

Animals were given a 1 week recovery period after surgery. EEG signals were recorded via
commutator (Plastics One, Inc.) using a Grass CP 511 amplifier (Grass-Telefactor, Astro
Med, Inc., West Warwick, RI). Band pass frequency filter settings were 1–300 Hz. Signals
were digitized at a sampling rate of 1 kHz with an NI USB-6008 A/D converter and
LabView 7.1 software (National Instruments, Austin, TX), and analyzed using Spike 2
(Cambridge Electronic Design, Cambridge, UK).

Continuous EEG data were recorded from awake-behaving rats between 10:00 a.m. and 4:00
p.m.. For Experiment 1 (Fig. 1A), recordings were obtained from each animal for 2 h per
day over a 3-day period (6 h total per animal), and animals were then sacrificed for
histology. For Experiment 2 (Fig. 1B), recordings were obtained from each animal for 3 h
per day at the following time intervals in the ESX 4 months group, and age-matched animals
in the other two groups: 1 day before stopping ESX; and 1, 14, 30, 60, and 90 days after
stopping ESX.

Immunocytochemistry
Rats were anesthetized with ketamine/xylazine (80/5 mg/kg i.p.) and then underwent
intracardiac perfusion with 0.01 M phosphate buffer solution (PBS) followed by a 4%
solution of cold-buffered paraformaldehyde. Brains were postfixed and cryoprotected in
30% sucrose in PBS, and coronal sections (10 µm) of the cerebral hemispheres were cut.
Separate serially consecutive slices with identical preparations were used for Nav1.1,
Nav1.6, and HCN1 immunostaining. Slices were mounted onto slides and incubated in
blocking solution (5% normal goat serum and 1% bovine serum albumin in PBS) containing
0.1% Triton X-100 and 0.02% sodium azide at room temperature for 30 min. Slides were
then incubated with subtype-specific antibodies to either sodium channel α-subunits Nav1.1
(residues 465–481, 1:100 dilution, Alomone, Jerusalem, Israel), Nav1.6 (residues 1,042–
1,061, 1:100, Alomone), or HCN1 antibody (rabbit anti-rat, 1:100 dilution, Chemicon,
Temecula, CA, U.S.A.) overnight at 4 °C. Slides were washed in PBS and then incubated
with goat anti-rabbit IgG-Cy3 (1:2,000, Amersham, Piscataway, NJ, U.S.A.).
Immunofluorescence signal was detected using fluorescein illumination (emission
wavelength 516–565 nm).

Analysis of immunocytochemistry data
Semiquantitative densitometry of immunostaining signals was performed with a Nikon
Eclipse TE300 microscope using IPLab v3.0 Image Processing software (Scanalytics, Inc.,
Fairfax, VA, U.S.A.). The quantification process was done with the experimenter blinded to
the identity of the experimental group. Signal intensities were determined by outlining
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individual cortical pyramidal neurons, and IPLab integrated densitometry functions were
used to calculate mean signal intensities for each cell. Results from identical regions and
layers of cortex in WAG/Rij (epileptic) rats were compared to nonepileptic Wistar (control)
rats processed in parallel. Immunopositivity was quantified by averaging multiple counts
within a defined area (1.9 × 104 µm2) within layers II–III of the S1BF somatosensory cortex,
where changes in channel expression have been demonstrated previously in epileptic WAG/
Rij rats (Klein et al., 2004). Only neurons with distinct borders whose nuclei fell within the
plane of section were analyzed. Approximately 50 neurons were analyzed for each antibody
(Nav1.1, Nav1.6, and HCN1) per animal (150 cells total per animal). Analysis of neurons
from left versus right somatosensory cortex showed no significant difference in level of
expression within each group of rats, so these data were combined. Mean
immunofluorescence of neurons with each antibody from each set of animals was compared
using one-way ANOVA with post hoc Bonferroni adjustment for multiple comparisons. All
statistical analyses were run in SPSS (v. 14, SPSS, Inc., Chicago, IL, U.S.A.). An alpha
level of 0.05 was used as a threshold for statistical significance. All data are presented as
mean ± S.E.M.

Analysis of EEG data
SWDs were defined as large-amplitude (>2× the background EEG peak-to-peak amplitude)
rhythmic 7–8 Hz discharges with typical spike-wave morphology lasting >1.0 s. Intervals
containing artifact or slow wave sleep were excluded from the analysis. Start and end times
for all SWDs were marked. Number of seizures, and seizure durations were then calculated.
Percent time in SWD was determined as (sum of SWD interval durations/ total usable
recording time) × 100%. The readers who analyzed the EEG files were blinded to the type of
rat and treatment (water, ESX 4 months, or ESX continuous).

