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Abstract

In this study, we investigated the relative efficacy of different classes of commonly used

anti-epileptic drugs (AEDs) with different mechanisms of action, individually and in combina-

tion, to suppress epileptiform discharges in an in vitro model. Extracellular field potential

were recorded in 450 μm thick transverse hippocampal slices prepared from juvenile Wistar

rats, in which “epileptiform discharges” (ED’s) were produced with a high-K+ (8.5 mM) bicar-

bonate-buffered saline solution. Single and dual recordings in stratum pyramidale of CA1

and CA3 regions were performed with 3–5 MΩ glass microelectrodes. All drugs—lamotri-

gine (LTG), phenytoin (PHT) and valproate (VPA)—were applied to the slice by superfusion

at a rate of 2 ml/min at 32˚C. Effects upon frequency of ED’s were assessed for LTG, PHT

and VPA applied at different concentrations, in isolation and in combination. We demon-

strated that high-K+ induced ED frequency was reversibly reduced by LTG, PHT and VPA,

at concentrations corresponding to human therapeutic blood plasma concentrations. With a

protocol using several applications of drugs to the same slice, PHT and VPA in combination

displayed additivity of effect with 50μM PHT and 350μM VPA reducing SLD frequency by

44% and 24% individually (n = 19), and together reducing SLD frequency by 66% (n = 19).

20μM LTG reduced SLD frequency by 32% and 350μM VPA by 16% (n = 18). However, in

combination there was a supra-linear suppression of ED’s of 64% (n = 18). In another inde-

pendent set of experiments, similar results of drug combination responses were also found.

In conclusion, a combination of conventional AEDs with different mechanisms of action,

PHT and VPA, displayed linear additivity of effect on epileptiform activity. More intriguingly,

a combination of LTG and VPA considered particularly efficacious clinically showed a

supra-additive suppression of ED’s. This approach may be useful as an in vitro platform for

assessing drug combination efficacy.

Introduction

Despite the proven efficacy of many antiepileptic drugs (AEDs), about 30% of patients con-

tinue to have seizures, that is, are “drug resistant” [1–3]. Many patients with drug resistant
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epilepsy are treated with more than one AED, and combinations of drugs with different mech-

anisms of action are commonly used with enhanced efficacy for seizure suppression [4, 5].

However, the preclinical and clinical evidence for optimal combinations is still sparse and no

definitive evidence-based indications can be reached to guide clinicians in this choice [6]. The

goal of “rational polytherapy” has not yet been achieved [5, 7].

Clinical trials designed to test the validity of the concept of rational polytherapy are difficult

to perform. Nevertheless, clinical studies indicate a benefit from the addition of one or more

AEDs [8, 9]. The combination of lamotrigine and valproate has been suggested to be particu-

larly efficacious [4, 8, 10]. In this study we have used an in vitro seizure model to examine the

seizure suppressive effects of three commonly used AEDs singly and in combination. This

methodology allowed quantitative estimation of seizure inhibition without the potential phar-

macokinetic complication of in vivo systems [11].

Materials and Methods

Ethics statement

This study was carried out in strict accordance with the Australian Code of Practice for the

care and use of animals for scientific purposes. This study and all surgical procedures on rats

were approved by the University of Melbourne Animal Ethics Committee (ethics numbers

1212450 and 15-057-UM). The rats were anesthetized with Lethabarb via intraperitoneal injec-

tion before sacrificing (decapitation) and all efforts were made to minimize suffering of the

animals.

Slice preparation

Hippocampal slices were prepared from non-epileptic control Wistar rats bred and purchased

from the University of Melbourne Biological Resources Facilities (postnatal days 9–19,

weights: 18.0–49.0 g, random genders of males and females, a total number of 45 rats used).

The rats were first anesthetized with Lethabarb (325 mg/ml pentobarbitone sodium; approxi-

mately 3.5 mL per 1 kg body weight) via intraperitoneal injection and then decapitated. The

brain was quickly removed, submerged in an ice-cold (0–1˚C) cutting solution oxygenated

with carbogen: 95% O2 + 5% CO2 before use and 450μm transverse hippocampal slices were

sectioned with a vibratome (Zeiss—Microm, CSB 434, HM 650 V). The cutting solution was

composed of (in mM): 87 NaCl, 2.5 KCl, 0.5 CaCl2.2H2O, 7 MgCl2.6H2O, 25 NaHCO3, 1.25

NaH2PO4, 25 D-glucose, and 75 sucrose.

The cut slices were then transferred to a holding chamber with a bicarbonate buffered saline

(BBS) solution bubbled continuously with carbogen at room temperature (20–22˚C) and were

used after 40 minutes in this chamber. The holding BBS solution was composed of (in mM):

125 NaCl, 2.5 KCl, 2 CaCl2.2H2O, 1 MgCl2.6H2O, 25 NaHCO3, 1.25 NaH2PO4, and 25 D-

glucose.

Electrophysiological recordings

Individual hippocampal slices were transferred into a submerged slice recording chamber,

mechanically stabilised and superfused with recording solutions continuously saturated with

carbogen. A high potassium recording solution for induction of epileptiform discharges

(ED’s) in hippocampal slices was composed of (in mM): 125 NaCl, 8.5 KCl, 2 CaCl2.2H2O, 1

MgCl2.6H2O, 25 NaHCO3, 1.25 NaH2PO4, and 10 D-glucose. Single and dual extracellular

recordings were performed in the stratum pyramidale of CA1 and CA3 regions, using 3–5 MO
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micropipettes pulled from thin walled 1.5 mm diameter borosilicate glass capillaries (Sutter

Instrument, SDR, Clinical Technology).

