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Abstract

Seizure clustering is a common and significant phenomenon in patients with epilepsy. The

clustering of spontaneous recurrent seizures (SRSs) in animal models of epilepsy, including

mouse pilocarpine models, has been reported. However, most studies have analyzed sei-

zures for a short duration after the induction of status epilepticus (SE). In this study, we

investigated the detailed characteristics of seizure clustering in the chronic stage of a

mouse pilocarpine-induced epilepsy model for an extended duration by continuous 24/7

video-EEG monitoring. A seizure cluster was defined as the occurrence of one or more sei-

zures per day for at least three consecutive days and at least five seizures during the cluster

period. We analyzed the cluster duration, seizure-free period, cluster interval, and numbers

of seizures within and outside the seizure clusters. The video-EEG monitoring began 84.5

±33.7 days after the induction of SE and continued for 53.7±20.4 days. Every mouse dis-

played seizure clusters, and 97.0% of the seizures occurred within a cluster period. The sei-

zure clusters were followed by long seizure-free periods of 16.3±6.8 days, showing a cyclic

pattern. The SRSs also occurred in a grouped pattern within a day. We demonstrate that

almost all seizures occur in clusters with a cyclic pattern in the chronic stage of a mouse pilo-

carpine-induced epilepsy model. The seizure-free periods between clusters were long.

These findings should be considered when performing in vivo studies using this animal

model. Furthermore, this model might be appropriate for studying the unrevealed mecha-

nism of ictogenesis.
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Introduction

A seizure cluster refers to a series of seizures that are closely grouped with shorter-than-aver-

age interictal periods [1]. Seizure clustering is commonly observed in patients with epilepsy,

although the reported prevalence ranges widely from 7% to 83% [1–4]. Understanding the

characteristics of seizure clusters is important not only because of their effects on the morbid-

ity and mortality of patients with epilepsy [1] but also because such an understanding might

help elucidate the mechanisms of seizure initiation and termination [1].

Seizure clustering has also been reported in several animal models of epilepsy: the rat and

mouse pilocarpine models [5–9], the rat kainate model [10], and the rat model of perinatal

hypoxia-ischemia [11]. The pilocarpine model is one of the most widely used models of tem-

poral lobe epilepsy (TLE) [12–15], which is characterized by spontaneous recurrent seizures

(SRSs) that occur following a latency period after pilocarpine-induced status epilepticus (SE).

SRSs mimic the spontaneous seizures observed in patients with TLE [13–15]. Clustering of

SRSs in both rat and mouse pilocarpine models has been described in few reports [5–7]. Maz-

zuferi et al. performed continuous 7-week electroencephalography (EEG) monitoring after SE

induction in a mouse pilocarpine model and found that SRSs occurred in a particular pattern

of clusters [8]. A recent study [9] demonstrated a circadian clustering of SRSs in the mouse

pilocarpine model by performing continuous 4-week EEG monitoring after SE. However,

detailed studies of the characteristics of seizure clusters in the chronic stage of the mouse pilo-

carpine model, beyond 7 weeks after SE, have not been conducted. Based on the recent concept

of epileptogenesis, represented by the early onset and ongoing progression of the epilepsy pro-

cess [16], and considering that most TLE patients suffer from spontaneous seizures over sev-

eral years, understanding the characteristics of SRSs in the chronic stage of the mouse

pilocarpine model is important. In this study, we investigated the characteristics of seizure

clustering in the chronic stage of a mouse pilocarpine model for an extended duration.

Materials and methods

Generation of the experimental epilepsy model

A total of 118 five-week-old male C57BL/6 mice (18–22 g) were used for the generation of

chronic epilepsy models. A single systemic injection of pilocarpine (400 mg/kg, intraperito-

neal, Sigma, St. Louis, MO, USA) was given to each mouse for the induction of SE, as described

previously [17–19]. To reduce peripheral muscarinic effects, methylscopolamine (1 mg/kg,

intraperitoneal, Sigma, St. Louis, MO, USA) was administered to the mice 30 min before the

pilocarpine injection. To interrupt the prolonged seizure, diazepam (5 mg/kg, intraperitoneal)

was injected at 40 min after the onset of SE. SE was defined as continuous tonic-clonic seizures

following several discontinuous convulsive seizures (stage� 4) [20].

