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Abstract
Epilepsy is a chronic brain disease characterised by recurrent seizures. Many studies of this disease have focused on local neuronal activity, such as local field potentials in the brain. In addition, several recent studies have elucidated the collective behavior
of individual neurons in a neuronal network that emits epileptic activity. However, little is known about the effects of antiepileptic
drugs on neuronal networks during seizure-like events (SLEs) at single-cell resolution. Using functional multineuron Ca2+ imaging
(fMCI), we monitored the activities of multiple neurons in the rat hippocampal CA1 region on treatment with the proconvulsant bicuculline under Mg2+-free conditions. Bicuculline induced recurrent synchronous Ca2+ influx, and the events were correlated with
SLEs. Other proconvulsants, such as 4-aminopyridine, pentetrazol, and pilocarpine, also induced synchronous Ca2+ influx. We
found that the antiepileptic drugs phenytoin, flupirtine, and ethosuximide, which have different mechanisms of action, exerted heterogeneous effects on bicuculline-induced synchronous Ca2+ influx. Phenytoin and flupirtine significantly decreased the peak, the
amount of Ca2+ influx and the duration of synchronous events in parallel with the duration of SLEs, whereas they did not abolish
the synchronous events themselves. Ethosuximide increased the duration of synchronous Ca2+ influx and SLEs. Furthermore, the
magnitude of the inhibitory effect of phenytoin on the peak synchronous Ca2+ influx level differed according to the peak amplitude
of the synchronous event in each individual cell. Evaluation of the collective behavior of individual neurons by fMCI seems to be
a powerful tool for elucidating the profiles of antiepileptic drugs.

Introduction
Epilepsy is a chronic brain disease characterised by recurrent seizures. Synchronous activation of neuronal networks caused by disruption of the excitatory–inhibitory balance is thought to be
important for the pathogenic mechanism. There have been many
studies of in vitro epilepsy models, using proconvulsants (Avoli
et al., 1993; Borck & Jefferys, 1999), electrical induction (Stasheff
et al., 1985), and changes in the extracellular ionic environment,
such as low Ca2+ (Jefferys & Haas, 1982; Taylor & Dudek, 1982),
low Mg2+ (Anderson et al., 1986; Mody et al., 1987), and high K+
(Korn et al., 1987; Traynelis & Dingledine, 1988). Seizure-like
events (SLEs) are seen as hallmarks in these in vitro models, and
are identiﬁed as sustained synchronous oscillations in local ﬁeld
potential recordings (Anderson et al., 1986; Nyikos et al., 2003).
These studies have revealed important aspects of the properties and
mechanisms of seizures. In addition, the effects of various antiepi-
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leptic drugs have been investigated in these models (Fueta & Avoli,
1992; Leschinger et al., 1993; Albus et al., 2012).
Most of the studies cited above were performed with electrophysiological techniques, and they focused on the local activities of neuronal networks, such as a few cells or several regions. However,
these studies did not provide information about the collective behavior of individual neurons in a neuronal network with epileptic activity. The central nervous system consists of numerous cells that act
in a cooperative manner. Therefore, monitoring the collective behavior of a large-scale network at single-cell resolution is important to
gain a better understanding of the pathological condition.
To address this issue, functional multineuron Ca2+ imaging
(fMCI) has been developed as a technique for neural network imaging at single-cell resolution in recent decades (Smetters et al., 1999;
Cossart et al., 2005; Takahashi et al., 2007, 2010). Many studies
have made use of fMCI to probe the dynamics of neuronal circuits
(Cossart et al., 2003; Ikegaya et al., 2004; Sasaki et al., 2007; Bonifazi et al., 2009). Epilepsy in the cortex and hippocampus has also
been investigated with fMCI. Synchronous Ca2+ transients were
correlated with interictal discharges (Badea et al., 2001; Takano
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et al., 2012), which are a common feature of epilepsy in addition to
SLEs, and can be identiﬁed as transient synchronous events in local
ﬁeld potential recordings, and sustained synchronous Ca2+ inﬂux was
correlated with SLEs (Gomez-Gonzalo et al., 2010; Cammarota
et al., 2013). Cammarota et al. (2013) demonstrated that parvalbumin-expressing, fast-spiking interneurons controlled seizure propagation. Interictal events are composed of the variable activity patterns of
individual neurons (Sabolek et al., 2012; Feldt Muldoon et al.,
2013). Consequently, fMCI studies have begun to reveal the mechanisms and properties of epileptiform events. However, little is known
about how antiepileptic drugs act on these individual neurons during
epileptiform events. Evaluation of the effects of antiepileptic drugs
on these individual cells in the neuronal network will have great
potential for novel drug development. In this study, we used fMCI to
record the activities of multiple neurons in the CA1 region of the rat
hippocampus treated with the proconvulsant bicuculline under Mg2+free conditions, in addition to using conventional electrophysiological
techniques. Bicuculline induced synchronous Ca2+ inﬂux that was
correlated with SLEs. Several other proconvulsants also induced synchronous Ca2+ inﬂux. We considered this synchronous Ca2+ inﬂux as
a key phenotype of an in vitro epilepsy model, and investigated the
effects of several antiepileptic drugs (phenytoin, ﬂupirtine, and ethosuximide) that act on different molecular targets on bicucullineinduced synchronous Ca2+ inﬂux. Phenytoin is a voltage-dependent
and frequency-dependent inhibitor of voltage-dependent Na+ channels (Mantegazza et al., 2010). Flupirtine is a Kv7.2/7.3 channel
opener, and its congener retigabine is prescribed for the treatment of
epilepsy (Brown & Passmore, 2009). Ethosuximide is a T-type Ca2+
channel inhibitor (G€oren & Onat, 2007). We demonstrated that these
drugs had heterogeneous effects on the in vitro epilepsy model.

