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1 In this study we used cortical stimulation to assess the e�ects of phenytoin (PHT), sodium valproate
(VPA), and their interaction on total motor seizure and on the constituent elements of the seizure.

2 PHT (40 mg kg71) was administered as an intravenous bolus infusion to animals receiving either a
continuous infusion of VPA or saline. VPA plasma concentration was maintained at levels that produced
no detectable anticonvulsant e�ect.

3 Analysis of ictal components (eyes closure, jerk, gasp, forelimb, clonus, and hindlimb tonus) and
their durations revealed both qualitative and quantitative di�erences in drug e�ects.

4 The anticonvulsant e�ect is represented by the increase in the duration of the stimulation required to
reach a given seizure threshold. PHT signi®cantly increased the duration of the stimulation and of the
motor seizure. This increase was greatly enhanced by VPA. In addition, ictal component analysis
revealed that the combination of PHT and VPA causes the reduction of a speci®c seizure component
(JERK).

5 Neither the free fraction of PHT nor the biophase equilibration kinetics changes in the presence of
VPA. It is concluded that the synergism may be due to a pharmacodynamic rather than a
pharmacokinetic interaction.
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Introduction

Optimization of the treatment of epilepsy with combinations
of anti-epileptic drugs remains a major challenge (French,

1994; Perucca, 1996; Sabers & Gram, 1996; Reife, 1998). This
is partially due to di�culties in measuring the anticonvulsant
e�ect objectively. The lack of quantitative parameters to assess
anti-epileptic drug e�ect represents an important obstacle even

for the evaluation of a single drug (Danhof et al., 1992;
Avanzini, 1995). Models in which epileptic seizures are induced
chemically or electrically are useful for screening and

classifying anti-epileptic drug e�ect, but are not suitable for
the investigation of drug interactions (LoÈ scher & Schmidt,
1988; Snead, 1992; Kupferberg, 1992; Velisek et al., 1995). This

is not possible with the available models because repeated
stimulation or induction of seizure activity can lead to
important changes in neuronal and functional state (Leviel et

al., 1990; Samoriski & Appelgate, 1997). Moreover, seizures
are assessed in an all-or-none fashion, precluding minor
changes to be detected (Swinyard, 1969; Racine, 1972; LoÈ scher
& Schmidt, 1988; LoÈ scher & Nolting, 1991). Interindividual

variability may distort the assessment of drug interactions in
vivo, making the characterization of the anticonvulsant e�ect
and its time course within a single animal quite desirable. In

addition, most of the studies on anti-epileptic drug interactions
do not comprise both pharmacokinetic and pharmacodynamic
factors.

These limitations can be circumvented in a model based on
direct stimulation of the frontal cortex (Voskuyl et al., 1989).
In this approach, the induction of seizures with increasing

stimulus intensity allows controlled conditions and a well-
de®ned e�ect measurement. Two behavioural endpoints can

be assessed simultaneously in the same animal, namely the
threshold for localized seizure (TLS) and the threshold for

generalized seizure (TGS). The TLS has been de®ned as the
stimulus intensity at which mild colonic forelimb activity
starts (Voskuyl et al., 1989). The TGS has been de®ned as the
point at which severe clonic activity is clearly present

(Voskuyl et al, 1992). After termination of stimulation at the
TGS a short period of immobility follows without after-
discharges.

The behavioural endpoints (TLS and TGS) occur at
di�erent moments during the progression of seizure activity
and reveal speci®c e�ects of various anti-epileptic drugs

(Hoogerkamp et al., 1994). We suggest that a more detailed
analysis of di�erent seizure components can be used as a tool
to identify di�erences and selectivity in drug action and

interaction. Di�erences in the e�ects of drugs on ictal
components can possibly reveal some of the underlying
pharmacological mechanisms of anti-epileptic drugs on seizure
activity (Gale, 1988). Recently, ictal component analysis has

been evaluated in our laboratory in a comparative study with
the cortical stimulation model and amygdala kindling model
(Della Paschoa et al, 1997).