The glass microelectrodes were filled with the recording solution, and positioned at a depth

of about ¼ to ½ of the slice thickness, which optimised recording quality of ED’s (usually with

spike events between 1.0–3.0 mV amplitude and 1–9 Hz frequency). Positioning of the record-

ing electrodes began 5–6 minutes after the transferred slice superfused with the high-K+ solu-

tion. The extracellular signals were recorded in current clamp mode with a MultiClamp 700B

amplifier, Axon CNS, Molecular Devices; an analog-to-digital converter, NI USB-6259 (BNC);

WinWCP software (Strathclyde Electrophysiology Software) was used for recording and

Clampfit 10.2 (Molecular Devices) used for analysis. The data sampling interval was 100μs.

Pharmacological testing

Drugs: lamotrigine, phenytoin (acid) and valproate (sodium salt) were purchased from Octa-

gon Chemicals Limited, Hangzhou, China, Sigma-Aldrich, Life Science and Sapphire Biosci-

ence, Cayman Chemical Company, respectively. The drugs were prepared as stock solutions

dissolved in solvents: dimethyl sulfoxide (DMSO) for LTG and PHT; and Milli-Q water for

VPA, stored at -20˚C. On the day of experimentation, thawed drug solutions were diluted

into recording solutions. The solvent DMSO was diluted to a final concentration of� 0.1%

DMSO—this concentration of DMSO had no effect on ED’s.

To assess combination effects, all drugs were applied to the slice by superfusion at a rate of

~2 ml/min with a pump from NanBei, ZhengZhou Nanbei Instrument Equipment Co., Ltd.;

the temperature was set at ~32˚C with a Warner TC-324B temperature controller, using the

following protocol:

Baseline ½Drug1� ½Drug2� ½Drug1� þ ½Drug2�Washout

The slice was bathed with each drug applications and washout (WO) for 15 minutes and 18

minutes, respectively. Spike discharge frequency stabilised typically after 10 minutes. Spike

events under drug effects and WO were measured in the last 2 minutes of the 15-minute and

18-minute recording periods. The spikes were counted semiautomatically using a threshold

search algorithm in Clampfit. The number of spike events under drug and WO effects were

calculated as percentage (%) reduction relative to the baseline. The data from CA1 and CA3

regions of stratum pyramidale were combined for quantitative analyses to capture broad drug

effects. There was no significant difference of drug effects between CA1 and CA3 areas.

Statistical analyses for the drug effects

Percentage of spike events relative to baseline was expressed as mean ± standard error of the

mean (SEM) of “n” recordings; error bars also indicate SEM. D’Agostino & Pearson omnibus

normality test (alpha = 0.05) was performed prior to further statistical tests. Comparison

among multiple relevant groups was performed through the one-way ANOVA test followed

by a post hoc test using GraphPad Prism, to determine significant differences among the

means of the relevant groups. Student’s t-test was used to compare the predicted additive effect

(if individual sample sizes were different, the variance sum law of two independent random

variables was used to calculate SEM of the predicted additive mean) and the actual combina-

tion response (see also [12]). The statistical significance of differences was assessed with a sig-

nificance level set at p-value <0.05.
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Results

1. Characteristics of the high-K+ (8.5mM) seizure model

The high-K+ model displayed a tonic-firing pattern with spike discharges with similar ampli-

tudes and relatively stable frequencies (Fig 1).

These spikes appeared about 6 minutes after the superfusion of high-K+ solution. The repet-

itive spike discharges most likely resulted from multiple effects of the increased extracellular

K+ concentration such as effective reduction of K+ conductances resulting in depolarization of

neuronal cell membranes [13, 14], interference with Cl−extrusion leading to a depolarizing

shift of chloride equilibrium potential, and increases in transmitter release [15].

Fig 1. Example of epileptiform discharges observed in the stratum pyramidale of the high-K+ treated

hippocampal slices.

doi:10.1371/journal.pone.0169974.g001
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2. PHT-VPA combination produced additivity of SLD suppression

In initial experiments, dose-response profiles of PHT and VPA were characterised. PHT took

about 3 minutes for full effect and produced 21.0 ± 8.8%, 29.8 ± 10.0%, 43.2 ± 8.6%, 51.0 ±
9.6% inhibition of spike events at 20 μM, 35 μM, 50 μM, and 80 μM PHT, respectively (n = 8,

from 5 slices) (Fig 2A). Although SLD suppression was dose-dependent with PHT, complete

spike suppression was not achieved with PHT concentrations within the human therapeutic

range of blood plasma concentrations [16, 17]. VPA spike suppression typically stabilised after

about 6 minutes and produced 24.4 ± 18.2%, 41.3 ± 17.6%, 41.7 ± 12.5%, 49.1 ± 12.8% inhibi-

tion of spike events at 200 μM, 400 μM, 600 μM, and 800 μM VPA, respectively (n = 7, 5 slices)

(Fig 2B). Although there was a trend to increasing suppression of discharges with higher con-

centrations of VPA, this did not quite reach statistical significance, probably because of the

small sample size and inter-trial variability. Washout resulted in not only an increase in spike

frequency, and interestingly an actual increase in SLD frequency of 21.8 ± 23.4% (n = 7) (Fig

2B). Overall, spike discharges in this model were strongly suppressed, but not completely elim-

inated by PHT and VPA applied singly at clinically relevant concentrations [16, 17].

