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Summary

Purpose—We established the effects of the antiepileptic drugs (AEDs) carbamazepine (CBZ), 

topiramate (TPM), and valproic acid (VPA) on the epileptiform activity induced by 4-

aminopyridine (4AP) in the rat entorhinal cortex (EC) in an in vitro brain slice preparation.

Methods—Brain slices were obtained from Sprague-Dawley rats (200–250 g). Field and 

intracellular recordings were made from the EC during bath application of 4AP (50 μM). AEDs, 

and in some experiments, picrotoxin were bath applied concomitantly.

Results—Prolonged (>3 s), ictal-like epileptiform events were abolished by CBZ (50 μM), TPM 

(50 μM), and VPA (1 mM), whereas shorter (<3 s) interictal-like discharges continued to occur, 

even at concentrations up to 4-fold as high. γ-Aminobutyric acid (GABA)A–receptor antagonism 

changed the 4AP-induced activity into recurrent interictal-like events that were not affected by 

CBZ or TPM, even at the highest concentrations. To establish whether these findings reflected the 

temporal features of the epileptiform discharges, we tested CBZ and TPM on 4AP-induced 

epileptiform activity driven by stimuli delivered at 100-, 10-, and 5-s intervals; these AEDs 

reduced ictal-like responses to stimuli at 100-s intervals at nearly therapeutic concentrations, but 

did not influence shorter interictal-like events elicited by stimuli delivered every 10 or 5 s.

Conclusions—We conclude that the AED ability to control epileptiform synchronization in vitro 

depends mainly on activity-dependent characteristics such as discharge duration. Our data are in 

keeping with clinical evidence indicating that interictal activity is unaffected by AED levels that 

are effective to stop seizures.
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The in vitro brain slice preparation has been extensively used to study the mechanisms 

underlying epileptiform synchronization and epileptogenesis (Prince, 1999; Traub et al., 

1999), as well as the action of antiepileptic drugs (AEDs) (Schneiderman & Schwartzkroin, 

1982; Heinemann et al., 1985; Fueta & Avoli, 1992; Watts & Jefferys, 1993; Zhang et al., 

1995). Early work performed in isolated rat hippocampal slices treated with the K+ channel 

blocker 4-aminopyridine (4AP) has shown in young tissue that several AEDs can abolish 

ictal-like discharges at concentrations that are unable to influence shorter, interictal-like 

events (Fueta & Avoli, 1992). This study also demonstrated that AEDs reduced interictal-

like activity in adult tissue only at very high doses (Fueta & Avoli, 1992).

Similar findings have been later obtained from combined adult rat hippocampus-entorhinal 

cortex (EC) slices. Thus, Brückner and Heinemann (2000) have reported that prolonged 

ictal-like discharges that are initiated by EC networks are blocked by AEDs, whereas 

interictal-like activity continues to occur under these conditions. In addition, Brückner et al. 

(1999) have found that recurrent, interictal-like activity generated by EC networks during 

concomitant application of 4AP and bicuculline [which is known to antagonize γ-

aminobutyric acid (GABA)A receptors] is insensitive to AEDs. Because recurrent 

epileptiform discharges induced by Mg2+-free medium are also unaffected by AEDs at a 

time when GABAA receptor–mediated inhibition is presumably weakened (Whittington et 

al., 1995; Zhang et al., 1995), it has been proposed that the inability of AEDs to influence 

the occurrence of these epileptiform events represents an in vitro model of 

pharmacoresistance (Zhang et al., 1995; Dreier et al., 1998). These studies also raised the 

interesting possibility that weakened inhibition may cause refractoriness to pharmacologic 

treatment in epileptic patients.

The EC plays a role in the initiation of limbic seizures in patients presenting with temporal 

lobe epilepsy (Rutecki et al., 1989; Spencer & Spencer, 1994; Bartolomei et al., 2001) and in 

animal models mimicking this disorder (Dreier & Heinemann, 1991; Bragdon et al., 1992; 

Avoli et al., 1996; Nagao et al., 1996). Hence, we further analyzed here the effects induced 

by the AEDs carbamazepine (CBZ), topiramate (TPM), and valproate (VPA) on the 

epileptiform activity generated by rat EC slices superfused with 4AP-containing medium. 