Materials and methods
Animal experiments
The experiments were performed on 41 Wistar rats of both sexes at
postnatal days 6–8 (SLC, Shizuoka, Japan). The rats were housed
under controlled temperature and humidity with a 12 : 12-h light/
dark cycle, and allowed access to water and food ad libitum. All
procedures were approved by the Animal Care and Use Committee
of Shionogi Research Laboratories, Osaka, Japan, in agreement with
the internal guidelines for animal experiments and in adherence to
the ethics policies of Shionogi & Co., Ltd (Osaka, Japan).
Slice preparations
The rats were decapitated, and the brain was immersed in ice-cold
modiﬁed artiﬁcial cerebrospinal ﬂuid (ACSF) consisting of 25 mM
NaHCO3, 1.0 mM NaH2PO4, 3.0 mM KCl, 5.0 mM MgCl2, 1.0 mM
CaCl2, 11 mM glucose, and 215.5 mM sucrose, bubbled with 95%
O2 and 5% CO2. The hippocampus was isolated and embedded in
3% agarose gel. Transverse hippocampal slices (400 lm) were cut
with a vibratome (VT1200S; Leica, Wetzlar, Germany). The slices
were maintained for > 40 min at 32 °C in normal ACSF consisting
of 113 mM NaCl, 25 mM NaHCO3, 1.0 mM NaH2PO4, 3.0 mM KCl,
1.0 mM MgCl2, 2.0 mM CaCl2, and 11 mM glucose, bubbled with
95% O2 and 5% CO2.
Calcium imaging
Slices were incubated for 60 min at 32 °C with 0.0005% Oregon
Green 488 BAPTA-1AM (OGB-1) (Invitrogen, Carlsbad, CA,

USA), 0.01% Pluronic F-127 (Invitrogen), and 0.005% Cremophor
EL (Nacalai Tesque, Kyoto, Japan), and were allowed to recover in
ACSF for > 40 min. The slices were transferred to a recording
chamber perfused with 30–32 °C Mg2+-free ACSF consisting of
113 mM NaCl, 25 mM NaHCO3, 1.0 mM NaH2PO4, 3.0 mM KCl,
2.0 mM CaCl2, and 11 mM glucose, bubbled with 95% O2 and 5%
CO2, at a rate of 2.0 mL/min. After a stabilisation period of 10 min,
imaging of spontaneous Ca2+ signals in the CA1 region was performed. Images were captured at 11–12 frames/s with a Nipkow
disk confocal unit (CSUX1; Yokogawa Electric, Tokyo, Japan), a
cooled CCD camera (iXon DU897; Andor Technology, Belfast,
UK), an upright microscope (Eclipse FN1; Nikon, Tokyo, Japan),
with a water-immersion objective (916; numerical aperture, 0.80;
Nikon), and image acquisition software (Andor iQ; Andor Technology). OGB-1 was excited at 488 nm with a DPSS laser (30 mW,
BC-001-B; Melles Griot, Albuquerque, NM, USA). To minimise
photobleaching, the intensity of the laser was attenuated to 5% with
a neutral density ﬁlter.
The cell bodies of neurons were identiﬁed by eye to determine
the regions of interest in which the average ﬂuorescence was measured. Slices in which > 80 cells were stained by OGB-1 were
accepted. For each cell, the change in somatic ﬂuorescence (DF/F)
was calculated as (F1 F0)/F0, where F1 is the ﬂuorescence intensity
at any time point, and F0 is the average baseline ﬂuorescence intensity. A cell was considered to be active at any time when DF/F was
not less than 0.05. The peak, area under the curve (AUC) and duration of the Ca2+ signals were calculated with PCLAMP software
(Molecular Devices, Sunnyvale, CA, USA).
To assess the effects of antiepileptic drugs on collective behavior
in a neuronal network, bicuculline (10 lM) was applied to slices to
induce epileptiform events under Mg2+-free conditions, and the antiepileptic drug or ACSF (control group) was applied, starting 1 min
after the ﬁrst bicuculline-induced sustained synchronous Ca2+ inﬂux.
After the antiepileptic drugs and bicuculline had been applied for
2 min, the effects of the antiepileptic drugs on bicuculline-induced
synchronous Ca2+ inﬂux were assessed for 15 min. The AUC (i.e.
the amount of Ca2+ inﬂux) and the peak of the somatic ﬂuorescence
trace of bicuculline-induced synchronous Ca2+ inﬂux were normalised relative to the average baseline ﬂuorescence intensity. We evaluated two types of indicator: (i) indicators of effects on a
synchronous event (peak, AUC, and duration); and (ii) indicators of
the total effect during the measurement time (number of events, total
AUC, and ratio of active cells). Differences between groups were
analysed for statistical signiﬁcance with Steel’s test, and P < 0.05
was taken to indicate statistical signiﬁcance.
To assess changes in bicuculline-induced synchronous events in
individual cells before and after application of the antiepileptic drugs,
mean peaks of synchronous events 2–10 min before application
were compared with those 10 min after application in each individual cell. Correlations between the pre-drug peak and the post-drug/
pre-drug peak ratio were assessed by use of the Spearman rank
correlation coefﬁcient. The Z-test for two correlation coefﬁcients
was used to evaluate the difference between the coefﬁcients
(Kendall et al., 1994). P < 0.05 was taken to indicate statistical
signiﬁcance.
Patch-clamp recording
For loose cell-attached recordings, CA1 pyramidal neurons were
visually identiﬁed by OGB-1 ﬂuorescence. With simultaneous
recording of Ca2+ signals, spike activities of a single cell were
recorded with borosilicate glass pipettes ﬁlled with ACSF
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(3–6 MΩ). Data were obtained with an EPC10 (Heka, Darmstadt,
Germany) with PULSE software (Heka), and ﬁltered at a cut-off frequency of 2.9 kHz. Spike activity was digitised at 10 kHz with
PowerLab (AD Instruments, Dunedin, New Zealand) for computer
analysis with LABCHART (AD Instruments).
Local field potential recording
For recording of local ﬁeld potentials, hippocampal slices were
placed in the recording chamber with a 64-planar multielectrode
array, each element having a diameter of 50 lm (MED-P50025;
Alpha MED Scientiﬁc, Osaka, Japan). Local ﬁeld potentials from
the CA1 region were recorded with a multichannel recording system
(Cerebus Data Acquisition System; Blackrock Microsystems, Salt
Lake City, UT, USA) with a low-cut ﬁlter at 0.3 Hz and a high-cut
ﬁlter at 500 Hz. The signal was digitised at 10 kHz with CENTRAL
software (Blackrock Microsystems). For assessment of SLEs, proconvulsants were applied under Mg2+-free conditions. SLEs were
detected as synchronous changes in local ﬁeld potentials followed
by after-discharges (Anderson et al., 1986; Nyikos et al., 2003).
After stable recording of SLEs under Mg2+-free/bicuculline conditions, several antiepileptic drugs were applied to assess them. We
evaluated the duration and number of SLEs just before and after
application of a drug (10 min). Differences between paired groups
were analysed for statistical signiﬁcance with Wilcoxon’s signedrank test, and P < 0.05 was taken to indicate statistical signiﬁcance.
Drugs
Drugs were given via bath application. ( )-Bicuculline methobromide (bicuculline) and 4-aminopyridine (4-AP) were purchased from
Wako (Osaka, Japan). Pentylenetetrazole (pentetrazol), 5,5-diphenylhydantoin (phenytoin) and pilocarpine were purchased from Sigma
(St Louis, MO, USA). Flupirtine maleate (ﬂupirtine) and ethosuximide were purchased from Tocris Cookson (Bristol, UK) and Tokyo
Chemical Industry (Tokyo, Japan), respectively.
Statistics
Differences between multiple groups were analysed for statistical
signiﬁcance with Steel’s test. The Mann–Whitney U-test was used
to compare single parameters between unpaired groups, and Wilcoxon’s signed-rank test was used for paired groups. The cumulative
distributions of two groups were compared by use of the Kolmogorov–Smirnov test. The Spearman rank correlation coefﬁcient was
used to assess the correlation between two parameters of interest.
The Z-test for two correlation coefﬁcients was used to evaluate the
difference between two coefﬁcients, as described above. All data are
presented as means  standard errors of the mean (SEMs). In all
analyses, P < 0.05 was taken to indicate statistical signiﬁcance.