Based on the dose responses of PHT and VPA described above, 50μM PHT and 350μM

VPA were chosen to examine combination effects. The combination of PHT and VPA had an

“additive” effect in that the total percentage suppression of spike discharges was close to the

sum of the individual drug suppression effects (Figs 3 and 4). In particular, 50μM PHT pro-

duced 44.2 ± 6.8%, and 350μM VPA 23.9 ± 6.9% spike discharge suppression, with 65.9 ± 5.7%

inhibition with the combination (n = 19, 17 slices). This value did not differ significantly from

a predicted percentage inhibition of 68.2 ± 12.9% calculated by simply adding the individual

effects. The combination effect was also significantly different from the individual effects of

Fig 2. Dose responses of PHT and VPA in suppressing population spike events in the high-K+ model. Data from combined recordings of CA1 and

CA3 regions were expressed as relative percentage (%) reduction compared to the baseline. (A) The effect of PHT on spike frequency was taken during

the final 1-minute interval following 3-minute drug applications. (B) The effect of VPA on spike frequency was taken over the stable final 2-minute interval

following 6-minute applications of VPA and washout. All data were shown as mean ± SEM; “n” indicates the number of recordings.

doi:10.1371/journal.pone.0169974.g002
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50μM PHT and 350μM VPA with p-values < 0.05 (one-way ANOVA followed by Newman-

Keuls Multiple Comparison Test). In summary, these experiments showed that combination

of two drugs used effectively in combination in clinical practice, was characterised by a linearly

additive suppression of epileptiform discharges (Fig 3).

Washout after combined drug combination resulted in an increase in discharge firing rate,

mostly with some residual inhibition (14.7 ± 10.8%; n = 19; Figs 3 and 4) compared to baseline.

However, there was a clear difference between the combination effect and washout. The

increase in spike rate after washout suggested that the drug effects were not due to time-depen-

dent run down.

As the protocol above used several drug treatments in the same sequence over time had

potential confounders including repeated measures errors and long duration of observation,

we sought to validate these observations with a simplified, more focused set of observations

using different slices for each drug applications over shorter periods of time. 350μM VPA and

the combination of 350μM VPA and 50μM PHT were independently re-assessed on different

slices with the same individual testing periods and analyses—spike events under drug effects

were counted in the last 2 minutes of the 15-minute recording period and were calculated as

percentage reduction relative to baseline. The drug effects again summed linearly (Fig 5).

350μM VPA alone and the combination of 350μM VPA and 50μM PHT produced 12.2 ± 4.5%

(n = 12, 12 slices) and 63.5 ± 7.1% (n = 12, 12 slices) inhibition of spike events, respectively.

Fig 3. Effects of PHT, VPA applied singly and in combination upon frequency of spike events. Data from combined recordings of CA1 and CA3

regions were expressed as relative percentage (%) reduction compared to the baseline. All data were shown as mean ± SEM; “n” indicates the number of

recordings.

doi:10.1371/journal.pone.0169974.g003
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From previous experiments (Fig 3), 50μM PHT produced 44.2 ± 6.8% (n = 19, 17 slices) and

this value was used for comparison. There were statistically significant differences between the

combination effect compared to the 350μM VPA, and to the 50μM PHT with p-values < 0.05

(one-way ANOVA followed by Newman-Keuls Multiple Comparison Test). A predicted addi-

tive suppressive effect between 350μM VPA and 50μM PHT was calculated to be 56.3 ± 8.2%

(the variance sum law of two independent random variables was used to calculate SEM of the

Fig 4. Representative traces of effects of AEDs (PHT, VPA) and washout upon neuronal population

spike events. Spike events over 1-minute intervals were from one continuous recording during baseline, drug

applications and washout, for qualitative displays.

doi:10.1371/journal.pone.0169974.g004
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predicted additive mean and the corresponding sample size rounding to the nearest whole

number of “17” was also derived). However, there was no significant difference between the

predicted additive (56.3 ± 8.2%) and the actual combination effect (63.5 ± 7.1%) (Fig 5).

3. LTG-VPA combination produced supra-additivity of SLD suppression

The drug combination of LTG and VPA was next tested. This was of particular interest as this

is considered to be particularly efficacious in clinical practice for both focal and generalised

seizures [4, 8, 10]. The spike suppressive effects of different concentrations of LTG (5μM,

10μM, 20μM) were measured initially and 20μM LTG, the upper limit of the human therapeu-

tic plasma range [16], reduced spike frequency by about one third. This 20 uM concentration

was then tested with 350μM VPA in combination. A clear trend towards supra-additive effect

was noted (Figs 6 and 7). Individual drug application of 20μM LTG and 350μM VPA produced

reductions of 31.9 ± 3.9% and 16.1 ± 5.9%, respectively (n = 18; 12 slices). The combined drug

concentrations produced 64.4 ± 5.0% SLD suppression (n = 18; 12 slices) significantly greater

than the individual 20μM LTG and 350μM VPA applications with p-values < 0.05 (one-way

ANOVA followed by Tukey’s Multiple Comparison Test). As compared to the predicted sum

of individual effect: 48.0 ± 8.3% (linear summation), the degree of suppression by the actual

Fig 5. Effects of PHT, VPA applied in isolation and in combination upon frequency of spike events. Data were expressed as relative percentage

(%) reduction compared to the baseline. All data were shown as mean ± SEM; “n” indicates the number of recordings from different slices. See text for

details.

doi:10.1371/journal.pone.0169974.g005
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combination (64.4 ± 5.0%) was also significantly greater with a p-value of 0.034 (two-tail

paired t-test) (Fig 6). These observations thus disclosed supra-additivity of effect with the com-

bination of LTG and VPA.

Washout produced notable increase in SLD frequency, though as with the phenytoin/

valproate combination did not generally return to baseline values; the remaining “inhibition”

was 31.4 ± 12.8% (n = 18; 12 slices). However, washout was significantly different from the

combination effect with a p-value of 0.05 (one-way ANOVA followed by Tukey’s Multiple

Comparison Test). Interestingly, washout after this combination of LTG and VPA seemed to

be less effective than washout after the combination of PHT and VPA (Fig 3) with the same

testing protocol.