Our findings demonstrate that at nearly therapeutic doses, all AEDs abolished prolonged (>3 

s) ictal-like epileptiform discharges resembling electrographic limbic seizures, but failed to 

block shorter epileptiform events reminiscent of the interictal activity. In addition, by using 

repetitive stimulation at different rates in the presence of 4AP, we found evidence indicating 

that such difference in AED efficacy may mainly reflect an activity-dependent mechanism 

rather than specific neuronal changes such as a decrease in GABAA receptor–mediated 

inhibition.
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Methods

Rat brain slices were obtained following standard procedures (Avoli et al., 1996; Benini et 

al., 2003) from male, adult Sprague-Dawley rats (200–250 g, n = 32). Animals were used 

according to the procedures established by the Canadian Council of Animal Care. All efforts 

were made to minimize the number of animals used and their suffering. In brief, rats were 

decapitated under halothane anesthesia, the brain was quickly removed, and a block of brain 

tissue containing the retrohippocampal region was placed in cold (1–3°C), oxygenated 

artificial cerebrospinal fluid (ACSF). Horizontal slices (450–500 μm thick) containing the 

EC were cut using a Vibratome and were transferred into a tissue chamber where they lay at 

the interface between ACSF and humidified gas (95% O2, 5% CO2) at a temperature of 32–

34°C (pH = 7.4). ACSF composition was (in mM): NaCl 124, KCl 2, KH2PO4 1.25, MgSO4 

2, CaCl2 2, NaHCO3 26, and glucose 10. Surgical separation of the EC from the 

hippocampus proper was performed with a knife mounted on a micromanipulator at the 

beginning of the experiment to minimize the influence exerted by CA3-driven activity on EC 

epileptiform synchronization (Barbarosie & Avoli, 1997; Benini et al., 2003) (see inset in 

Fig. 1A).

4-Aminopyridine (4AP, 50 μM), CBZ (50–200 μM), picrotoxin (PTX, 50 μM), TPM (50–

200 μM), and VPA (1–3 mM) were bath applied. Chemicals were acquired from Sigma (St. 

Louis, MO, U.S.A.), with the exception of topiramate, a kind gift of the R. W. Johnson 

Pharmaceutical Research Institute (Spring House, PA, U.S.A.). Increasing concentrations of 

CBZ, TPM, or VPA were applied in a cumulative fashion for at least 30 min for each dose. 

The doses of AEDs used in our study were 5–30-fold higher than those reported as clinically 

relevant in patients (see Table 1) but similar to those employed in previous in vitro 

experiments (Heinemann et al., 1985; Fueta & Avoli, 1992; Brückner et al., 1999; Brückner 

& Heinemann, 2000). The effects induced by different concentrations of these AEDs were 

measured after 20–25 min of application.

Field potential recordings were made in the EC with ACSF-filled, glass pipettes (resistance 

= 2–10 MΩ) that were connected to a high-impedance amplifier. Sharp-electrode 

intracellular recordings were also performed in the EC deep layers with pipettes filled with 3 

M K-acetate (tip resistance = 70–120 MΩ). Intracellular signals were fed to a high-

impedance amplifier with an internal bridge circuit for intracellular current injection. The 

resistance compensation was monitored throughout the experiment and adjusted as required. 

The passive membrane properties of EC neurons included in this study were as follows: (1) 

resting membrane potential (RMP) = −68.5±1.0 mV (n = 11); (2) apparent input resistance 

(Ri) from the maximum voltage change in response to a hyperpolarizing current pulse (100–

200 ms, <−0.5 nA) = 45.7±4.3 MΩ (n = 9); (3) action potential amplitude (APA) from the 

baseline = 88.7±2.1 mV (n = 11); and (4) action potential duration (APD) at half-amplitude 

= 1.3±0.1 ms (n = 11).

Field potential and intracellular signals were displayed on a Gould pen chart recorder and/or 

fed to a computer interface (Digidata 1322A; Axon Instruments, Foster City, CA, U.S.A.) 

through which they were acquired and stored using the pClamp 9 software (Axon 

Instruments). Extra-cellular stimuli (50–150 μs; <300 μA) were delivered through a bipolar 
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stainless steel electrode placed in the EC deep layers. The location of the stimulating and 

recording electrodes in the brain slices is illustrated in the inset of Fig. 1A.

