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Background: Epilepsy surgery has seen numerous technological advances in diagnostic and therapeutic procedures in recent
years. However, further understanding of how to integrate traditional and emerging technologies into epilepsy treatment is
needed to develop this area. The purpose of this study is to observe the antiepileptic effect of gamma knife irradiation on chronic
epileptic rats and the expression of cyclic adenosine monophosphate response element binding protein (CREB) in the brain.
Methods: Sixty Wistar rats were randomly divided into four groups: the control group, the control + gamma knife group,
the pentylenetetrazole (PTZ) group and the PTZ + gamma knife group. The rats were injected intraperitoneally with PTZ to
establish the epileptic models. Gamma knife irradiation was performed on the bilateral frontal cortex of rats. After 12 weeks
of irradiation, the Morris water maze test was used on each group of rats to test their ability to learn and remember, and the
expression of CREB in the cortex and hippocampus was detected.
Results: The epileptic seizures of rats in the PTZ + gamma knife group were significantly reduced by the 12th week after low-dose
gamma knife irradiation (p< 0.05). Compared with the PTZ group, the swimming distance was significantly shorter in the PTZ
+ gamma knife group (p < 0.05). Compared with the PTZ group, the daily escape latency in the Morris water maze of the PTZ
+ gamma knife group on days 3–5 was significantly shortened (p < 0.05). Compared with the PTZ group, the number of times
the Morris water maze crossed the platform and the percentage swimming time in the platform quadrant were both significantly
higher in the PTZ + gamma knife group (p < 0.05).
Conclusion: The cognitive function and the expression of CREB decreased in the brains of epileptic rats, which was increased
after low-dose gamma knife irradiation. This may suggest a possible molecular mechanism underlying the effects of gamma knife
irradiation on epileptic seizures.
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Introduction

Epilepsy is one of the most common neurological dis-
eases. It is characterised by recurrent seizures and af-
fects approximately 70 million individuals worldwide [1].
Nowadays, there are a variety of new drugs being marketed
for epilepsy treatment, but the seizure rate has not changed.
As a result, work is still needed to develop more sophisti-
cated drugs to treat epilepsy. The pathogenesis and progres-
sion of epilepsy are related to many aspects, including ion
channels, signalling transduction, synaptic transmission,
inflammatory reactions and more [2–5]. All these factors
are likely to be closely correlatedwith each other rather than

being isolated. In particular, recent studies have revealed
that the cyclic adenosine monophosphate response element
binding protein (CREB), implicated in multiple signalling
pathways, plays an important role in the pathogenesis and
progression of epilepsy [6,7]. Meanwhile, CREB can acti-
vate or promote the expression of genes related to mem-
ory formation, which is closely related to synaptic plas-
ticity, learning and memorising [8]. The treatment of re-
fractory epilepsy using a gamma knife has been reported
for a long time, with the advantages of non-invasiveness,
safety, accurate positioning and good efficacy. Treatment
with a gamma knife can protect the cognitive function of
patients [9], although its biological mechanism remains un-
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clear. From the CREB signalling pathway perspective, this
study investigates the antiepileptic and cognitive protective
effects of low-dose gamma knife irradiation on rats with
epilepsy induced by pentylenetetrazole (PTZ).

Materials and Methods

Animals and the Establishment of Chronic Epilepsy
Models
Animals

Sixty healthy adult Wistar rats (Experimental Animal
Centre of Hebei Medical University, Shijiazhuang, China)
were randomly divided into four groups: ¬ the control
group; ­ the gamma knife control group: the rats in this
group were only irradiated by a gamma knife; ® the PTZ
group: epilepsy was induced by PTZ in the rats in this
group; and ¯ the PTZ + gamma knife group: the rats were
irradiated with a gamma knife after epileptic seizures were
induced by PTZ.