The aim of this investigation was to use ictal components to
assess the pharmacological e�ects of phenytoin (PHT) and
sodium valproate (VPA) on seizure activity and their

interaction when administered in combination. PHT is a
well-studied anti-epileptic drug with nonlinear pharmacoki-
netics (Della Paschoa et al., 1998), which is still prescribed in

general clinical practice (Brodie & Dichter, 1997; Pimentel,
1997). VPA is often combined either with carbamazepine or
with PHT in the management of severe or refractory epileptic
seizures (Davis et al., 1994; Miller, 1994; Schmidt, 1996).

However, the nature of their interaction is not completely
understood. Most studies on drug interaction have assessed4Author for correspondence.
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pharmacokinetic changes (Perucca, 1982; Nation et al., 1990;
Eadie, 1991; Kimura et al, 1992; Riva et al., 1996). In
pharmacodynamic studies the pharmacological response has

not been quanti®ed, but rather the absence of seizure activity
(Pollack & Shen, 1985; Bourgeois, 1986; Chez et al., 1994).
Here we assess the interaction between PHT and VPA using
the pattern of di�erent ictal components as pharmacodynamic

parameters under well-de®ned pharmacokinetic conditions.

Methods

Animals

The study protocol was approved by the Ethical Committee
for Animal Experimentation of the University of Leiden. Male

adult Wistar rats (10 ± 12 weeks old) weighing 200 ± 250 g were
used (Harlan C.P.B., Zeist, The Netherlands). The rats were
housed individually in perspex cages under constant tempera-
ture (218C) and 12:12 h light-dark cycle. Food and water were
supplied ad libitum except during actual testing.

Surgery

Surgical procedures were carried out in animals anaesthetized
by injection of 1.0 ml kg71 Hypnorm1 (10 mg ml71 ¯uani-

sone + 0.315 mg ml71 fentanyl citrate) and 1.0 ml kg71

Dormicum1 (5 mg ml71 midazolam). Two stimulation elec-
trodes were implanted bilaterally into the skull of the rats over

the motor area of the fronto-parietal cortex as described
previously (Voskuyl et al., 1989). Cannulas for blood sampling
and drug administration were implanted, respectively, in the
vena jugularis and in the arteria femoralis. A dual lumen

cannula was used for simultaneous administration of VPA and
PHT. Arterial rather than venous blood was sampled to
circumvent the e�ect of metabolism and other hemodynamic

factors that a�ect pharmacokinetic and pharmacodynamic
estimates (Chiou, 1989; Gumbleton et al., 1994; Tuk et al.,
1997; 1998).

Study design

Four groups of six rats each were used. Three groups

received anti-epileptic drugs and will be described ®rst.
Group A (VPA) received VPA only as a continuous i.v.
infusion (25 mg h71). Steady-state concentrations were

rapidly reached by administering a short bolus of VPA
(20 mg) at time t=0 (Gibaldi & Perrier, 1982; Reiter et al.,
1992). The VPA dose was chosen in such a way that it would

not cause any anticonvulsant e�ect on its own (Hoogerkamp
et al., 1994). Group A also received an i.v. bolus injection of
saline (as control for the PHT injection used in the other

groups). Group B (PHT) received a bolus injection of PHT
(40 mg kg71) in combination with an infusion of saline
similar to the VPA infusion administered to group A. Group
C (VPA+PHT) was administered a continuous infusion of

VPA and a bolus injection of PHT. Group D (TGS++) did
not receive any anti-epileptic drug, but was stimulated at
current intensities that are comparable to the stimulation

levels achieved in group B after administration of PHT. This
group allows us to determine the e�ect of high intensity
electric stimulation and to separate it from the pharmacolo-

gical e�ect. The study design is schematically depicted in
Figure 1. Both seizure induction and behavioural scoring
were carried out and analysed o�-line by a single observer,
who was blinded with regard to the treatments.