Further observations using the simplified protocol (using different slices for each drug

applications) were also made to corroborate results obtained from the above experiment pro-

tocol (Fig 8). The combination of 20μM LTG and 350μM VPA was further independently

tested on different slices with 64.0 ± 7.2% (n = 12, 12 slices) inhibition of spike events in this

second set of experiments. This effect was then compared (unpaired t-test) with the individual

drug effects previously tested above, i.e., 350μM VPA with 12.2 ± 4.5% (n = 12, 12 slices), and

20μM LTG (with extra recordings) with 31.7 ± 2.9% (n = 26, 17 slices). The drug combination

again summed supra-linearly. There were statistically significant differences between the com-

bination effect compared to the 350μM VPA, and to the 20μM LTG with p-values < 0.05 (one-

Fig 6. Effects of LTG, VPA applied singly and in combination upon frequency of spike events. Data from combined recordings of CA1 and CA3

regions were expressed as relative percentage (%) reduction compared to the baseline. All data were shown as mean ± SEM; “n” indicates the number of

recordings.

doi:10.1371/journal.pone.0169974.g006
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way ANOVA followed by Bonferroni’s Multiple Comparison Test) (Fig 8). A predicted addi-

tive suppressive effect between 350μM VPA and 20μM LTG was calculated to be 43.9 ± 5.4%,

with the standard error derived by the variance sum law of two independent random variables.

The difference between the predicted additive (43.9 ± 5.4%) and the actual combination effect

(64.0 ± 7.2%) was significant with a p-value of 0.035 (two-tailed two-sample t-test) (Fig 8).

Fig 7. Representative traces of effects of AEDs (LTG, VPA) and washout upon neuronal population

spike events. Representative 1-minute intervals of spike events during baseline, drug applications and

washout from one continuous recording are displayed.

doi:10.1371/journal.pone.0169974.g007
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Discussion

The high-K+ seizure model

Superfusion of the high-K+ (8.5 mM) external solution is known to induce epileptiform dis-

charges (ED’s) in the stratum pyramidale of rat hippocampal slices, and this preparation has

been used previously to test drug effects [18, 19]. This produced a consistent tonic-firing pat-

tern of spike events that in this study allowed reliable quantification of AED effects (see also

[18]). While the precise correlation of this model with human epilepsy is not completely clear,

it does have characteristics comparable to human epileptic discharges, for example, ‘periodic

epileptiform discharges’ [20–26]. The high-K+ preparation may also correspond to the

increased potassium levels in the extracellular microenvironment during in vivo seizures, and

thus, may be a useful model of focal epileptiform activity [15, 27]. A notable advantage of this

preparation is that commonly used AEDs with clinically relevant concentrations have signifi-

cant suppressive effects on ED’s (see also [28–31]), again suggesting that it is a useful technique

for assessing AED effects.

Combination efficacy of AEDs: PHT and VPA, LTG and VPA

Epileptic seizures are likely to result from a combination of complex pathological factors at

cellular and molecular levels, including excitatory-inhibitory imbalance [32], changes in

Fig 8. Effects of LTG, VPA applied in isolation and in combination upon frequency of spike events. Data were expressed as relative percentage

(%) reduction compared to the baseline. All data were shown as mean ± SEM; “n” indicates the number of recordings from different slices. See text for

details.

doi:10.1371/journal.pone.0169974.g008
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extracellular ionic concentrations [27], dysfunctional plasticity changes, resulting in failure of

inhibition of neuronal hyper-excitability [33]. Such multiple mechanisms may help to explain

why seizure control is frequently difficult to achieve with AED monotherapy. For that reason,

treatment with combinations of AEDs with different mechanisms of action has been used in

an attempt to provide better seizure control in epilepsy patients [34, 35], although there has

been little strong evidence of the effectiveness of this approach. In other areas of medicine, the

use of multiple drugs that act on different targets has also been successfully employed, resulting

in significant improvements in treatment efficacy of conditions such as HIV [36], Hepatitis C

infection [37], and cancer [38, 39], thus providing a paradigmatic precedent for this strategy.

In this in vitro study, we examined two combinations of AEDs, LTG and VPA, PHT and

VPA. LTG has several known effects, including modulating voltage-dependent sodium chan-

nels to limit repetitive firing of neurons, decreasing voltage-gated calcium currents and inhib-

iting post-synaptic AMPA receptors, all potentially contributing to a decrease in neuronal

excitability [40–43]. PHT is a known sodium channel modulator, targeting the inactivated

state, reducing repetitive firing of sodium ion-dependent action potentials [44–46]. VPA has

several incompletely understood mechanisms of action [47], but its anti-epileptic effect has

been linked to potentiation of GABAergic transmission and weak blockade of voltage-depen-

dent sodium ion channels [45, 48–51].

We observed about 44% and 24% reduction of discharge frequency with 50uM PHT and

350uM VPA, respectively (Fig 3). However, if the two drugs were added together, then three

possible effects [34, 52] might be predicted:

1. spike inhibition significantly lower than the predicted additive (68%) would indicate sub-

additivity or antagonism

2. spike inhibition not significantly different from the predicted additive (68%) would reflect a

trend towards linear additivity

3. spike inhibition significantly greater than the predicted additive (68%) would imply supra-

additivity or synergy.

These three scenarios provide a relative framework to assess drug combination effect. Nota-

bly, a ‘constant relative potency ratio’ based on the dose equivalence concept (see [53]) did not

have to be assumed for the two active drugs as is necessary for isobolographic analysis using

animal models [54, 55] (see also [56] for review). Interestingly, our dose-response data was not

consistent with the constant relative potency ratio.