Throughout this study we arbitrarily termed as “interictal” and “ictal” the synchronous 

epileptiform events with durations shorter or longer than 3 s, respectively (cf., Traub et al., 

1996). Measurements in the text are expressed as mean±standard deviation (SD), and n 

indicates the number of slices or neurons studied under each specific protocol. Data were 

compared with one-way analysis of variance (ANOVA) instead of repeated-measures 

ANOVA because of incomplete series in data sampling. After having established a 

significant ANOVA, data were further compared by post hoc Dunnett’s t-test. Linear 

regression analysis was used to analyze the relation between interictal discharge duration 

and drug effects. Differences were considered statistically significant if p < 0.05.

Results

As reported in previous studies (Avoli et al., 1996; Lopantsev & Avoli, 1998a, 1998b; 

Brückner & Heinemann, 2000), two types of spontaneous epileptiform discharge were 

recorded in the EC during bath application of 4AP. The first type consisted of prolonged (up 

to 40 s, interval of occurrence = 12–165 s) periods of epileptiform synchronization 

(continuous line in Fig. 1A, B); these ictal events were intracellularly mirrored by long-

lasting depolarizations with concurrent action potential discharge (cf. Lopantsev & Avoli, 

1998a, 1998b). The second type of spontaneous epileptiform activity was characterized by 

recurrent interictal discharges (asterisks in Fig. 1A, B) with duration of 0.3–2.3 s and 

interval of occurrence ranging between 6 and 26.8 s. Interictal discharges recorded in the 

slices included in this study were characterized by membrane depolarizations capped by 

action-potential firing (see Lopantsev & Avoli, 1998a, 1998b). Ictal activity occurred in a 

stable fashion in 31 of 55 slices analyzed in this study under control conditions (i.e., during 

application of ACSF that contained 4AP), whereas interictal events could be recorded in all 

experiments.

Bath application of CBZ at low concentrations (50 μM; n = 9 slices) abolished 4AP-induced 

ictal discharges in all experiments, but failed in inducing any consistent change of the 

interval of occurrence of interictal discharges (Fig. 1B). In addition, interictal activity 

continued to occur in the presence of larger (100 μM, n = 8 and 200 μM, n = 5) 

concentrations of CBZ (Fig. 1B), but at longer intervals when the highest dose was tested. 

These effects, along with those induced by CBZ on interictal discharge duration, are 

summarized in Fig. 2B, C. It is possible to appreciate there that 50–200 μM CBZ did not 

cause any significant change in interictal discharge duration (F3,32 = 1.58, p = 0.21), whereas 

the interval of occurrence of the interictal discharges was increased (F3,29 = 7.14, p < 0.01) 

by augmenting CBZ concentration to 200 μM.

Similar findings were obtained by testing the other two AEDs. TPM (50 μM, n = 7; not 

shown) or VPA (1 mM, n = 6; Fig. 2A) abolished ictal activity without consistently 

modifying the rate of occurrence, the duration, or the amplitude of the interictal discharges. 

In addition, larger AED concentrations (TPM: 100 μM, n = 6, and 200 μM, n = 6; VPA: 2 

mM, n = 5 and 3 mM, n = 4, Fig. 2A) failed to cause significant changes in either the 
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duration (F3,26 = 1.71, p = 0.19 for TPM; F3,18 = 1.59, p = 0.23 for VPA) or rate of 

occurrence (F3,24 = 1.99, p = 0.14 for TPM; F3,18 = 2.49, p = 0.09 for VPA) of the interictal 

events. These data are quantitatively summarized in Fig. 2B, C.

CBZ (50 μM, n = 9 slices), TPM (50 μM, n = 7), and VPA (1 mM, n = 8) also lacked any 

consistent effect on the rate of occurrence, duration, and amplitude of interictal-like 

discharges recorded in those slices that generated only this type of epileptiform activity 

during 4AP application (not shown). However, when this analysis was restricted to slices 

generating more robust interictal-like events (duration > 0.5 s), AEDs could reduce the 

length of events lasting longer than 0.7 s. This finding is illustrated in Fig. 3, where we 

plotted the average length of the interictal-like event discharges generated by different slices 

versus the normalized length reduction that was seen during application of CBZ-(50 μM, n = 

7), TPM-(50 μM, n = 5), or VPA-(1 mM, n = 5) containing medium. Linear regression 

analysis showed a highly significant relationship (p < 0.01, r2 = 0.83) between the two 

considered variables.

