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Abstract

Introduction: A force transducer or automatic scoring system is not sufficient to detect small or fine seizure activity. To improve previous
assessments of epileptic behavior, a novel coil methodwas developed to detect an early behavioral marker for epileptic seizures. Methods:
The present study used the γ-aminobutyric acid (GABA) receptor antagonist pentylenetetrazol (PTZ) to induce seizure activity and
epileptic behavior in mice. A coil method was used to detect motor seizures consisting of small amplitude 19–21 Hz muscle contractions.
Results: Seizure activity in the 19–21 Hz range detected by the coil method was positively correlated with generalized clonic seizures
with a kangaroo posture after PTZ administration. GABA receptor agonist valproic acid and ethosuximide decreased PTZ-induced 19–21
Hz seizure activity. The pattern of the amplitude ratio (%) of 19–21 Hz seizure activity after administration of the GABAA/C receptor
antagonist picrotoxin was similar to the group that was treated with PTZ but different from the group that was treated with the nonselective
muscarinic receptor agonist pilocarpine. The coil method detected 19–21 Hz seizure activity after PTZ administration. However, the
force transducer method did not detect 19–21 Hz seizure activity. Conclusions: The coil method was more sensitive than the force
transducer method for detecting epileptic behaviors. The findings may indicate a novel behavioral marker that can be detected by the
coil method to reveal epileptic seizures, thus improving our understanding of the brain mechanisms of action and specific brain waves
that are associated with PTZ-induced 19–21 Hz seizure activity.
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1. Introduction
Epilepsy is a chronic neurological disease that is

caused by the occurrence of repeated unprovoked seizures.
Epilepsy has a prevalence of approximately 1% in the popu-
lation worldwide, and epileptic patients suffer from seizure
symptoms [1,2]. The diagnosis of epilepsy has been defined
by the International League Against Epilepsy (ILAE) and
International Bureau for Epilepsy (IBE). Epileptic seizures
are thought to consist of abnormal excessive or synchronous
neuronal activity in the brain [3]. Therefore, the definition
of epilepsy requires the occurrence of at least one episode
of an epileptic seizure. Seizures are one of the essential
symptoms for a diagnosis of epilepsy.

Seizures involve a combination of electrical and be-
havioral responses that induce chemical, molecular, and
anatomical changes [4]. Seizure activity can be accelerated
by stressful events [5]. Many behavioral assessments have
been used to detect epileptic seizures in animal models of
epilepsy [6–10]. One typical method is to perform video
recordings for analyzing epileptic behaviors. Convulsive
and nonconvulsive epileptic behaviors are then classified
and scored according to specific criteria [9–13]. However,
this method has some limitations with regard to detecting
epileptic behaviors. Such issues involve subjective judg-
ments and individual bias in assessing epileptic seizures. To

overcome this shortcoming, this method of analysis is of-
ten combined with various equipment, such as force trans-
ducers and video recordings, to automatically detect epilep-
tic behavior [8]. Nevertheless, these assessments typically
cannot detect small or fine movements that might be as-
sociated with epileptic behavior. The present study used
a magnetic coil induction method to detect small move-
ments. This method utilizes a permanent magnet that in-
duces current changes in a coil. The voltage changes in the
coil are amplified to assess changes in movement [14]. This
method has a high temporal and spatial resolution in real-
time to achieve the detection of smaller or finer movements
[15–17]. The coil method has been applied to test move-
ments and motor function in models of Parkinson’s disease
[18,19], neuropathic pain [14], peripheral nerve stimulation
[15], and eye-tracking [16]. However, no studies have used
the coil method to date to detect epileptic seizures. We com-
pared this novel coil method with the conventional force
transducer method to measure seizure activity and epileptic
behavior.

To improve assessments of epileptic behaviors, the
present study used the coil method to automatically detect
epileptic behavior. We evaluated the validity of a specific
behavioral index (i.e., 19–21 Hz seizure activity) for defin-
ing pentylenetetrazol (PTZ)-induced seizures. We also in-
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vestigated the relationship between the brain waves and the
fine clonus 19–21 Hz seizure activity. Lastly, we sought to
determine whether the coil method is more sensitive than
the transducer method in measuring 19–21 Hz seizure ac-
tivity. We found that 19–21 Hz seizure activity could be
detected by the coil method, and this epileptic behavior was
associated with both γ-aminobutyric acid (GABA) mecha-
nisms and electroencephalographic (EEG) waves.