Establishment of Chronic Epilepsy Models
The rats were injected intraperitoneally with the cen-

tral stimulant PTZ (P6500, Sigma-Adrich Corporation, St.
Louis, MO, USA) once a day for 4 weeks to establish
chronic epileptic models. After the epileptic seizures grad-
ually appeared in the rats, the severity of the epileptic
seizures was evaluated using the Racine scale (RS), which
is one of the most commonly used tools to assess the seizure
intensity in rodent models of experimental epilepsy. The
RS categorises six stages of intensity and is based on the be-
havioural repertoire of the animals during a seizure, which
includes ‘represented no response’ (stage 0); ‘facial move-
ments with saccade of ears and whiskers’ (stage I); ‘head
nodding’ (stage II); ‘unilateral or bilateral limb clonus’
(stage III); ‘rearing with bilateral forelimb clonus’ (stage
Ⅳ) and ‘seizures characterised by rearing and falling’
(stage V) [10]. The success of the model preparation was
judged by whether there were three consecutive episodes
of stage Ⅳ or above. Thereafter, PTZ was injected once a
week to maintain epileptic seizures. Experimental epilepsy
models were successfully constructed in 24 of the 30 rats,
with 12 rats placed in the PTZ group and 12 in the PTZ +
gamma knife group. Six rats were excluded from the subse-
quent experiments. In addition, an electroencephalography
(EEG) recording and a water maze were used to evaluate
further the changes in the state or neurological function of
the epileptic rats. The results of the experiments showed
the successful establishment of a chronic epilepsy model in
accordance with the RS.

Low-Dose Gamma Knife Irradiation
After the epilepsy models were successfully prepared

by low-dose gamma knife irradiation [11], the rats were
anaesthetised with 3% sodium pentobarbital (40 mg/kg)
(P3761, Sigma-Adrich Corporation, St. Louis, MO, USA)

intraperitoneal injections and fixed on the animal frame
and the Leksell frame of the gamma knife. The authors
used a magnetic resonance instrument (#9197, Cell Signal-
ing Technology, Danvers, MA, USA) to conduct localisa-
tion scanning for the rats, and they transmitted the scan-
ning images to the GammaPlan system (version 8.2, Lek-
sell B, Stockholm, Sweden) to make sure that the left and
right frontal lobes were the target areas of irradiation. Then,
the authors used the gamma knife system (version 8.2, Lek-
sell B, Stockholm, Sweden) to irradiate rats with a marginal
dose of 15 Gy and a collimator whose diameter was 4 mm.

Electroencephalographic Recordings
Three rats were randomly selected from each group,

and the MS4000U-1 Quantitative Bio-Signal Recording
Analyser (MS4000U-1, Longfeida Technology Co., Ltd.,
Guangzhou, China) was applied at 1, 2, 4, 6, 8, 10 and 12
weeks after gamma knife irradiation to observe the changes
in the EEG recordings of the rats. Each recording was
made for 40 min, with each group recording for 5 min be-
fore and then 35 min after the drug was given intraperi-
toneally. The latency and frequency of seizure wave emis-
sion were recorded separately. The latency period was the
time from drug administration to the first appearance of
seizurewaves, including spike, spine and spike/slowwaves.
The frequencywas the average number of seizure waves per
minute, taken for 1 min every 5 min after drug administra-
tion.

Morris Water Maze Test
Twelve weeks after gamma knife irradiation, each

group of rats underwent the Morris water maze test to test
their ability to learn and remember. The water maze ex-
periment was divided into the place navigation test and the
spatial probe test.

Place Navigation Test
The experiment lasted for 5 days. On day 1, the rats

were allowed to swim freely in the water maze for 60 s to
adapt to the water maze environment. On day 2, a transpar-
ent platformwas placed in the centre of quadrant IV, and the
rats were put into the water facing the wall from the central
entry point of quadrants I to III. The computer monitored
and recorded the trajectory of the rats from the entry point
to the platform, the average time required (escape latency),
the swimming distance and the strategy for finding the plat-
form. If the rat failed to find the platform within 60 s, the
rat was pulled onto the platform and left there for 30 s. The
latency period was recorded as 60 s.

Spatial Probe Test
After the rats were trained for 5 days, as described

above, the platform was removed. Then, the rats were
placed in the water facing the pool wall from the entry point
of the I quadrant on the opposite side of the platform. The
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number of times the rats swam through thewatermaze at the
place where the platform was originally placed (the number
of rings penetrated), the percentage of the rats swimming
distance in the original platform quadrant within 60 s and
other information were recorded.

