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Abstract

Objective—Nearly one third of patients presenting with mesial temporal lobe epilepsy (MTLE), 

the most prevalent lesion-related epileptic disorder in adulthood, do not respond to currently 

available antiepileptic medications. Thus, there is a need to identify and characterize new 

antiepileptic drugs. In this study, we used the pilocarpine model of MTLE to establish the effects 

of a third generation drug, lacosamide (LCM), on seizures, interictal spikes and high-frequency 

oscillations (HFOs, ripples: 80–200 Hz, fast ripples: 250–500 Hz).

Methods—Sprague–Dawley rats (250–300 g) were injected with pilocarpine to induce a status 
epilepticus (SE) that was pharmacologically terminated after 1 h. Eight pilocarpine-treated rats 

were then injected with LCM (30 mg/kg, i.p.) 4 h after SE and daily for 14 days. Eight 

pilocarpine-treated rats were used as controls and treated with saline. Three days after SE, all rats 

were implanted with bipolar electrodes in the hippocampal CA3 region, entorhinal cortex (EC), 

dentate gyrus (DG) and subiculum and EEG-video monitored from day 4 to day 14 after SE.

Results—LCM-treated animals showed lower rates of seizures (0.21 (±0.11) seizures/day) than 

controls (2.6 (±0.57), p < 0.05), and a longer latent period (LCM: 11 (±1) days, controls: 6.25 

(±1), p < 0.05). Rates of interictal spikes in LCM-treated rats were significantly lower than in 

controls in CA3 and subiculum (p < 0.05). Rates of ripples and fast ripples associated with 

interictal spikes in CA3 and subiculum as well as rates of fast ripples occurring outside of 

interictal spikes in CA3 were also significantly lower in LCM-treated animals. In controls, 

interictal spikes and associated HFOs correlated to seizure clustering, while this was not the case 

for isolated HFOs.

Significance—Our findings show that early treatment with LCM has powerful anti-ictogenic 

properties in the pilocarpine model of MTLE. These effects are accompanied by decreased rates of 

interictal spikes and associated HFOs. Isolated HFOs were also modulated by LCM, in a manner 

that appeared to be unrelated to its antiictogenic effects. These results thus suggest that distinct 

mechanisms may underlie interictal-associated and isolated HFOs in the pilocarpine model of 

MTLE.
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Introduction

Lacosamide (LCM, (R)-2-acetamido-N-benzyl-3-methoxypro-pionamide) is a voltage-gated 

Na+ channel blocker that modulates the slow inactivation component of Na+ channels 

(Errington et al., 2008; Niespodziany et al., 2013). LCM is effective in patients with 

pharmacoresistant focal epilepsy (Ben-Menachem et al., 2007; Cross and Curran, 2009; 

Halasz et al., 2009), and in animal models such as the maximal electroshock model, the 

amygdala kindling model and the 6 Hz model of psychomotor seizures(Brandt et al., 2006; 

Stohr et al., 2007). However, its effect on status epilepticus (SE)-induced models of epilepsy 

remains undefined.

Mesial temporal lobe epilepsy (MTLE) is characterised by the occurrence of 

pharmacoresistant seizures many years after a brain insult, such as febrile seizures or 

encephalitis (Cendes et al., 1993; French et al., 1993). These seizures originate from 

hippocampal and/or parahippocampal structures (Spencer, 2002; Swanson, 1995). Many 

antiepileptic drugs are currently available to control seizures, but approximately one third of 

MTLE patients are refractory to medication thus making MTLE one of the most refractory 

forms of focal epilepsy in adults (Engel et al., 2012). Costly, and at times impracticable, 

surgical resection of the epileptic tissue remains the only therapeutic alternative in these 

cases.

