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Abstract. Epilepsy is a common disease of the central 
nervous system. Tetanic spasms and convulsions are the key 
symptoms exhibited during epileptic seizures. However, the 
majority of patients have a significant post‑seizure silence 
following a serious seizure; the underlying molecular neural 
mechanisms in this burst interval are unclear. The aim of the 
present study was to reveal the effect and role of calcium‑acti-
vated potassium channels during this seizure interval silence 
period. Cyclothiazide (CTZ) was used to establish the 
seizure model in rat hippocampal cultured neurons, then the 
after‑burst hyperpolarization (ABH) activities were recorded 
using the patch clamp technique. By comparing the ampli-
tude and duration of hyperpolarizations, the present study 
analyzed the association between epileptiform bursts and 
ABHs when treated with different concentrations of CTZ. 
In addition, apamin and iberiotoxin were used for pharma-
cological tests. An intracranial electroencephalogram (EEG) 
recording was also performed when the CTZ experiments 
were repeated on animals. The experimental results revealed 
that treatment with high levels of CTZ induced larger ABHs 
and was associated with stronger burst activities, which 
suggested a positive correlation between ABH and epilep-
tiform burst. Apamin, an antagonist of small conductance 
calcium‑activated potassium (SK) channels, decreased the 

amplitude of ABH; however, reduced ABH was associated 
with enhanced burst activity, in burst probability and burst 
strength. These results revealed an important role of SK 
channels in the formation of ABH and in the inhibition of 
burst activity. Iberiotoxin, an antagonist of big conductance 
calcium‑activated potassium (BK) channels, had no signifi-
cant effect on ABH and burst activity. In addition, a positive 
correlation was identified between burst duration and ABH 
parameters. An intracellular calcium chelator impaired 
the amplitude of ABH; however, it did not affect the burst 
parameters. The rat cortical EEG recordings also exhibited a 
similar positive correlation between the duration of epileptic 
burst and after burst depression. Collectively, the results 
indicate that ABH may serve in the physiological feedback 
system to reduce the strength of epileptic hyperexcitation, a 
process in which SK channels are important.

Introduction

Epilepsy is one of the most prevalent and serious central 
nervous system disorders that affects ~1% of the global popu-
lation (1). In previous epilepsy studies, burst activities were 
often followed by a depression of spike discharges, termed 
after burst depression (ABD) or postictal depression (2‑6). This 
low‑amplitude neuronal activity is believed to result from the 
factors that lead to seizure auto‑termination. This depression 
period is very important, as it can extend the interval duration 
of burst activity and also reduce the intensity of seizure onset. 
A number of antiepileptic drugs can enhance this depression 
period in patients with epilepsy (7).

Although a number of previous studies concentrated on 
the dynamics of ion channels and other proteins in epileptic 
seizure, little is known regarding the development of post-
ictal depression (8,9). One possibility is that there may be a 
large influx of calcium ions during this burst activity, which 
may activate calcium‑activated potassium channels and thus 
mediate the hyperpolarized current and lead to postictal depres-
sion (10,11). Calcium‑activated potassium channels are a group 
of potassium channels that are different to voltage‑gated potas-
sium channels as they are activated by elevated intracellular 
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calcium concentration. They can be divided into 2 types: Big 
conductance calcium‑activated potassium channels known as 
BK channels, and the small conductance type known as SK 
channels (12). BK channels contribute to the fast and medium 
after hyperpolarization (AHP) activities that follow a single 
action potential (AP). In contrast, SK channels have a small 
conductance with a longer open duration, and they contribute 
to the slow AHP activities of neurons following a series of 
APs (13‑15).

In addition to this hypothesis involving calcium‑activated 
potassium channels, there are still a number of other potential 
mechanisms. One such mechanism may involve membrane 
shunting (16), which is associated with a decrease in neuronal 
input resistance, a consequence of seizure onset. Membrane 
shunting decreases the synaptic current effect on the post-
synaptic membrane and also decreases the coupling effect of 
gap junctions. The energy failure hypothesis has also been 
suggested as another potential mechanism. Depletion of energy 
substances, such as ATP and glucose, may be an important 
factor in ABD. However, it has been previously established 
that hypoglycemia and hypoxia may lead to a seizure onset 
rather than seizure control (17).

An increasing number of previous studies have 
demonstrated that SK channels have an important role in 
epileptogenesis  (18,19). In the central nervous system, SK 
channels couple directly with N‑methyl‑D‑aspartate (NMDA) 
receptors in dendritic spines. Calcium influx through NMDA 
receptors during membrane depolarization can activate SK 
channels  (20). In addition, activation of SK channels may 
reduce epileptiform activity in an acute model of epilepsy (21). 
By contrast, suppression of SK channels may increase burst 
activity in the hippocampal CA3 area of a brain slice (22,23). 
Thus, SK channels may be critical in the formation of postictal 
depression and spontaneous seizure control. In the present 
study, cyclothiazide (CTZ) was used to establish the epilepsy 
model. CTZ is a novel potent convulsant with the advantage of 
lower excitotoxicity (24) and it is capable of inducing a stable 
burst activity in vitro and in vivo (24,25). CTZ induces convul-
sion via a number of different physiological processes. The 
most important effect is the allosteric modulation of AMPA 
and GABA receptors (26). In addition, there are also a number 
of other mechanisms that contribute to the convulsant effect of 
CTZ, including glutamate depletion (27), dynamic changes in 
ion concentrations (28), persistent activation of hyperpolariza-
tion activated cation conductance (2,21,23) and activation of 
acid‑sensitive ion channels (3). On the basis of these previous 
studies, it was hypothesized that SK channels may enhance 
the amplitude and duration of ABD and control the strength 
of seizures.