Results
Bicuculline induces SLEs
The excitatory–inhibitory balance is thought to be disrupted at the
onset of epileptic seizure. c-Aminobutyric acid (GABA) is recognised as the principal inhibitory neurotransmitter in the central nervous
system. Abnormalities of GABAergic function and reduction of
GABA-mediated inhibition have often been observed in both epilepsy models and human patients (Ribak et al., 1979; Olsen et al.,
1985; McDonald et al., 1991; Henry et al., 1993). Therefore, we

ﬁrst examined the effects of the proconvulsant bicuculline, a
GABAA antagonist, on acute hippocampal slices by using local ﬁeld
potential recordings. Treatment with bicuculline (10 lM) under
Mg2+-free conditions induced SLEs in extracellular ﬁeld potentials
in the CA1 region (Fig. 1A). These SLEs were recurrent, and consisted of initial synchronous changes in local ﬁeld potentials followed by after-discharges lasting for > 10 s, similarly to
observations reported previously (Anderson et al., 1986; Nyikos
et al., 2003).
Bicuculline induces synchronous Ca2+ influx
Simultaneous loose cell-attached recordings and Ca2+ imaging in the
CA1 region revealed that transient and sustained Ca2+ elevations
(transient – returned to baseline within several seconds; sustained –
lasting for > 10 s) induced by bicuculline (10 lM) under Mg2+-free
conditions reﬂected action potentials and tonic burst ﬁring, respectively (Fig. 1B). On the basis of a previous report (Nyikos et al.,
2003), tonic bursts recorded at a single cell are considered to be
SLEs in extracellular ﬁeld potentials. To clarify the collective behavior of multiple neurons, the activities of CA1 neurons were monitored with fMCI (Fig. 1C). We detected 129.9  2.7 neurons per
slice in this study (64 slices from 24 rats). The mean photobleaching
rate was 1.89  0.13%/min (nine slices from ﬁve rats). Treatment
with bicuculline (10 lM) under Mg2+-free conditions induced synchronous Ca2+ inﬂux in the CA1 region. This synchronous Ca2+
inﬂux was recurrent and was accompanied by sustained Ca2+
increases (Fig. 1D). Whereas most transient Ca2+ activities involved
a change in DF/F of 5–20% (shown in blue), the sustained synchronous Ca2+ inﬂux involved a large change in DF/F of >30% (shown
in red; Fig. 1D, top and middle). For 113 events in nine slices,
99.988  0.009% neurons were recruited per event (1273 neurons).
The inter-event interval and event duration of synchronous Ca2+
inﬂux were similar to those of the SLEs, and no signiﬁcant differences were observed between them (interval of SLEs,
136.9  13.9 s, seven slices; interval of Ca2+ inﬂux, 95.2  17.2 s,
nine slices, P = 0.0907, U = 15, Mann–Whitney test; duration of
SLEs, 26.6  3.6 s, seven slices; duration of Ca2+ inﬂux,
20.0  2.4 s, nine slices, P = 0.2509, U = 20, Mann–Whitney test).
Taken together, these results suggest that bicuculline-induced synchronous Ca2+ inﬂux in the CA1 region is correlated with SLEs in
extracellular recordings.
Other proconvulsants also induce synchronous Ca2+ influx
and SLEs
To conﬁrm that synchronous Ca2+ inﬂux is a common feature
observed with other proconvulsants, we examined the effects of several proconvulsants with different mechanisms of action that are
used in in vivo epilepsy models (Turski et al., 1983; Diehl et al.,
1984; Cramer et al., 1994); i.e. 4-AP (K+ channel blocker), pentetrazol (GABAA receptor antagonist), and pilocarpine (muscarinic
receptor agonist). All of these drugs induced synchronous Ca2+
inﬂux in the CA1 region under Mg2+-free conditions (Fig. 2A–D).
Figure 2E–H shows several indicators of synchronous events over
25 min, such as the number of events, inter-event interval, event
duration, and latency to the ﬁrst event. These results suggest that all
of the proconvulsants, which have different mechanisms of action,
induced synchronous Ca2+ inﬂux in the same manner as bicuculline.
The combination of both a proconvulsant and Mg2+-free ACSF is
a severe condition. Treatment only with Mg2+-free ACSF for
40 min did not induce synchronous events, whereas we did detect
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Fig. 1. SLEs and synchronous Ca2+ inﬂux were induced by bicuculline (10 lM) in the CA1 region of hippocampal slices. (A) Arrangement of multiple electrodes on the hippocampal slice (left). Representative traces of local ﬁeld recording in the CA1 pyramidal cell layer with or without bicuculline (10 lM) (middle