2. Material and methods
2.1 Animals

Male C57BL/6 mice (8 weeks old and 25~30 g) were
housed in an air-conditioned room under a 12 h/12 h
light/dark cycle at a controlled room temperature (23 ◦C± 2
◦C) and humidity (50%) with free access to food and water.
All of the experiments were performed in accordance with
the guidelines of the Academia Sinica Institutional Animal
Care and Utilization Committee and all NIH guidelines for
the care and use of animal subjects were followed.

2.2 Drugs
Pentylenetetrazol, pilocarpine (PIL), and picrotoxin

(PTX) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All three drugs were used to induce seizures.
Pentylenetetrazol was dissolved in sterile water and injected
intraperitoneally at 50 mg/kg as a single injection [20]. Pi-
locarpine and PTX were dissolved in sterile water and in-
jected intraperitoneally at 300 and 5 mg/kg, respectively,
as a single injection [21,22]. Ethosuximide (ESM) and val-
proic acid (VPA) were purchased from Sigma-Aldrich (St.
Louis, MO, USA) and used to suppress seizures. The doses
of ESM were 200 mg/kg (ESM-200 group), 400 mg/kg
(ESM-400 group), and 600 mg/kg (ESM-600 group). The
doses of VPA were 200 mg/kg (VPA-200 group), 300
mg/kg (VPA-300 group), and 400 mg/kg (VPA-400 group).
All of the drugs were dissolved in distilled water and in-
traperitoneally administered 30 min before PTZ adminis-
tration to induce seizures. The injection volume for drug
administration was 0.1 mL/25 g. The doses of each drug
were based on previous studies [20,21].

2.3 Video recording of animal behavior
Behavior was recorded by a video camera and classi-

fied and scored according to criteria from Itoh’s convulsion
scale [9,10]: no. 0 (normal), no. 1 (immobilization), no.
2 (short myoclonic jerks), no. 3 (myoclonic jerks), no. 4
(generalized clonic seizures with a kangaroo posture), and
no. 5 (generalized tonic-clonic seizures with a loss of pos-
ture tone).

2.4 Magnet-induced current coil system
For the magnet-induced current coil system, we re-

ferred to the method of the previous study [17]. The NdFeB
magnet was attached to the belly of the mouse’s body. The
coil was wrapped with a round copper wire (1000 turns) and

enclosed by a ring of aluminum in a cylindrical tube (25 cm
outer diameter, 45 cm height). Voltage in the coil was in-
duced by a change in the electromagnetic field associated
with the magnet’s movement (0.8 cm outer diameter, 0.2
cm thickness). The voltage in the coil was in accordance
with Faraday’s law of electromagnetic induction. The volt-
age depends on the acceleration of the magnet. The volt-
age was also influenced by the direction of the magnet’s
movement. Vertical movements more efficiently changed
the voltage compared with horizontal movements. The out-
put voltage signals in the coil were amplified by a differ-
ential alternating-current amplifier (Model 1700, A-M sys-
tem, Carlsborg, WA, USA) and a data acquisition system
(AxonDigidata 1322A, Axon Instruments, Union City, CA,
USA). The currents that resulted from the animal’s move-
ments were recorded on a hard drive for off-line analysis.

2.5 Surgery and EEG/behavioral recording

The mice were anesthetized with 4% isoflurane in
100% O2 and then placed in a stereotaxic apparatus.
The animals were maintained under anesthesia with 1.6%
isoflurane in 100% O2, and body temperature was main-
tained at 36.5–37.5 ◦C during surgery with a homeother-
mic blanket system (Model 50-7079, Harvard Apparatus,
Holliston, MA, USA). For EEG recordings of the cortex, a
small hole was drilled in the skull (the hole was centered
1.5 mm anterior to bregma and 2.0 mm lateral to the mid-
line), and silver-ball electrodes were placed in the hole. The
electrodes were implanted in the epidural space. Stainless
steel screws were used as the reference and ground elec-
trodes and fixed to the front and back of the skull. All
of the electrodes were connected with a connector (cata-
log no. A79014, Omnetics Connector Corporation, Min-
neapolis, MN, USA). The self-curing dental acrylic pow-
der was used to affix the Omnetics connector to the skull.
After surgery, the mice were placed in cages to recover for
1 week and observed to ensure that no untoward effects of
surgery occurred.

