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Abstract. Recently, mouse neuroblastoma cells have been considered as an attractive model
for the study of human neurological and prion diseases, and they have been intensively used
as a model system in different areas. For example, the differentiation of neuro2a (N2A) cells,
receptor-mediated ion current, and glutamate-induced physiological responses have been
actively investigated with these cells. These mouse neuroblastoma N2A cells are of
interest because they grow faster than other cells of neural origin and have a number of
other advantages. The calcium oscillations and neural spikes of mouse neuroblastoma N2A
cells in epileptic conditions are evaluated. Based on our observations of neural spikes in
these cells with our proposed imaging modality, we reported that they can be an important
model in epileptic activity studies. We concluded that mouse neuroblastoma N2A cells produce
epileptic spikes in vitro in the same way as those produced by neurons or astrocytes. This evi-
dence suggests that increased levels of neurotransmitter release due to the enhancement of free
calcium from 4-aminopyridine causes the mouse neuroblastoma N2A cells to produce epileptic
spikes and calcium oscillations. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE)
[DOI: 10.1117/1.JNP.7.073794]
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1 Introduction

Since about the turn of the 21st century, several chronic diseases associated with the brain, such
as Parkinson’s disease, dystonia, chronic pain, and epilepsy, have become an issue. In North
America, the reported epilepsy incidence is approximately 50/100,000 people per year.1

Epilepsy is a condition that is characterized by abnormal electrical activities in the brain.
These seizures are caused by an electrical storm of abnormal neuronal activities that spread
from the locus (or point of origin) to adjacent tissue.

In order to understand the mechanism underlying the generation of epilepsy, it is important to
build an effective model that can produce epileptic spikes in vitro or in vivo. Therefore, any
newly developed drug should be applied to those models in order to confirm their feasibility.
Previously, researchers have made significant contributions in developing several epileptic mod-
els. Luytton has explained in detail the computer-based modeling of epileptic activity.2

Sunderam et al. and Albert have described other epilepsy models in their research articles.3,4

However, all of these are computational models that focus on detecting epileptic events.
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They cannot be used to understand the mechanism of epilepsy generation or the effects of the
drug on them.

Some researchers have tried to generate epilepsy in live animals such as rats or mice. Yang
and Rothman have built an epilepsy model for experimentation with 4-aminopyridine (4-AP),
which generates epilepsy in rats, and Ziburkus et al. and Libri et al. have used hippocampal and
olfactory cortical brain slices to generate and understand the effects of epilepsy.5–7 These
researchers used Krebs fluid with the following composition (in mM∕L): NaCl (118), KC1
(3), CaCl2 (1.5), NaHCO3 (25), MgCl2 · 6H2O (1), and D-glucose (11) (bubbled with
95%O2∶5%CO2, pH 7.4). They made the solution without magnesium in order to produce
the epilepsy. Another method to produce epilepsy is to add 200 μM of 4-AP to the Krebs sol-
ution. The setback of all three of these methods is the requirement of additional surgical prepa-
ration in order to inject the drug into the brain or to extract brain slices.

In order to avoid the surgical process in epileptic models, it is necessary to produce epilepsy
in cultured neurons. Cao et al. have described a method to produce epilepsy in cultural cortical
neurons.8 They have reported that cultures have to be exposed to the magnesium-free medium for
3 h in order to produce epileptic events in neurons. The drawback of this model is that cortical
neurons take more time to fully grow than other neurons such as neuroblastomas or hippocampal
neurons. Still, there have been no epileptic models that examine the generation of epilepsy in
neuroblastoma cells.

Several neuroblastoma cell lines that originate from a single cell that was isolated from a
spontaneously occurring or induced tumor of the nervous system are now available and can
be maintained in culture infinitely.9 The cultural growth of these cells is faster than that of
other neuronal cells. These neuroblastoma cells are also used to study other neural disorders
such as transmissible spongiform encephalopathies, which are also called prion diseases.10–12

These are caused by prion protein propagation in cells. Cellular prion protein is a plasma mem-
brane protein that is involved in copper uptake, protection against oxidative stress, cell adhesion,
differentiation signaling, and survival in the central nervous system. A recent study has shown
that the deletion of the prion gene in mice enhances their sensitivity to seizures in vivo and
neuronal excitability in vitro.13 Ratte et al. have reported that the threshold for epileptiform activ-
ity is increased in prion-knockout mice.14 Still, much is unknown with respect to prion proteins
and epilepsy. Mouse neuroblastoma neuro2a (N2A) cells have been considered one of the best
models for studying prion protein effects. Many researchers have also utilized them to study the
properties and mechanisms of prion proteins. In order to understand the involvement of prion
proteins in epileptic events, it is very important to find a way to induce epilepsy in mouse neuro-
blastoma N2A cells.