Additivity of effect was observed in combinations of PHT and VPA (Figs 3 and 5). This lin-

ear additivity of effect is in itself quite intriguing, suggesting that the two drugs might be

expected to be more efficacious in combination, as has been found clinically [4].

The combination of 20uM LTG and 350uM VPA produced a supralinear “synergistic”

effect (Figs 6 and 8) in contrast to the additive suppressive effect of PHT and VPA. This supra-

additivity of effect correlates with possible supra-additive anti-convulsant effects inferred from

clinical studies [8] as well as preclinical data from an animal model using isobolographic analy-

sis [54].

The mechanisms of synergistic interaction are not clear; the observation of the additive

effect of phenytoin with valproate contrasts with the synergistic interaction with lamotrigine

and suggests a difference in action between these two drugs both of which are known to signif-

icantly reduce the amplitude of sodium current, with a presumed common binding site [44]. It

is possible that an additional anti-glutaminergic effect of LTG [42] may be the basis for the

synergistic interaction.
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The effects of washout of drug combinations were also intriguing (Figs 3 and 6); in general

there was a strong recovery of firing, and in some cases, above baseline firing, which was unex-

pected. However, recovery was not generally complete and this may relate to non-specific run

down of the preparation, or due to the lipophilic drugs sequestered in the brain slice. Another

interesting possibility is that there may have been some longer term reduction in excitability,

which could be a focus of future experiments.

A limitation of the current study is the observation of only a single combination of drug

concentrations for the combination studies. While it is unlikely that the differences in efficacy

of the combinations are a dosage effect, it would be useful to explore a wider range of drug

concentrations, looking for optimal concentration ratios [57].

Conclusions

These experiments have shown both additive and supra-additive interactions in suppression of

epileptiform events in the hippocampal slice, correlating with clinical observations of drug

combination efficacy [4, 8]. This methodology should allow further exploration of these mech-

anisms, effects on synaptic transmission, voltage gated conductances and network level effects.

Furthermore, this in vitro estimative method may also provide a drug assay to identify

potentially efficacious drug combinations (ethosuximide and valproate [6], lacosamide and

levetiracetam [55], levetiracetam and topiramate [58]) for further mechanistic and clinical

research.

Author Contributions

Conceptualization: CRF KDT.

Data curation: KDT.

Formal analysis: KDT.

Investigation: KDT.

Methodology: KDT CRF.

Project administration: CRF TJO DAW.

Resources: CRF TJO DAW.

Supervision: CRF TJO DAW.

Validation: KDT CRF.

Visualization: KDT.

Writing – original draft: KDT.

Writing – review & editing: CRF TJO DAW.

References
1. Kwan P, Brodie MJ. Definition of refractory epilepsy: defining the indefinable? Lancet neurology. 2010;

9(1):27–9. doi: 10.1016/S1474-4422(09)70304-7 PMID: 19914135

2. Privitera M. Current challenges in the management of epilepsy. The American journal of managed care.

2011; 17 Suppl 7:S195–203.

3. Eadie MJ. Shortcomings in the current treatment of epilepsy. Expert review of neurotherapeutics. 2012;

12(12):1419–27. doi: 10.1586/ern.12.129 PMID: 23237349

In Vitro Anti-Epileptic Drug Efficacy

PLOS ONE | DOI:10.1371/journal.pone.0169974 January 11, 2017 13 / 16

http://dx.doi.org/10.1016/S1474-4422(09)70304-7
http://www.ncbi.nlm.nih.gov/pubmed/19914135
http://dx.doi.org/10.1586/ern.12.129
http://www.ncbi.nlm.nih.gov/pubmed/23237349


4. Kwan P, Brodie MJ. Epilepsy after the first drug fails: substitution or add-on? Seizure: the journal of the

British Epilepsy Association. 2000; 9(7):464–8.

5. Barker-Haliski M, Sills GJ, White HS. What are the arguments for and against rational therapy for epi-

lepsy? Advances in experimental medicine and biology. 2014; 813:295–308. doi: 10.1007/978-94-017-

8914-1_24 PMID: 25012386

6. Brigo F, Ausserer H, Tezzon F, Nardone R. When one plus one makes three: the quest for rational anti-

epileptic polytherapy with supraadditive anticonvulsant efficacy. Epilepsy & behavior: E&B. 2013; 27

(3):439–42.

7. McCabe PH. Would Sherlock Holmes agree with our definition of rational polytherapy? A proposal for a

national data bank on patients with epilepsy. Epilepsy & behavior: E&B. 2015; 45:147–50.

8. Brodie MJ, Yuen AW. Lamotrigine substitution study: evidence for synergism with sodium valproate?

105 Study Group. Epilepsy research. 1997; 26(3):423–32. PMID: 9127723

9. Peltola J, Peltola M, Raitanen J, Keranen T, Kharazmi E, Auvinen A. Seizure-freedom with combination

therapy in localization-related epilepsy. Seizure: the journal of the British Epilepsy Association. 2008;

17(3):276–80.

10. Pisani F, Oteri G, Russo MF, Di Perri R, Perucca E, Richens A. The efficacy of valproate-lamotrigine

comedication in refractory complex partial seizures: evidence for a pharmacodynamic interaction. Epi-

lepsia. 1999; 40(8):1141–6. PMID: 10448829

11. Zaccara G, Perucca E. Interactions between antiepileptic drugs, and between antiepileptic drugs and

other drugs. Epileptic disorders: international epilepsy journal with videotape. 2014; 16(4):409–31.

12. Poch G, Holzmann S. Quantitative estimation of overadditive and underadditive drug effects by means

of theoretical, additive dose-response curves. Journal of pharmacological methods. 1980; 4(2):179–88.