As previously reported (Lopantsev & Avoli, 1998a; Brückner et al., 1999), blockade of 

GABAA receptor readily changed the typical pattern of 4AP-induced activity (which 

consists of slow interictal-like along with ictal-like events) into recurrent, robust interictal-

like discharges (duration = 1.7±0.5 s; interval of occurrence = 5.8±1.1 s; n = 11 slices) (Fig. 

4A). In keeping with the data obtained by Brückner et al. (1999), who reported on the effects 

induced by phenytoin, CBZ, VPA, and phenobarbital on the epileptiform activity induced by 

concomitant application of 4AP and bicuculline, we found that recurrent interictal events 

recorded during GABAA-receptor antagonism by PTX were not influenced by CBZ (50, 100 

and 200 μM tested in 5, 6, and 5 slices, respectively; F3,18 = 0.41, p = 0.74 for duration; 

F3,18 = 1.13, p = 0.36 for interval) or TPM (50, 100, and 200 μM tested in six slices for each 

dose; F3,16 = 1.65, p = 0.22 for duration; F3,16 = 0.92, p = 0.45 for interval). These results 

are quantitatively summarized in Fig. 4B, C.

Overall these findings suggest that the ability of AEDs to influence epileptiform 

synchronization in the EC may depend on the temporal characteristics of the synchronous 

epileptiform discharges. To further address this aspect we tested the effects induced by CBZ 

and TPM on the epileptiform events induced by focal electrical stimuli delivered at intervals 

ranging from 1–100 s. Previous studies from our laboratories have indeed shown that when 

delivered at intervals of approximately 100 s, electrical stimuli can induce ictal-like 

responses, whereas at shorter intervals (10 s or less) they elicit shorter, interictal-like events 

(Barbarosie & Avoli, 1997; Barbarosie et al., 2002; Benini et al., 2003). As illustrated in Fig. 

5A and quantified in Fig. 5B, both 50- and 200-μM CBZ reduced (F2,12 = 106.79, p < 0.01) 

the duration of the long-lasting epileptiform events induced by stimuli delivered every 100 s 

(i.e., at 0.01 Hz). In contrast, no significant (F2,11 = 1.96, p = 0.19 for 0.1 Hz; F2,11 = 0.25, p 

= 0.79 for 0.2 Hz) reduction could be observed when CBZ was tested on the epileptiform 

discharges elicited by stimuli delivered at intervals of 10 or 5 s (i.e., at 0.1 or 0.2 Hz) (Fig. 

5B, C).

Finally we repeated this type of experiment by analyzing the effects induced by TPM on the 

stimulus-induced epileptiform events. TPM (50 μM, n = 5) reduced (F2,13 = 77.28, p < 0.01) 
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the duration of the ictal-like responses induced by electrical stimuli delivered at an interval 

of 100 s, but did not influence the duration of the epileptiform responses elicited by stimuli 

occurring every 10 s (F2,13 = 3.07, p = 0.08) or 5 s (F2,13 = 3.42, p = 0.06) (Fig. 6A). Similar 

findings were obtained with larger TPM concentrations (200 μM, n = 5) (not illustrated). 

When intracellular recordings were used (n = 3), the effects induced by TPM were not 

associated with any appreciable decrease in the depolarizing envelope underlying the 

stimulus-induced epileptiform discharge (Fig. 6A). Data obtained from five experiments 

with TPM doses of 50 and 200 μM are summarized in Fig. 6B, C.

Discussion

The main findings of our study are as follows. First, three well-established AEDs such as 

CBZ, TPM, and VPA can abolish ictal-like epileptiform discharges generated in vitro by EC 

networks during application of the convulsant drug 4AP, but are unable to block the ongoing 

interictal-like activity. Second, these AEDs cannot influence the recurrent interictal-like 

activity recorded in the EC of brain slices during GABAA-receptor antagonism. Third, two 

of these AEDs—that is, CBZ and TPM—can reduce the length of long-lasting epileptiform 

responses resembling ictal-like events induced by stimuli delivered at long intervals during 

4AP application, but did not change the duration of shorter epileptiform events similar to the 

interictal-like activity elicited by more frequent stimulation (i.e., every 10 or 5 s).