Oneweek after surgery, an elastic bandage was used to
attach the magnet to the mouse’s body, perpendicular to the
peritoneal cavity. The silver-ball electrode was connected
with the Omnetics connector to a computer via chronic
head stages (RA16CH, TDT, Alachua, FL, USA). Individ-
ual mice were then placed inside the test chamber, and the
camera was adjusted to ensure that the full chamber could
be captured in the videos. Five minutes later, the behav-
ior was videotaped, and EEGs were recorded before and
after intraperitoneal PTZ administration. The experimental
mice were acutely treated with a convulsive dose of PTZ
(50 mg/kg). Control mice received the volume injection
of 0.1 mL/25 g for the normal saline solution with an in-
traperitoneal injection. EEGs and convulsive behavior were
recorded for 30 min. All of the data, including brain re-
sponses and the video recordings, were stored on a hard disk
for off-line analysis.
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2.6 Transducer system
According to a previous study [22], a box was sus-

pended on a force transducer (Model FT 10, Grass Instru-
ments, Cary, North Carolina, USA). A damper was used
to restrict the horizontal movement of the chamber, so ver-
tical movements of the chamber were recorded as the an-
imal’s movement. The output signals from the transducer
were connected to a data acquisition system (AxonDigidata
1322A, Axon Instruments, Union City, CA, USA). Vertical
displacement of the box that was caused by the animal’s
movements was converted to a digital signal and recorded
on a hard disk for off-line analysis.

2.7 Date analysis
All EEG and behavioral recordings were subjected to

fast-Fourier transform (FFT) to a spectrum of 0–50 Hz.
Amplitude ratio (%) is calculated as the power amplitude
of each frequency band divided by the summation of power
amplitude for 0–50 Hz. The amplitude ratio (%) was then
calculated for each frequency band. Behavioral ratio (%)
was calculated by the formulation [100 * (the numbers of
the specific behavior responses/the numbers of all behav-
ioral responses)] (%). The measured behavioral responses
included the following: baseline: resting and walking; No.
1: immobilization; No. 2: short myoclonic jerk; No. 3:
myoclonic jerk; No. 4: generalized clonic seizures with
a kangaroo posture; and No. 5: generalized tonic-clonic
seizure with loss of posture tone. Note that, “short my-
oclonic jerk” was the head nodding, facial and forelimb
clonus; however, “myoclonic jerk” was the continuous my-
oclonic jerk tail rigidity; that is, Straube tail [9,10]. One-
way analysis of variance (ANOVA) was performed to com-
pare the amplitude ratio (%) of the 19–21 Hz frequencies of
the sham, PTZ, ESM-200, ESM-400, ESM-600, VPA-200,
VPA-300, and VPA-400 groups, followed by the Fisher
Least Significant Difference (LSD) post hoc test. Eight
mice were then randomly selected for 30 min of behavioral
recordings. The correlation of amplitude ratio (%) of the
19–21 Hz frequencies was analyzed for different types of
epileptic behaviors. Pearson correlations were calculated
between brain waves (EEG)-induced voltage and epileptic
behavior-induced coil voltage (No. 3 [myoclonic jerks] and
No. 4 [generalized clonic seizures with a kangaroo pos-
ture]) for different frequencies of seizure activity (all fre-
quencies [0–50 Hz], alpha [8–12 Hz], delta [1–4 Hz], theta
[4–8 Hz], and beta [12–30 Hz]).

3. Results
The timeline of the behavioral experiment that as-

sessed the effects of anti-epilepsy drugs and saline on PTZ-
induced seizure activity is shown in Fig. 1A. The record-
ing system included the coil, EEG recording devices and
a magnet (Fig. 1B). A schematic diagram of the time se-
ries of voltage changes in the coil system during behavioral
recordings is shown in Fig. 1C. Fig. 1D (upper panel) shows

different electrical currents in freely movingmice. The data
were transformed into amplitudes for different frequencies.
The specific FFT pattern of PTZ-induced seizure activity
for the 20 Hz frequency (red arrow) is shown in Fig. 1D
(lower panel). The PTZ group (n = 8) produced a signifi-
cantly increase in 19–21 Hz frequency compared to that of
the sham (n = 8) group in Fig. 1E.