In this study, we used the pilocarpine model of MTLE (Curia et al., 2008; Turski et al., 

1983) to address the impact of LCM on the occurrence of seizures and interictal spikes. We 

investigated whether LCM treatment over a period of 14 days after the initial SE influences 

epileptic activity in temporal lobe regions such as the CA3 region of the hippocampus, 

entorhinal cortex (EC), dentate gyrus (DG) and subiculum. Each of these regions have 

indeed been identified as a key structure for the generation of interictal and ictal activities in 

human and animal studies (Bragin et al., 1999b; Cohen et al., 2002; Huberfeld et al., 2011; 

Levesque et al., 2011, 2012; Salami et al., 2014; Spencer and Spencer, 1994). Moreover, 

since high-frequency oscillations (HFOs, ripples: 80–200 Hz, fast ripples: 250–500 Hz) are 

thought to represent biomarkers of pathological network activity that may sustain 

epileptogenesis and ictogenesis in MTLE (Jefferys et al., 2012), we studied their occurrence 

in pilocarpine controls and LCM-treated animals.

Materials and methods

Ethical approval

All procedures were approved by the Canadian Council of Animal Care and all efforts were 

made to minimize the number of animals and their suffering.
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Animal preparation

Twenty adult male rats (Sprague–Dawley, 250–300 g, around P60) were purchased from 

Charles River (St-Constant, Qc, Canada) and housed under controlled conditions, at 22 (±2) 

°C and 12 h light/12 h dark cycle (lights on from 7:00 A.M. to 7:00 P.M.) with food and 

water ad libitum.

Pilocarpine and lacosamide treatment

SE was induced by a systemic injection of pilocarpine as previously described (Bortel et al., 

2010; Levesque et al., 2011; Salami et al., 2014). Briefly, peripheral effects were reduced by 

scopolamine methylnitrate pre-treatment (1 mg/kg, i.p., Sigma-Aldrich, Canada) 30 min 

before a single dose of pilocarpine hydrochloride was injected i.p. (380 mg/kg; Sigma-

Aldrich, Canada). Continuous stage 5 seizures (Racine scale, (Racine, 1972)) defined SE 

that was interrupted by diazepam (5 mg/kg, s.c.; CDMV, Canada) and ketamine (50 mg/kg, 

s.c.; CDMV, Canada) after 1 h (Martin and Kapur, 2008). The mortality rate after 

pilocarpine injection was around 15%. In addition, 10% of pilocarpine-treated animals did 

not develop SE, allowing the recording of 16 rats. Approximately 4 h after SE termination, 

eight rats received a single injection of LCM (30 mg/kg i.p.), diluted in fresh saline. The 

same procedure was repeated every day for 14 continuous days. A single daily injection was 

compatible with pharmacokinetic properties in rats, according to preclinical studies (Bialer 

et al., 2002; Brandt et al., 2006; Hovinga, 2003) and reduced animal discomfort. Eight rats 

were used as controls and treated with saline. Injections were always performed at the same 

time of the day (10 AM).

Stereotaxic implantation of depth electrodes

Three days after SE, all rats received topical lidocaine (5%; Odan, Canada), before 

placement in the stereotaxic frame. An incision was done to expose the skull plate from 

Bregma to Lambda, after careful assessment of the level of anaesthesia (isoflurane 2% in 

100% O2). Anchor screws (2.4 mm length, n = 4) were fixed to the skull which was drilled 

to allow the implantation of four bipolar electrodes (20–30 kΩ; 5–10 mm length; distance 

between exposed tips: 500 μm, MS303/2-B/spc, Plastics One, VA, USA). Electrodes were 

implanted in the right CA3 subfield of the ventral hippocampus (AP: −4.4, ML: −4, DV: 

7.8), right medial EC (AP: −8.6, ML: −5.2, DV: 6.8), left ventral subiculum (AP: −6.8, ML: 

+4, DV: 6) and left DG (AP: −4.4, ML: +2.4, DV: 3.4) (Paxinos, 1998). A reference 

electrode was placed under the left frontal bone. Preventive antibiotherapy (enrofloxacine, 

s.c., 10 mg/kg) and post-operative analgesic were systematically administered (ketoprofen 5 

mg/kg, s.c. Merail, Canada and buprenorphine 0.01–0.05 mg/kg, s.c. CDMV, Canada) along 

with rehydration (2 ml of 0.9% sterile saline, s.c. repeated every 12 h if necessary).