Administration of the drugs

The drugs were administered intravenously by infusion into
the jugular vein. 100 mg kg71 h71 VPA was given as a
continuous infusion for 6 h (25 mg h71, solution: 55 mg ml71)

after a loading dose (80 mg kg71, solution: 65 mg ml71) in
order to maintain VPA plasma concentrations around
150 mg ml71. VPA (Sano®, Manchester, U.K.) was dissolved
in sterile demineralized water. PHT was administered 1 h after

the start of the infusion of VPA as a single bolus infusion of
40 mg kg71 at a rate of 0.1 ml min71. Phenytoin sodium
(Sigma, Amsterdam, The Netherlands) was dissolved in water

alkalinized with 0.1 N sodium hydroxide (pH=8.0). An
infusion of saline was used as control both for the steady-
state infusion of VPA when only PHT was administered and

for the bolus infusion of PHT when only VPA was
administered (Figure 1).

Blood sampling, pharmacokinetics and protein binding

To determine the pharmacokinetics of VPA and PHT, blood
samples were collected before and at several intervals after

drug administration, namely 5, 10, 15, 20, 30, 40, 60, 90, 120,
150, 180, 210, 240 and 300 min. Plasma levels of PHT were
measured by a HPLC technique slightly modi®ed from Lolin et

al. (1994). Within-day precision was 1.7% for a 10 mg ml71

control sample (n=8). Limit of detection was 0.25 mg ml71

and the assay was linear in the range from 1 ± 100 mg ml71.

VPA concentrations were measured by a gas chromatographic
method (Durozard & Bavarel, 1987). Within-day precision was
0.9% for a 470 mg ml71 control sample (n=10). Limit of
detection was 1.4 mg ml71 and the assay was linear in the range

from 1.4 ± 500 mg ml71. The validation of both PHT and VPA
assays were carried out with rat plasma samples previously
spiked either with 150 mg ml71 VPA or with 25 mg ml71 PHT,

respectively, mimicking the actual experiments. In addition,
protein binding of PHT was determined by ultra®ltration, as
previously described (Mandema et al., 1991). Residual blood

was collected by aorta puncture after completion of the

Figure 1 Experimental set-up for the assessment of pharmacody-
namic drug interaction. The e�ect of VPA on the anticonvulsant
e�ect of PHT (40 mg kg71) was investigated by administering a
continuous i.v. infusion of VPA at concentrations which produced no
e�ect on its own in this model (ca. 150 mg l71). The in¯uence of
di�erent current intensities during stimulation was controlled in
group D, which was stimulated to the same levels required to reach
the TGS in the group B.
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experiments and centrifuged at 500 r.p.m. for 10 min. Plasma
was separated and stored at 7308C until assay. The protein
binding was determined for each individual animal by

ultra®ltration at 378C, using the Amicon Micropartition
System (Amicon Division, Danvers, MA, U.S.A.). To evaluate
a pharmacokinetic interaction, protein binding of PHT was
assessed in a wide concentration range (5 ± 100 mg ml71), both

in the absence and presence of circa 150 mg ml71 VPA.
Separation of free drug from protein bound drug was carried
out at 378C by ®ltration of 400 ml plasma through a YMT

ultra®ltration membrane (Amicon) at 10906g for 10 min. The
ultra®ltrate was then analysed for free drug concentrations.

Cortical stimulation

The electric stimulation consisted of a ramp-shaped bipolar

pulse train increasing linearly in intensity (50 pulses s71, 0 ±
2400 mA in 20 s, maximum current set at 3000 mA (Voskuyl et
al., 1989). Stimulation continued until the threshold for
generalized seizure activity was reached. Stabilization of the

baseline threshold was obtained by stimulating the animals
twice daily for 2 weeks before the experiment. The threshold
for localized seizure activity (TLS) and the threshold for

generalized seizure activity (TGS) were determined during a
single seizure in the same animal. Baseline thresholds were
determined before drug administration and after the start of

infusion of VPA (group A and C) or saline (group B).
Following the bolus injection of phenytoin (group B and C) or
saline (group A) seizure thresholds were determined at several

intervals up to 5 h thereafter, namely, 5, 10, 15, 20, 30, 40, 50,
60, 75, 90, 105, 120, 135, 150, 165, 180, 195, 210, 225, 240, 255,
270 and 300 min. Group D received a single supra-threshold
stimulation, with current intensity reaching up to 1000 mA.
This current intensity is comparable to the stimulation
required to reach the TGS after the administration of PHT
alone.