The anti-epilepsy drugs ESM and VPA were adminis-
tered to examine which doses decreased 19–21 Hz waves
and reduced seizure activity (Fig. 2A,B). Based on the am-
plitude ratio (%) for the 19–20 Hz frequency range, there
was a significant effect of group in the amplitude ratio
(F4,115 = 7.34, p < 0.05). PTZ significantly increased the
19–21 Hz amplitude ratio (%) in the PTZ group compared
with the saline group (p < 0.05). The 19–21 Hz ampli-
tude ratio (%) in the ESM-400 and ESM-600 groups sig-
nificantly decreased compared with the PTZ group (p <

0.05), with no difference between the ESM-200 and PTZ
groups (p > 0.05; Fig. 2C). We then evaluated the effect of
VPA on PTZ-induced seizure activity. There was a signif-
icant effect of group (F4,118 = 8.99, p < 0.05). The 19–21
Hz amplitude ratio in the PTZ group significantly increased
compared with the saline group (p < 0.05). The VPA-200
group exhibited a significant increase in the 19–21 Hz am-
plitude ratio (%) compared with the PTZ group (p < 0.05).
The 19–21 Hz amplitude ratio (%) in the VPA-400 group
significantly decreased compared with the PTZ group (p <
0.05; Fig. 2D). These results indicate that PTZ increased
seizure-like 19–21 Hz waves, based on the amplitude ra-
tio (%), compared with the saline group, thus indicating
PTZ-induced seizure activity. The high andmiddle doses of
ESM decreased the 19–21 Hz amplitude ratio (%), whereas
the lower dose of ESM did not affect the 19–21 Hz ampli-
tude ratio (%). The high dose of VPA decreased the 19–
21 Hz amplitude ratio (%) compared with the PTZ group.
These results indicate that both VPA and ESM decreased
PTZ-induced seizure activity.

A typical example of coil waves of the different types
of behaviors for PTZ-induced seizures is shown in Fig. 3A
(left). Fig. 3A (right) shows these waves as FFT data.
The 19–21 Hz frequencies occurred only with generalized
clonic seizures with a kangaroo posture (Fig. 3A, red ar-
row). We also analyzed the behavior ratio (%) for nor-
mal behavior (e.g., resting and walking) and PTZ-induced
epileptic behavior (no. 1, no. 2, no. 3, no. 4, and no.
5). The incidence of normal behavior was 27.68% of over-
all behavior, and the incidence of epileptic behavior was
72.32% (n = 8, Fig. 3B, left). Within the 19–21 Hz fre-
quency range, the proportion of generalized clonic seizures
with a kangaroo posture (no. 4) was 84.21% (n = 8, Fig. 3B,
right).

We examined specific behavioral features (general-
ized clonic seizures with a kangaroo posture [no. 4]) that
occurred during 19–21 Hz seizure activity. Fig. 4A (left
panel) shows coil waves that were associated with general-
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Fig. 1. Experiment protocol and recording system. (A) Timeline of anticonvulsive drug/saline and PTZ administration in the be-
havioral experiment. (B) Overview of the proposed system. (C) Example of behavior-induced voltage recording. (D) Evaluation of
behavior-induced voltage response before and after PTZ administration. The mice were allowed to move in the observation box freely.
Fast-Fourier transform (FFT) of the freely moving recording waveform showed a curve from the upper left (low frequency) to the lower
right (high frequency), and a specific peak (red arrow) occurred after PTZ-induced seizures. (E) Prominent 19–21 Hz seizure activity
occurred after PTZ treatment.