EEG recordings and seizures detection

Video-EEG monitoring (24 h/day, 7 days/weeks) occurred in custom-made Plexiglas boxes 

(30 × 30 × 40 cm), after a 24 h recovery period, until day 11 after surgery. Each animal was 

connected to a multichannel cable and electrical swivel (Commutator SL 18 C, HRS 

Scientific, Canada) and local field potentials were amplified via an interface kit (Mobile 

36ch LTM ProAmp, Stellate, Montreal, QC, Canada), low-pass filtered at 500 Hz and 
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sampled at 2 kHz per channel. Recordings were performed for 11 days (from day 4 to day 

14) after SE. Day and night video monitoring using infrared cameras were time-stamped for 

integration with the electrophysiological data using monitoring software (Harmonie, 

Stellate, Montreal, QC, Canada). Temperature and day-night cycle were controlled (22 

± 2 °C, 12 h light/dark schedule), food and water were provided ad libitum. All traces and 

video files were reviewed manually to detect seizures, based on the occurrence of an abrupt 

change from baseline (increase in frequency and/or amplitude) with concordant behaviour. 

The latent period was defined as the time between the end of the SE and the occurrence of 

the first spontaneous seizure (convulsive or non-convulsive).

Detection of interictal spikes

Two epochs of 10 min of non-REM sleep were selected for each day and each animal, since 

interictal spikes and HFOs are known to occur at higher rates during these time periods 

(Bagshaw et al., 2009; Montplaisir et al., 1985; Staba et al., 2004) as well as because 

possible contamination of the EEG by movement artefacts would be reduced. Moreover, to 

minimize the effect of seizure occurrence, we selected traces at least 1 h before or after 

seizures. To account for a possible light-dark cycle effect, we selected for each day one 

epoch during the light period (from 7 AM to 7 PM) and a second epoch during the dark 

period (from 7 PM to 7 AM), results obtained from the two epochs were averaged in order to 

obtain a single value per day per animal. Interictal spikes were detected based on threshold 

crossings (mean and standard deviation (SD)), calculated over the entire period for the 10 

min epoch. Every event detected by the automated method was visually reviewed and all 

events caused by movement artefacts were excluded. The rate of interictal spikes (number of 

events/s) was then calculated for each region (CA3, EC, DG and subiculum).

Detection of high-frequency oscillations

The same time-periods used to analyse interictal spikes were used for the analysis of HFOs, 

because these events are prominent during the non-REM sleep stage (Bagshaw et al., 2009; 

Staba et al., 2004). A multi-parametric algorithm was employed to identify oscillations in 

each frequency range (80–200 Hz and 250–500 Hz), using routines based on standardized 

functions (Matlab Signal Processing Toolbox). Raw EEG recordings were bandpass-filtered 

in the 80–200 Hz and in the 250–500 Hz frequency range using a finite impulse response 

filter; zero-phase digital filtering was used to avoid phase distortion. Filtered EEGs from 

each region were then normalized using their own average root mean square (RMS) value. 

To be considered as an HFO candidate, oscillatory events in each frequency band had to 

show at least four consecutive cycles having amplitude of 3 SD above the mean. The time 

lag between two consecutive cycles had to be between 5 and 12.5 ms for ripples and 

between 2 and 4 ms for fast ripples (Levesque et al., 2011). If an HFO co-occurred within a 

time window of ±300 ms from the peak of an interictal spike, we considered that it co-

occurred with an interictal spike. The remaining detected HFOs were considered as isolated 

HFOs.

Statistical analyses

Statistical analyses were performed in Matlab R2013a using the Statistics Toolbox. Since 

values were not normally distributed (as measured with the Kolmogorov–Sminorv goodness-
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of-fit hypothesis test), Wilcoxon rank sum tests were used to compare rates of interictal 

spikes and HFOs from the control and LCM-treated group in each region (CA3, EC, DG and 

subiculum). We expected that LCM would induce significantly lower rates of interictal 

spikes with HFOs in LCM-treated animals compared to controls. Linear regressions were 

applied between rates of interictal spikes, rates of HFOs co-occurring with spikes, rates of 

isolated HFOs and rates of seizures. To test the predictive value of each interictal event 

(namely, interictal spikes, interictal spikes associated HFOs and isolated HFOs) with regards 

to seizure occurrence, we performed a linear regression with seizure rates shifted forward in 

time (Levesque et al., 2011). Fisher’s exact test was used to compare percentage of seizing 

animal. The level of significance was set at p < 0.05. Results are expressed as mean 

(±standard error of mean).