Anticonvulsant e�ect measurement

The measurement of the anticonvulsant e�ect in the CSM
di�ers in an important aspect from that measurement in other
models of electrically induced seizure activity, such as kindling.
In these models a standard stimulus is applied and the

anticonvulsant e�ect is assessed by the ability of drugs to
suppress the frequency or duration of the induced seizures. In
contrast, the CSM uses a stimulus increasing in intensity until

a de®ned response occurs, e.g., self-sustained seizure activity.
The anticonvulsant e�ect of drugs is measured by the stimulus
intensity that is required to induce the same response (TLS,

TGS). This may produce seemingly paradoxical results
because anticonvulsant properties lead to higher stimulation
and long seizure activity. In this study the rats of the ®rst three

groups were stimulated until the TGS was reached. Anti-
epileptic drugs that protect against generalized epileptic
activity increase the time to reach the TGS and prolong
duration of the motor seizure (Figure 2).

Behavioural scores

Seizures and the post-ictal period were recorded on video-tape
(JVC-recorder, 25 frames per second). Behaviour was scored at
baseline, 15 min after the start of the valproate infusion, 10

and 20 min after the administration of phenytoin. The motor
seizure was scored from the ®rst observable motor sign of
convulsive activity after the beginning of stimulation up to
post-ictal immobility, as done in previous investigations in this

laboratory (Della Paschoa et al., 1997). The individual
components scored are described in the ethogram (Table 1).
Encoding of ictal components from video-recorder to

computer was carried out by a frame-by-frame analysis
(Camera1, IEC-ProGamma, The Netherlands) (Van der Vlugt
et al., 1992). Ictal components in the used ethogram can occur
simultaneously.

Data analysis

Seizure activity was split in two parts: during and after the
electric stimulus. Ictal behaviour in the post-stimulation period
was usually very short and highly variable. We have not suited

ictal behaviour in the post-stimulation period in detail and the
results presented here included only ictal behaviour during the
stimulation period.

The duration of the ictal components has been shown to be
a suitable parameter for seizure activity and the anticonvulsant
e�ect (Della Paschoa et al., 1997). To measure the contribution
of each ictal component to the seizure pattern we made use of

the summation of the duration of successive bouts (total
duration). The duration of the seizures di�ered between
baseline and drug conditions due to longer electric stimulation

following drug administration. Since individual seizure
durations varied between animals and drug conditions, the

Figure 1 Schematic representation of the correlation between
current intensity and duration of the stimulation to reach the
threshold for generalized seizure activity (TGS). The increase in
current intensity attests anticonvulsant properties. Latency and
duration of the motor seizure were selected as parameters for the
behavioral analysis.

Table 1 Ethogram. De®nition of ictal components scored
by behavioural analysis. The analytical frame resolution was
40 ms

Component Description

Eyes (bi or unilateral) eye closure or blinking
Jerk sudden upward or backward twitch (paroxysm)

of the head and/or body
Gasp gasping (jaw clonus, vibrissae and ear twitch-

ing) or grimace-like movement of facial muscles
Forelimb
clonus

clonic movements of the forelimbs

Hindlimb
clonus

tonic extension of the hindlimbs
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relative contribution of a particular ictal component was
expressed as the fraction (percentage) of the duration of the
seizure in which it occurred.

Di�erences between groups were assessed using parametric
one-way ANOVA. Variance homogeneity was tested by
Levene's test. Post hoc Bonferroni test was applied if necessary.