Immunohistochemical Detection
After 12 weeks of gamma knife irradiation, the rats in

each group were anaesthetised with 3% sodium pentobarbi-
tal (40 mg/kg) (Hebei Bio-High Technology Development
Co., Ltd., Shijiazhuang, China) and then fixed and routinely
disinfected. After opening the chest, the vessels were ir-
rigated with approximately 50 mL of phosphate buffered
solution (pH 7.4, in-house) at 37 ℃, followed by approxi-
mately 100 mL of room temperature 4% paraformaldehyde
(P6148, Sigma, St. Louis, MO, USA). After the rat’s neck
and limbs had become rigid, the head and neck were disin-
fected, the head was severed, the skull was opened, and the
brain was carefully removed and fixed in 4% paraformalde-
hyde for 30 min. The brain was routinely dehydrated, trans-
parent, waxed and embedded. The embedded brain tissue
was divided into serial coronal sections to a thickness of
5 µm. The sections were routinely dewaxed to water, in-
cubated with 3% H2O2 at 37 °C for 10 min, microwave
(G80W23MSPP-N5, Galanz, Guangzhou, China) repair
antigen at 92 °C~98 °C for 15 min and 10% normal goat
serum at 37 °C for 30 min. After embedding and sectioning
them, 1:200 Rabbit anti-CREB antibody (#9197, Cell Sig-
naling Technology, Danvers, MA, USA) was added drop-
wise at 4 °C overnight and incubated with biotin-labeled
secondary antibody (1:500) for 20–40 min at room temper-
ature. Then, the authors used Image-Pro Plus 5.0 analy-
sis software (National Institutes of Health, Bethesda, MD,
USA) to calculate the number of CREB-positive cells in the
frontal cortex and hippocampal CA1 region to measure the
average optical density of CREB-positive cells.

Western Blot Detection
After 12weeks of gamma knife irradiation, the authors

decapitated the rats in each group and collected the frontal
lobes and hippocampus. The total protein was extracted
from these areas and stored at –80 ℃ for later use. Ap-
proximately 2~10 µL of the protein was subjected to 10%
sodium dodecyl-sulfate polyacrylamide gel electrophore-
sis and transferred to polyvinylidene difluoride membranes
(IPVH00005, Millipore, Burlington, MA, USA). Themem-
branes were blocked with sealing fluid for 15 min. They
were then incubated with primary antibodies against Rab-
bit anti-CREB monoclonal antibody (1:500, #9197, Cell
Signaling Technology, Danvers, MA, USA) and goat poly-
clonal to beta-actin (1:200, Signa 1.5T HDxt, General Elec-
tric Company, Boston, MA, USA) overnight at 4 °C. Next,
the membranes were incubated with a secondary antibody
(1:5000) for 1~2 hours at room temperature. BAND SCAN
image 5.0 analysis software (International Business Ma-

Fig. 1. Expression of CREB in frontal cortex of rats in each
group (IHC, ×400). (A) Control group; (B) Control + gamma
knife group; (C) PTZ group; (D) PTZ + gamma knife group. Ar-
rows are creb-stained nuclei, and the magnification is×400, scale
bar = 50 µm. IHC, immunohistochemistry.

Fig. 2. Expression of CREB in hippocampal CA1 region (IHC,
×400). (A) Control group; (B) Control + gamma knife group;
(C) PTZ group; (D) PTZ + gamma knife group. Arrows are creb-
stained nuclei, and scale bar = 50 µm.
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Table 1. Seizure of rats in the two groups (n).

Groups Grade
8 w 10 w 12 w

I II III IV V I Ⅱ III Ⅳ V I Ⅱ III Ⅳ V

PTZ group 1 1 1 5 4 0 1 2 4 5 0 1 1 4 6
PTZ + gamma knife group 1 2 2 4 3 2 2 2 3 3 3 2 2 3 2
Note: Comparison between the two groups at 12 w, Z = –2.27, p < 0.05. PTZ, pentylenetetrazole.

Table 2. The comparison of latency and frequency of seizure waves in two groups (means ± SEM).