Results

Seizure occurrence

In controls, a total of 352 seizures were recorded between day 4 and day 14 after SE, 

whereas in LCM-treated animals, a total of 3 seizures were detected. Fig. 1A shows an 

example of a seizure detected in a control animal on the four electrodes. The latent period 

was significantly longer in LCM-treated animals (Fig. 1B). Both the proportion of seizing 

animals and the daily rate of seizure were significantly higher in the control group (Fig. 1C 

and D). The light-dark cycle did not modulate the occurrence of seizures, since 48% of 

seizures occurred during the dark period compared to 52% during the light period.

Interictal spikes

In both groups, all animals showed interictal spikes in all regions of the temporal lobe that 

were recorded. Fig. 2A shows a typical example of a seizure recorded from a control animal. 

For the analysis of interictal spike rates, we selected 6 controls and 6 LCM-treated animals, 

including the LCM-treated rats that were seizing (the remaining 2 LCM-treated rats were 

excluded due to the poor signal quality). Seizures in the 6 selected controls occurred in a 

cluster between day 7 and day 10 after SE (Fig. 2C, the vertical dotted line represents the 

average peak of seizure occurrence in the control group). A total of 22 h of interictal activity 

was analysed for each group (two 10 min epochs in each animal from each day of recording 

between day 4 and day 14 after SE). The analysis was performed over 38,165 interictal 

spikes in the control group and 36,415 interictal spikes in the LCM-treated group. Fig. 2B 

shows the mean rates of interictal spikes, averaged over the entire recording period for each 

structure. The rates of interictal spikes in CA3 and subiculum were significantly lower in the 

LCM-treated group than in controls (p < 0.05 and p < 0.001). Interictal spike rates were 

significantly lower in LCM-treated animals at day 5 and between day 8 and 11 after SE in 

CA3 and between day 10 and day 12 in the subiculum (Fig. 2C). In both regions, rates of 

ripples associated with interictal spikes were not significantly correlated over time with 

seizure occurrence in controls (data not shown), but as it was observed for interictal spike 

rates, they significantly decreased over time in CA3 (r = −0.93, p < 0.01).
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High-frequency oscillations associated with interictal spikes

As previously observed in MTLE patients and animal models (Bragin et al., 1999a; Jacobs et 

al., 2010; Levesque et al., 2011; Salami et al., 2014), HFOs co-occurred with interictal 

spikes (Fig. 3A). LCM-treated animals showed significantly lower rates of ripples associated 

to interictal spikes in CA3 and subiculum compared to controls (p < 0.01) (Fig. 3B). In CA3, 

ripple rates were significantly lower in LCM-treated animals at day 4, 5 and 9 whereas they 

were significantly lower in the subiculum between days 10 and 13, (p < 0.05 and p < 0.01) 

(Fig. 3C). In both regions, rates of ripples associated with interictal spikes were not 

significantly correlated over time with seizure occurrence in controls (data not shown), but 

as it was observed for interictal spike rates, they significantly decreased over time in CA3 (r 
= −0.93, p < 0.01).

Similar results were obtained for fast ripples associated with interictal spikes (Fig. 4A). In 

both CA3 and subiculum, LCM-treated animals showed significantly lower rates of fast 

ripples associated with interictal spikes compared to controls (p < 0.05) (Fig. 4B). Moreover, 

at day 9, when seizures reached a peak in occurrence in controls, rates of fast ripples 

associated with interictal spikes were significantly lower in the CA3 of LCM-treated animals 

(p < 0.05) (Fig. 4C). A linear regression between rates of fast ripples associated with 

interictal spikes in CA3 and seizure rates in controls revealed a significant correlation (r = 