Results

Single administration of VPA

In the control group, mean (SE) plasma concentration of VPA
during the ictal measurements was 122.7+6.4 mg ml71. This
steady-state concentration of VPA had no signi®cant e�ect on

seizure thresholds or the stimulation duration. No e�ect was
observed on the total duration of any of the ictal components
or their relative contribution to the seizure (data not shown).
The values did not di�er from baseline measurements. In the

group receiving the drug combination, similar concentrations
of VPA were reached (115.5+4.9 mg ml71). These results were
in agreement with a previous study in which VPA concentra-

tions within the same range had no signi®cant e�ect on its own
(Hoogerkamp et al, 1994).

Pharmacokinetics and biophase equilibration

To exclude a pharmacokinetic drug interaction the pharma-

cokinetics of PHT was assessed in the presence and absence of
VPA (Figure 3). The plasma concentrations and TGS
measurements obtained up to 5 h after drug administration
were used for this purpose. The pharmacokinetics could be

®tted to a Michaelis-Menten elimination model with a
biophase equilibration delay, as previously reported (Della
Paschoa et al., 1998). The use of a pharmacokinetic model with

biophase equilibration supplies information about drug
concentration at the e�ect-site and explains why plasma
concentrations do not correlate directly with the pharmaco-

dynamics. The results in Figure 3 show that the pharmacoki-
netics of PHT are not a�ected by the presence of VPA. Table 2
shows that VPA had no acute e�ect on PHT plasma
concentrations during the behavioural assessment. Further-

more, VPA had no signi®cant e�ect on the protein binding of
PHT nor on the biophase equilibration constant (ke0). These
results demonstrate that the transfer of unbound PHT to the

e�ect-site was not changed in the presence of VPA.

Seizure duration

Upon administration of PHT alone the duration of stimula-
tion, the current intensity, and consequently the seizure

duration, increased. The increase in the duration of stimula-
tion re¯ects the anticonvulsant activity of PHT. It increased
from 6.2+0.4 s at baseline to 19.3+2.0 s and 22.2+3.4 s
(P50.05) at 10 and 20 min after administration of PHT,

respectively. The combination of PHT and VPA enhanced the
e�ect observed upon administration of PHT alone (P50.01).
In that group, a value of 42.3+5.1 s was reached 20 min after

administration of PHT (Figure 4).
The latency from the beginning of the stimulation to the

®rst sign of the motor seizure also changed following the
administration of PHT. It increased from 4.1+0.4 s at baseline

conditions to 6.6+0.5 s at 10 min after administration of PHT
(P50.05). However, latency was not signi®cantly changed by
concomitant administration of VPA, as compared to the

e�ects of PHT alone.
The action of PHT on the duration of the motor seizure was

more manifest than its e�ect on the latency. The duration of

motor seizure activity increased from 2.1+0.5 s at baseline
conditions to 12.7+1.9 s (P50.05) and 15.9+3.5 s (P50.01)
10 and 20 min after the administration of PHT, respectively.

This e�ect was even more evident following the administration
of the drug combination. As depicted in Figure 4, the duration
of the motor seizure reached 36.8+5.2 s at 20 min after
administration of PHT in the presence of VPA (P50.01). The

increase in duration corresponded to an increase in current
intensity of 796+155 versus 1704+209 mA at 10 min and
785+130 versus 1898+170 mA at 20 min.

Ictal components

The seizure pattern consisted of the ictal components
presented in the ethogram. All ictal components observed at
baseline conditions were also found after drug administration.

The total duration of most ictal components increased after the
administration of PHT, since both stimulation and seizure
activity also increased (data not shown). After normalizing for
di�erences in duration, upon administration of PHT no

Figure 3 Pharmacokinetics of PHT after single administration alone
(*) and in combination with a continuous infusion of VPA (*).
PHT data were ®tted to a two-compartment pharmacokinetic model
with Michaelis-Menten elimination. The scatters (+) represent the
time course of VPA concentrations during infusion. The line
represents the best ®t to experimental data and the bars the infusion
duration of PHT and VPA. Data points are means+s.e.mean (n=6).