PMID: 7453194

13. Rutecki PA, Lebeda FJ, Johnston D. Epileptiform activity induced by changes in extracellular potassium

in hippocampus. Journal of neurophysiology. 1985; 54(5):1363–74. PMID: 2416891

14. Traynelis SF, Dingledine R. Potassium-induced spontaneous electrographic seizures in the rat hippo-

campal slice. Journal of neurophysiology. 1988; 59(1):259–76. PMID: 3343603

15. Antonio LL, Anderson ML, Angamo EA, Gabriel S, Klaft ZJ, Liotta A, et al. In vitro seizure like events

and changes in ionic concentration. Journal of neuroscience methods. 2016; 260:33–44. doi: 10.1016/j.

jneumeth.2015.08.014 PMID: 26300181

16. Rambeck B, Jurgens UH, May TW, Pannek HW, Behne F, Ebner A, et al. Comparison of brain extracel-

lular fluid, brain tissue, cerebrospinal fluid, and serum concentrations of antiepileptic drugs measured

intraoperatively in patients with intractable epilepsy. Epilepsia. 2006; 47(4):681–94. doi: 10.1111/j.

1528-1167.2006.00504.x PMID: 16650134

17. Vajda FJ, Eadie MJ. The clinical pharmacology of traditional antiepileptic drugs. Epileptic disorders:

international epilepsy journal with videotape. 2014; 16(4):395–408.

18. Fueta Y, Kunugita N, Schwarz W. Antiepileptic action induced by a combination of vigabatrin and tiaga-

bine. Neuroscience. 2005; 132(2):335–45. doi: 10.1016/j.neuroscience.2004.12.044 PMID: 15802187

19. Liu JS, Li JB, Gong XW, Gong HQ, Zhang PM, Liang PJ, et al. Spatiotemporal dynamics of high-K

+-induced epileptiform discharges in hippocampal slice and the effects of valproate. Neuroscience bul-

letin. 2013; 29(1):28–36. doi: 10.1007/s12264-013-1304-4 PMID: 23361520

20. Spencer SS, Guimaraes P, Katz A, Kim J, Spencer D. Morphological patterns of seizures recorded

intracranially. Epilepsia. 1992; 33(3):537–45. PMID: 1592034

21. Garzon E, Fernandes RM, Sakamoto AC. Serial EEG during human status epilepticus: evidence for

PLED as an ictal pattern. Neurology. 2001; 57(7):1175–83. PMID: 11591832

22. Andraus ME, Andraus CF, Alves-Leon SV. Periodic EEG patterns: importance of their recognition and

clinical significance. Arquivos de neuro-psiquiatria. 2012; 70(2):145–51. PMID: 22311221

23. Behr C, D’Antuono M, Hamidi S, Herrington R, Levesque M, Salami P, et al. Limbic networks and epi-

leptiform synchronization: the view from the experimental side. Int Rev Neurobiol. 2014; 114:63–87.

doi: 10.1016/B978-0-12-418693-4.00004-2 PMID: 25078499

24. Fisher RS, Scharfman HE, deCurtis M. How can we identify ictal and interictal abnormal activity?

Advances in experimental medicine and biology. 2014; 813:3–23. doi: 10.1007/978-94-017-8914-1_1

PMID: 25012363

25. Perucca P, Dubeau F, Gotman J. Intracranial electroencephalographic seizure-onset patterns: effect of

underlying pathology. Brain: a journal of neurology. 2014; 137(Pt 1):183–96.

26. Huberfeld G, Blauwblomme T, Miles R. Hippocampus and epilepsy: Findings from human tissues.

Revue neurologique. 2015; 171(3):236–51. doi: 10.1016/j.neurol.2015.01.563 PMID: 25724711

In Vitro Anti-Epileptic Drug Efficacy

PLOS ONE | DOI:10.1371/journal.pone.0169974 January 11, 2017 14 / 16

http://dx.doi.org/10.1007/978-94-017-8914-1_24
http://dx.doi.org/10.1007/978-94-017-8914-1_24
http://www.ncbi.nlm.nih.gov/pubmed/25012386
http://www.ncbi.nlm.nih.gov/pubmed/9127723
http://www.ncbi.nlm.nih.gov/pubmed/10448829
http://www.ncbi.nlm.nih.gov/pubmed/7453194
http://www.ncbi.nlm.nih.gov/pubmed/2416891
http://www.ncbi.nlm.nih.gov/pubmed/3343603
http://dx.doi.org/10.1016/j.jneumeth.2015.08.014
http://dx.doi.org/10.1016/j.jneumeth.2015.08.014
http://www.ncbi.nlm.nih.gov/pubmed/26300181
http://dx.doi.org/10.1111/j.1528-1167.2006.00504.x
http://dx.doi.org/10.1111/j.1528-1167.2006.00504.x
http://www.ncbi.nlm.nih.gov/pubmed/16650134
http://dx.doi.org/10.1016/j.neuroscience.2004.12.044
http://www.ncbi.nlm.nih.gov/pubmed/15802187
http://dx.doi.org/10.1007/s12264-013-1304-4
http://www.ncbi.nlm.nih.gov/pubmed/23361520
http://www.ncbi.nlm.nih.gov/pubmed/1592034
http://www.ncbi.nlm.nih.gov/pubmed/11591832
http://www.ncbi.nlm.nih.gov/pubmed/22311221
http://dx.doi.org/10.1016/B978-0-12-418693-4.00004-2
http://www.ncbi.nlm.nih.gov/pubmed/25078499
http://dx.doi.org/10.1007/978-94-017-8914-1_1
http://www.ncbi.nlm.nih.gov/pubmed/25012363
http://dx.doi.org/10.1016/j.neurol.2015.01.563
http://www.ncbi.nlm.nih.gov/pubmed/25724711