ized clonic seizures with a kangaroo posture, and the coil
wave associated with a severe jumping in blue line and
quiver wave in red line. Fig. 4A (right panel) shows an im-
age of the mouse during an episode of seizure activity. In
Fig. 4B, the blue line shows the expanded waveform that
was associated with severe jumping (left panel), and the
FFT analysis did not produce a 19–21 Hz frequency peak
(right panel). In Fig. 4C (left panel), the red line shows the

expanded quiver waveform after severe jumping. The FFT
analysis showed a significant frequency peak during 19–21
Hz seizure activity (Fig. 4C, right panel). Overall, 19–21
Hz seizure activity was observed during the time interval
that is indicated by the red line after PTZ administration,
and 19–21 Hz seizure activity did not occur during the time
interval that is indicated by the blue line.
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Fig. 2. Influence of anticonvulsant drugs on the FFT analysis. The anticonvulsant drugs ESM and VPA blocked 19–21 Hz seizure
activity. (A) Ethosuximide (200, 400, and 600 mg/kg). (B) Valproic acid (200, 300, and 400 mg/kg). (C,D) To verify that the specific
peak of 19–21 Hz seizure activity resulted from epileptic behavior, the anticonvulsant drugs ESM and VPA were administered to deter-
mine which doses reduced epileptic seizures and diminished the specific peak during 19–21 Hz seizure activity. *p < 0.05, significant
differences when compared to the PTZ group.

Pearson correlations were analyzed for the 19–21 Hz
seizure activity and EEG data. The sham group exhibited
significant positive correlations between 19–21 Hz seizure
activity and 1–50 Hz (r = 0.73, p< 0.05; Fig. 5A, left), 1–4
Hz (delta; r = 0.46, p< 0.05) and 4–8 Hz (theta; r = 0.31, p
= 0.05), with no correlation between 19–21 Hz seizure ac-
tivity and 8–12 Hz (alpha; r = –0.10, p > 0.05) or 12–30
Hz (beta; r = –0.06, p > 0.05; Fig. 5A, right). Moreover,
significant correlations occurred between myoclonic jerks
(no. 3) and 1–50 Hz (r = 0.53, p < 0.05; Fig. 5B, left) and
12–30 Hz (beta; r = 0.25, p < 0.05), but there were no cor-
relations between myoclonic jerks and 8–12 Hz (alpha; r =
0.06, p > 0.05), 1–4 Hz (delta; r = 0.26, p > 0.05) or 4–8

Hz (theta; r = 0.06, p > 0.05; Fig. 5B, right). Furthermore,
a significant correlation occurred with high-frequency beta
waves (20–30Hz), but not with low-frequency (12–16Hz; r
= 0.02, p> 0.05) or middle-frequency (16–19 Hz; r = 0.04,
p> 0.05) beta waves. Significant correlations occurred be-
tween generalized clonic seizures with a kangaroo posture
(no. 4) and 1–50 Hz (r = 0.49, p < 0.05; Fig. 5C, left), 8–
12 Hz (alpha; r = 0.26, p < 0.05) and 12–30 Hz (beta; r
= 0.40, p < 0.05), and there were no correlations between
generalized clonic seizures with a kangaroo posture and 1–
4 Hz (delta; r = 0.20, p > 0.05) or 4–8 Hz (theta; r = 0.20,
p > 0.05; Fig. 5C, right). Furthermore, significant corre-
lations occurred with low-frequency (r = 0.31, p < 0.05)
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Fig. 3. The relationship between various behaviors and amplitudes ratio (%) of different frequency (Hz). (A) Various behaviors
were scored from the video recordings. The frequency band distinguished epileptic behaviors from spontaneous body movements. (B)
The 19–21 Hz frequency range of seizure activity mainly occurred during generalized clonic seizures with a kangaroo posture (no. 4).

and high-frequency (r = 0.58, p< 0.05) beta waves, but not
with middle-frequency beta waves (r = 0.20, p > 0.05). In
summary, myoclonic jerks (no. 3) and generalized clonic
seizures with a kangaroo posture (no. 4) showed a signif-
icant positive correlation with high-frequency beta waves
(20–30 Hz).

The epilepsy drugs PTX and PIL were also used to
induce seizures. Fig. 6A,B show coil waveforms and FFTs
for PTX and PIL. Fig. 6C shows that PTZ and PTX but not
PIL induced very similar patterns of the amplitude ratio (%)
from low to high frequencies. The PTZ and PTX groups but
not the PIL group exhibited 19–21 Hz seizure activity.