This article describes a mouse neuroblastoma cell-based epileptic model and its use in the
analysis of calcium oscillations and neural spikes in seizure events. This is a basic model that can
be used to understand epileptic processes in mouse neuroblastoma N2A cells. It also illustrates
the calcium oscillations that are produced by these mouse neuroblastoma N2A cells during epi-
leptic events. The results showed that mouse neuroblastoma N2A cells produce epileptic spikes
in vitro in the same way as those that are produced by neurons or astrocytes. The results clearly
indicate that the release of neurotransmitters was increased with the use of 4-AP, which caused
mouse neuroblastoma N2A cells to produce neural spikes and calcium oscillations. The char-
acteristics of the epileptic spikes of mouse neuroblastoma N2A cells were similar to those pro-
duced by neurons or astrocytes. We hope that the outcome of this study will provide potential
steps toward understanding the role of mouse neuroblastoma N2A cells and 4-AP in the physio-
logical pathway of in vitro epilepsy models.

2 Materials and Methods

2.1 Mouse Neuroblastoma N2A Cell Culture

The mouse neuroblastoma N2A cells were purchased from American Type Culture Collection
(CCl-131, Manassas, Virginia) and cultured at a density of 1.0 × 104 in Dulbecco’s modified
Eagle’s medium (DMEM) that was supplemented with heat-inactivated 10% fetal bovine
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serum (GIBCO, Life Technologies Corporation, Grand Island, New York) in a CO2 incubator that
was supplied with 5% CO2 at 37°C. Confluent (75%) cells were washed twice with phosphate-
buffered saline (1×) and digested with 0.25% trypsin with 1× TrypleTM Express, which was
followed by centrifugation (1500 rpm for 5 min) in order to harvest the cells. Subsequently,
single-cell suspensions were used to calculate cell number with the standard tryphan blue and the
hemocytometer method. After the cell count, we resuspended the cells with media containing 10%
fetal bovine serum and cultured them for 7 days. The DMEM media was changed every 2 days.

2.2 Extracellular Signal Recording

In order to prepare the cells for extracellular recording, the cell media (DMEM) was removed from
the culture dish, and 5 mL of Krebs solution [containing (in mM∕L): NaCl (118), KCl (3),
NaHCO3 (25),MgCl2 · 6H2O, CaCl2 (2.5), and d-glucose (11), pH 7.4] was added.15 The extrac-
ellular signal recording was performed with three electrodes with diameters of 120 μm. Two elec-
trodes were used for the signal recording and one was used as the reference. The electrodes were
separated from the target cells by 1 mm, and the moveable actuator was used to acquire the signal.
A 16-channel microelectrode AC amplifier (A-M Systems, Carlsborg, Washington) was used to
record the neural signals. The cut-off frequency was set at 100 Hz for the high-pass filter and at
10 kHz for the low-pass filter, so that it would be able to remove the local field potential from the
neural spike signals. The gain of the amplifier was adjusted to 2000.

2.3 Calcium Imaging with a Confocal Microscope

A confocal microscope (LSM-700, Carl Zeiss AG, Oberkochen, Germany) was used to record
images of epileptic events in the mouse neuroblastoma N2A cells. For the intracellular exami-
nation of the neuroblastoma cells, fluo-4 dye was used to detect the calcium signal transport
between the cells. Fluo-4 NW Calcium Assay Kits (Life Technologies Corporation) offer a pro-
prietary assay formulation that requires neither a wash step nor a quencher dye. The fluo-4 NW
assay results in larger increase in fluorescence intensity than the standard fluo-3 and fluo-4
assays with a wash step and a Molecular Devices’ Calcium 3 assay, which uses a quencher
dye. Eliminating the wash step results in lower variability and higher Z values than the standard
fluo-4 assay, while providing an easier and faster assay. We removed the Krebs solution from the
cells, added the fluo-4 NW, as described in the protocol, and incubated the cell culture for 30 min
before recording the images. The fluorescent signals from the specified structures were averaged
in order to obtain FðtÞ.16 Baseline fluorescence (F0) was the average of the entire image under
control conditions, and ΔF∕F was calculated as ðΔF∕FÞðtÞ ¼ ½FðtÞ − F0�∕F0, which is called
the delta function.