Table 2 Total plasma concentration, free fraction and biophase equilibration kinetics of PHT in absence and presence of VPA. The
values do not di�er signi®cantly (P50.05, one-way ANOVA, n=6, Levene's test for homogeneity of variance)

Total concentration (mg ml71) Free fraction (%) Biophase equilibrium (Ke0)
Time 10 min 20 min 10 min 20 min (min71)

Group B (PHT)
Group C (PHT+VPA)

62.5+3.7
60.1+2.3

37.5+2.0
38.2+1.4

22.3+1.1
25.2+0.8

21.2+1.2
24.2+0.6

0.1069+0.0210
0.1280+0.0197
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di�erence was observed in the relative contribution to the
seizure pattern of most particular ictal components (Figure 5).
The exception being a speci®c suppression of jerks (JERK),

both at 10 (P50.05) and at 20 min (P50.05) for the
combination of PHT and VPA.

Supra-threshold stimulation

In order to control the e�ect of high intensity electric
stimulation and separate it from the pharmacological action,

the e�ect of supra-threshold stimulation on the fraction factor
of each ictal component was measured (Figure 6). Indeed,
during supra-threshold stimulation, the relative contributions

of particular ictal components to the seizure pattern was not
signi®cantly di�erent from baseline or PHT conditions (both
at 10 and 20 min after administration). EYES, GASP and

HLTO were slightly higher in the group that received the drug
combination.

The relative contribution of JERK was not a�ected by
current intensity. These observations seem to con®rm the

pharmacological nature of the e�ect on the ictal component
JERK, both at 10 and 20 min after drug administration
(P50.01, P50.01).

Discussion

This study demonstrates that VPA potentiates the PHT-

induced increase in the threshold for generalized seizure
activity and changes the seizure pattern by suppressing JERK,
one of the most evident components. No such interaction was
found in the threshold at which seizure activity started. These

acute e�ects do not seem to be caused by pharmacokinetic
changes.

Seizure pattern

In this study, cortical stimulation was continued until the

threshold for self-sustained activity was reached, i.e., the
threshold for generalized seizure activity (TGS) (Voskuyl et al.,
1989). The duration of seizure activity and its motor

components were measured within this time frame. Following
the administration of PHT, the stimulation time needed to
reach the TGS was longer, because of the linear temporal
increase in current intensity. Stimulation lasted signi®cantly

longer for the group in which the combination of PHT and
VPA was administered (Figure 4). Apparently, such e�ect is an
indication of synergism between the two anti-epileptic drugs

(Berenbaum, 1989), since the administration of VPA alone did
not cause any change in the duration of stimulation. In
contrast to the e�ect on the total duration of motor seizure,

Figure 5 E�ects of PHT and its interaction with VPA on the
relative contribution of each ictal component to the seizure pattern.
There is a speci®c suppression of JERK. The e�ects were observed at
10 min (I) and 20 min (II) after administration of PHT. Data are
expressed as means+s.e.mean (n=6). Statistical signi®cance at
*P50.05.

Figure 4 E�ect of PHT and its interaction with VPA on total
stimulation, seizure latency and motor seizure duration. The increase
in the duration of the motor seizure suggests a synergistic e�ect
between the two drugs. The e�ects were observed at 10 min (I) and
20 min (II) after administration of PHT. Data are expressed as
means+s.e.mean (n=6). Statistical signi®cance at *P50.05 and
**P50.01.
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latency until the ®rst motor sign of seizure activity was only
slightly increased after PHT administration and drug
combination had no additional e�ect on this parameter.

Since motor seizure was prolonged upon drug administra-
tion, it might be expected that the total duration of the
constituent ictal components was also proportionally pro-
longed. In fact, this was true for most but not all ictal

components when the anti-epileptic drugs were administered.
By normalizing di�erences in seizure duration, a speci®c
suppression of JERK was found upon administration of pHT

and VPA (Figure 5). This e�ect demonstrated additional
evidence for a synergistic interaction between the two drugs.
Moreover, no signi®cant changes were observed in seizure

pattern following the administration of either VPA or PHT
alone. Intriguingly, forelimb clonus activity was increased
20 min after administration of PHT, though it was not

changed in the ®rst measurement (10 min after administra-
tion). We cannot explain this result, since it is correlated
neither with the concentration of PHT nor with current
intensity.