Power spectral analysis was performed for marked SWD intervals, as well as for all EEG
data included in the above analysis. Power spectra were calculated for all animals and
groups using Spike2 software, with scripts provided by Cambridge Electronic Design
(Cambridge, U.K.), as well as in house programming in MATLAB 7.3 (MathWorks, Natick,
MA, U.S.A.). Bin size for the FFT was 1.024 s.

Statistical analyses were run in SPSS (v. 14, SPSS, Inc.) using one-way ANOVA or
MANOVA for repeated measures with Wilks’ Lambda multivariate analysis, followed by
post hoc analyses if appropriate. As with the immunocytochemistry data, an alpha level of
0.05 was used as a threshold for statistical significance.

Results
In our first experiment (Fig. 1A), we were interested in determining whether seizure activity
may potentiate more seizures through activity-dependent changes in specific molecules.
Prior work in the WAG/Rij model has shown several molecular changes in the
somatosensory cortex, where seizure activity is most intense (Meeren et al., 2002; Nersesyan
et al., 2004), including increased cortical expression of voltage-gated sodium channels
(Nav1.1 and 1.6), and reduced expression of HCN1 (Klein et al., 2004; Strauss et al., 2004).
To test whether these changes are primary, or secondary to chronic epilepsy, we treated
animals with continuous oral ethosuximide 300 mg/kg/day in the drinking water from
weaning (p21) through age 5 months, and then stained for sodium channels and HCN1
expression in the somatosensory cortex.

Oral ethosuximide was effective at blocking seizures (Fig. 2). Group data for Experiment 1
demonstrated that in WAG/Rij rats on normal drinking water, percent time in SWD was
1.75 ± 0.29% (mean ± S.E.M.), while on ethosuximide it was 0.28 ± 0.04% (p = 0.0001,
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two-tailed t-test). In nonepileptic Wistar control rats, percent time in SWD was 0.05 ±
0.04% on normal drinking water, and 0.00 ± 0.00% on ethosuximide.

WAG/Rij rats that received no treatment, displayed abnormally increased levels of Nav1.1
and Nav1.6 sodium channel protein and decreased HCN1 at age 5 months (Fig. 3C, G, K,
M) compared to controls (Fig. 3A, B, E, F, I, J, M), as described previously (Klein et al.,
2004; Strauss et al., 2004). To determine if early treatment would prevent these molecular
changes, we administered ethosuximide from p21 through adulthood (age 5 months; Fig.
1A). In WAG/Rij rats treated with early ethosuximide, cortical protein expression levels of
Nav1.1, Nav1.6, and HCN1 at age 5 months (Fig. 3D, H, L, M) were indistinguishable from
control nonepileptic rats of the same age. Thus, early treatment of epileptic WAG/Rij rats
with ethosuximide completely blocked abnormal expression of Nav1.1, Nav1.6, and HCN1.
The effects of ethosuximide were not simply a nonspecific reduction in ion channel
expression, since changes were seen in opposite directions for sodium channels and for
HCN1. In addition, chronic ethosuximide had no effects on ion channel expression when
given to nonepileptic control rats compared to normal drinking water (Fig. 3A, B, E, F, I, J).

These findings suggest that early intervention could prevent long-term changes in gene
expression responsible for epilepsy. The next question was whether early intervention would
suppress the epileptic phenotype. To test this, in a second experiment, ethosuximide was
again administered from p21 through age 5 months, but then stopped (Fig. 1B). Seizure
frequency was measured by EEG at serial time points for 3 months after stopping the
medication. We observed a marked and persistent suppression of seizures for the full 3
posttreatment months (Fig. 4). At age 8 months, WAG/Rij rats normally have a robust
epileptic phenotype (Fig. 4A). However, when animals were treated early with
ethosuximide, for p21 through age 5 months, seizures remained markedly suppressed at age
8 months, even though this was 90 days after stopping the medication (Fig. 4B). At age 8
months, these animals had significantly less SWD than untreated animals, and were not
significantly different from animals remaining on continuous ethosuximide (Fig. 4B, C, D)
(F = 18.02, p < 0.001, d.f. = 2, between groups ANOVA; p = 0.001, post hoc Bonferroni at
90 days for H2O vs. ESX 4 months groups, p = 0.35 for ESX 4 months vs. ESX continuous
groups). The suppression of seizures in the animals treated p21 through 5 months (ESX 4
months group) was also evident when comparing all time points after stopping treatment
(days 1 through 90) to the untreated (H2O) animals (Fig. 4D).