Materials and methods

Animals. The electroencephalographic experiments were 
performed on 250‑300 g male Sprague Dawley rats, 8 weeks 
old. These rats were supplied by Shanghai SLAC Laboratory 
Animal Co., Ltd. (Shanghai, China). In this study, 20  rats 
were used for the experiments. All animals were maintained 
in air‑conditioned rooms with a controlled temperature at 
23±2˚C, 40‑60% humidity, under a 12 h light/dark cycle with 
lights on from 7:00 a.m. to 7:00 p.m. Animals were housed 

separately in plastic cages and were supplied with water and 
food ad libitum. All experiments conformed to the guide-
lines provided by the Institutional Committee of Laboratory 
Animals, Fudan University and to Chinese government 
regulations. The present study was approved by the Ethics 
Committee of Fudan University (Shanghai, China).

Surgery and intracranial cortical electroencephalogram 
(EEG) quantification. The protocols applied for surgery 
and electroencephalography were performed as previously 
described (25,29,30). Briefly, as CTZ cannot pass through 
the blood‑brain barrier, all studies were performed using an 
intraventricular injection of CTZ. Animals were mounted on 
stereotaxic apparatus, with a guide cannula (22GA; Plastics 
One, Roanoke, VA, USA) planted into the lateral ventricle 
(AP 0.3 mm, ML 1.3 mm, DP 4.0 mm). The intraventricular 
CTZ injection was performed through a soft plastic catheter 
and this guide cannula. To record the cortical EEG, two little 
screw electrodes were embedded into the skull to reach the 
surface of the brain. One screw was located in the left cortex 
above the hippocampus (AP‑3.8 mm, ML 2.0 mm), which 
served as the recording electrode, while the other was located 
above the forehead, serving as the reference electrode. Finally, 
two screws were attached to a connector to create a link to 
the Neurolog system (Digitimer Ltd., Hertfordshire, UK). 
The signals were visualized by Spike2 software version 6.04 
(Cambridge Electronic Design Ltd., Cambridge, UK) and 
recorded on a PC computer through an A‑D converter, CED 
1401 micro (Cambridge Electronic Design Ltd.).

Primary hippocampal neuronal culture. Primary hippo-
campal neurons were collected from embryonic day  18 
Sprague‑Dawley rat fetuses, as described in our previous 
studies  (31‑33). Briefly, the fetuses were first dissected to 
collect the hippocampi. The tissues were rinsed in cold Hanks' 
balanced salt solution, then digested with 0.05% trypsin‑EDTA 
solution for 15‑20 min at 37˚C. Following digestion, single 
cells were subsequently isolated by trituration with 1  ml 
plastic pipette tips in the plating medium (Dulbecco's modi-
fied Eagle's medium with 10% fetal bovine serum, 10% F12 
and 25 m/ml penicillin/streptomycin, termed DF12; purchased 
from Invitrogen (Thermo Fisher Scientific, Inc., Waltham, 
MA, USA), and then a centrifugation step of 1,000 x g at 
4˚C, for 8 min. Then, following rinsing twice by DF12, cells 
were seeded onto poly‑D‑lysine (0.1 mg/ml; Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) pre‑coated coverslips at a 
density of 40,000‑60,000 cells/cm2. Following cell culture for 
1 day, half of the media were changed to neurobasal medium, 
containing 2% B27, 2  mM GlutaMAX™ and 25  ml/ml 
penicillin/streptomycin. AraC (1 µM; Sigma‑Aldrich; Merck 
KGaA) was added at 6 days following initial plating. Cell 
cultures were fed once every 3 days by replacing half of the 
medium. All cultures were maintained at 37˚C and in 5% 
CO2 incubators. Following 14‑21 days after plating, cultured 
neurons were used for electrophysiology. All cell culture 
reagents were obtained from Invitrogen; Thermo Fisher 
Scientific, Inc. (Waltham, MA, USA).

Drug treatment. To induce robust burst activity in cultured 
neurons, stock CTZ (Tocris Bioscience, Bristol, UK) solution 
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(20 mM in DMSO) was added into the culture medium to 
produce a final concentration of either 5 or 20 µM CTZ. A 
similar volume of DMSO (1:1,000) was added into the cultured 
medium as a control to form the DMSO group. The two CTZ 
groups (5 or 20 µM CTZ) and the DMSO group, with 12‑32 
neurons in each group, were incubated for 2 h at 37˚C prior to 
patch clamp recordings. The SK channel antagonist, apamin 
(APM; Tocris Bioscience, Bristol, UK), and the BK channel 
antagonist, iberiotoxin (IBTX; Tocris Bioscience), were 
dissolved in water to produce two stock solutions (500 µM), 
which were then added into the bath solution to produce final 
concentrations of 500 nM, forming +APM and +IBTX groups 
of neurons cultured with CTZ and DMSO, respectively.