Electrode implantation and video-EEG monitoring

For EEG surgery and recording, long-term video-EEG monitoring was performed as described

previously [17,19]. Electrode implantation surgery was performed more than 7 days before the

initiation of recording to provide sufficient time for recovery from the surgery. To anesthetize

the animals, ketamine (90 mg/kg) and xylazine hydrochloride (40 mg/kg) were injected intra-

peritoneally. Surgery was performed using a stereotaxic apparatus (Kopf Instruments).

Recordings were obtained using skull screws (stainless steel, 1.0 mm in diameter), which were

positioned in–1.8 mm AP and –2.1 mm ML from bregma with grounding over the cerebellum.

Local anesthetic (lidocaine 1%, transdermal) was used for perioperative analgesia. Electrical

activities were recorded after amplification (×1200), bandpass filtering at 0.1–70 Hz, and
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digitization with a 400-Hz sampling rate (AS 40) using a digital system (Comet XL, Astro-

Med, Warwick, RI, USA). Video-EEG signals were continuously recorded for 24 hours per

day, and seizure activities were analyzed offline using PSG Twin 4.3 software (Astro-Med,

West Warwick, RI, USA). EEG recordings were reviewed by visual inspection. An electro-

graphic seizure was defined as a discharge showing a change in EEG amplitude (>2×baseline)

and frequency (repetitive spiking with a frequency of 4-12/s) that lasted for a minimum of 10 s

(Fig 1A [lower]). Behavioral seizures were confirmed via video monitoring according to the

Racine staging system [20]. SRS was defined as a convulsive seizure (stage� 4) detected on

EEG.

The mice were sacrificed via cervical dislocation after completion of video-EEG monitor-

ing. All of the procedures involving animal care and handling were approved by the Institu-

tional Animal Care and Use Committee at Seoul National University Hospital, and all of the

experiments were performed in accordance with relevant guidelines and regulations.

Fig 1. Typical EEG pattern of spontaneous seizures (A) and schematic description of the parameters (B). (A)

Typical EEG recording of seizure clusters (upper) and a spontaneous seizure (lower). Upper: The 2-hour EEG trace

shows that seizures occurred in a cluster in the latter part of the trace. A seizure in the upper EEG trace (black box) is

presented in the lower EEG trace. (B) a (both a’ and a”): seizure cluster, a’: fully monitored (FM) cluster, a”: seizure

cluster that was not fully monitored, b: seizure outside a seizure cluster, c: cluster interval, d: cluster duration, e:

seizure-free period, f: peak seizure frequency.

https://doi.org/10.1371/journal.pone.0194552.g001
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Analysis of seizure clusters and definition of cluster parameters

To analyze the seizure clusters, the numbers of SRSs per day were counted. A seizure cluster

was defined as the occurrence of one or more seizures per day for at least three consecutive

days and at least five seizures within the cluster period (Fig 1B [a]). When a seizure cluster was

fully monitored from the onset to the end of the cluster, the cluster was categorized as a fully

monitored cluster (FM cluster, Fig 1B [a’]); in some mice, the EEG monitoring was started or

ended during a seizure cluster period (Fig 1B [a”]). The cluster interval was defined as the time

(in days) between the onset of seizure clusters (Fig 1B [c]). The cluster duration was defined as

the time (in days) from the onset to the end of the seizure cluster (Fig 1B [d]). The period (in

days) between seizure clusters without any other seizures was defined as the seizure-free period

(Fig 1B [e]). Peak seizure frequency (Fig 1B [f]) was defined as the peak number of SRSs per

day within the FM cluster.

As it was technically challenging to perform video-EEG monitoring for a particularly long

duration in each animal due to electrode detachment or electric wire damage, we monitored

the animals in different periods of the chronic stages. We classified the animals into two differ-

ent groups (chronic phase 1 and chronic phase 2) according to their monitoring periods.

Chronic phase 1 was defined as the period from 6 to 14 weeks after SE, and chronic phase 2

was defined as the period beginning 15 weeks after SE.

Statistical analysis. Significant differences between two groups were assessed using Stu-

dent’s t test. The paired t test was used to evaluate differences in paired data. Pearson’s correla-

tion coefficient was used to measure the correlation between two variables. SPSS 21 software

was used for all statistical analyses, and a two-tailed p-value less than 0.05 was considered

significant.

Results

Among the 106 mice in which pilocarpine was injected, 49 (46.2%) mice died during the

course of pilocarpine-induced SE, and 16 (15.1%) mice did not develop SE. EEG recordings

were performed in the remaining 41 mice, but they were discontinued in 14 mice due to dis-

lodged or noisy electrodes during recording. Consequently, 27 mice with SE and subsequent

SRSs were analyzed.