and right, respectively) show that bicuculline (10 lM) induced SLEs under Mg2+-free conditions (dashed box on the right). (B) Confocal image of the CA1
region of a slice loaded with OGB-1 (left). Simultaneous cell-attached recording and Ca2+ imaging revealed that spikes and bursts elicited transient (open arrowheads) and sustained (dashed box) Ca2+ elevations in the soma (right). (C) Experimental design of Ca2+ imaging to examine activity of the CA1 region in hippocampal slices (left). Confocal image of a slice loaded with OGB-1 (middle). SO, stratum oriens; SR, stratum radiatum. The cell map shows 93 neurons
(right). The three representative cells for which the traces are shown in D are indicated with red circles. (D) Bicuculline-induced Ca2+ activity in the CA1
region. Raw traces indicate the changes in ﬂuorescence intensity of three representative cells (cells 1, 2, and 3) on the cell map of C (top). Synchronous Ca2+
inﬂux was induced within minutes after treatment with bicuculline (10 lM). Synchronous Ca2+ inﬂux lasted for > 10 s, and occurred repeatedly. Spontaneous
Ca2+ activity of a total of 93 cells shows that bicuculline-induced synchronous activity included a large amount of Ca2+ inﬂux, shown in red (middle). The color
scale indicates the changes in ﬂuorescence intensity. The ratio of active cells to the total number of cells monitored indicated that all of the cells participated in
the synchronous events (bottom).

synchronous events with bicuculline alone in normal ACSF for all
of the slices recorded (data not shown, ﬁve slices from each of ﬁve
rats). The reason why Mg2+-free ACSF alone did not induce the

events might be that ionic manipulation takes longer to cause SLEs
than a proconvulsant (Karl
ocai et al., 2014). Although bicuculline in
normal ACSF did induce synchronous events, the combination
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Fig. 2. Several proconvulsants induced synchronous Ca2+ inﬂux in the CA1 region. (A–D) Ca2+ inﬂux of multiple neurons in the CA1 region treated with bicuculline (10 lM) (A), 4-AP (50 lM) (B), pentetrazol (3 mM) (C), and pilocarpine (10 lM) (D). All of the proconvulsants caused recurrent synchronous Ca2+
inﬂuxes. (E–H) Several indicators of synchronous Ca2+ inﬂux induced by proconvulsants are indicated as box plots: the number of events (E), inter-event interval (F), event duration (G), and latency to the ﬁrst event (H). Boxes represent the 25th and 75th percentiles; lines inside the boxes are medians; whiskers indicate the minimum and maximum values (bicuculline, nine slices from ﬁve rats; 4-AP, ﬁve slices from ﬁve rats; pentetrazol, ﬁve slices from ﬁve rats;
pilocarpine, ﬁve slices from ﬁve rats). Regarding the inter-event interval (E), slices in which synchronous events were detected more than once during 25 min
were analysed (all of the slices recorded in each group other than pilocarpine, and four of ﬁve slices in the pilocarpine group).

induced more synchronous events than bicuculline alone. We chose
the combination condition for assessing the antiepileptic drugs so as
to minimise photobleaching, because the condition allowed us to
perform assessments quickly.
Phenytoin and flupirtine decrease the amount of Ca2+ influx,
whereas ethosuximide increases the event duration
As we speculated that antiepileptic drugs exert their effects on synchronous Ca2+ inﬂux, we applied several such drugs; i.e. phenytoin
(a blocker of voltage-dependent Na+ channels), ﬂupirtine (a Kv7.2/
7.3 channel opener; the antiepileptic drug retigabine is a congener of
ﬂupirtine), and ethosuximide (a T-type Ca2+ channel inhibitor), and
examined their effects on bicuculline-induced synchronous Ca2+
inﬂux (Fig. 3A). We ﬁrst compared the effects of these drugs on collective behavior in neuronal networks. This approach allowed us to
see the effects of antiepileptic drugs on the distribution of responses
of individual cells as a whole, in contrast to conventional approaches,
such as local ﬁeld potential recording, which evaluate the summed
activity of multiple neurons. Figure 3B shows the Ca2+ inﬂux for all
of the cells in the CA1 region and the traces for three representative
cells. We compared the peak, AUC and duration of the ﬁrst synchronous Ca2+ inﬂux induced by bicuculline under the Mg2+-free condition in each experiment (ACSF group and antiepileptic drug groups),