Electrophysiology. Whole‑cell recordings were performed 
in current clamps and held at ‑70 mV as described previ-
ously  (24,32,34,35). Patch pipettes were pulled from 
borosilicate glass with a pipette puller (P‑97; Sutter 
Instrument, Novato, CA, USA), and then fire polished to a 
resistance of 3‑6 MΩ. The pipette was filled with following 
internal solution: 125 mM K‑gluconate, 10 mM KCl, 10 mM 
Hepes, 10 mM Tris‑phosphocreatine, 4 mM MgATP, 0.5 mM 
Na2GTP (pH 7.3 adjusted with KOH) and ~305 mM Osm. 
An additional 30  mM ethylene glycol‑bis(β‑aminoethyl 
ether)‑N,N,N',N'‑tetraacetic acid (EGTA) was added into 
the internal solution for experiments involving high EGTA 
recordings, with the same pH and osmolarity as normal; 
resulting in the EGTA and Normal groups in CTZ and DMSO 
cultured neurons, respectively. The recording chamber was 
continuously perfused with a bath solution, containing the 
following components: 128  mM NaCl, 30  mM Glucose, 
25  mM Hepes, 5  mM KCl, 2  mM CaCl2, 1  mM MgCl2 
(pH 7.3 adjusted with NaOH) and ~315 mM Osm. Electrical 
signals were digitized and sampled at a frequency of 5 kHz 
with Digidata 1440A and Multiclamp 700B amplifier (Axon 
Instruments; Molecular Devices, LLC, Sunnyvale, CA, USA), 
using pCLAMP version 10.2 (Axon Instruments; Molecular 
Devices, LLC). Data were filtered at 2 kHz and analyzed with 
Clampfix version 10 (Axon Instruments; Molecular Devices, 
LLC). A large depolarization shift was defined as a membrane 
potential ≥10 mV depolarizing shift, with a ≥300 msec time 
period. An epileptiform burst was defined by ≥5 consecutive 
APs overlaying on top of a large depolarization shift (24). A 
neuron with burst activities was defined by ≥2 repeated bursts 
occurring within 6 min of recording (25,32). Data within a 
group have ≥3 different groups of neurons. A bursting neuron 
was not calculated in the analysis if the recording time was 
<6 min, even if it had bursts ≥2. Only bursting neurons were 
used for further analyses, including burst frequency, burst 
duration, amplitude and duration of after burst hyperpolariza-
tion (ABH) and the AP frequency in burst.

Statistical analysis. All of the ABH and burst results recorded 
in cultured neurons were analyzed using Clampfit version 10 
(Axon Instruments; Molecular Devices, LLC). A 5‑min 
baseline was recorded for every neuron, and the baseline 
was calculated to confirm the membrane potential value 
of the mean and noise using the software. The value of the 
mean ± noise represents the baseline region. ABH amplitude is 
calculated by baseline mean minus the negative peak potential 

of ABH. ABH duration represents the lasting time of the 
hyperpolarizing activity. There was potential of high level of 
noise in the potential recording; therefore, the present study 
used the baseline region rather than the single baseline value 
to reduce the influence of noise as much as possible. Similarly, 
the baseline definition in burst duration is also the same as 
that in ABH duration. Finally, the AP frequency in burst was 
calculated by dividing the AP number by the burst duration.

Pooled data are all presented as the mean ± standard error 
mean and were analyzed using GraphPad Prism version 4 
(GraphPad Software, Inc., La Jolla, CA, USA). An unpaired 
Student's t‑test was used for comparisons between 2 groups. 
In Figs. 1C and D, and 2C‑E, an unpaired Student's t‑test was 
also performed for the comparisons group‑by‑group. A χ2 test 
was used for statistical analysis of percentage changes. Linear 
regression was also tested using GraphPad software in linear 
correlation analysis. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Epileptiform burst activities are followed by a slow after 
hyperpolarization in cultured hippocampal neurons. To 
investigate the underlying cellular mechanisms of postictal 
depression, cultured hippocampal neurons were used as the 
model. A relatively silent period was observed following burst 
activity. Each period of burst activity, whether it was spon-
taneous or CTZ‑induced, was followed by a hyperpolarized 
potential (Fig. 1A and B). ABH activity was analyzed in the 
neurons that exhibited burst activity following every period 
burst activity. The results revealed that the amplitude of ABH 
significantly increased in the 5 µM CTZ treatment group 
(5.17±0.26 mV; n=35 ABH activities from 10 neurons; P<0.001; 
Fig. 1C) and in the 20 µM CTZ treatment group (7.03±0.65 mV; 
n=30 ABH activities from 10 neurons; P<0.001; Fig. 1C), when 
compared with DMSO group (3.24±0.26  mV; n=47 ABH 
activities from 11 neurons; Fig. 1C). The high concentration 
group (20 µM CTZ) also had a significantly greater amplitude 
when compared with the low concentration (5 µM) CTZ group 
(P<0.01; Fig. 1C). However, the ABH duration (length of the 
ABH period) significantly decreased in the CTZ treatment 
groups (5  µM CTZ: 5.00±0.39 sec; n=35 ABH activities; 
P<0.01; 20 µM CTZ: 5.47±0.27 sec; n=30 ABH activities; 
P<0.05) when compared with the DMSO group (8.69±1.04 
sec; n=47 ABH activities; Fig. 1D).

CTZ also induced stronger epileptiform burst activities in 
cultured neurons. The percentage of neurons exhibiting burst 
activities was compared with the burst frequency (the average 
number of burst per minute), in neurons with and without 
CTZ (Fig. 2A). Treatment with a low concentration (5 µM) 
of CTZ did not significantly affect the percentage of bursting 
neurons (5 µM CTZ: 52.6%, n=19 neurons; DMSO: 34.4%, 
n=32 neurons; P>0.05; Fig. 2B), nor did it have an effect on the 
bursting frequency (5 µM CTZ: 2.07±0.35/min, n=10 bursting 
neurons; DMSO: 2.02±0.61/min, n=11 bursting neurons; 
Fig. 2C). However, a high concentration (20 µM) of CTZ 
significantly increased the percentage of bursting neurons to 
83.3% (n=12 neurons; P<0.01; Fig. 2B) as well as the burst 
frequency (4.20±0.54/min; n=10 bursting neurons; P<0.05; 
Fig. 2C). The burst frequency between the two different CTZ 
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concentrations was also significantly different (P<0.01). These 
results indicated that CTZ induced burst activity and increased 
the bursting frequency.