Continuous video-EEG recording was performed for 53.7±20.4 days (mean±SD). All of the

mice displayed seizure clusters, as shown in Fig 2. Among the observed seizures, 97.0%

occurred within a cluster period. A total of 62 seizure clusters were observed, with a mean of

2.3±1.0 seizure clusters per mouse. The seizure clusters showed unimodal curves and were fol-

lowed by seizure-free periods, which occurred in a cyclic pattern, as shown in Fig 2 and Fig

3A. The mean seizure-free period was 16.3±6.8 days. Moreover, when a mouse experienced

multiple seizures in a day, the seizures were not evenly distributed, as shown in Fig 3B.

Among the 62 seizure clusters, 47 clusters were fully monitored. The mean duration of FM

clusters was 5.7±2.0 days, and the mean cluster interval was 22.7±8.7 days. The mean seizure

frequency during the FM clusters was 8.0±3.8 per day, and the mean peak seizure frequency

was 17.3±6.5 per day.

The parameters of the seizure clusters were highly variable among the clusters (Fig 4) and

within each mouse. The cluster duration ranged from 3 to 11 days. During a single cluster, the

total number of SRSs ranged from 10 to 82. The cluster duration was correlated with the total

number of SRSs within the cluster (r = 0.4, p = 0.006, Fig 4A). The duration of seizure-free

periods following seizure clusters ranged from 4 to 29 days and was not correlated with the

duration of the preceding clusters (Fig 4B). In addition, the peak seizure frequency of the clus-

ter did not correlate with the number of days from cluster onset to the day of peak seizure

Seizure clusters in a pilocarpine model
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frequency (Fig 4C). The seizure clusters presented as unimodal curves, but the day of peak sei-

zure frequency was not in the middle of the cluster. The seizure frequency gradually increased

Fig 2. Daily frequency of spontaneous recurrent seizures in all individual mice. The seizure frequencies (spontaneous recurrent seizures/day) in

individual mice are represented by the gray bar: light color indicates a low seizure frequency, and dark color indicates a high seizure frequency. The

start and end of the monitoring period are marked by the vertical dotted lines. (A) Chronic phase 1. (B) Chronic phase 2. SE = status epilepticus,

SRS = spontaneous recurrent seizure.

https://doi.org/10.1371/journal.pone.0194552.g002

Fig 3. Video-EEG monitoring data from a representative animal. Video-EEG monitoring data from a representative

animal. (A) The number of spontaneous seizures per day. (B) Raster plot of the seizure frequency on the day of peak seizure

frequency. The data are extracted from animal #4 in the chronic phase 2 group.

https://doi.org/10.1371/journal.pone.0194552.g003

Seizure clusters in a pilocarpine model

PLOS ONE | https://doi.org/10.1371/journal.pone.0194552 March 20, 2018 5 / 11

https://doi.org/10.1371/journal.pone.0194552.g002
https://doi.org/10.1371/journal.pone.0194552.g003
https://doi.org/10.1371/journal.pone.0194552


over time, and after the peak, the seizure cluster rapidly ended (Fig 4D). The number of days

from cluster onset to the day of peak seizure frequency was greater than the number of days

from the day of peak seizure frequency to cluster end (3.4±1.9 vs 1.2±1.1, p<0.0001, Table 1).

Thirteen mice in the chronic phase 1 group started to undergo video-EEG monitoring at

57.6±7.5 days after SE, and monitoring was continued for 40.2±5.4 days. Fourteen mice in the

chronic phase 2 group started to undergo monitoring at 115.2±22.3 days after SE, and this

monitoring was continued for 66.3±21.2 days. Most of the characteristics of the seizure clusters

were similar between the groups (Table 1). The chronic phase 1 group had more frequent

Fig 4. Scatter plots of various parameters. Scatter plots of cluster duration vs total number of spontaneous recurrent seizures during a single

cluster (A), cluster duration vs duration of the following seizure-free period (B), number of days from cluster onset to the day of peak seizure

frequency vs peak seizure frequency (C), and number of days from cluster onset to the day of peak seizure frequency vs number of days from the

day of peak seizure frequency to cluster end (D). The dotted line represents a slope of 1.

https://doi.org/10.1371/journal.pone.0194552.g004
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seizures over the total monitoring period, with 2.4±0.6 SRSs/day in the chronic phase 1 group

and 1.7±0.3 SRSs/day in the chronic phase 2 group. The cluster intervals tended to be longer

in the chronic phase 2 group, with 17.2±9.0 days in the chronic phase 1 group and 24.6±8.0

days in the chronic phase 2 group (p = 0.054).