We compared the pattern of frequencies that were in-
duced by PTZ between the coil and transducer methods.
Fig. 7A shows the ways in which all of the systems were in-
tegrated for the coil and transducer methods for multichan-
nel EEG recording. Fig. 7B shows synchronous recording
waveforms for the coil and transducer methods. Fig. 7C
shows that the transducer method did not detect 19–21 Hz
seizure activity after PTZ administration. The coil method
detected 19–21 Hz seizure activity. These findings indicate
that the coil method is more sensitive than the transducer
method in detecting a specific frequency of seizure activ-
ity.
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Fig. 4. Analysis of generalized clonic seizures (GCS) with a kangaroo posture. (A) Behavioral responses with generalized clonic
seizures during seizure activity. (B,C) A specific 19–21 Hz band (red line) occurred after a dramatic jump (blue line).

4. Discussion
The present study used the coil method to measure

magnet-induced voltage changes in different drug-induced
epileptic behaviors in mice. The noncompetitive GABA
receptor antagonist PTZ induced 19–21 Hz seizure activ-
ity, and 19–21 Hz seizure activity was positively associ-
ated with generalized clonic seizures with a kangaroo pos-
ture (no. 4). Moreover, 19–21 Hz seizure activity was posi-
tively associated with 20–30 Hz high-frequency beta waves
that were related to myoclonic jerks (no. 3) and generalized
clonic seizures with a kangaroo posture (no. 4).

4.1 Epilepsy and 19–21 Hz seizure activity: a novel
behavioral marker

Many behavioral scoring systems and indices can ef-
fectively assess epileptic behaviors in animal models [6,8–

10,12,13,23–26]. For example, some studies have mea-
sured the number of seizures and the duration of epilep-
tic behaviors to indicate seizure activity after PTZ admin-
istration [6,8,23,25]. Such assessments are often used to
determine seizure activity, but they are rough estimations
and cannot delineate different types of epileptic behaviors.
The application of Itoh’s convulsion scale to animal models
also sums all scores for different epileptic behaviors to con-
firm the seizure strength of PTZ-induced epileptic behav-
iors [9,13,27]. Racine’s convulsion scale [12], Malhotra’s
convulsion scale [26], and Rathor’s convulsion scale [24]
have used similar concepts to define different categories
of epileptic behaviors and seizure strength. These scales
provide a more detailed characterization and dissociation
of different types of epileptic behaviors, but scoring these
different types of epileptic behaviors is more complicated.
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Fig. 5. Correlations testing between EEG (0–50 Hz) and epileptic behaviors for the sham, myoclonic jerk (no. 3), and generalized
clonic seizures with a kangaroo posture (no. 4) condition. (A) The sham group depicted significant correlations occurred at 0–50 Hz,
1–4 Hz (delta), and 4–8 Hz (theta; p = 0.05), but non-significant correlation occurred at 8–12 Hz (alpha) or 12–30 Hz (beta; p > 0.05).
(B) The myoclonic jerks (no. 3) depicted significant differences occurred in 0–50 Hz and 12–30 Hz (beta; p< 0.05), but non-significant
differences occurred at 8–12 Hz (alpha), 1–4 Hz (delta), or 4–8 Hz (theta; p> 0.05). (C) The generalized clonic seizures with a kangaroo
posture (no. 4) depicted significant differences occurred at 0–50 Hz, 8–12 Hz (alpha), and 12–30 Hz (beta; p< 0.05), but non-significant
differences occurred at 1–4 Hz (delta) or 4–8 Hz (theta; p > 0.05).

The present results indicated that 19–21 Hz seizure
activity was positively correlated with generalized clonic
seizures with a kangaroo posture (no. 4), reflected by Itoh’s
convulsion scale, after PTZ administration. The time analy-
sis indicated that 19–21 Hz seizure activity occurred with a
delay after PTZ administration. No studies of which we are

aware have reported correlations between epileptic behav-
ior and 19–21 Hz seizure activity. Our findings indicated
that 19–21 Hz seizure activity, assessed by the coil method,
might be a novel behavioral marker of epileptic behaviors.
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Fig. 6. Seizures-induced by pentylenetetrazol (PTX) and pilocarpine (PIL) and 19–21 Hz frequency analysis. (A,B) Fast-Fourier
transform analysis of seizures induced by (A) pentylenetetrazol (PTX) and (B) pilocarpine (PIL). (C) The PTZ and picrotoxin groups but
not the pilocarpine group exhibited 19–21 Hz seizure activity.