Subsequently, the changes in single burst activity were 
observed. The average burst duration was compared with 
the average AP frequency within each burst in all groups, to 
indicate the dynamics of burst strength. When compared with 
the control (DMSO: 9.45±0.63 Hz, n=47 bursting activities), 
the low and high CTZ concentration treatments significantly 
increased the AP frequency (5 µM CTZ: 14.04±0.68 Hz, n=35 
bursting activities; 20 µM CTZ: 29.49±0.96 Hz, n=30 bursting 
activities; both P<0.001; Fig.  2D). The two CTZ groups 
were also significantly different from one another (P<0.001; 
Fig. 2D). These results indicate that CTZ may increase burst 
strength in a dose‑dependent manner; however, as only two 
different concentrations were evaluated in the present study 
further investigation is required. In addition, the average burst 
duration of the two CTZ groups were significantly reduced 
when compared with the control (DMSO: 2.11±0.14 sec, n=47 
bursting activities; 5 µM CTZ: 1.19±0.07 sec, n=35 bursting 
activities; 20 µM CTZ: 1.40±0.10 sec, n=30 bursting activities; 
both P<0.001; Fig. 2E).

APM‑sensitive SK channels are involved in the formation 
of ABH. The intracellular mechanism underlying the ABH 
was also investigated. A large influx of calcium is known to 

occur in neurons during burst activity (11); therefore, it was 
hypothesized that calcium‑activated potassium channels may 
be involved in the regulation of ABH. Previous studies have 
demonstrated that SK channels have a greater association 
with slow and long‑lasting hyperpolarization activities than 
BK channels (13,36). Therefore, SK channels may have an 
important role in ABH. BK and SK channels were pharmaco-
logically investigated using their respective antagonists.

To determine whether SK channels regulate ABH and 
burst activities, the SK channel‑sensitive antagonist APM 
was used to treat the cells cultured with and without 5 µM 
CTZ pretreatment. SK channel inhibition with 500 nM APM 
induced a significant reduction in the amplitude of ABH, in 
the CTZ pretreatment (1.43±0.11 mV; n=61; P<0.001 vs. 5 µM 
CTZ; Fig.  3A‑D) and the DMSO control (1.43±0.08 mV; 
n=64; P<0.001 vs. DMSO; Fig. 3A‑D) groups. However, APM 
did not affect the duration of ABH in the presence of CTZ 
(4.93±0.36 sec; n=61; P>0.05; Fig. 3E), although it did reduce 
the duration in the DMSO control group (3.44±0.22 sec; n=64; 
P<0.001; Fig. 3E). These findings indicate that SK channels 
may mediate the majority of ABH activities. The inhibition of 
SK channels reduced the amplitude of ABH by ~50‑70%. The 
APM insensitive potentials suggest there may be additional 
receptors and ion channels involved.

Given the inhibitory effect of APM on ABH, the present 
study investigated the influence of this effect on burst activity 

Figure 1. ABH amplitude increased; however, the duration decreased following the induction of seizures with CTZ. Representative recording traces in the 
different groups, with (A) a single burst and (B) enlarged images of the ABH period indicated by the boxed area. (C) There was a significant increase in ABH 
amplitude in the 5 µM CTZ (n=35 bursts in 10 neurons) and 20 µM CTZ (n=30 bursts in 10 neurons) treatment groups when compared with the DMSO group 
(n=47 bursts in 11 neurons). There was also a significant increase when comparing the two CTZ groups. (D) Two CTZ groups had a significantly lower ABH 
duration when compared with the DMSO group. Data are presented as the mean ± standard error mean. *P<0.05, **P<0.01 and ***P<0.001 vs. DMSO; ##P<0.01 
vs. 5 µM CTZ. ABH, after burst hyperpolarization; CTZ, cyclothiazide.
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itself. Although it is thought that SK channels are able to 
mediate the amplitude of ABH, the effect of SK channels 
on burst activities remains to be elucidated. In this series of 
experiments, a 5 µM dose of CTZ was selected to treat cultured 
neurons. The effects of APM/IBTX were assessed through the 
comparison of DMSO/DMSO + APM/DMSO + IBTX and 
the similar comparison of CTZ/CTZ + APM/CTZ + IBTX. 
Following CTZ (5  µM) treatment, whole cell recordings 
were performed in bath solution containing 500 nM APM to 
block SK channels. Once the SK channels were blocked, the 
percentage of neurons exhibiting burst activities increased in 
the control and CTZ groups (from 34.4 to 71.4% in control 
and 52.6 to 75.0% in CTZ), however, only the control group 
presented significant differences (P<0.05 in χ2 test; Fig. 3F). 