The suppression of seizures was due to a reduction in the number, not in the duration of
individual seizures (Fig. 5). Thus, like the suppression of total percent time in SWD (Fig.
4D), the number of seizures was suppressed after early treatment (ESX 4 months group)
compared to untreated (H2O) animals (Fig. 5A). SWD duration, on the other hand, was not
significantly altered by treatment (Fig. 5B). As an additional check on the results, we also
performed a power spectral analysis on the EEG data, which confirmed that SWD
frequencies are suppressed in animals treated with early ethosuximide, even after the
treatment is stopped (see Supplemental Figure 1, online).

Discussion
Taken together, these results suggest that early treatment can alter the molecular and
electrophysiological phenotype in a genetic form of epilepsy. This supports a model in
which seizures must occur during a critical stage of development in order for the full
epileptic phenotype to emerge. The balance between excitation and inhibition in the brain is
normally finely tuned to optimize information flow (Haider et al., 2006). We can speculate
that in genetically susceptible individuals, subtle alterations in this balance at an early stage
may initiate a self-reinforcing cycle of abnormal activity-dependent plasticity. In nongenetic
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forms of epilepsy, it has long been appreciated that “seizures beget seizures” (Chen et al.,
1999; Morimoto et al., 2004; Ben-Ari & Holmes, 2006). For example, in the kindling model,
a small electrical stimulus initially produces no behavioral seizures, but with repeated daily
administration, the same small stimulus eventually produces major convulsions (Goddard,
1967; Morimoto et al., 2004). In chronic focal epilepsy, an initial injury can cause repeated
epileptiform activity, leading to multiple structural and molecular changes that tend to
increase excitability and further contribute to epileptogenesis (Chen et al., 1999; Morimoto
et al., 2004; Ben-Ari & Holmes, 2006; Ransom & Blumenfeld, 2007). The current findings
imply that “seizures beget seizures” holds for genetic as well as for secondary forms of
epilepsy, and demonstrate for the first time the potential to interrupt this cycle through early
treatment.

Like in secondary forms of epilepsy, patients with primary generalized epilepsy have
chronic changes in the structure and function of the brain. These changes include
ultrastructural and neurochemical changes (Woermann et al., 1998; Bernasconi et al., 2003;
Duncan, 2005; Fojtikova et al., 2005; Chan et al., 2006; Fojtikova et al., 2006), impaired
cognitive performance even in the interictal period (Mirsky & Van Buren, 1965; Fedio &
Mirsky, 1969; Duncan, 1988; Levav et al., 2002), and other psychosocial problems (Olsson
& Campenhausen, 1993; Wirrell et al., 1997; Pavone et al., 2001; Camfield & Camfield,
2002). It is not known whether these chronic changes are a result of seizures, part of the
underlying genetic program in these individuals, or some of both. The availability of models
in which the course of generalized epilepsy can be modified by treatment may eventually
make it possible to answer this question.

Prior efforts to alter the course of generalized epilepsy by treatment have been limited,
mainly because of the long time period needed for these studies, even in animal models.
Investigation of a different rat strain and medication showed transiently reduced SWD
following treatment, but therapy was briefer, and was stopped before adulthood
(Dedeurwaerdere et al., 2005). Similarly, studies in mouse models have not been carried out
for sufficient time to determine if there are persistent effects on epileptogenesis (Nahm &
Noebels, 1998). Environmental manipulations such as maternal deprivation or neonatal
handing can influence the development of SWD, but are not feasible for therapeutic
intervention (Schridde et al., 2006). Studies with focal epilepsy have also been limited,
perhaps in part because most anticonvulsants do not block focal interictal epileptiform
activity (Staley et al., 2005).

The underlying cause of epilepsy in the present genetic rat model remains unknown. We can
speculate that since treatment with ethosuximide prevented altered expression of Nav1.1,
Nav1.6, and HCN1, changes in expression of these channels are likely secondary to activity-
dependent plasticity, and are not the primary cause of epilepsy in WAG/Rij rats. However,
once these changes are initiated, they could contribute to enhanced excitability. Previous
studies have suggested that activity-dependent increases in voltage-gated sodium channels,
and decreases in HCN1 may contribute to enhanced excitability in epilepsy (Lombardo et
al., 1996; Bartolomei et al., 1997; Waxman, 2000; Brewster et al., 2002; Bender et al., 2003;
Bertram, 2003; Rogawski & Loscher, 2004; Strauss et al., 2004; Yue et al., 2005). It is also
possible that in treated animals, reduced expression of Nav1.1 and Nav1.6, and increased
HCN1 may produce decreased excitability, and help prevent the emergence of seizures.
However, many other molecules and mechanisms almost certainly also play a role in the
development of epilepsy and in its prevention.