2.4 Induction of Epileptic Events

We took the 7-day-old cells out of the incubator and removed the media. We then added 5 mL of
the Krebs solution to the cells and put them back in the incubator for 2 h. Then, we added 4-AP to
make a 10-mM concentration in the Krebs solution and again incubated them for 30 to 50 min. In
this study, two different concentrations of 4-AP were used in order to produce the epilepsy, and
the acquired images were then compared with the control condition.

3 Results

3.1 Neural Spike Recording

The neural spike recording was performed by manually placing three electrodes in the Krebs
solution. Figure 1 shows neural spikes from all the mouse neuroblastoma N2A cells. Neural
spikes were recorded in the control condition and 30 min after the injections of 4-AP with con-
centrations of 10 or 50 mM. Figure 1(a) shows the control signal before epilepsy was produced in
the cells. The neural spikes had low magnitudes and frequencies. Figure 1(b) shows the neural
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spikes that were acquired 30 min after the 4-AP (10 mM) injection. The frequency of occurrence
and the amplitude of the spikes increased, indicating the onset of epileptic seizure events. The
amplitudes of the signal were increased twice compared with the control signal from 2 to 4 μV.
This increment was caused by the 4-AP inhibition of voltage-gated Kþ channels and an increase
in the release of neurotransmitters, such as glutamate,17 by 4-AP. Figure 1(c) shows the spike
activity 30 min after the injection of 4-AP (50 mM). The frequency and amplitude of the spike
rate were again increased from the control signal but were comparable with that occurring after
the 10-mM 4-AP injection.

3.2 Calcium Imaging

The imaging of the calcium dynamics was performed with the fluo-4 NW fluorescent dye.
Figure 2 shows the calcium dynamics of all of the N2A cells. Figure 2(a) shows the control
cells before the production of epilepsy. Less calcium-ion movement was observed in the control
cells. Figure 2(b) shows the calcium dynamic images 30 min after the injection of 4-AP
(10 mM). After the injection of the 4-AP in the mouse neuroblastoma N2A cells, a large amount
of calcium movement began, indicating the onset of epilepsy. The 4-AP increases the release of
neurotransmitters, such as glutamate, and second messengers, such as inositol triphosphate. The
large concentration of glutamate can produce epilepsy.18 By increasing the concentration of
4-AP to 50 mM, large increases in calcium-ion movements were observed [Fig. 2(c)]. The
brightness of the spots corresponds to the concentrations of the calcium ions in the specific
areas. These results indicated that intensive neural activity occurred, which caused an increased
release of neurotransmitters in the extracellular fluid. The transition of a fluorescent spot indi-
cated free calcium-ion movement, which is also known as a calcium oscillation.

3.3 Delta Function

The calcium oscillations can be observed by plotting the difference in the electrically excited
fluorescent signals from the dormant fluorescent signals, as defined in the calcium imaging with
confocal microscopy. Figure 3 shows the delta function of the cells 30 min after the injections of
the 10 or 50 mM concentrations of 4-AP. The shapes of the delta function followed similar

Fig. 1 Extracellular neural spikes recording: (a) control cells; (b) 30 min after the injection of
4-aminopyridine (4-AP; 10 mM); and (c) 30 min after the injection of 4-AP (50 mM).

Fig. 2 Fluorescent imaging of mouse neuroblastoma neuro2a (N2A) cells using fluo-4 NW:
(a) control cells; (b) 30 min after the injection of 4-AP (10 mM); and (c) 30 min after the injection
of 4-AP (50 mM).
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patterns during epileptic seizure events that have been reported previously by other researchers.
Both graphs indicated that calcium signal changes after the injections. The red line in the figure
shows the higher amplitude of the delta function with the increased concentration of 4-AP and
calcium ions, resulting in higher neural activities. Both cases reflect the onset of epileptic con-
ditions in mouse neuroblastoma N2A cells, because the 4-AP is a Kþ channel blocker that is
widely used to generate epilepsy in the hippocampus, cortical neurons, and astrocytes.