0.62, p < 0.05), indicating that in this area an increase in the occurrence of fast ripples 

associated with interictal spikes was related to an increase in seizure rate, as previously 

reported (Levesque et al., 2011). In the subiculum, fast ripples associated with interictal 

spikes were significantly lower in LCM-treated animals between day 10 and 13, which 

followed the day during which a peak in seizure rate occurred (day 9) (Fig. 4C). A time-

shifted linear regression analysis between rates of fast ripples associated with interictal 

spikes and rates of seizures in controls showed a significant correlation, (r = 0.72, p < 0.05), 

indicating that, as previously reported (Levesque et al., 2011), high fast ripple activity in this 

structure increases after seizure clustering.

Isolated high-frequency oscillations

Ripples occurring outside of interictal spikes were recorded in both groups in all regions 

(Fig. 5A), but LCM-treated animals showed significantly lower rates in CA3 (p < 0.05) and 

EC (p < 0.01) compared to controls (Fig. 5B). The analysis of isolated ripples over time 

showed that their rates of occurrence in CA3 were significantly lower in LCM-treated 

animals at day 4 and 5 after SE (Fig. 5C). In EC, they showed lower rates compared to 

controls at day 5, 12 and 13 after SE (Fig. 5C). No significant correlation was found 

however between the occurrence of seizures and isolated ripples in CA3 or in EC in controls 

indicating that isolated ripples in these regions do not predict periods of high seizure 

occurrence. We performed a linear regression analysis between isolated ripples and ripples 

that occurred in association with interictal spikes in order to test the hypothesis that the two 

types of ripple activity display similar patterns of occurrence over time. Results showed that 

in CA3, ripples associated with interictal spikes and rates of isolated ripples were 

significantly correlated over time (r = 0.82, p < 0.01) (data not shown). Such a correlation 

was not observed in EC.
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As illustrated in Fig. 5E, isolated fast ripples occurred at significantly lower rates in the CA3 

of LCM-treated animals compared to controls (p < 0.05). They also significantly increased 

over time (r = 0.65, p < 0.05) but were not correlated with seizure occurrence (Fig. 5F). 

Moreover, in both groups, isolated fast ripples and fast ripples associated with interictal 

spikes were not correlated, indicating that they displayed distinct patterns of occurrence over 

time (Fig. 5G). Thus, our results show that contrary to what was observed for fast ripples 

associated to interictal spikes in CA3, isolated fast ripples are not modulated by seizures 

even though they are sensitive to LCM. In addition, in EC, DG and subiculum, rates of 

isolated fast ripples were significantly higher in controls compared to LCM-treated animals 

(p < 0.05).

Discussion

The main results of our study can be summarized as follows. First, only 25% of LCM-

treated animals showed seizures compared to all controls. LCM-treated animals also showed 

significantly lower seizure rates and a longer latent period. Second, rates of interictal spikes 

in CA3 and subiculum were significantly lower in LCM-treated animals than in controls. 

Third, rates of ripples associated with interictal spikes and rates of isolated ripples were 

lower in LCM-treated rats and were correlated over time in CA3. Fourth, rates of fast ripples 

associated with interictal spikes and rates of isolated fast ripples were significantly lower in 

LCM-treated in CA3; however, the two types of fast ripples were not correlated with each 

other, and only fast ripples associated with interictal spikes were correlated with seizure 

occurrence.

Only 25% of animals treated with LCM showed seizures compared to all controls. In 

addition, these LCM-treated epileptic rats had a significant smaller number of seizures. Our 

results are in line with clinical studies showing that LCM has anti-ictogenic properties in 

patients with partial-onset seizures (Chung et al., 2010; Li et al., 2013); however the 

percentage of patients reaching seizure control in placebo-controlled trials does not exceed 

50%. The pilocarpine model of MTLE is known to reproduce the level of 

pharmacoresistance that is characteristic of this epileptic syndrome (Curia et al., 2008). 

Further studies are needed to confirm the efficiency of LCM in the pilocarpine model over 

time, but the anti-ictogenic efficacy of LCM identified in our study suggests that targeting 

the latent period may represent an interesting strategy in MTLE, assuming that predictive 

tools may become available in the future to identify patients at risk of developing this 

syndrome.