and no signiﬁcant differences were observed (data not shown). After
the ﬁrst synchronous Ca2+ inﬂux, we applied the antiepileptic drugs,
and assessed their effects on bicuculline-induced synchronous Ca2+
inﬂux for 15 min. Figure 4A shows plots of the peaks of the Ca2+
responses in the synchronous events of individual cells against their
AUCs. Different slices are indicated by different colors. As compared with the control slices, the data points of the slices treated with
phenytoin and ﬂupirtine are condensed in the lower part of the plots,
indicating that these drugs reduced the AUC of the Ca2+ responses.
The data for the ethosuximide-treated slices tended to be more scattered towards higher AUCs. These data are pooled in Fig. 4B, which
illustrates the cumulative distributions of the mean peaks and AUCs
of the Ca2+ responses (ACSF, 1273 cells in nine slices from ﬁve rats;
phenytoin, 1123 cells in eight slices from ﬁve rats; ﬂupirtine, 1070
cells in eight slices from ﬁve rats; ethosuximide, 1118 cells in eight
slices from four rats). For both the peaks and AUCs, the distributions
of phenytoin and ﬂupirtine were shifted leftwards as compared with
the control (Kolmogorov–Smirnov test: control vs. phenytoin in
peaks, D = 0.66, P < 0.0001; control vs. ﬂupirtine in peaks,
D = 0.61, P < 0.0001; control vs. phenytoin in AUCs, D = 0.80,
P < 0.0001; control vs. ﬂupirtine in AUCs, D = 0.83, P < 0.0001).
For the AUC, cells treated with ethosuximide were distributed rightwards as compared with the control, and ethosuximide changed the
distribution of peaks slightly (Kolmogorov–Smirnov test: control vs.
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Fig. 3. The effects of antiepileptic drugs on bicuculline-induced synchronous Ca2+ inﬂux determined by monitoring the collective behavior of multiple neurons
in the CA1 region. (A) Experimental schedules. After the ﬁrst sustained synchronous event had been observed, antiepileptic drugs or ACSF (control) were
applied. In the presence of drugs, bicuculline-induced synchronous events were measured. (B–E) Bicuculline-induced Ca2+ inﬂux with the application of ACSF
(B, upper), phenytoin (100 lM) (C, upper), ﬂupirtine (10 lM) (D, upper), and ethosuximide (3 mM) (E, upper). Raw traces of the Ca2+ signals in three representative cells are indicated at the bottom.

ethosuximide in peaks, D = 0.062, P = 0.021; control vs. ethosuximide in AUCs, D = 0.44, P < 0.0001). We used several indicators
to quantify the effects of these drugs. To assess the effects on a synchronous event, we used indicators such as the average values of the
peak, AUC, and duration per slice; to assess the total effects during
the measurement time, we used indicators such as the number of
events, total AUC, and ratio of active cells during the events (Fig. 5).
Phenytoin and ﬂupirtine decreased the peak and duration (Steel’s
test: control vs. phenytoin peak, P = 0.0148; control vs. ﬂupirtine
peak, P = 0.0081; control vs. phenytoin duration, P = 0.0043; control vs. ﬂupirtine duration, P = 0.0081; Fig. 5A and C), and they
decreased the AUC drastically (Steel’s test: control vs. phenytoin,
P = 0.0022; control vs. ﬂupirtine, P = 0.0016; Fig. 5B). Phenytoin
increased the number of synchronous events (Steel’s test: control vs.
phenytoin, P = 0.0331; Fig. 5D). Overall, however, both drugs signiﬁcantly decreased the total AUC, i.e. total Ca2+ inﬂux through synchronous events during the measurement time (Steel’s test: control
vs. phenytoin, P = 0.0437; control vs. ﬂupirtine, P = 0.0016;
Fig. 5E). In contrast, ethosuximide signiﬁcantly increased the duration and tended to increase the AUC, although the peak, number
of events and total AUC did not change (Steel’s test: control vs.

ethosuximide duration, P = 0.0437; control vs. ethosuximide AUC,
P = 0.0894; control vs. ethosuximide peak, P = 0.9952; control vs.
ethosuximide number of events, P = 0.0859; control vs. ethosuximide total AUC, P > 0.9999; Fig. 5A–E). None of the drugs abolished synchronous events themselves, and, interestingly, the ratio of
active cells during synchronous events for the drug groups was not
different from that of the ACSF group (Steel’s test: control vs. phenytoin, P = 0.3302; control vs. ﬂupirtine, P = 0.9638; control vs.
ethosuximide, P = 0.3814; Fig. 5F). These results suggest that phenytoin and ﬂupirtine did not abolish synchronous events themselves,
but decreased the amount of Ca2+ inﬂux during the events, and that
ethosuximide increased the event duration.
The magnitude of phenytoin inhibition of peak synchronous
Ca2+ influx depends on the peak amplitude of the
synchronous event in each cell
As demonstrated above, antiepileptic drugs have heterogeneous
effects on collective behavior in neuronal networks. However, it is
not known how these drugs affect individual cells (i.e. before and
after drug application), or whether there are any distinct populations
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Fig. 4. The effects of antiepileptic drugs on the peak and AUC of individual cells during bicuculline-induced synchronous Ca2+ inﬂux in the CA1 region. The
peak and AUC of individual cells were assessed by averaging each synchronous event for 15 min. (A) Averaged values of the peak and AUC of individual
cells were plotted and color-coded according to slices (upper left, control; upper right, phenytoin; lower left, ﬂupirtine; lower right, ethosuximide). (B) The
pooled data of the mean peaks (left) and AUCs (right) were plotted as cumulative distributions (control, 1273 cells in nine slices from ﬁve rats; phenytoin,
1123 cells in eight slices from ﬁve rats; ﬂupirtine, 1070 cells in eight slices from ﬁve rats; ethosuximide, 1118 cells in eight slices from four rats).