Nature of the observed e�ects

The suppressive e�ect of the drug combination of JERK might

be caused by other factors than the pharmacological action
since higher current intensity was applied following drug
administration. Previous studies have shown that di�erences in
current intensity in electroshock tests a�ect the anticonvulsant

potency of a drug (Toman et al., 1946; Piredda et al, 1985;
Schmutz et al., 1988; LoÈ scher et al., 1991). Therefore,
evaluation of the e�ect of current intensity on seizure pattern

was determined by a supra-threshold stimulation. Supra-
threshold stimulation did not cause any speci®c change in the
contribution of the ictal components to the total seizure

pattern. Moreover, the values of the relative contribution of
JERK to the seizure pattern following supra-threshold
stimulation did not di�er from baseline conditions. These

results suggest that the change in seizure pattern following
drug combination was due to a pharmacological e�ect.

Our data also suggest that the acute interaction between
PHT and VPA is of pharmacodynamic rather than pharma-

cokinetic nature. Neither total nor free plasma concentrations
of PHT were signi®cantly altered by the continuous infusion of
VPA. The slight decrease in the extent of protein binding

cannot explain the potentiation of the e�ects observed in the
behavioural analysis (Klockowski & Levy, 1987; Modi &
Veng-Pedersen, 1994). Furthermore, the results are in

agreement with previous observations on the pharmacody-
namic nature of interaction between VPA and PHT (Chez et
al., 1994).

With regard to the mechanisms underlying of the synergistic
interaction between PHT and VPA, it is known that both
drugs act by altering properties of voltage-dependent sodium
channels (Rogawski & Porter, 1990; Macdonald, 1991b; Davis

et al., 1994; DeLorenzo, 1995). There is some evidence that
VPA and PHT bind on di�erent sites of the sodium channels
(reviewed by Macdonald, 1991a). A possible hypothesis would

be that of enhancement of the binding of PHT to its binding
sites, similarly to what is observed with GABA-ergic drugs, for
which facilitation of the pharmacological activity of a certain

agonist is detected after allosteric binding of a second drug
(Brouilett et al., 1991; Gale, 1992a).

We have also shown that a drug may a�ect di�erent seizure
components selectivity. It is known that motor seizure

expression is di�erent in various animal models. Main
categories of seizures were found to depend on speci®c
subcortical structures and pathways (Gale, 1992b). The

selective suppression of JERK suggests that paroxysms may
be induced by a speci®c pathway, other than the one involved
in the execution of tonic-clonic activity.

The synergistic pharmacological interaction between PHT
and VPA may have clinical relevance. However, in clinical
practice, route, duration and regimen of administration di�er

considerably from the conditions of our study. In addition,
plasma protein binding of the drugs in humans is much higher
than in rats (LoÈ scher & Nau, 1993; Cloyd, 1991; Brodie, 1992).
During chronic treatment this means that plasma concentra-

tions may actually fall due to the displacement of the bound
fraction and rapid clearance of the excess free drug (Nation et
al., 1990; Morrow, 1991). Nevertheless, our results suggest that

the pharmacodynamic interaction of these drugs on seizure
pattern and thresholds may have a role in the therapy in
humans too.

Figure 6 The e�ects of PHT and its interaction with VPA is
compared to the e�ect of current intensity on the relative
contribution of each ictal component to the seizure pattern. The
suppression of JERK seems to be caused by a pharmacodynamic
interaction. The e�ects were observed at 10 min (I) and 20 min (II)
after administration of PHT. EYES, GASP and HLTO in group C
are apparently higher because of stimulation with higher current
intensity in that group. Data are expressed as means+s.e.mean
(n=6). Signi®cance at *P50.05 and **P50.01.
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