We applied our definition of a seizure cluster to the data from a previous study that was per-

formed in the earlier period of a mouse pilocarpine model, from the day of SE to 49 days after

Table 1. Characteristics of spontaneous recurrent seizures in a mouse pilocarpine-induced epilepsy model in chronic phase.

Total Chronic phase 1 Chronic phase 2 p-value�

(n = 27) (n = 13) (n = 14)

Duration from SE to monitoring onset (days) 84.5± 33.7 (42–155) 57.6±7.5 (42–64) 115.2±22.3 (101–155) <0.0001

Duration from SE to monitoring end (days) 140.2±46.8 (92–214) 96.8±5.3 (92–103) 180.5±27.0 (151–214) <0.0001

Duration of monitoring (days) 53.7±20.4 (30–102) 40.2±5.4 (30–54) 66.3±21.2 (49–102) <0.0001

Total number of SRSs during the monitoring period 105.0±41.8 (40–193) 96.5±32.2 (40–146) 112.8±49.0 (40–193) 0.320

Seizures occurring within clusters (%) 97.0±7.4 (62.5–100) 94.6±10.2(62.5–100) 99.0±1.5 (94.6–100) 0.144

Total number of SRSs within a single cluster† 44.0±19.8 (10–82) 42.5±24.7 (11–82) 44.6±18.0 (10–81) 0.758

Seizure frequency over the total recording period (number of SRSs/day) 2.0±0.6 (1.1–3.4) 2.4±0.6 (1.3–3.4) 1.7±0.3 (1.1–2.1) 0.004

Seizure frequency within clusters† (number of SRSs/day) 8.0±3.8 (2.1–20.5) 6.8±4.7 (2.1–20.5) 8.7±3.4 (5.4–16.7) 0.181

Peak seizure frequency† (number of SRSs/day) 17.3±6.5 (2–32) 15.4±7.1 (2–31) 18.0±6.3 (5–32) 0.228

Cluster duration† (days) 5.7±2.0 (3–11) 6.6±2.7 (3–11) 5.4±1.6 (3–9) 0.135

Duration from cluster onset to the day of peak seizure frequency† (days) 3.4±1.9 (1–9) 4.0±2.6 (1–9) 3.3±1.5 (1–7) 0.258

Duration from the day of peak seizure frequency to cluster end† (days) 1.2±1.1 (0–5) 1.7±1.2 (0–5) 1.1±1.0 (0–3.5) 0.107

Cluster interval (days) 22.7±8.7 (7–37) 17.2±9.0 (7–33) 24.6±8.0 (14–37) 0.054

Inter-cluster seizure-free period (days) 16.3±6.8 (4–29) 14.8±6.0 (4–23) 17.0±7.3 (7–29) 0.436

Data are reported as the means ± SD (range).

�Comparison between the chronic phase 1 and chronic phase 2 groups.

†Data from fully monitored clusters only. Abbreviations: SE = status epilepticus, SRS = spontaneous recurrent seizure

https://doi.org/10.1371/journal.pone.0194552.t001

Table 2. Comparison of characteristics of spontaneous recurrent seizures with a previous study using our definition of seizure cluster.

Early epileptogenic phase,

(Data from Mazzuferi et al[8]†, n = 7)

Chronic phase

(Our data, n = 27)

p-value

Duration from SE to monitoring onset (days) 0 84.5± 33.7 (42–155)

Duration from SE to monitoring end (days) 49 140.2±46.8 (92–214)

Duration of monitoring (days) 49 53.7±20.4 (30–102)

Total number of SRSs during the monitoring period 71.3±52.3 (26–181) 105.0±41.8 (40–193) 0.917

Seizures occurring within clusters (%) 77.8±20.2 (52.8–100) 97.0±7.4 (62.5–100) <0.0001

Total number of SRSs within a single cluster� 19.8±16.7 (5–66) 44.0±19.8 (10–82) 0.135

Seizure frequency over the total recording period (number of SRSs/day) 1.4±1.1 (0.5–3.7) 2.0±0.6 (1.1–3.4) 0.246

Seizure frequency within clusters† (number of SRSs/day) 4.4±3.3 (1.3–14.3) 8.0±3.8 (2.1–20.5) 0.380

Peak seizure frequency� (number of SRSs/day) 7.5±5.4 (2–24) 17.3±6.5 (2–32) 0.331

Cluster duration� (days) 4.5±1.7 (2–9) 5.7±2.0 (3–11) 0.562

Cluster interval (days) 5.9±4.4 (1–18) 22.7±8.7 (7–37) 0.001

Inter-cluster seizure-free period (days) 4.6±2.6 (1–9) 16.3±6.8 (4–29) 0.008

Data are reported as the means ± SD (range).