As previously reported by us (Avoli et al., 1996; Benini et al., 2003) and other investigators 

(Brückner et al., 1999; Gutschmidt et al., 1999; Brückner & Heinemann, 2000), bath 

application of 4AP induced the appearance of spontaneous ictal-like and interictal-like 

events that were initiated in the EC, and are contributed by glutamatergic and GABAA 

receptor–mediated conductances (Avoli et al., 2002). Despite similar underlying synaptic 

mechanisms, however, all AEDs were unable to block interictal-like events but readily 

abolished ictal-like discharges. In line with these findings, early work performed in isolated 

rat hippocampal slices treated with 4AP has shown that in young tissue AEDs can abolish 

ictal-like discharges at concentrations that are unable to influence shorter, interictal-like 

events (Fueta & Avoli, 1992). This study also demonstrated that AEDs reduced interictal-

like activity in the adult hippocampus only at very high doses. Similar findings have been 

later obtained in combined adult rat hippocampus-EC slices by Brückner and Heinemann 

(2000).

As reported by Brückner et al. (1999), we have also found here that the recurrent, interictal-

like discharges generated by EC networks during concomitant application of 4AP and PTX 

(which antagonizes GABAA receptors) are insensitive to CBZ, TPM, and VPA. These 

findings may suggest that GABAA receptor–mediated inhibition must be operational for 

having AEDs exert their effect. In line with this view, previous studies (Dreier et al., 1998) 

have shown that AEDs fail in influencing epileptiform discharges induced by Mg2+-free 

medium at a time when GABAA receptor–mediated inhibition is weakened. Indeed, it has 

been proposed that this condition may represent an in vitro model of pharmacoresistance. In 

contrast with this view, we have found that the inability of AEDs to reduce interictal-like 

activity in vitro depends presumably on the duration of the discharge itself. This conclusion 

rests on two pieces of evidence. First, inhibition is preserved during application of 4AP at 
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the time when AEDs fail in abolishing interictal activity. Second, by using stimuli delivered 

at various frequencies we have found that CBZ and TPM are able to reduce the duration of 

interictal-like events lasting longer than 0.7 s. However, a contribution of weakened 

inhibition to the lack of effects during AED treatment cannot be excluded since, in our study 

neither CBZ nor TPM exerted any significant effect on the pattern of recurrent epileptiform 

activity recorded in the EC during concomitant application of 4AP and PTX. Indeed, these 

interictal-like discharges had a mean duration of 1.7 s.

The resistance of short interictal-like epileptiform discharges induced in vitro by 4AP is also 

in line with clinical evidence obtained by investigating the relationship between the 

electroencephalographic spiking rate and the AED levels (Gotman & Marciani, 1985). These 

authors found that drug levels that influence seizure occurrence do not influence spiking 

(i.e., interictal discharge) rate. A more recent study confirmed this evidence and even found 

a small but significant decrease in interictal spiking by AED withdrawal (Spencer et al., 

2008).
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Figure 1. 
Carbamazepine (CBZ) abolishes epileptiform ictal-like discharges but fails to block 

interictal-like events. (A) Typical pattern of spontaneous epileptiform activity recorded from 

the entorhinal cortex (EC) with field and intracellular recordings (inset on the left) during 4-

aminopyridine (4AP) application; note the two types of epileptiform discharge: one short-

lasting and characterized by depolarizations capped by action potential firing resembling 

interictal events (asterisks), and the other consisting of prolonged periods of epileptiform 

synchronization (continuous line) and intracellularly mirrored by long-lasting 

depolarizations with concurrent action potential discharge, similar to ictal events. (B) Ictal-

like discharges (continuous line) are abolished by bath application of low CBZ 

concentrations (50 μM), whereas interictal-like events (asterisks) continue to occur even in 

the presence of larger doses (200 μM panel), but at longer intervals. Single interictal-like 

discharges recorded under the three different experimental conditions are expanded on the 

right.
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Figure 2. 
Changes induced by valproate (VPA) on the epileptiform activity generated by entorhinal 

cortex (EC) networks and cumulative effects induced by the three antiepileptic drugs 

(AEDs) on interictal-like discharges. (A) VPA (1 mM) abolishes ictal-like activity, whereas 

interictal-like discharges continue to be generated even when this AED concentration is 

increased to 3 mM. (B, C) Summary of the effects induced by increasing concentrations of 

carbamazepine (CBZ), topiramate (TPM), and VPA on the duration and interval of 

occurrence of the interictal discharges induced by 4-aminopyridine (4AP); **p < 0.01, one-

way analysis of variance (ANOVA) followed by Dunnett’s test.
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Figure 3. 
Reduction of interictal-like discharge duration by antiepileptic drugs (AEDs) is a function of 

their length under control conditions. In this plot the average length of interictal-like 

discharges generated by different slices was computed versus the normalized length 

reduction seen during application of carbamazepine (CBZ; 50 μM, n = 7), topiramate (TPM; 