Burst frequency and burst strength also significantly 
increased following blocking of the SK channels with APM. 
Burst frequency increased from 2.02±0.61 to 6.08±0.81/min 
in the control groups (P<0.001) and from 2.07±0.35 to 
5.31±1.10/min in the CTZ groups (P<0.01; Fig. 3G). The 
frequency of APs in burst also increased from 9.45±0.63 to 
11.14±0.40 Hz in control (P<0.05) and from 14.04±0.68 to 
20.12±0.79 Hz in CTZ group (P<0.001; Fig. 3H). However, 
the burst duration significantly decreased in the control and 
CTZ groups (both P<0.001; Fig. 3I), which was similar to 
the results observed following the initial application of CTZ 
(Fig. 2E). The results suggest that APM may enhance intrinsic 
excitability by increasing the burst number per minute and 
also burst strength.

Figure 2. CTZ induced burst activities and increased the bursting strength. (A) Representative current clamp recording traces in the control DMSO, 5 µM 
CTZ and 20 µM CTZ groups. (B) Percentage of neurons exhibiting burst activities in the three groups. Incubation with 20 µM CTZ significantly increased the 
percentage, whereas 5 µM CTZ produced no significant difference in burst activities. The numbers written in the bars represent the number of cells (number 
with burst activities/total number). (C) Frequency of bursting activities occurring. The average number of bursts every minute increased following incubation 
with 20 µM CTZ. A significant difference was observed between the 20 µM CTZ (n=10) and DMSO control (n=11) groups and also between the 5 µM CTZ 
(n=10) and 20 µM CTZ groups. (D) AP frequency in burst. The 5 µM CTZ (n=35) and 20 µM CTZ (n=30) groups were significantly increased when compared 
with the DMSO group (n=47). Additionally, there was a significant difference between the two CTZ groups. (E) Average burst duration in recording. The two 
CTZ groups had a shorter burst time when compared with the DMSO group [the same recording numbers as in (D)]. Data are presented as the mean ± standard 
error mean. *P<0.05, **P<0.01 and ***P<0.001 vs. DMSO; ##P<0.01 and ###P<0.001 vs. 5 µM CTZ. CTZ, cyclothiazide; AP, action potential.
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In contrast to APM, the BK channel antagonist IBTX did 
not alter the majority of the parameters in ABH and burst 
activities. In the DMSO control and 5 µM CTZ treated groups, 
the ABH amplitude, ABH duration, burst probability and 
percentage, burst frequency and burst inner AP frequency all 
had no statistically significant differences, when comparing 
those with and without IBTX, respectively (Fig. 4A‑H). The 
burst duration was the only parameter that was significantly 
different. In the presence of IBTX, the duration increased 
from 2.11±0.14  sec (n=47) to 2.55±0.12  sec (n=22) in the 

control group (P<0.05) and from 1.19±0.07  sec (n=35) to 
2.02±0.20 sec (n=23) in the CTZ group (P<0.001; Fig. 4I). A 
previous study has reported similar results (37). However, the 
results of the present study revealed that blockage of the SK 
channels is the principal induction of this excitatory effect.

Correlations between epileptiform bursts and ABH. Further 
analysis highlighted the associations between burst and ABH. 
The present study compared the associations between burst 
duration (the time a burst continued) and the remaining three 

Figure 3. APM impaired ABH; however, it also enhanced burst activities. (A‑C) Comparisons between the original recording traces with and without 500 nM 
APM in the control and 5 µM CTZ group for 2 h. The boxes indicate the area that has been enlarged in the subsequent images. (D) APM significantly 
suppressed the amplitude of ABH in the control group (n=47 without APM; n=64 with APM) and the CTZ group (n=35 without APM; n=61 with APM). 
(E) APM reduced the duration of ABH in the control group; however, this was not observed in the CTZ group. (F) APM increased the percentage of neurons 
exhibiting burst activities in the control group; however, not in the CTZ group. The numbers written in the bars represent the number of cells (number with 
burst activities/total number). (G) APM significantly increased the burst number per minute, in the control group (n=11 without APM; n=10 with APM) and 
the CTZ group (n=10 without APM; n=9 with APM). (H) AP frequency in burst increased with the application of APM, in the control and CTZ groups. 
(I) Burst duration significantly decreased in the control and CTZ groups when the bath solution contained APM. Data in D, E, H and I represent the number 
of burst activities, whereas that in (G) represent the number of neurons. Data are presented as the mean ± standard error mean. *P<0.05, ***P<0.001 DMSO 
vs. DMSO + APM; ##P<0.01, ###P<0.001 CTZ vs. CTZ + APM. APM, apamin; ABH, after burst hyperpolarization; CTZ, cyclothiazide; AP, action potential.
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parameters: ABH amplitude, ABH duration and the product of 
ABH amplitude and duration (Fig. 5). The last parameter was 
used to represent the total hyperpolarizing charges in ABH 
activity, although the unit is mV*s, not the unit of electric 
charge, coulomb. The patch clamp recording mode used was 
‘current clamp’, which injects current to hold the membrane 
potential at ‑70 mV. Therefore, the original data collected 
are the membrane potential values. However, it is difficult to 
accurately calculate the electrical charge value as the accurate 
calculation of neuronal electrical charge requires a measure-
ment of cellular membrane conductance of each recorded 
neuron. As this membrane conductance is highly dispersed 
and fluctuated in different neurons, so actually the assessment 

parameter mV*s is only a carefully selected approximation to 
the electrical charge value of neurons.