�Data from fully monitored clusters only. Abbreviations: SE = status epilepticus, SRS = spontaneous recurrent seizure.

† Our definition of seizure cluster was applied to the data which were obtained from the figure 8 of the article.

https://doi.org/10.1371/journal.pone.0194552.t002
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SE [8] (Table 2). During that period, 77.8% of the seizures occurred within a cluster period.

The cluster interval was 1 to 18 days, and the inter-cluster seizure-free period was 1 to 12 days.

The peak seizure frequency was 2 to 24.

Discussion

In this study, we investigated the distribution of SRSs in a mouse pilocarpine model for an

extended period during the chronic stage. Nearly all SRSs occurred within clusters, and these

clusters were followed by long seizure-free periods. Although the parameters of clusters were

variable among the mice and among the clusters, each mouse consistently demonstrated a

cyclic pattern of seizure clusters in both chronic phase 1 and chronic phase 2. Moreover, the

seizures were clustered even within a single day.

All of the mice demonstrated SRS clustering, and most of the seizures occurred within clus-

ters, which were followed by long seizure-free periods. The mean cluster interval and mean sei-

zure-free period were longer than we initially expected. In addition, less than 3% of the

seizures occurred outside a cluster. When our definition of a seizure cluster was applied to the

data from a previous study that was performed in the earlier period (from the day of SE to 49

days after SE) of a mouse pilocarpine model [8], the characteristics of the seizure clusters were

slightly different from the characteristics observed in the present study. All of the mice showed

seizure clusters similar to the mice in the present study, but a smaller percentage of seizures

occurred within a cluster period. The cluster interval and the inter-cluster seizure-free period

were shorter than those of the present study. In addition, the peak seizure frequency was lower

than that of our study. Based on these differences in results between studies, we infer that sei-

zure clustering becomes more evident with time after SE.

The seizures occurred in a grouped pattern, even within a day. A recent study reported the

circadian clustering of SRSs in a mouse pilocarpine model [9]. In that study, the power fre-

quency of EEG was analyzed along with the movement/activity of the animals at an early stage

of epileptogenesis, from SE induction to 28 days after SE. The authors revealed the striking

clustering of SRSs at the transition between the sleep and activity stages. Since EEG power fre-

quency analysis was not performed in the present study and the light/dark cycle was not tightly

controlled, we did not analyze the circadian pattern of seizure clustering in relation to the

sleep cycle. However, uneven distributions of seizures within a day were observed in both our

study and another recent study [9].

The clustering and cyclicity of SRSs in rat pilocarpine models have been described before

[5–7]. Arida et al. monitored epileptic rats for an extended period at the chronic stage, until

135 days after the first SRS [5]. However, the seizures were monitored only visually without

EEG, and the duration of seizure clusters was not assessed. Compared with the data obtained

from rat models [5–7], the durations of seizure clusters and seizure-free periods are longer in

the mouse model studied here. However, further studies are required to verify the generaliz-

ability of this observation. In addition, the durations of the seizure-free periods were highly

variable within a model for both the mouse and rat epilepsy models [5].

Most of the parameters of the seizure clusters were similar between the chronic phase 1 and

chronic phase 2 groups. Only the seizure frequency over the total monitoring period differed

between the two groups. This difference is likely due to the inclusion of more seizure-free peri-

ods during the monitoring of the mice in the chronic phase 2 group. In addition, it is interest-

ing that the cluster intervals tended to be longer in the chronic phase 2 group, although the

intervals were not significantly different from those of the phase 1 group. Moreover, the cluster

intervals in our study were longer than those observed in early epileptogenic periods, as men-

tioned above; [8,9] therefore, it is possible that the cluster interval increases with time. This
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possibility should be investigated in the future by performing prolonged EEG monitoring

from the early epileptogenic period to the late chronic stage in individual mice.

Considering the long durations of the seizure-free periods and cluster intervals in the

mouse pilocarpine model, we recommend that in vivo studies using this model perform long-

term EEG monitoring, i.e., for at least several weeks. Mouse pilocarpine models have been

widely used in drug development studies; however, many studies have not performed long-

term monitoring, with some studies monitoring for only certain periods of a day [21–23].