Fig. 7. Comparison of frequency patterns of seizure activity induced by PTZ administration using the coil and transducer meth-
ods. (A) Overview of the proposed system that included a coil and transducer. (B) The coil system can record the responses of mice at
the same time. (C) Comparison of amplitude ratio (%) between the coil and transducer methods after PTZ-induced seizures.

4.2 Relationship between 19–21 Hz seizure activity and
GABAA receptor system

The present study sought to determine the brain mech-
anisms that are involved in 19–21 Hz seizure activity. The
coil method detected 19–21 Hz seizure activity after PTZ
administration. Pentylenetetrazol is a GABAA receptor an-
tagonist. Another GABAA/C receptor antagonist, PTX, ex-
erted a similar pattern of the amplitude ratio (%) for all fre-
quencies of seizure activity. However, this pattern of the

amplitude ratio (%) after PTZ administration was different
from the nonselective muscarinic receptor agonist PIL, par-
ticularly in the 19–21 Hz frequency range. VPA reduced
19–21 Hz seizure activity. Overall, these findings suggest
that the GABAA receptor is just one of the mechanisms
probably involved, but other mechanisms may be involved
in the pathogenesis of the 19–21Hz seizure activity [28,29].
However, the cholinergic system was not involved in the
19–21 Hz seizure activity.
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Anticonvulsant drugs have two main mechanisms of
action for treating epileptic behavior [30,31]. One mech-
anism involves GABAergic neurotransmission. For ex-
ample, VPA has been shown to increase GABAergic neu-
rotransmission and reduce PTZ-induced seizures in ani-
mal models. Valproic acid also suppresses patients’ partial
seizures and generalized seizures [32]. Another mechanism
involves the blockade of neuronal ion channels. For exam-
ple, ESM has decreased T-type calcium channel currents in
the thalamus to induce seizure activity [33]. Ethosuximide
has been reported to ameliorate symptoms of generalized
seizures in epilepsy patients [32]. Previous studies have
suggested that ESM and VPA might share a similar mech-
anism of action that decreases the threshold of T-type cal-
cium channel currents to reduce epileptic seizures [33,34].
The mechanism of action of ESM and VPA might partially
overlap to treat symptoms of epileptic seizures. A previ-
ous human study of childhood absence seizures suggested
that ESM and VPA were more effective than lamotrigine to
ameliorate symptoms. Moreover, ESM had fewer adverse
effects on attention function [35]. Thus, many mechanisms
of action appear to mediate symptoms of epileptic seizures.
The present study indicated that the highest dose of ESM
(600 mg/kg) and VPA (400 mg/kg) decreased 19–21 Hz
seizure activity that was induced by PTZ. The present re-
sults are consistent with a previous study that showed that
ESM and VPA reduced other epileptic seizure behaviors,
such as PTZ-induced clonic seizures [36]. On the other
hand, the present result showed that the low dose of VPA
(200 mg/kg) facilitated 19–20 Hz seizure activity induced
by PTZ. Obviously, this evidence conflicts with the data
of the highest dose of VPA (400 mg/kg). In particular,
the present results showed that the low dose of VPA en-
hanced PTZ-induced seizure activity. The data were con-
sistent with the previous clinical findings [37,38]. For ex-
ample, the EEG study appeared that VPA administrations
facilitated absence epilepsy [37]. Moreover, fewer patients
with absence seizure increased the frequency of seizure ac-
tivity after VPA treatments [38]. Therefore, some cases
with VPA administrations revealed opposite results. There-
fore, it is a crucial issue that why the different doses of
the VPA administration show opposite results for affecting
PTZ-induced seizure activity? Does VPA appear to have
a dose-dependent effect on PTZ-induced clonic seizures?
This emerging issue should be scrutinized in further stud-
ies.