that are more susceptible. To address these questions, we evaluated
changes in synchronous events 2–10 min before and 10 min after
drug application in each individual cell (Fig. 6A and B). We measured peak Ca2+ response because it appeared to be less affected by
photobleaching during measurement than other indicators (e.g.
AUC). Figure 6C shows mean pre-drug peak Ca2+ responses during
synchronous events in individual cells plotted against the ratios of
mean post-drug peaks to mean pre-drug peaks (ACSF, 1119 cells in
eight slices from ﬁve rats; phenytoin, 1143 cells in eight slices from
ﬁve rats; ﬂupirtine, 1081 cells in eight slices from six rats; ethosuximide, 1199 cells in nine slices from six rats). Different slices are
indicated by different colors. Pre-drug peaks and post-drug peak/
pre-drug peaks were negatively correlated in all groups (Spearman
rank correlation coefﬁcient R: ACSF, R = 0.34, P < 0.0001; phenytoin, R = 0.44, P < 0.0001; ﬂupirtine, R = 0.18, P < 0.0001;
ethosuximide, R = 0.36, P < 0.0001). The correlation coefﬁcient
for phenytoin was signiﬁcantly lower than those for the control and
ﬂupirtine, indicating that cells with large Ca2+ responses are more

sensitive to phenytoin (Z-test for two correlation coefﬁcients: control
vs. phenytoin, Z = 2.99, P = 0.00275; phenytoin vs. ﬂupirtine,
Z = 7.00, P < 0.0001). The coefﬁcient for ﬂupirtine was closer to
zero than that for the control (control vs. ﬂupirtine, Z = 4.01,
P < 0.0001). Correlation coefﬁcients for the control and ethosuximide did not differ (control vs. ethosuximide, Z = 0.538,
P = 0.590).
Phenytoin and flupirtine decrease and ethosuximide increases
the duration of SLEs
Finally, we assessed the effects of antiepileptic drugs on SLEs in
the CA1 region by using local ﬁeld recordings, comparing recordings before and after application of a drug (10 min each; Fig. 7A).
Phenytoin and ﬂupirtine signiﬁcantly reduced the duration of SLEs
(Wilcoxon’s signed-rank test: control vs. phenytoin, P = 0.0313;
control vs. ﬂupirtine, P = 0.0313, Fig. 7B and C), but they did not
completely abolish the appearance of SLEs, and, indeed, increased
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Fig. 5. Phenytoin and ﬂupirtine decreased the amount of Ca2+ inﬂux, but ethosuximide increased the event duration, in the CA1 region. (A) Phenytoin and ﬂupirtine decreased the peak of the synchronous Ca2+ inﬂux, but ethosuximide did not. (B) Phenytoin and ﬂupirtine decreased the AUC of the synchronous Ca2+
inﬂux. Ethosuximide increased the AUC modestly, but the difference was not signiﬁcant. (C) Phenytoin and ﬂupirtine decreased the event duration, whereas
ethosuximide increased it. (D) Phenytoin increased the number of synchronous events. (E) Phenytoin and ﬂupirtine decreased the total AUC, i.e. the total Ca2+
inﬂux through synchronous events during the measurement time. (F) None of the drugs changed the ratio of active cells during synchronous events. Asterisks
indicate signiﬁcant differences from the control for each parameter (*P < 0.05, **P < 0.01, Steel’s test). Each column represents the mean  SEM (eight or
nine slices from four or ﬁve rats in each group).

the number of events (Wilcoxon’s signed-rank test: control vs. phenytoin, P = 0.0313; control vs. ﬂupirtine, P = 0.0313; Fig. 7B and
D). In contrast, ethosuximide signiﬁcantly increased the duration of
SLEs, with no changes in the number of events (Wilcoxon’s signedrank test: control vs. ethosuximide for duration, P = 0.0313; control
vs. ethosuximide for number of events, P > 0.9999; Fig. 7B–D).

Discussion
We monitored the collective behaviors of individual neurons during
SLEs in hippocampus sections treated with bicuculline under Mg2+free conditions by using fMCI, and investigated how antiepileptic
drugs act on these individual neurons during epileptiform events.
We demonstrated that the antiepileptic drugs phenytoin, ﬂupirtine
and ethosuximide exert heterogeneous effects on the in vitro
epilepsy model.
First, we conﬁrmed that bicuculline induced synchronous Ca2+
inﬂux, and that these events were correlated with SLEs. Like bicuculline, a few other proconvulsants, including 4-AP, pentetrazol, and
pilocarpine, which have been reported to cause SLEs in in vitro epilepsy models (Piredda et al., 1986; Avoli et al., 1993; Rutecki &
Yang, 1998), induced synchronous Ca2+ inﬂux. We also observed
that all of these drugs caused SLEs in extracellular ﬁeld potentials
under Mg2+-free conditions (data not shown: 4-AP, three slices from
two rats; pentetrazol, two slices from two rats; pilocarpine, two
slices from two rats). In agreement with previous studies, our results
suggest that proconvulsant-induced synchronous Ca2+ inﬂux is a key
phenotype in in vitro epilepsy models.
We then investigated the effects of antiepileptic drugs that act on
different molecular targets, i.e. phenytoin, ﬂupirtine, and ethosuximide, on bicuculline-induced synchronous Ca2+ inﬂux and SLEs.