We have also observed that LCM increased the duration of the latent period in treated 

animals compared to controls. Brandt et al. (2006) have also reported an effect of LCM on 

the duration of the latent period, since they observed that it can significantly delay kindling 

following stimulation of the basolateral amygdala. However, the effect of LCM treatment on 

seizure severity and the duration of afterdischarges disappeared when those animals were re-

kindled after a treatment-free period of 2.5 month. In addition, a recent study found a 

neuroprotective effect of LCM on hippocampal and parahippocampal structures when 

administered after a SE induced with prolonged stimulation of the basolateral amygdala, 

without however any effect on the duration of the latent period (Licko et al., 2013). 
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Although the methods used to monitor seizures are different between the study of Licko et 

al. (2013) and our study, these results highlight the need for additional studies addressing the 

potential disease-modifying properties of LCM.

We have observed that in both CA3 and subiculum, interictal spike rates in LCM-treated 

animals were significantly lower than in controls. To date, no study has specifically explored 

the effect of LCM on interictal spikes in patients with MTLE. However, in patients with 

pharmacoresistant focal epilepsy, Li et al. (2013) found a non-significant reduction of 

interictal epileptiform activity after acute intravenous LCM treatment, whereas no effect 

were observed by Giorgi et al. (2013) following adjunctive per os treatment with LCM. 

Moreover, it has been reported in the perforant path stimulation model that LCM induces a 

decrease in interictal spike rates in the dentate gyrus 6 weeks after SE (Wasterlain et al., 

2011). Therefore, our study is the first to provide evidence of the ability of LCM to decrease 

interictal spike occurrence in CA3 and subiculum in a well-established animal model of 

MTLE. It should be emphasized that these two limbic areas are known to play important 

roles in MTLE. Indeed, the CA3 region is highly sensitive to neuronal damage induced by 

the initial SE (Ben-Ari et al., 1980). It is one of the first regions to show epileptiform activity 

during the latent period (Lothman et al., 1981) and is often the onset zone of spontaneous 

seizures in pilocarpine-treated animals (Bortel et al., 2010; Levesque et al., 2011, 2012). 

Pathological network activity in this region is thus likely to lead to excessive neuronal 

synchronization and ictogenesis.

As previously reported by Levesque et al. (2011), fast ripples, but not ripples, associated 

with interictal spikes in CA3 were tightly linked to seizure occurrence. Similar results were 

reported in a study performed on epileptic patients in which HFOs associated with interictal 

spikes recorded in the hippocampus and para-hippocampal structures were shown to directly 

correlate with seizure occurrence (Zijlmans et al., 2009). Since fast ripples are thought to 

reflect the hypersynchronous firing of principal (glutamatergic) neurons in seizure onset 

zones (Jefferys et al., 2012), we are inclined to propose that LCM prevents excessive 

neuronal synchronization in the hippocampus, which thus decreases fast ripple activity and 

seizure occurrence in the pilocarpine model of MTLE.

Fast ripples associated with interictal spikes in the subiculum only increased in occurrence 

after seizure clustering in controls, suggesting that they were modulated by seizure 

occurrence. The subiculum is known to play an important role in the pilocarpine model of 

MTLE and in the human condition. It was proposed that the high vulnerability of subicular 

GABAergic interneurons and the hyperexcitability of subicular networks following a 

pilocarpine-induced SE might contribute to epileptogenesis and ictogenesis in this model (de 