4.3 Analysis of EEG recordings and 19–21 Hz seizure
activity

The specific brain waves that are associated with
epileptic behaviors remain unknown. For example, patients
with temporal lobe seizures exhibit 1–2 Hz slow-wave delta
activity in bilateral frontal and parietal cortices. Moreover,
1–2 Hz slow-wave delta activity in bilaterally parietal cor-
tices was correlated with temporal lobe seizures [39]. How-

ever, Jan et al. [40], suggested a different brain wave pat-
tern in temporal lobe epilepsy patients. These authors sug-
gested the occurrence of irregular 2–5 Hz lateralized ac-
tivity, 5–10 Hz sinusoidal waves, and continuous epileptic
discharges in start-stop-start ictal rhythms in temporal lobe
epilepsy patients [40]. Extra-temporal seizures (including
in frontal, central, parietal, occipital, and middle brain ar-
eas) have been shown to be associated with diverse types
of brain waves. These brain waves and frequencies include
beta, alpha, theta, and delta frequency ranges [41]. A fo-
cal beta frequency discharge was linked to the early stage
of frontal lobe epilepsy [42]. Serafini et al. [43], suggested
that ~20 Hz frequency brain waves (rhythmic EEG spike
potentials) were associated with myoclonic jerks, which is
consistent with the present results. In the present study, 19–
21 Hz seizure activity was positively associated with 20-
30 Hz high-frequency beta waves that were related to my-
oclonic jerks (no. 3) and generalized clonic seizures with
a kangaroo posture (no. 4). The relationship between spe-
cific brain waves and epileptic behaviors needs to be further
clarified.

4.4 Comparison of coil and transducer methods

The present study compared the coil method and force
transducer method with regard to their ability to detect
epileptic seizures. The coil method utilizes a magnetome-
ter coil to detect small and fine behavioral responses, based
on changes in electromagnetic fields. The coil method
requires that a magnet be attached to the mice. When
the animal’s movement causes the induction of a magnetic
field, the coil device can detect voltage changes, and then
these signals are transformed by an amplifier. The coil
method provides high temporal and spatial resolution in
real time and, consequently, detects smaller and finer move-
ments [15,18,19,44]. In the present study, the coil method
detected 19–21 Hz seizure activity after PTZ administra-
tion. The force transducer method did not detect 19–21 Hz
seizure activity. These findings are consistent with previ-
ous studies [15,18,19,44]. Overall, the coil method detected
a novel behavioral marker of epileptic seizures that could
have clinical implications.

4.5 Limitations and further research

The present study developed a coil method to detect
seizure activity in 19–21 Hz frequencies. The 19–21 Hz
seizure activity is a critical behavioral marker for detecting
the occurrence of seizure behavior. Some limitations and
issues should be addressed in further studies. For example,
the magnet size should be kept in miniature, and the mag-
net weight was required to be minimum to avoid interfering
with the animal’s behaviors. The diameter of the coil can
be increased to allow more space for the animal to move.
But it may reduce the sensitivity of the magnetic field de-
tection. There is the possibility that other behavioral fre-
quencies are associated with different types of seizure be-
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haviors. The coil method may detect another early behav-
ioral symptom in neurodegeneration diseases or neurolog-
ical disorders such as Parkinson’s disease or Alzheimer’s
disease. Thus, further studies need to investigate how to
apply the coil method in detecting other neurological dis-
eases.

On the other hand, the present result showed that the
low dose of VPA (200 mg/kg) enhanced PTZ-induced 19–
20 Hz seizure activity compared to the PTZ group. The
result was opposite to the anticipatory effect. The reason
may be that VPA activated various mechanisms but not the
specific mechanism of the GABAA receptor. For example,
these mechanisms included several voltage-operated chan-
nels, GABA clearing enzymes and GABA transporters, the
IP3 (inositol triphosphate) pathway, etc. [29]. Therefore,
the crucial issue has emerged: one of these mechanisms in
the lower dose of VPA facilitated PTZ-induced 19–20 Hz
seizure activity. It should be investigated in further studies.

5. Conclusions
The present study has developed a novel coil method

to improve the deficits of previous method in the assess-
ments of epileptic behaviors. The coil method was more
sensitive than the force transducer method for detecting
epileptic behaviors. Seizure activity that occurs in the 19–
21 Hz frequency range, detected by the coil method, may
be a novel marker of epileptic behavior for clinical impli-
cations.
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