Caution is appropriate in interpreting the present results, and several limitations should be
addressed in future studies. For example, we did not investigate possible effects of the
treatment on circadian rhythms or on SWD at different times of day. Continuous 24-h
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recordings would be necessary to investigate these possible effects. In addition, it will be
important to determine the optimum timing and minimum duration of treatment needed, and
how long seizure suppression will persist (even beyond age 8 months, as we observed). The
WAG/Rij rats differ from typical human absence, since the rats develop epilepsy in early
adulthood (age 3 months) and the seizures in rats normally persist throughout adult life.
Studies with additional models, and with other medications will be crucial to determine how
widely applicable these results are. Since ethosuximide is known to block calcium as well as
sodium channels (Coulter et al., 1989; Crunelli & Leresche, 2002), and the observed effects
may at least in part be related to activity-dependent changes in channel expression, it will be
important to test drugs with other mechanisms of action as well.

Further work is clearly needed to better understand the inhibition of epileptogenesis. The
availability of a model in which epileptogenesis can be controlled, provides an opportunity
to investigate cellular signaling pathways and physiological mechanisms underlying
epilepsy development and its prevention. Ultimately, if this early treatment model is verified
with other drugs and other epilepsy paradigms, it may help guide the design of human
therapeutic trials to alter the course of epileptogenesis. For treatment to be contemplated
before the onset of seizures, increased knowledge of epilepsy genetics will be critical. In
addition, these findings heighten the urgency to find improved treatments, which can be
administered safely for prolonged periods during early development. The potential for
altering the course of epileptogenesis through early treatment described here will hopefully
represent an important initial step towards not just treating the symptoms of epilepsy, but
curing the disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental design for measuring effects of early ethosuximide treatment on ion channel
expression (A) and epilepsy (B). (A) Experiment 1: Epileptic WAG/Rij rats and nonepileptic
Wistar control rats (NE) were given either normal drinking water (H2O), or ethosuximide
(ESX) 300 mg/kg/day from age p21 through age 5 months. EEG was recorded at age 5
months to determine amount of SWD. Animals were then sacrificed for
immunocytochemistry to determine expression levels of Nav1.1, Nav1.6, and HCN1 in layer
II–III cortical somatosensory neurons, shown previously to have abnormal protein
expression levels in epileptic WAG/Rij rats (Klein et al., 2004; Strauss et al., 2004). Number
of rats in each group were: NE control H2O (n = 8), NE control ESX (n = 8), WAG/Rij H2O
(n = 7), and WAG/Rij ESX (n = 8). (B) Experiment 2: Epileptic WAG/Rij rats were given
either normal drinking water (H2O group, n = 13); ethosuximide 300 mg/kg/day from age
p21 through age 5 months and then normal drinking water from age 5 to 8 months (ESX 4
month group, n = 11); or ethosuximide 300 mg/kg/day continuously from age p21 through 8
months (ESX continuous group, n = 13). EEG was recorded in the ESX 4 month group, and
in age-matched animals from the other two groups 1 day before stopping ethosuximide, and
1, 14, 30, 60, and 90 days after stopping ethosuximide.
Epilepsia © ILAE
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Figure 2.
Examples of EEG recordings from Experiment 1 (Fig. 1A). Oral ethosuximide blocks SWD
in WAG/Rij rats. (A) Recording from WAG/Rij rat on normal drinking water at age 5
months. Several episodes of typical SWD were observed (marked by *), with rhythmic large
amplitude 7–8 Hz spike and wave lasting for a few seconds. Inset shows time expansion of
one episode. (B) Recording from age-matched WAG/Rij rat on ethosuximide 300 mg/kg/day
shows complete blockade of SWD episodes. Recordings from age-matched nonepileptic
(NE) control rats on normal drinking water (C) or on ethosuximide 300 mg/kg/day (D)
likewise showed a lack of SWD episodes.
Epilepsia © ILAE
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Figure 3.
Early ethosuximide treatment blocks changes in ion channel expression (Experiment 1). (A–
L) Examples of immunocytochemistry for Nav1.1 (A–D), Nav1.6 (E–H), and HCN1 (I–L)
in somatosensory cortex layers II–III. (A–D) Nav1.1 is increased in WAG/Rij rats on normal