Guzman et al., 2006; Knopp et al., 2008). In humans, studies performed on resected tissue 

from patients with temporal lobe epilepsy also suggest that changes in subicular network 

activity might contribute to the generation of ictal (Huberfeld et al., 2011) and interictal 

activity in the sclerotic (Cohen et al., 2002) and non-sclerotic tissue (Wozny et al., 2005). In 
vivo, depth recordings from the subiculum in MTLE patients have revealed the existence of 

focal and highly synchronous subicular interictal spikes (Fabo et al., 2008).
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Rates of isolated HFOs behaved differently than HFOs associated to interictal spikes. They 

were not linked to the occurrence of seizures in controls and were reduced in occurrence 

under LCM. These results are in line with those obtained in humans, in which it was shown 

that isolated HFOs increase after medication reduction whereas HFOs co-occurring with 

interictal spikes do not increase (Zijlmans et al., 2009). Our results further suggest that 

among isolated HFOs, isolated fast ripples may represent a unique category of epileptic 

biomarkers, since their occurrence was neither correlated with seizure occurrence nor with 

fast ripples associated to interictal spikes. Moreover, in controls but not in LCM-treated 

animals, rates of isolated fast ripples linearly increased over time. This increase could be 

explained by the progressive neuronal loss in the hippocampus after SE. Indeed, a reduction 

of hippocampal volume was found in pilocarpine-treated animals after SE (Nairismagi et al., 

2006; Niessen et al., 2005; Polli et al., 2014) and high rates of fast ripples were linked to 

small hippocampal volumes in epileptic patients (Staba et al., 2007). We also recently found 

that in CA3, isolated fast ripples, but not fast ripples associated to interictal spikes, occur at 

high rates during the chronic period (Salami et al., 2014). Thus, isolated fast ripples and fast 

ripples associated to interictal spikes may herald different pathophysiological mechanisms 

underlying MTLE that are differentially affected by anti-epileptic drugs.

In CA3, rates of ripples associated with interictal spikes and rates of isolated ripples were 

lower in LCM-treated animals than in controls. Both ripples subtypes showed significant 

correlation with each other in this structure, but did not correlate with seizure occurrence. 

Ripples are thought to reflect the summation of post-synaptic inhibitory potentials (Ylinen et 

al., 1995). Ripples associated with interictal spikes could thus mirror the inhibitory barrage 

following interictal hypersynchronization (Ulbert et al., 2004). In CA3, isolated ripples were 

correlated to ripples associated to interictal spikes, suggesting either that they reflect the 

same mechanism or that some interictal spikes did not cross the threshold and were not 

detected. In treated animals, lower rates of isolated ripples compared to controls were found 

in CA3 and EC; whereas isolated fast ripples were lower only in CA3. These findings 

support the view that ripples and fast ripples may arise from different networks (Staba et al., 

2007). Human studies suggest that fast ripples may be more reliable markers for the 

identification of the seizure onset zone compared to ripples (Jacobs et al., 2008; Staba et al., 

2002) and that isolated HFOs and HFOs associated with interictal spikes may behave 

differently with regards to seizure occurrence and medication withdrawal (Zijlmans et al., 

2009). We thus propose that isolated fast ripples in CA3 may indeed represent another 

biomarker of disease activity as well as a target for anti-epileptic drug development.

We have also observed that isolated fast ripples occur at higher rates in EC, DG and 

subiculum in controls compared to LCM-treated animals. This result was unexpected and is 

actually difficult to interpret. It could be due to the fact that LCM reduces the amplitude of 

interictal spikes associated to fast ripples and that they are missed by the automatic detector. 

The HFOs that are detected are thus analysed as isolated fast ripples. However, this 

explanation seems unlikely since all detected interictal spikes and HFOs were visually 

analysed and rates of interictal spikes were similar in occurrence in LCM-treated animals 

compared to controls in EC and DG. Moreover, no significant correlation was observed 

between rates of isolated fast ripples and rates of fast ripples associated to interictal spikes. 

These results thus merit further investigation.
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Conclusions

We have provided evidence that early LCM treatment has effective anti-ictogenic properties 

in the pilocarpine model of MTLE. These effects are accompanied by decreases in interictal 

spike rates and HFO occurrence in the hippocampus. We have also found that in the 

hippocampus, isolated HFOs and HFOs associated with interictal spikes may represent 

biomarkers of distinct network mechanisms that are differentially affected by anti-epileptic 

medication. In particular, we have further shown that isolated fast ripples in CA3 may 

represent a reliable biomarker of disease activity. Future studies should be aimed at 

demonstrating an enduring efficiency of LCM treatment, when administered early in the 

epileptogenic process.
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Figure 1. 
Effect of lacosamide on the occurrence of seizures—A. Representative example of a seizure 

recorded in control animals in the right CA3, right EC, left DG and left subiculum. B. Bar 

graph showing the average duration of the latent period in controls and in LCM-treated 

animals. LCM-treated animals showed a significantly longer latent period (* p < 0.05). C. 