The results suggest that there may be a correlation 
between ABH duration and burst duration. Despite the 
different concentrations of CTZ treatment (Figs. 1D and 2E), 
or APM blockage (Fig. 3E and I), ABH duration exhibited 
similar changes to those of burst duration. Therefore, it was 
hypothesized that there may be a positive correlation between 
single cell activities. The experimental results revealed a 
significant positive correlation between burst duration and 
ABH amplitude (R2=0.39; P<0.001; Fig. 5A), ABH duration 
(R2=0.18; P<0.01; Fig. 5B), and the product of ABH ampli-
tude and duration (R2=0.34; P<0.001; Fig. 5C) in the DMSO 

Figure 4. IBTX did not alter the majority of burst and ABH parameters, with the exception of burst duration. (A‑C) Representative original traces with and 
without 500 nM IBTX in the DMSO control and 5 µM CTZ groups for 2 h. The boxes indicate the area that has been enlarged in the subsequent images. No 
statistical difference was identified between groups treated with and without IBTX in terms of (D) ABH amplitude, (E) ABH duration, (F) bursting neuron 
percentage [the numbers written in the bars represent the number of cells (number with burst activities/total number)], (G) bursting number per minute and 
(H) AP frequency in burst, in the control (n=47 bursts in 11 neurons without IBTX; n=22 bursts in 5 neurons with IBTX) and CTZ groups (n=35 bursts in 10 
neurons without IBTX; n=23 bursts in 5 neurons with IBTX). (I) IBTX significantly increased the burst duration in the two groups. Data are presented as the 
mean ± standard error mean. *P<0.05 DMSO vs. DMSO + IBTX; ###P<0.001 CTZ vs. CTZ + IBTX. IBTX, iberiotoxin; ABH, after burst hyperpolarization; 
CTZ, cyclothiazide; AP, action potential.
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group. The 5 µM CTZ‑treated group also exhibited a signifi-
cant positive correlation in the majority of the parameters; 
however, the differences were not as significant as those 
exhibited by the DMSO group. The correlation between burst 
duration and ABH amplitude (R2=0.15; P<0.05; Fig. 5D), and 
burst duration and the product (R2=0.15; P<0.05 Fig. 5F) were 
significant; however, there was no significant association 
between burst duration and ABH duration (R2=0.09; P=0.08; 
Fig. 5E). In the 20 µM CTZ group, all three parameters were 
significant (burst duration vs. ABH amplitude: R2=0.62; 
P<0.001; Fig. 5G; burst duration vs. ABH duration: R2=0.28; 
P<0.01; Fig. 5H; burst duration vs. the product: R2=0.56; 
P<0.001; Fig. 5I). These results indicate that there is normal 
physiological feedback between ABH activities and burst 
activities, as after a long burst a large period of ABH follows 
in order to terminate the burst and prevent any new burst 
activity.

EGTA‑induced reduction of intracellular calcium concentra‑
tion reduces ABH; however, it does not affect burst activities. 
To determine the mechanisms underlying neuronal regulation 
in ABH and burst, the present study investigated intracellular 
calcium. Intracellular calcium is involved in the ABH process 
and burst activities. The [Ca2+]i concentration is associated with 
the strength of AP and burst and with the activation of BK and 

SK channels (38‑41). EGTA, a calcium selective chelator, was 
added to the pipette solution to reduce the intracellular calcium 
concentration. The ABH and bursts with and without 30 mM 
EGTA, in the DMSO control and 5 µM CTZ pretreatment 
groups were subsequently compared. The results demonstrated 
that there was a significant reduction in ABH amplitude in the 
control (from 3.24±0.26 to 1.10±0.08 mV; P<0.001) and CTZ 
treatment groups (from 5.17±0.26 to 2.39±0.22 mV; P<0.001; 
Fig. 6A‑D). However, burst duration was affected differently. 
The application of 30 mM EGTA decreased the burst duration 
in the DMSO control (Normal: 8.69±1.04 sec, n=47; 30 mM 
EGTA: 2.17±0.15 sec, n=35; P<0.001); however, no decrease 
was observed in the CTZ group (Normal: 5.00±0.39 sec, n=35; 
30 mM EGTA: 4.19±0.60 sec, n=22; Fig. 6E). In parallel to the 
reduction of ABH, 30 mM EGTA did not alter the majority 
of the burst activity parameters, including burst neuron 
percentage (Fig. 6F), burst frequency (Fig. 6G) and the burst 
inner AP frequency (Fig. 6H). The only significant difference 
identified was in the burst duration of the control group (from 
2.11±0.14 to 1.04±0.07 sec; P<0.001; Fig. 6I).

Epileptiform burst activities are followed by a long‑lasting 
ABD in the hippocampal neurons of anaesthetized rats. CTZ 
has been previously reported to generate epileptiform burst 
activities in hippocampal neurons in vitro and in vivo (24,30) 

Figure 5. A positive correlation was identified for burst duration, ABH amplitude, ABH duration, and the product of ABH amplitude and duration, in the 
DMSO and CTZ groups. (A‑C) Correlation analyses in the DMSO group, of burst duration with either ABH amplitude, ABH duration or the product. 
A significant positive linear correlation was observed in all parameters when using linear regression. (D‑F) Correlation analyses in the 5 µM CTZ group. 
Only ABH amplitude and the product exhibited a significant positive linear correlation with burst duration. (G‑I) Correlation analyses in 20 µM CTZ group. 
All analyses produced significant positive correlations. Data points in each figure represent all bursting activities from the neurons of each group. ABH, after 
burst hyperpolarization; CTZ, cyclothiazide.
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and it also induced seizure behavior in rats (29). The present 
study investigated whether the results from the cultured 
neurons also occurred in the rat model. CTZ (5 µmol; 5 µl; 
intracerebroventricular injection) induced epileptiform burst 
activities in all 6 rats tested, which is in agreement with 
previous reports  (24,30). During the 3 h intracranial EEG 
recording, CTZ induced a total of 20 bursts in all 6 rats, 
with a mean burst duration of 15.26±1.04 sec (range, 10.37 
to 26.04 sec; Fig. 7A). Immediately following burst activities, 
there was a long period of depression, or ABD, which lasted 
for 8.80±1.08 sec on average (range, 2.59 to 22.06 sec; n=20 