With insufficient monitoring periods, it would be difficult to distinguish the effect of a drug

candidate from the effect of the seizure cycle per se. In addition, animals should be monitored

24 hours a day because seizures can occur in a clustered pattern, even within a day.

The fundamental mechanism underlying seizure clusters remains unclear. A previous study

[24] demonstrated that pharmaco-resistant seizures occur in clusters and suggested that the

seizures have an inherent capacity to trigger seizures, i.e., that they are ‘self-triggering’. Based

on that study, Ferastraoaru et al. hypothesized that seizures occur in clusters due to a failure of

inhibitory mechanisms and demonstrated that intracluster seizures are shorter than the last

seizure in a cluster or isolated seizures [4], supporting their hypothesis. The mouse pilocar-

pine-induced epilepsy model could be used to illuminate the mechanism of seizure clustering

and ictogenesis by comparing the histopathologic or molecular characteristics of animals

within a cluster period to those in the seizure-free period.

One of the limitations of our study is the use of cortical electrodes and the limitation of

monitoring to seizures with a Racine stage of 4 or higher. However, previous studies [8,9] have

demonstrated that seizures become more severe over time after the induction of SE, and

almost all of the SRSs in the chronic stage were stage 4–5. Therefore, we assume that we did

not fail to detect many mild seizures that could have been detected using depth electrodes.

Conclusions

This is the first study to demonstrate the clustering of SRSs during the extended chronic phase

in a mouse pilocarpine-induced epilepsy model. Our findings reaffirm that clustering of SRSs

continues over time. Moreover, we demonstrate that the seizure-free periods between clusters

are substantially long and that seizures occur in a grouped pattern, even within a day, which

supports the necessity of long-term continuous 24/7 EEG monitoring. These findings are

highly informative for those planning to design future in vivo studies with mouse pilocarpine-

induced epilepsy models. Although the clustering and cyclic characteristics of SRSs complicate

the design of in vivo studies using this model, these characteristics might be valuable for study-

ing the mechanisms of seizure clustering and ictogenesis.

Acknowledgments

This study was supported by a grant from the Korean Health Technology R&D Project, Minis-

try of Health & Welfare, Republic of Korea (HI14C25020000 and HI13C1558). Advanced Neu-

ral Technologies provided support in the form of salary to Daejong Jeon but did not have any

role in the study design, data collection and analysis, decision to publish, or preparation of the

manuscript. The specific roles of the authors are articulated in the ‘Author contributions’

section.

Author Contributions

Formal analysis: Jung-Ah Lim, Jangsup Moon, Kyung-Il Park, Soon-Tae Lee, Keun-Hwa

Jung, Ki-Young Jung, Manho Kim.

Seizure clusters in a pilocarpine model

PLOS ONE | https://doi.org/10.1371/journal.pone.0194552 March 20, 2018 9 / 11

https://doi.org/10.1371/journal.pone.0194552


Investigation: Tae-Joon Kim, Jin-Sun Jun, Byeongsu Park, Jung-Ick Byun, Jun-Sang Sunwoo.

Methodology: Daejong Jeon.

Supervision: Kon Chu, Sang Kun Lee.

Writing – original draft: Jung-Ah Lim, Jangsup Moon.

Writing – review & editing: Daejong Jeon.

References
1. Haut SR (2015) Seizure clusters: characteristics and treatment. Curr Opin Neurol 28: 143–150. https://

doi.org/10.1097/WCO.0000000000000177 PMID: 25695133

2. Haut SR (2006) Seizure clustering. Epilepsy Behav 8: 50–55. https://doi.org/10.1016/j.yebeh.2005.08.

018 PMID: 16246629

3. Asadi-Pooya AA, Nei M, Sharan A, Sperling MR (2016) Seizure clusters in drug-resistant focal epilepsy.

Epilepsia 57: e187–190. https://doi.org/10.1111/epi.13465 PMID: 27417685

4. Ferastraoaru V, Schulze-Bonhage A, Lipton RB, Dumpelmann M, Legatt AD, et al. (2016) Termination

of seizure clusters is related to the duration of focal seizures. Epilepsia 57: 889–895. https://doi.org/10.