Bar graph representing the proportion of seizing animals in each group, this proportion was 

significantly higher in the control group (Fisher’s exact test, ** p < 0.01). D. Bar graph 

showing average daily seizure rates in animals with seizures in each group. CA3: CA3 

region of the hippocampus, EC: entorhinal cortex, DG: dentate gyrus, Sub: subiculum.
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Figure 2. 
Effect of lacosamide on interictal spikes—A. Example of EEG wideband recordings from a 

control animal showing interictal spikes occurring in the four structures. The inset shows 

one interictal spike occurring simultaneously in CA3, DG and Sub. B. Bar graph showing 

the average rates of interictal spikes in both groups. LCM-treated animals showed 

significantly lower rates than controls in CA3 and in the subiculum (* p < 0.05, ** p < 0.01). 

C. Rates of interictal spikes from day 4 to day 14 after SE in controls and in LCM-treated 

animals, in CA3 and subiculum (* p < 0.05, ** p < 0.01) (vertical dotted lines define the 

peak of seizure occurrence in control animals).
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Figure 3. 
Effect of lacosamide on interictal spikes associated ripples—A. Example of a ripple 

associated with an interictal spike in a control animal. B. Bar graph showing the average 

rates of ripples associated with interictal spikes in all regions. Rates of ripples associated 

with interictal spikes were significantly lower in CA3 and in the subiculum of LCM-treated 

animals compared to controls. C. Average rates of ripples associated with interictal spikes 

from day 4 to day 14 after SE in controls and LCM-treated animals, in CA3 and subiculum 

(* p < 0.05, ** p < 0.01) (vertical dotted lines define the averaged peak of seizure 

occurrence in control animals, around day 9 after SE).
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Figure 4. 
Effect of lacosamide on interictal spikes associated fast ripples—A. Example of a fast ripple 

(arrow) associated with an interictal spike in a control animal. B. Bar graph showing the 

average rates of fast ripples associated with interictal spikes in all regions. Note that rates of 

fast ripples associated with interictal spikes were significantly lower in CA3 and in the 

subiculum of LCM-treated animals compared to controls. C. Average rates of fast ripples 

associated with interictal spikes from day 4 to day 14 after SE in controls and LCM-treated 

animals, in CA3 and subiculum (* p < 0.05, ** p < 0.01) (vertical dotted lines represent the 

average peak of seizure occurrence in control animals, around day 9 after SE). D. Linear 

regression analysis showing that in CA3, rates of fast ripples associated to interictal spikes 

were significantly correlated with seizure occurrence. In the subiculum, high rates of fast 

ripples associated to interictal spikes followed seizure clustering (+2 days).
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Figure 5. 
Effect of lacosamide on isolated high-frequency oscillations—A. Example of an isolated 

ripple (arrow) recorded in a control animal. B. Bar graph showing the average rate of 

isolated ripples in both groups. Note that significantly lower rates of isolated ripples were 

observed in CA3 and EC in the LCM-treated group compared to the control group. C. 

Average rates of isolated ripples in CA3 and EC from day 4 to day 14 after SE in both 

groups. D. Representative example of an isolated fast ripple (arrow) recorded in a control 

animal. E. Bar graph showing the average rate of isolated fast ripples in both groups. Note 

that significantly lower rates of isolated fast ripples were observed in CA3 in the LCM-

treated group compared to the control group. F. Average rates of isolated fast ripples in CA3 

from day 4 to day 14 after SE in both groups. No significant differences were observed 

between groups. (* p < 0.05, ** p < 0.01) (Vertical dotted lines define the averaged peak of 
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seizure occurrence in control animals, around day 9 after SE). G. Scatter plot showing the 

relation between fast ripples associated with interictal spikes and isolated fast ripples in 

CA3. No significant relationship was found in both groups.
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