bursts in 6 rats; Fig. 7B and C). A decrease in electroencepha-
lographic power occurred following burst activity. Prior to 
burst activity, the power was recorded between 5‑20 Hz in 
20 sec, which was larger than that observed following burst 
activities (Fig. 7D). Further analysis revealed a significant 
positive correlation between burst duration and ABD duration 
in all bursts tested (Fig. 7E), which is similar to the correlation 
identified in cultured neurons. The goodness of fit in the two 
groups has a R2 value of 0.26 and P=0.022. These results indi-
cate that the strength of the ABD may be directly associated 
with the strength of the epileptiform burst activities in seizure.

Figure 6. High EGTA pipette solution reduced the ABH; however, it did not alter the burst probability and strength. (A‑C) Representative original recording 
traces of neurons treated with normal and 30 mM EGTA pipette solution in the DMSO control and 5 µM CTZ groups. The boxes indicate the area that has 
been enlarged in the subsequent images. (D) High EGTA significantly reduced the amplitude of ABH in the control (normal: n=47 bursts in 11 neurons; 30 mM 
EGTA: n=35 bursts in 6 neurons) and CTZ groups (normal: n=35 bursts in 10 neurons; 30 mM EGTA: n=22 bursts in 5 neurons). (E) High EGTA only reduced 
ABH duration in the control group, not in the CTZ group. There were no significant differences identified between two types of pipette solution, in control 
and CTZ groups for (F) bursting neuron percentage [the numbers written in the bars represent the number of cells (number with burst activities/total number)], 
(G) bursting number per minute and (H) AP frequency in burst. (I) High EGTA significantly decreased the burst duration in the control group; however, not in 
the CTZ group. Data are presented as the mean ± standard error mean. ***P<0.001 DMSO/normal vs. DMSO/EGTA; ###P<0.001 CTZ/normal vs. CTZ/EGTA. 
EGTA, ethylene glycol‑bis(b‑aminoethyl ether)‑N,N,N',N'‑tetraacetic acid; ABH, after burst hyperpolarization; CTZ, cyclothiazide; AP, action potential.
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Discussion

The results of the present study are schematically repre-
sented in Fig. 8. Burst activities elevate the concentration 
of intracellular calcium, which can conversely enhance the 
strength of burst. In addition, the elevated calcium concentra-
tion activates the SK channels to enhance the amplitude of 
ABH. This enhanced hyperpolarization activity can inhibit 
or reduce burst activity. In the present study, when CTZ was 
applied a number of excitatory processes were activated, 
inducing burst activities. Bursts increased the calcium 
influx, enhanced the intracellular calcium concentration and 
produced a greater ABH. When APM was applied, the SK 
channels were blocked and thus ABH was impaired. As a 
result, the neurons had more excitatory activities and gener-
ated stronger bursts. However, when IBTX was applied and 

the BK channels were blocked, no significant differences 
were identified in the different parameters. Therefore, the 
blockage of the SK channels was identified as the principal 
induction of this excitatory effect. EGTA (30 mM) reduced 
intracellular calcium concentration, and impaired ABH and 
burst activities. However, the reduction in ABH may have 
elevated burst activities. Thus, the effects of ABH and intra-
cellular calcium may offset each other. The majority of the 
burst activity parameters were not altered (Fig. 8). In our 
experimental results, the relationship between BK channel 
and bursting activities were not identified. Thus, IBTX and 
BK channels were excluded from Fig. 8.

In the present study, cultured hippocampal neurons 
treated with DMSO or without any treatment also exhibited 
spontaneous burst activities (DMSO: 34.4%, n=32; Fig. 2B; 
No treatment: 38.6%, n=44; data not shown). This is likely 

Figure 7. CTZ induced epileptiform burst activities in the hippocampal area followed by a period of activity depression in anaesthetized rats. (A‑C) Representative 
electroencephalogram recordings revealing the period of ABD following burst activities (indicated by arrows). The box in recording (B) indicates the area that 
has been enlarged in image (C). (D) Power analysis of baseline activities in 20 sec demonstrated that there was a decrease in power after burst activities when 
compared with before burst activities. (E) A positive correlation was identified between burst duration and ABD duration. Bursts with a longer burst duration 
also had a longer ABD duration. Data points in (E) represent the values of single burst activities. CTZ, cyclothiazide; ABD, after burst depression.
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due to the environment changing from culture media to 
the recording bath solution, which may have stimulated 
the cultured neurons. However, the experimental protocol 
included measures to counter this limitation to a certain 
degree, such as heating the bath solution to ~37˚C prior to 
recording.

The results of the present study appear to be paradoxical as 
when the ABH duration and burst duration are reduced, ABH 
amplitude and burst strength are increased; a phenomenon 
that is difficult to account for. Cellular regulation may exist 
in order to reduce the ion influx when the activity strength 
is enhanced in ABH and burst. One possible explanation 
is that enhanced ABH and burst may alter the membrane 
potential faster than in the control, thereby shortening the 
duration. The currents increase in burst and ABH, producing 
faster depolarization and hyperpolarization, shortening 
the duration.