27. Leschinger A, Stabel J, Igelmund P, Heinemann U. Pharmacological and electrographic properties of

epileptiform activity induced by elevated K+ and lowered Ca2+ and Mg2+ concentration in rat hippo-

campal slices. Experimental brain research. 1993; 96(2):230–40. PMID: 7903641

28. Jawad S, Oxley J, Yuen WC, Richens A. The effect of lamotrigine, a novel anticonvulsant, on interictal

spikes in patients with epilepsy. British journal of clinical pharmacology. 1986; 22(2):191–3. PMID:

3530305

29. Libenson MH, Caravale B. Do antiepileptic drugs differ in suppressing interictal epileptiform activity in

children? Pediatric neurology. 2001; 24(3):214–8. PMID: 11301223

30. Behr C, Levesque M, Ragsdale D, Avoli M. Lacosamide modulates interictal spiking and high-frequency

oscillations in a model of mesial temporal lobe epilepsy. Epilepsy research. 2015; 115:8–16. doi: 10.

1016/j.eplepsyres.2015.05.006 PMID: 26220372

31. Levesque M, Behr C, Avoli M. The anti-ictogenic effects of levetiracetam are mirrored by interictal spik-

ing and high-frequency oscillation changes in a model of temporal lobe epilepsy. Seizure: the journal of

the British Epilepsy Association. 2015; 25:18–25.

32. Ziburkus J, Cressman JR, Schiff SJ. Seizures as imbalanced up states: excitatory and inhibitory con-

ductances during seizure-like events. Journal of neurophysiology. 2013; 109(5):1296–306. doi: 10.

1152/jn.00232.2012 PMID: 23221405

33. Hui Yin Y, Ahmad N, Makmor-Bakry M. Pathogenesis of Epilepsy: Challenges in Animal Models. Iranian

journal of basic medical sciences. 2013; 16(11):1119–32. PMID: 24494063

34. French JA, Faught E. Rational polytherapy. Epilepsia. 2009; 50 Suppl 8:63–8.

35. Margolis JM, Chu BC, Wang ZJ, Copher R, Cavazos JE. Effectiveness of antiepileptic drug combination

therapy for partial-onset seizures based on mechanisms of action. JAMA neurology. 2014; 71(8):985–

93. doi: 10.1001/jamaneurol.2014.808 PMID: 24911669

36. Tse WF, Yang W, Huang W. A narrative review of cost-effectiveness analysis of people living with HIV

treated with HAART: from interventions to outcomes. Clinicoecon Outcomes Res. 2015; 7:431–9. doi:

10.2147/CEOR.S85535 PMID: 26316787

37. Chopp S, Vanderwall R, Hult A, Klepser M. Simeprevir and sofosbuvir for treatment of hepatitis C infec-

tion. Am J Health Syst Pharm. 2015; 72(17):1445–55. doi: 10.2146/ajhp140290 PMID: 26294237

38. Apetoh L, Ladoire S, Coukos G, Ghiringhelli F. Combining immunotherapy and anticancer agents: the

right path to achieve cancer cure? Ann Oncol. 2015; 26(9):1813–23. doi: 10.1093/annonc/mdv209

PMID: 25922066

39. Flemming A. Anticancer drugs: Finding the perfect combination. Nat Rev Drug Discov. 2015; 14(1):13.

doi: 10.1038/nrd4524 PMID: 25549585

40. Coulter DA. Antiepileptic drug cellular mechanisms of action: where does lamotrigine fit in? J Child Neu-

rol. 1997; 12 Suppl 1:S2–9.

41. Pisani A, Bonsi P, Martella G, De Persis C, Costa C, Pisani F, et al. Intracellular calcium increase in epi-

leptiform activity: modulation by levetiracetam and lamotrigine. Epilepsia. 2004; 45(7):719–28. doi: 10.

1111/j.0013-9580.2004.02204.x PMID: 15230693

42. Lee CY, Fu WM, Chen CC, Su MJ, Liou HH. Lamotrigine inhibits postsynaptic AMPA receptor and glu-

tamate release in the dentate gyrus. Epilepsia. 2008; 49(5):888–97. doi: 10.1111/j.1528-1167.2007.

01526.x PMID: 18248444

43. Englund M, Hyllienmark L, Brismar T. Effect of valproate, lamotrigine and levetiracetam on excitability

and firing properties of CA1 neurons in rat brain slices. Cellular and molecular neurobiology. 2011; 31

(4):645–52. doi: 10.1007/s10571-011-9660-y PMID: 21336651

44. Kuo CC. A common anticonvulsant binding site for phenytoin, carbamazepine, and lamotrigine in neuro-

nal Na+ channels. Mol Pharmacol. 1998; 54(4):712–21. PMID: 9765515

45. Rogawski MA, Loscher W. The neurobiology of antiepileptic drugs. Nature reviews Neuroscience.

2004; 5(7):553–64. doi: 10.1038/nrn1430 PMID: 15208697

46. Colombo E, Franceschetti S, Avanzini G, Mantegazza M. Phenytoin inhibits the persistent sodium cur-

rent in neocortical neurons by modifying its inactivation properties. PloS one. 2013; 8(1):e55329. doi:

10.1371/journal.pone.0055329 PMID: 23383157

47. Loscher W. Basic pharmacology of valproate: a review after 35 years of clinical use for the treatment of

epilepsy. CNS drugs. 2002; 16(10):669–94. PMID: 12269861

48. Albus H, Williamson R. Electrophysiologic analysis of the actions of valproate on pyramidal neurons in

the rat hippocampal slice. Epilepsia. 1998; 39(2):124–39. PMID: 9577992

49. Taverna S, Mantegazza M, Franceschetti S, Avanzini G. Valproate selectively reduces the persistent

fraction of Na+ current in neocortical neurons. Epilepsy research. 1998; 32(1–2):304–8. PMID:

9761329

In Vitro Anti-Epileptic Drug Efficacy

PLOS ONE | DOI:10.1371/journal.pone.0169974 January 11, 2017 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/7903641
http://www.ncbi.nlm.nih.gov/pubmed/3530305
http://www.ncbi.nlm.nih.gov/pubmed/11301223
http://dx.doi.org/10.1016/j.eplepsyres.2015.05.006
http://dx.doi.org/10.1016/j.eplepsyres.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/26220372
http://dx.doi.org/10.1152/jn.00232.2012
http://dx.doi.org/10.1152/jn.00232.2012
http://www.ncbi.nlm.nih.gov/pubmed/23221405
http://www.ncbi.nlm.nih.gov/pubmed/24494063
http://dx.doi.org/10.1001/jamaneurol.2014.808
http://www.ncbi.nlm.nih.gov/pubmed/24911669
http://dx.doi.org/10.2147/CEOR.S85535
http://www.ncbi.nlm.nih.gov/pubmed/26316787
http://dx.doi.org/10.2146/ajhp140290
http://www.ncbi.nlm.nih.gov/pubmed/26294237
http://dx.doi.org/10.1093/annonc/mdv209
http://www.ncbi.nlm.nih.gov/pubmed/25922066
http://dx.doi.org/10.1038/nrd4524
http://www.ncbi.nlm.nih.gov/pubmed/25549585
http://dx.doi.org/10.1111/j.0013-9580.2004.02204.x
http://dx.doi.org/10.1111/j.0013-9580.2004.02204.x
http://www.ncbi.nlm.nih.gov/pubmed/15230693
http://dx.doi.org/10.1111/j.1528-1167.2007.01526.x
http://dx.doi.org/10.1111/j.1528-1167.2007.01526.x
http://www.ncbi.nlm.nih.gov/pubmed/18248444
http://dx.doi.org/10.1007/s10571-011-9660-y
http://www.ncbi.nlm.nih.gov/pubmed/21336651
http://www.ncbi.nlm.nih.gov/pubmed/9765515
http://dx.doi.org/10.1038/nrn1430
http://www.ncbi.nlm.nih.gov/pubmed/15208697
http://dx.doi.org/10.1371/journal.pone.0055329
http://www.ncbi.nlm.nih.gov/pubmed/23383157
http://www.ncbi.nlm.nih.gov/pubmed/12269861
http://www.ncbi.nlm.nih.gov/pubmed/9577992
http://www.ncbi.nlm.nih.gov/pubmed/9761329


50. Loscher W. Valproate: a reappraisal of its pharmacodynamic properties and mechanisms of action.

Progress in neurobiology. 1999; 58(1):31–59. PMID: 10321796

51. Johannessen CU. Mechanisms of action of valproate: a commentatory. Neurochemistry international.

2000; 37(2–3):103–10. PMID: 10812195

52. Czuczwar SJ, Kaplanski J, Swiderska-Dziewit G, Gergont A, Kroczka S, Kacinski M. Pharmacodynamic

interactions between antiepileptic drugs: preclinical data based on isobolography. Expert opinion on

drug metabolism & toxicology. 2009; 5(2):131–6.

53. Tallarida RJ. An overview of drug combination analysis with isobolograms. J Pharmacol Exp Ther.

2006; 319(1):1–7. doi: 10.1124/jpet.106.104117 PMID: 16670349

54. Luszczki JJ, Czuczwar M, Kis J, Krysa J, Pasztelan I, Swiader M, et al. Interactions of lamotrigine with

topiramate and first-generation antiepileptic drugs in the maximal electroshock test in mice: an isobolo-

graphic analysis. Epilepsia. 2003; 44(8):1003–13. PMID: 12887431

55. Shandra A, Shandra P, Kaschenko O, Matagne A, Stohr T. Synergism of lacosamide with established

antiepileptic drugs in the 6-Hz seizure model in mice. Epilepsia. 2013; 54(7):1167–75. doi: 10.1111/epi.

12237 PMID: 23750855

56. Matsumura N, Nakaki T. Isobolographic analysis of the mechanisms of action of anticonvulsants from a

combination effect. European journal of pharmacology. 2014; 741c:237–46.

57. Foucquier J, Guedj M. Analysis of drug combinations: current methodological landscape. Pharmacol-

ogy research & perspectives. 2015; 3(3):e00149.

58. Luszczki JJ, Andres MM, Czuczwar P, Cioczek-Czuczwar A, Ratnaraj N, Patsalos PN, et al. Pharmaco-

dynamic and pharmacokinetic characterization of interactions between levetiracetam and numerous

antiepileptic drugs in the mouse maximal electroshock seizure model: an isobolographic analysis. Epi-

lepsia. 2006; 47(1):10–20. doi: 10.1111/j.1528-1167.2006.00364.x PMID: 16417526

In Vitro Anti-Epileptic Drug Efficacy

PLOS ONE | DOI:10.1371/journal.pone.0169974 January 11, 2017 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/10321796
http://www.ncbi.nlm.nih.gov/pubmed/10812195
http://dx.doi.org/10.1124/jpet.106.104117
http://www.ncbi.nlm.nih.gov/pubmed/16670349
http://www.ncbi.nlm.nih.gov/pubmed/12887431
http://dx.doi.org/10.1111/epi.12237
http://dx.doi.org/10.1111/epi.12237
http://www.ncbi.nlm.nih.gov/pubmed/23750855
http://dx.doi.org/10.1111/j.1528-1167.2006.00364.x
http://www.ncbi.nlm.nih.gov/pubmed/16417526