4 Discussion

Fluo-4 is a fluorescent dye that gives off an intense signal when it binds with free calcium
(Ca2þ). In control cells, a small amount of Ca2þ, which was visualized as bright dots, was
observed in the cytosol by the confocal microscopy images [Fig. 2(a)]. After the injections
of 4-AP, a large quantity of free Ca2þ was observed in the cytosol as well as in the extracellular
fluid, because the mitochondria began to excrete free Ca2þ, which was transported outside of the
cell through calcium-ion channel activation. Wang and Gruenstein have explained that calcium
oscillations start with the increased release of glutamate by each presynaptic membrane.19

During the calcium wave propagation, the L-type voltage-gated calcium channels open due
to the increased concentration of cytoplasmic calcium. These increased levels of calcium are
caused by the increased release of glutamate. Finally, the concentration of free calcium is
also increased in the extracellular fluid. During epilepsy, synchronized neural activity occurs,
and this tends to increase the release of excitatory neurotransmitters, such as glutamate, and free
calcium.20,21

Our results indicated that mouse neuroblastoma N2A cells exhibited similar epileptic
responses when treated with 4-AP. The increased electrical activity that is shown in Fig. 1 con-
firmed that 4-AP triggered neural activity in the mouse neuroblastoma N2A cells without any
external electric stimulation. No significant electrical signal variations were observed between
the two different 4-AP concentrations (10 and 50 mM) with the extracellular electrical recording.
The neural calcium oscillations that were produced by 4-AP were clearly imaged with a confocal
microscope when the cells were exposed to fluo-4, as shown in Fig. 2. The bright spots that were
considered calcium ions could be traced in the confocal microscopic images, and the occurrence
of calcium ions increased in the intracellular and extracellular areas when the cells were under
the epileptic state. We found that the propagation of the spots in the confocal microscopic images
mostly occurred through axonal and dendritic paths. This observation confirmed that the propa-
gation was indeed due to neural signal transmission. The neural activation that was caused by
4-AP was also evident in the evaluations of the delta function in the somatic region of mouse
neuroblastoma N2A cells. For neocortical neurons and astrocytes, Tashiro et al. have already
described the use of 4-AP in observations of fast calcium transients during the epileptic condition

Fig. 3 Calcium oscillations in mouse neuroblastoma N2A cells: control cells (blue line), 30 min
after the injection of the 4-AP with 10 mM (black line) and 50 mM (red line).
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with evaluations of the delta function.22 Similar calcium transients from the delta function were
observed in the mouse neuroblastoma N2A cells in our study.

5 Conclusion

In order to find an alternative cellular model for epilepsy studies, we performed several experi-
ments with mouse neuroblastoma N2A cells. An epileptic condition was induced by the admin-
istration of 4-AP into cultured mouse neuroblastoma N2A cells. Without any external electrical
stimulation, intensive neural excitation was present in the 4-AP-administered cells, which was
confirmed by recording the extracellular electrical potential. We recorded electrical activities in
response to two different concentrations of 4-AP (10 and 50 mM) compared with a control case
that was not exposed to 4-AP. Both cases indicated prominent electrical activity in the cells under
the epileptic events. A confocal microscope was utilized to visualize the neural activity when the
cells were tagged with a fluorescent dye (fluo-4). Later, we plan to apply this model to in vivo
animal studies. The confocal microscopic imaging of the cells clearly showed calcium oscilla-
tions in the intracellular and extracellular regions. The evaluations of the delta function in the
region were consistent with the previously reported results in the literature. Therefore, we con-
cluded that mouse neuroblastoma N2A cells can be a useful model in the study of epilepsy and
used as an alternative selection to other neuronal cells or astrocytes. There have been no reports
on epilepsy in mouse neuroblastoma N2A cells, and the results in this report suggested a basic
model of epilepsy in the cells. However, these results are only from a basic model, and we are
now constructing a more detailed model. In the future, by constructing the theoretical bases and
comparing them with other neuroblastoma or glioblastoma cells, we will complete a detailed
model of epilepsy in neuroblastoma cells.

We expect that our results are important in prion protein studies in which mouse neuroblas-
toma N2A cells are widely used. As prion proteins can regulate the threshold levels of epileptic
events, the use of this model can help to understand the phenomenology and mechanisms of
prion proteins in epileptic conditions by analyzing the effects of prion protein in neuroblastoma
cells.
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