Weeks n
PTZ group PTZ + gamma knife group

latency (min) frequency (n/min) latency (min) frequency (n/min)

1 w 12 3.77 ± 0.85 114.56 ± 17.92 3.84 ± 0.87 111.11 ± 13.22
2 w 12 3.55 ± 0.64 110.33 ± 17.71 3.67 ± 0.89 126.44 ± 13.81
4 w 12 3.11 ± 0.71 124.86 ± 20.61 3.65 ± 0.59 103.37 ± 12.79
6 w 12 3.43 ± 0.64 111.82 ± 13.43 4.05 ± 0.85 98.86 ± 19.37
8 w 12 3.25 ± 0.67 123.16 ± 19.34 4.42 ± 0.68a 86.13 ± 20.42a

10 w 12 2.87 ± 0.63 113.51 ± 20.34 4.77 ± 0.53a 83.25 ± 23.48a

12 w 12 3.24 ± 0.54 121.58 ± 14.72 5.15 ± 0.85a 70.52 ± 20.37a

Note: a Compared with PTZ group, p < 0.05. SEM, standard error of mean.

chines Corporation, Armonk, NY, USA) was used to de-
termine the grey scale values of the protein electrophoresis
bands and to compare the grey scale of each target bandwith
the internal reference β-actin band for semi-quantitative
analysis.

Statistical Methods
SPSS 21.0 statistical software (International Business

Machines Corporation, Armonk, NY, USA) was applied for
statistical processing, and the experimental data were ex-
pressed as mean ± standard deviation (x̄ ± s). When com-
paring the groups, if the data satisfied the principles of in-
dependence, normality and chi-square, the comparison be-
tween the means of each group was performed by analysis
of variance. If there was a statistical difference between
the groups, the SNK-q test was used for further two-by-two
comparisons. If the principles of independence, normality
and chi-square were not met, the Kruskal-Wallis H rank-
sum test was used, and if there was a statistical difference
between the four groups, further two-by-two comparisons
were made. p < 0.05 was considered statistically signifi-
cant.

Results

Epileptic Seizures in Rats
Compared with the PTZ group, the seizure degree of

the PTZ + gamma knife group was gradually reduced, and
there was a statistical difference between the two groups
after 12 weeks of gamma knife irradiation (Z = –2.27, p <

0.05) (Table 1).

EEG Recordings Test
The EEG recordings of the rats in all groups were ei-

ther α or β waves with a few scattered θ waves before the
drug injection. In the control group, there was no signif-
icant change in background activity after the injection of
saline. In the PTZ group, after the injection of PTZ, the rats
began to show a single spike, spine and spike/slow waves at
about 2~5 minutes, which then gradually turned into a fre-
quent high-potential spike, spine and spike/slow waves. In
the PTZ + gamma knife group, at weeks 8–12 after gamma
knife irradiation, compared with the PTZ group, the rats
showed significantly longer latency (p< 0.05), lower wave
amplitude and significantly less frequency (p < 0.05) of
epileptic waves, and only a few scattered low-amplitude
spikes or sharp waves were seen (Table 2).

Morris Water Maze Test
The swimming distance was significantly shorter in

the PTZ + gamma knife group than in the PTZ group (p <

0.05), and the swimming distance decreased with increas-
ing irradiation time (Table 3). The daily escape latency in
the Morris water maze of the PTZ + gamma knife group
on days 3–5 was significantly shortened compared with the
PTZ group (p< 0.05) (Table 4). In addition, the number of
times the Morris water maze crossed the platform and the
percentage swimming time in the platform quadrant were
both significantly higher in the PTZ + gamma knife group
than in the PTZ group (p < 0.05) (Table 5). These results
suggested that gamma knife irradiation ameliorated the cog-
nitive function in the rats exposed to PTZ.

Immunohistochemical Test
Compared with the control group, the number of

CREB-positive neurons in the frontal cortex and hippocam-
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Table 3. The comparison of swimming distance of every day in Morris water maze in four groups (means ± SEM).

Groups n
Swimming distance (m)

2 d 3 d 4 d 5 d

Control 15 10.99 ± 2.53 7.31 ± 1.96 5.21 ± 1.78 4.72 ± 1.55
Control + gamma knife 15 9.77 ± 2.03 7.24 ± 1.91 6.07 ± 1.98 5.03 ± 1.42
PTZ 12 14.21 ± 3.43a 11.03 ± 2.06a 10.16 ± 2.59a 9.76 ± 1.23a

PTZ + gamma knife 12 11.71 ± 2.61b 8.22 ± 1.58b 7.85 ± 1.65b 6.43 ± 1.66b

Note: a Compared with control group, p < 0.05; b Compared with PTZ group, p < 0.05.

Table 4. The comparison of the escape latency of every day in Morris water maze in four groups (means ± SEM).