SK channels are Ca2+‑activated K+ channels with small 
conductance (10‑20 pS) and are widely expressed in vertebrate 
neurons and other tissues (42). SK channel‑mediated hyper-
polarized K+ currents have an important role in regulating 
neuronal excitability in physiological (43) and pathological 
conditions (18,23). In the present study, the cultured neurons 
exhibited a depression in ABH amplitude when treated with 
APM. This suggested that AHP may be mediated by SK chan-
nels as APM can block the majority of SK channel activation. 
This finding has also been observed in different epilepsy 
models (22,23). For example, Fernández de Sevilla et al (23) 
found that in 4‑aminopyridine (4‑AP) epilepsy model and in 
Mg(2+)‑free induced model, slow AHP (sAHP) was also inhib-
ited, particularly in hippocampal CA3 pyramidal neurons. 
1‑Ethyl‑2‑benzimidazolinone (1‑EBIO), a modulator of SK 
channels, can slow the deactivation of SK channels and prolong 
their opening time (44). It has been previously demonstrated 
that 1‑EBIO may potentially inhibit burst activity in vitro (21) 
and in vivo (45). The results of the present study demonstrated 
this same effect in the opposite manner. The previous study 
activated SK channels by agonist, and then assessed the 

excitability, positively regulated the function of SK channels, 
whereas the present study inhibited SK channels by antagonist 
apamin, and then assessed the bursting activities through a 
negative regulation.

Small conductance calcium‑activated potassium channels 
are the most important factor in the generation of ABH. The 
elevation in ABH amplitude is dependent on the increase in 
intracellular calcium concentration; stronger burst activity 
requires more calcium ions, thereby inducing a larger ABH.

Although the association between burst strength and ABH 
is relatively well‑established, there are different hypotheses 
to explain the underlying mechanisms. One such hypoth-
esis is that burst activities may activate some intracellular 
protein kinases (25) such as protein kinase A (PKA), which 
can regulate the kinetics of SK channels. A previous study 
has demonstrated that SK channel activity is regulated by 
PKA (46). Therefore, the future studies will focus on intra-
cellular protein kinases, in order to elucidate which protein 
kinase regulates the dynamics of SK channel function during 
the process of epileptic seizure.

In the present study, the correlation between the strength 
of burst and ABH is, to the best of our knowledge, a relatively 
new discovery in the field, but not a totally novel finding. These 
positive correlations reveal that ABH may aid neurons to reduce 
the damage of hyperexcitation during bursts. This process is 
potentially mediated by SK channels. However, in the control 
and CTZ groups, there was still a part of hyperpolarization 
(~1.4 mV) that was insensitive to APM. These APM insensitive 
potentials indicate that other receptors and ion channels may 
participate, such as cyclic nucleotide‑gated nonspecific cation 
channels. Previous studies  (15,36) have suggested that SK 
channels may only contribute to those ABHs with the duration 
of ~100 msec and not to those slow ABHs with the duration 
of several sec. Based on these new experimental results, it 
is possible that SK channels contribute, at least in part, to 
second‑level slow ABHs. Thus, mice with complete knockout 
of all SK channels may still have second‑level slow ABHs. In 
addition, SK channels as intrinsic auto‑balancers, may have an 

Figure 8. A schematic representation of the associations identified among burst activities, ABH and intracellular calcium concentration in the present study. 
The schematic summarizes and analyzes the results from all of the experiments performed in the present study. The three different conditions, CTZ, APM 
and EGTA, are listed separately within the schematic. ABH, after burst hyperpolarization; CTZ, cyclothiazide; APM, apamin; EGTA, ethylene glycol‑bis 
(β‑aminoethyl ether)‑N,N,N',N'‑tetraacetic acid; SK, small conductance calcium‑activated potassium channels.
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important role in suppressing burst activity. Collectively, these 
findings suggest that SK channels may be potential targets for 
designing novel antiepileptic drugs.

The results in this animal model provide novel in vivo 
evidence. However, the in vivo postictal ABD in EEG and the 
in vitro ABH in a single neuron are clearly distinct phenomena. 
One is neuronal activity and the other is the activity of the 
brain region. Although they hold similar characteristics, a 
straightforward association between them cannot be identi-
fied. The EEG represents the population activities of neurons 
in a brain region, whereas the neuronal population activi-
ties are based on the activity of a single neuron. Thus, the 
recordings from the EEG and patch clamp were compared 
to determine the similarities and differences between them. 
This comparison may reveal the characteristics of ABD and 
ABH; however, this may be insufficient or incomplete. In 
addition, the present study, and those performed previously, 
lack sufficient in vivo evidence to suggest that blocking SK 
channels enhances burst activity. The in vivo evidence repre-
sents the results from model animals and also those from 
human patients (47,48). For example, Beck et al (47) inves-
tigated 34 dentate gyrus granule cells from 11 patients with 
temporal lobe epilepsy and found that APM (50 nM) was only 
able to inhibit ~13% Ca(2+)‑dependent K+ currents. However, 
it remains to be elucidated, with further patient‑based studies 
that investigate the dynamics of SK channels in epileptic 
seizures.

In conclusion, although there were a number of limita-
tions in the present study, one being that APM could only be 
administered in in vitro experiments, it is evident that APM 
may be able to suppress ABH to enhance the excitability of 
the neuronal network in cultured neurons. However, the effect 
of APM on ABD in anesthetic animal models remains to be 
elucidated. Future studies will determine the effect of APM 
on the duration of ABD and elucidate any changes in the CTZ 
epilepsy animal model.
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