1111/epi.13375 PMID: 27030215

5. Arida RM, Scorza FA, Peres CA, Cavalheiro EA (1999) The course of untreated seizures in the pilocar-

pine model of epilepsy. Epilepsy Res 34: 99–107. PMID: 10210024

6. Goffin K, Nissinen J, Van Laere K, Pitkanen A (2007) Cyclicity of spontaneous recurrent seizures in pilo-

carpine model of temporal lobe epilepsy in rat. Exp Neurol 205: 501–505. https://doi.org/10.1016/j.

expneurol.2007.03.008 PMID: 17442304

7. Bortel A, Levesque M, Biagini G, Gotman J, Avoli M (2010) Convulsive status epilepticus duration as

determinant for epileptogenesis and interictal discharge generation in the rat limbic system. Neurobiol

Dis 40: 478–489. https://doi.org/10.1016/j.nbd.2010.07.015 PMID: 20682341

8. Mazzuferi M, Kumar G, Rospo C, Kaminski RM (2012) Rapid epileptogenesis in the mouse pilocarpine

model: video-EEG, pharmacokinetic and histopathological characterization. Exp Neurol 238: 156–167.

https://doi.org/10.1016/j.expneurol.2012.08.022 PMID: 22960187

9. Pitsch J, Becker AJ, Schoch S, Muller JA, de Curtis M, et al. (2017) Circadian clustering of spontaneous

epileptic seizures emerges after pilocarpine-induced status epilepticus. Epilepsia.

10. Williams PA, White AM, Clark S, Ferraro DJ, Swiercz W, et al. (2009) Development of spontaneous

recurrent seizures after kainate-induced status epilepticus. J Neurosci 29: 2103–2112. https://doi.org/

10.1523/JNEUROSCI.0980-08.2009 PMID: 19228963

11. Kadam SD, White AM, Staley KJ, Dudek FE (2010) Continuous electroencephalographic monitoring

with radio-telemetry in a rat model of perinatal hypoxia-ischemia reveals progressive post-stroke

epilepsy. J Neurosci 30: 404–415. https://doi.org/10.1523/JNEUROSCI.4093-09.2010 PMID:

20053921

12. Curia G, Longo D, Biagini G, Jones RS, Avoli M (2008) The pilocarpine model of temporal lobe epilepsy.

J Neurosci Methods 172: 143–157. https://doi.org/10.1016/j.jneumeth.2008.04.019 PMID: 18550176

13. Turski WA, Cavalheiro EA, Schwarz M, Czuczwar SJ, Kleinrok Z, et al. (1983) Limbic seizures produced

by pilocarpine in rats: behavioural, electroencephalographic and neuropathological study. Behav Brain

Res 9: 315–335. PMID: 6639740

14. Cavalheiro EA, Santos NF, Priel MR (1996) The pilocarpine model of epilepsy in mice. Epilepsia 37:

1015–1019. PMID: 8822702

15. Loscher W (2002) Animal models of epilepsy for the development of antiepileptogenic and disease-

modifying drugs. A comparison of the pharmacology of kindling and post-status epilepticus models of

temporal lobe epilepsy. Epilepsy Res 50: 105–123. PMID: 12151122

16. Pitkänen A, Lukasiuk K, Dudek FE, Staley KJ (2015) Epileptogenesis. Cold Spring Harbor perspectives

in medicine: a022822. https://doi.org/10.1101/cshperspect.a022822 PMID: 26385090

17. Moon J, Lee ST, Choi J, Jung KH, Yang H, et al. (2014) Unique behavioral characteristics and micro-

RNA signatures in a drug resistant epilepsy model. PLoS One 9: e85617. https://doi.org/10.1371/

journal.pone.0085617 PMID: 24454901

18. Jeon D, Chu K, Lee ST, Jung KH, Kang KM, et al. (2011) A cell-free extract from human adipose stem

cells protects mice against epilepsy. Epilepsia 52: 1617–1626. https://doi.org/10.1111/j.1528-1167.