drinking water (H2O) (C). The increase in Nav1.1 is blocked in WAG/Rij rats treated with
early ethosuximide (ESX) (D). Nav1.1 expression in treated animals (D) resembles
nonepileptic (NE) control animals (A, B). (E–H) Nav1.6 is increased in WAG/Rij rats on
H2O (G). The increase in Nav1.6 is blocked by early ESX treatment (H), producing levels
that resemble NE controls (E, F). (I–L) HCN1 is decreased in WAG/Rij rats on H2O (K).
The decrease in HCN1 is blocked by early ESX treatment (L), producing levels that
resemble NE controls (I, J). (M) Quantitative optical density changes in
immunocytochemistry for Nav1.1, Nav1.6, and HCN1 in somatosensory cortical layer II–III
neurons. Epileptic WAG/Rij rats on H2O have increased expression of Nav1.1 and Nav1.6,
and decreased expression of HCN1. Expression levels for these channels were significantly
different in the WAG/Rij H2O group compared to all other groups (WAG/Rij H2O group vs.
NE H2O, NE ESX and WAG/Rij ESX, respectively, F = 36.75, 38.62, 44.32; p = 1.07 ×
10−9, 6.36 × 10−10, 9.09 × 10−11, d.f. = 2, between groups ANOVA for all three channels;
*p < 0.01, post hoc between-group comparisons for each individual channel, Bonferroni
corrected), and the other three groups did not differ significantly from each other (F = 0.24,
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p = 0.79, d.f. = 2). Images shown in A–L were equivalently enhanced (i.e., the identical
brightness and contrast enhancements were made to each picture) to help demonstrate the
differences in a way that would be clear in a printed format. For quantification (M), raw
unenhanced images were used. Scale bar (K, applies for all panels) = 50 µm.
Epilepsia © ILAE
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Figure 4.
Early ethosuximide (ESX) treatment persistently suppresses the development of SWD
(Experiment 2). (A–C) Examples of EEG recordings from WAG/Rij rats. (A) WAG/Rij rat
at age 8 months, on normal drinking water throughout development, has frequent SWD
(marked by *). Inset shows typical SWD at higher gain. (B) WAG/Rij rat at age 8 months,
treated with 300 mg/kg/day ESX in drinking water from p21 through age 5 months, and
normal water from age 5 through 8 months (ESX 4 month group). SWD remain suppressed
90 days after stopping treatment (age 8 months). (C) WAG/Rij rat at age 8 months, treated
with ESX 300 mg/kg/day from p21 onward (ESX continuous group), shows complete
blockade of SWD. (D) Quantification of effects of early ESX treatment on percent time in
SWD = (total SWD time/total recording time) × 100%. WAG/Rij rats were given either
normal drinking water (■), ethosuximide 300 mg/kg/day from p21 through age 5 months
(ESX 4 month group) (▲), or ethosuximide 300 mg/kg/day from p21 onward (ESX
continuous group) (X). Recordings were done just before, and at serial time points after the
ethosuximide was stopped in the ESX 4 month group, and in age-matched controls (see Fig.
1B). Even after stopping ESX, percent time in SWD remained markedly reduced in the
treated WAG/Rij rats (ESX 4 months group) when comparing all time points for days 1
through 90 to WAG/Rij rats on normal H2O (F = 38.18, p = 4.32 × 10−9, d.f. = 2, between
groups MANOVA; p < 0.0002, post hoc Games–Howell test for ESX 4 months vs. H2O
groups).
Epilepsia © ILAE
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Figure 5.
Early ethosuximide treatment persistently suppresses the number but not the duration of
SWD episodes. (A) Effects of early ESX treatment on number of SWD episodes per hour.
WAG/Rij rats were given either normal drinking water (■), ethosuximide 300 mg/kg/day
from p21 through age 5 months (ESX 4 month group) (▲), or ethosuximide 300 mg/kg/day
from p21 onward (ESX continuous group) (X). Recordings were done just before, and at
serial time points after the ethosuximide was stopped in the ESX 4 month group, and in age-
matched controls (see Fig. 1B). Even after stopping ESX, the number of SWD per hour
remained markedly reduced in the treated WAG/Rij rats (ESX 4 months group) when
comparing all time points for days 1 through 90 to WAG/Rij rats on normal H2O (F = 42.82,
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p = 1.20 × 10−9, d.f. = 2, between groups MANOVA; p = 0.0001, post hoc Games–Howell
test for ESX 4 months vs. H2O groups). (B) Effects of early ESX treatment on SWD
duration. Experimental groups and time points were the same as in (A). Treatment had no
significant effect on SWD duration (F = 2.47, p = 0.14, MANOVA). Animals and EEG data
for (A) and (B) were the same as in Fig. 4D.
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