Interestingly, none of the drugs abolished the synchronous Ca2+
events themselves. These drugs did not even change the ratio of
active cells during synchronous Ca2+ inﬂux. Phenytoin and ﬂupirtine
decreased several indicators, including the peak, AUC, and duration
of synchronous Ca2+ inﬂux; the reduction in the AUC was particularly drastic. These results were consistent with the results of pooled
data for individual cells; phenytoin and ﬂupirtine shifted the cumulative distributions of the peaks and AUCs of individual cells leftwards as compared with the control. Similar results were obtained
with local ﬁeld potential recording. Phenytoin and ﬂupirtine
decreased the duration of SLEs. These results suggest that phenytoin
and ﬂupirtine depress the sustained part of the SLEs. They have also
been shown to suppress SLEs in several in vitro models (Armand
et al., 1999, 2000; Dost & Rundfeldt, 2000). The proﬁles of these
drugs might explain why they affect only the sustained part of
SLEs. Phenytoin stabilises the inactivated form of voltage-dependent
Na+ channels, although it has low afﬁnity for the channels in the
resting state (Mantegazza et al., 2010). Phenytoin appears to bind to
the channel during after-discharges in SLEs, and this is correlated
with the sustained part of synchronous Ca2+ inﬂux. However, phenytoin is expected to be less likely to affect channels in the initial
part of SLEs, because the channels shift from the closed to the open
form, rather than the inactivated form, at this point. Flupirtine
enhances Kv7.2/7.3 channel activity. Kv7 channels contribute to the
medium after-hyperpolarization, which serves primarily to control
the excitability of neurons lasting 50–200 ms after the action potentials (Storm, 1989; Gu et al., 2005); this property might reﬂect the
slow kinetics of activation. In fact, retigabine, which is a congener
of ﬂupirtine, does not affect single action potentials, as opposed to
attenuation of higher-frequency or burst ﬁring evoked by prolonged
depolarizing stimuli (Yue & Yaari, 2004). This might explain why
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Fig. 6. The magnitude of phenytoin inhibition of peak synchronous Ca2+ inﬂux depends on the peak amplitude of the synchronous event in each individual
cell. (A) Experimental schedules. The mean peak Ca2+ inﬂuxes during synchronous events were assessed 2–10 min before and 10 min after drug application in
individual cells. (B) Bicuculline-induced Ca2+ inﬂux before and after application of ACSF (upper left), phenytoin (100 lM) (upper right), ﬂupirtine (10 lM)
(lower left), and ethosuximide (3 mM) (lower right). (C) Mean pre-drug peaks and post-drug peak/pre-drug peak ratios of individual cells were plotted and
color-coded according to slices (Spearman rank correlation coefﬁcient: upper left, control, R = 0.34, 1119 cells in eight slices from ﬁve rats; upper right, phenytoin, R = 0.44, 1143 cells in eight slices from ﬁve rats; lower left, ﬂupirtine, R = 0.18, 1081 cells in eight slices from six rats; lower right, ethosuximide,
R = 0.36, 1199 cells in nine slices from six rats). The Spearman rank correlation coefﬁcient for phenytoin was signiﬁcantly lower than those for controls and
ﬂupirtine, indicating that cells with high Ca2+ inﬂux are more sensitive to phenytoin (Z-test for two correlation coefﬁcients: control vs. phenytoin, Z = 2.99,
P = 0.00275; phenytoin vs. ﬂupirtine, Z = 7.00, P < 0.0001).

ﬂupirtine decreased only the sustained part of the SLEs. Therefore,
we suspect that phenytoin and ﬂupirtine decreased the sustained part
of the SLEs without altering the ratio of active cells; i.e. synchronisation itself.
We clariﬁed the differences between phenytoin and ﬂupirtine in
terms of their effects on the number of events and cell susceptibility. Interestingly, phenytoin signiﬁcantly increased the number of
both synchronous Ca2+ inﬂuxes and SLEs. Flupirtine also increased
the number of SLEs, although the effect was modest, and no signiﬁcant differences were observed in the number of synchronous Ca2+

inﬂuxes. This might be attributable to two factors: a property of
bicuculline-induced epileptiform events, and a difference in the proﬁles of phenytoin and ﬂupirtine. First, in bicuculline-induced synchronisation (ACSF group in Fig. 3B), the AUC of an event was
positively correlated with the interval between one event and the
next (Spearman rank correlation coefﬁcient: R = 0.68, P < 0.0001,
113 events, nine slices from ﬁve rats). This means that synchronous
events occur more frequently when the AUC is small. From this,
we suspect that inhibition of the sustained part of SLEs by an antiepileptic drug is likely to promote an increase in the number of
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Fig. 7. Phenytoin and ﬂupirtine decreased and ethosuximide increased the duration of SLEs in the CA1 region. (A) Experimental schedules of local ﬁeld
potential recording. After stable recording of bicuculline-induced SLEs, antiepileptic drugs were applied. The average duration and number of SLEs were
assessed for 10 min before and after drug applications. (B) Representative traces of local ﬁeld potentials during bicuculline (10 lM)-induced SLEs in the CA1
region after additional treatment with phenytoin (100 lM) (upper right), ﬂupirtine (10 lM) (lower left), and ethosuximide (3 mM) (lower right). The control trace
(bicuculline alone) is shown on the upper left. (C) Phenytoin and ﬂupirtine decreased the duration of SLEs, whereas ethosuximide increased it. (D) Phenytoin
and ﬂupirtine increased the number of SLEs. Asterisks indicate signiﬁcant differences from the respective control groups (*P < 0.05, Wilcoxon’s signed-rank
test). Each column represents the mean  SEM (six slices from four to six rats in each group).