2011.03182.x PMID: 21777228

Seizure clusters in a pilocarpine model

PLOS ONE | https://doi.org/10.1371/journal.pone.0194552 March 20, 2018 10 / 11

https://doi.org/10.1097/WCO.0000000000000177
https://doi.org/10.1097/WCO.0000000000000177
http://www.ncbi.nlm.nih.gov/pubmed/25695133
https://doi.org/10.1016/j.yebeh.2005.08.018
https://doi.org/10.1016/j.yebeh.2005.08.018
http://www.ncbi.nlm.nih.gov/pubmed/16246629
https://doi.org/10.1111/epi.13465
http://www.ncbi.nlm.nih.gov/pubmed/27417685
https://doi.org/10.1111/epi.13375
https://doi.org/10.1111/epi.13375
http://www.ncbi.nlm.nih.gov/pubmed/27030215
http://www.ncbi.nlm.nih.gov/pubmed/10210024
https://doi.org/10.1016/j.expneurol.2007.03.008
https://doi.org/10.1016/j.expneurol.2007.03.008
http://www.ncbi.nlm.nih.gov/pubmed/17442304
https://doi.org/10.1016/j.nbd.2010.07.015
http://www.ncbi.nlm.nih.gov/pubmed/20682341
https://doi.org/10.1016/j.expneurol.2012.08.022
http://www.ncbi.nlm.nih.gov/pubmed/22960187
https://doi.org/10.1523/JNEUROSCI.0980-08.2009
https://doi.org/10.1523/JNEUROSCI.0980-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19228963
https://doi.org/10.1523/JNEUROSCI.4093-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20053921
https://doi.org/10.1016/j.jneumeth.2008.04.019
http://www.ncbi.nlm.nih.gov/pubmed/18550176
http://www.ncbi.nlm.nih.gov/pubmed/6639740
http://www.ncbi.nlm.nih.gov/pubmed/8822702
http://www.ncbi.nlm.nih.gov/pubmed/12151122
https://doi.org/10.1101/cshperspect.a022822
http://www.ncbi.nlm.nih.gov/pubmed/26385090
https://doi.org/10.1371/journal.pone.0085617
https://doi.org/10.1371/journal.pone.0085617
http://www.ncbi.nlm.nih.gov/pubmed/24454901
https://doi.org/10.1111/j.1528-1167.2011.03182.x
https://doi.org/10.1111/j.1528-1167.2011.03182.x
http://www.ncbi.nlm.nih.gov/pubmed/21777228
https://doi.org/10.1371/journal.pone.0194552


19. Lee ST, Jeon D, Chu K, Jung KH, Moon J, et al. (2016) Inhibition of miR-203 Reduces Spontaneous

Recurrent Seizures in Mice. Mol Neurobiol.

20. Racine RJ (1972) Modification of seizure activity by electrical stimulation. II. Motor seizure. Electroence-

phalogr Clin Neurophysiol 32: 281–294. PMID: 4110397

21. Citraro R, Scicchitano F, De Fazio S, Raggio R, Mainardi P, et al. (2011) Preclinical activity profile of

alpha-lactoalbumin, a whey protein rich in tryptophan, in rodent models of seizures and epilepsy. Epi-

lepsy Res 95: 60–69. https://doi.org/10.1016/j.eplepsyres.2011.02.013 PMID: 21458955

22. Kong Q, Takahashi K, Schulte D, Stouffer N, Lin Y, et al. (2012) Increased glial glutamate transporter

EAAT2 expression reduces epileptogenic processes following pilocarpine-induced status epilepticus.

Neurobiol Dis 47: 145–154. https://doi.org/10.1016/j.nbd.2012.03.032 PMID: 22513140

23. Heng K, Haney MM, Buckmaster PS (2013) High-dose rapamycin blocks mossy fiber sprouting but not

seizures in a mouse model of temporal lobe epilepsy. Epilepsia 54: 1535–1541. https://doi.org/10.

1111/epi.12246 PMID: 23848506

24. Osorio I, Frei MG, Sornette D, Milton J (2009) Pharmaco-resistant seizures: self-triggering capacity,

scale-free properties and predictability? Eur J Neurosci 30: 1554–1558. https://doi.org/10.1111/j.1460-

9568.2009.06923.x PMID: 19821844

Seizure clusters in a pilocarpine model

PLOS ONE | https://doi.org/10.1371/journal.pone.0194552 March 20, 2018 11 / 11

http://www.ncbi.nlm.nih.gov/pubmed/4110397
https://doi.org/10.1016/j.eplepsyres.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21458955
https://doi.org/10.1016/j.nbd.2012.03.032
http://www.ncbi.nlm.nih.gov/pubmed/22513140
https://doi.org/10.1111/epi.12246
https://doi.org/10.1111/epi.12246
http://www.ncbi.nlm.nih.gov/pubmed/23848506
https://doi.org/10.1111/j.1460-9568.2009.06923.x
https://doi.org/10.1111/j.1460-9568.2009.06923.x
http://www.ncbi.nlm.nih.gov/pubmed/19821844
https://doi.org/10.1371/journal.pone.0194552