50 μM, n = 5), and valproate (VPA; 1 mM, n = 5). Note that this analysis was restricted to 

entorhinal cortex (EC) slices capable of generating interictal-like events with duration > 0.5 

s. Linear regression analysis shows a highly significant relationship (p < 0.01, r2 = 0.83) 

between the two considered variables.
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Figure 4. 
Effects induced by topiramate (TPM) on recurrent interictal-like discharges seen during 

application of 4-aminopyridine (4AP) + picrotoxin (PTX). (A) Blockade of γ-aminobutyric 

acid (GABA)A receptor changes the typical pattern of 4AP-induced slow interictal- and 

ictal-like events into recurrent interictal-like activity. Note that under these experimental 

conditions interictal-like events continue to occur during application of TPM increasing 

concentrations. (B, C) Summary of the effects induced by increasing concentrations of 

carbamazepine (CBZ) and TPM on the duration and interval of occurrence of the interictal 

discharges induced by 4AP + PTX. Note that both antiepileptic drugs (AEDs) failed to 

produce any significant change.
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Figure 5. 
Effects induced by carbamazepine (CBZ) on the epileptiform events induced by focal 

electrical stimuli delivered at 0.01, 0.1, and 0.2 Hz. (A) Field potential recordings from the 

entorhinal cortex (EC) during application of medium containing 4-aminopyridine (4AP) 

(Control) show that electrical stimuli delivered at 0.01 Hz induce in the EC an ictal-like 

response, whereas stimuli at shorter intervals (10 s or less) elicit shorter, interictal-like 

events. Note that application of 50 and 200 μM CBZ abolishes the long-lasting, ictal-like 

epileptiform response, whereas consistent changes did not occur when stimuli delivered at 

0.1 or 0.2 Hz were used. (B) Summary of the effects induced by CBZ on the duration of the 

epileptiform events elicited by electrical stimuli delivered at 0.01, 0.1, and 0.2 Hz. (C) 
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Graphs shown in B were normalized to the response duration seen under control conditions. 

**p < 0.01, one-way analysis of variance (ANOVA) followed by Dunnett’s test.
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Figure 6. 
Effects induced by topiramate (TPM) on the epileptiform events induced by focal electrical 

stimuli delivered at 0.01, 0.1, and 0.2 Hz. (A) Intracellular recordings from a deep-layer 

entorhinal cortex (EC) neuron during application of medium containing 4-aminopyridine 

(4AP) (Control) demonstrate that electrical stimuli delivered at 0.01 Hz induce an ictal-like 

depolarization, whereas stimuli at shorter intervals (10 s or less) elicit shorter, interictal-like 

depolarizations. Note that application of TPM (50 μM) abolishes the ictal-like 

depolarization, whereas no changes are seen when analyzing the responses induced by 

stimuli delivered at 0.1 or 0.2 Hz. (B) Summary of the effects induced by TPM on the 

duration of the epileptiform depolarizations elicited by electrical stimuli delivered at 0.01, 

0.1, and 0.2 Hz. (C): Graphs shown in B were normalized to the response duration seen 

under control conditions. **p < 0.01, one-way analysis of variance (ANOVA) followed by 

Dunnett’s test.
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Table 1

Serum and cerebrospinal fluid (CSF) concentrations of CBZ, TPM, and VPA. Values for CBZ and TPM were 

deduced from Rambeck et al. (2006). Note that for TPM only one sample was available. The serum and CSF 

concentrations for VPA were from Löscher et al. (1988)

Drug Serum (μg/ml) Serum (μM) CSF (μg/ml) CSF (μM)

CBZ (m.w. 236.26) 7.7 ± 1.7 32.5 ± 7.2 2.5 ± 0.6 10.5 ± 2.5

TPM (m.w. 339.37) 3.2 9.3 2.7 8.0

VPA (m.w. 166.19) 102.9 ± 38.4 968.8 ± 361.3 9.6 ± 5.2 90.4 ± 48.9

CBZ, carbamazepine; CSF, cerebrospinal fluid; TPM, topiramate; VPA, valproate.

Values for CBZ and TPM were deduced from Rambeck et al. (2006). Note that for TPM only one sample was available. The serum and CSF 
concentrations for VPA were from Löscher et al. (1988)
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