events, unless the drug also inhibits the neuronal activity during the
inter-event intervals. For the second factor, it is reasonable to
assume that phenytoin does not improve the excitatory–inhibitory
balance in the inter-event intervals, because a large proportion of
the Na+ channels are thought to be in the closed form in the resting
state, in which the neuronal ﬁring rate is much lower than the rate
of SLEs, and phenytoin would not affect these channels. According
to this hypothesis, phenytoin not only decreased the AUC, but also
increased the number of events. Flupirtine hyperpolarizes the resting membrane potential (Wladyka & Kunze, 2006). The increase in
the number of events caused by AUC inhibition is probably weakened by the stabilisation of the resting membrane potential during
the inter-event intervals. Therefore, ﬂupirtine exerted a modest
effect on the number of events. Although both phenytoin and ﬂupirtine increased the number of SLEs, they signiﬁcantly decreased
the total AUC, i.e. the summation of the Ca2+ inﬂuxes during synchronous events.
In addition to the difference in the number of events, phenytoin
differed from ﬂupirtine in that it had non-uniform effects depending

on the peak amplitude of the synchronous event in each individual
cell. In this analysis, photobleaching might have caused the negative
correlation between peak Ca2+ response and the ratio between that
value and the drug effect even in control cells, because large peak
responses tend to promote photobleaching. This correlation was
more negative for phenytoin than for controls, suggesting that phenytoin is more effective for cells with strong Ca2+ responses. This
result is reasonable, because phenytoin has a state-dependent effect,
as mentioned above, and is thus likely to have strong effects on
cells whose ﬁring rates are high. In contrast to what was found for
phenytoin, correlations for ﬂupirtine were weaker than for controls,
which might indicate that ﬂupirtine’s effects are not state-dependent,
or that the inﬂuence of photobleaching was less than in control cells
because of lower synchronous Ca2+ inﬂux.
Unlike phenytoin and ﬂupirtine, ethosuximide signiﬁcantly
increased the duration of synchronous Ca2+ inﬂux and SLEs, and
tended to increase the AUC. In agreement with these results,
ethosuximide shifted the cumulative distribution of AUCs of
individual cells rightwards as compared with the control. Not
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surprisingly, ethosuximide did not decrease the AUC or duration,
because it is approved for the treatment of absence seizures and
exerts its anti-absence effects by reducing T-type Ca2+ currents in
thalamocortical relay neurons. When ethosuximide is used for
tonic–clonic seizures, it might aggravate the condition in some
patients (Perucca et al., 1998). Ethosuximide also enhanced afterdischarge generation in an in vitro temporal lobe epilepsy model,
although at a relatively high concentration (Ohno & Higashima,
2002). Furthermore, Kobayashi et al. (2009) reported that ethosuximide inhibits G-protein-activated inwardly rectifying K+ channels
at clinically relevant concentrations, and proposed that the effect
on G-protein-activated inwardly rectifying K+ channels may be
related to aggravation of the symptoms of tonic–clonic seizure
patients. The increases in the AUC and duration observed in this
study might reﬂect this side effect.
We studied postnatal day 6–8 rats. This age could create a serious
problem for evaluating the function of neuronal networks, because
the maturity of the brain is age-dependent. For example, GABA is
the major inhibitory neurotransmitter in the adult brain, but, at early
postnatal ages, GABAA receptor activation triggers depolarization of
the neuronal membrane, because the neurons have a higher intracellular chloride concentration at these ages, owing to immature
expression of transmembrane chloride transporters, and chloridepermeable GABAergic transmission via GABAA channels therefore
has an excitatory effect (Cherubini et al., 1991). Giant depolarizing
potentials, which are characterised by spontaneous synchronous network bursts, are often observed at these ages (Ben-Ari et al., 1989,
2007). It has also been reported that GABA-mediated excitation in
the developing hippocampus contributes to the initiation of ictal epileptiform activity (Dzhala & Staley, 2003). On the other hand, fMCI
is usually performed on juvenile tissue, because of the difﬁculty of
loading adult tissue with Ca2+ dyes (Namiki & Ikegaya, 2009); we
used postnatal day 6–8 animals to overcome this problem. GABA
seemed to at least have an inhibitory effect in this study, because
the giant depolarizing potential and epileptiform activity described
above were inhibited by the GABAA antagonist bicuculline, whereas
synchronous activity in this study was caused by bicuculline. Therefore, we achieved a good balance between neuronal network maturation and experimental feasibility.
We examined the effects of antiepileptic drugs under GABAergic
transmission blockade by bicuculline. Several studies have shown
that GABAergic input facilitates after-discharges in SLEs (K€
ohling
et al., 2000; Fujiwara-Tsukamoto et al., 2003, 2006), probably
because of the excitatory effects of GABA in adult animals under
conditions in which GABAA receptors are intensely activated (Staley et al., 1995; Taira et al., 1997). Further studies using other proconvulsants, such as 4-AP and pilocarpine, and other in vitro
models, such as low Ca2+, high K+, and electrical induction, are
needed to determine the precise mechanisms of action of antiepileptic drugs.
In conclusion, using fMCI, we demonstrated heterogeneous
effects of antiepileptic drugs on bicuculline-induced synchronous
Ca2+ inﬂux in the rat hippocampal CA1 region. Phenytoin and ﬂupirtine decreased the AUC, peak and duration of synchronous Ca2+
inﬂux, and the duration of SLEs, whereas they did not eliminate the
synchronous events themselves, or even change the ratio of active
cells during events. Ethosuximide increased the duration of synchronous Ca2+ inﬂux and SLEs. Furthermore, we found that the magnitude of phenytoin inhibition of peak synchronous Ca2+ inﬂux
depended on the peak amplitude of the synchronous event in each
individual cell. Assessment of antiepileptic drugs with fMCI is a
useful tool for developing new drugs.

Abbreviations
4-AP, 4-aminopyridine; ACSF, artiﬁcial cerebrospinal ﬂuid; AUC, area under
the curve; fMCI, functional multineuron Ca2+ imaging; GABA, c-aminobutyric acid; OGB-1, Oregon Green 488 BAPTA-1AM; SEM, standard error of
the mean; SLE, seizure-like event.
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