Groups n
Escape latency (s)

2 d 3 d 4 d 5 d

Control 15 46.43 ± 12.51 34.17 ± 11.28 22.26 ± 6.62 16.31 ± 4.63
Control + gamma knife 15 47.89 ± 12.05 30.27 ± 10.91 24.47 ± 7.38 15.53 ± 5.41
PTZ 12 54.46 ± 13.25 49.25 ± 12.14a 39.18 ± 10.36a 34.85 ± 7.24a

PTZ + gamma knife 12 47.60 ± 12.65 36.26 ± 11.53b 29.53 ± 8.64b 23.91 ± 6.36b

Note: a Compared with control group, p < 0.05; b Compared with PTZ group, p < 0.05.

Table 5. The comparison of the number of platform crossings and the percentage of swimming time in platform quadrant in
Morris water maze of four groups (means ± SEM).

Groups n Number of platform crossings Percentage of swimming time (%)

Control 15 3.83 ± 0.94 47.58 ± 10.78
Control + gamma knife 15 3.58 ± 0.84 46.00 ± 8.71
PTZ 12 1.33 ± 0.71a 28.00 ± 8.67a

PTZ + gamma knife 12 2.67 ± 1.00b 35.78 ± 8.23b

Note: a Compared with control group, p < 0.05; b Compared with PTZ group, p < 0.05.

pal CA1 region of the PTZ group decreased significantly,
and the average optical density decreased significantly.
Compared with the PTZ group, the number of CREB-
positive neurons in the frontal cortex and hippocampal CA1
region of the PTZ + gamma knife group was significantly
increased, and the average optical density was significantly
increased (number of positive neurons: F frontal = 9.27,
F hippocampus = 7.17, p < 0.01; F frontal lobe = 5.89, F
hippocampus = 4.29, p < 0.05). There was no statistical
difference between the gamma knife control group and the
control group (Figs. 1,2, Table 6).

Western Blot Test
Western blot results showed that the expression of

CREB in the frontal cortex and hippocampus of the PTZ
group was significantly lower than that of the control group.
The expression of CREB in the PTZ + gamma knife group
was significantly higher than that in the PTZ group (F
frontal lobe = 5.76, F hippocampus = 6.87, p< 0.01). There
was no statistical difference between the gamma knife con-
trol group and the control group (Fig. 3, Table 7).

Discussion

Epilepsy is one of themost frequent and disabling neu-
rodegenerative disorders, with multiple underlying causes.

Fig. 3. The expression of CREB in the frontal cortex and hip-
pocampus of each group was detected by Western blot. (A)
Control group; (B) Control + gamma knife group; (C) PTZ group;
(D) PTZ + gamma knife group.

In recent years, studies have shown that the CREB-
mediated signalling pathway is closely related to neuronal
excitation, which is the target of currently undeveloped
antiepileptic drugs [12–14]. Cyclic adenosine monophos-
phate response element binding protein is a key transcrip-
tional regulator that regulates gene transcription related to
neuronal differentiation, synaptic plasticity, learning and
memory [15,16]. Study has shown that sustained overex-
citation of the hippocampal neural network could inhibit
the growth of dendrites and limit the activation of CREB
[17]. In addition, a large number of down-regulated genes
were found in the hippocampus of epilepsy patients with
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Table 6. Comparison of the number of CREB immunoreactive neurons and the average optical density in each group (means ±
SEM).

Groups n
Number of immunopositive neurons Average light absorption value

Frontal lobe CA1 Frontal lobe CA1

Control group 8 17.13 ± 2.80 23.50 ± 3.07 0.28 ± 0.03 0.32 ± 0.04
Control + gamma knife group 8 18.75 ± 2.82 22.38 ± 2.97 0.27 ± 0.03 0.32 ± 0.04
PTZ group 6 11.17 ± 2.79a 16.50 ± 3.08a 0.21 ± 0.04a 0.25 ± 0.03a

PTZ + gamma knife group 6 16.83 ± 2.64b 20.67 ± 2.58b 0.26 ± 0.04b 0.31 ± 0.03b

Note: a Compared with the control group, p < 0.05; b Compared with PTZ group, p < 0.05. CREB, cyclic
adenosine monophosphate response element binding protein.

Table 7. Determination of CREB expression in brain tissues
of rats by Western blot (means ± SEM).

Groups n
CREB

Frontal lobe Hippocampus

Control group 7 0.78 ± 0.10 0.86 ± 0.07
Control + gamma knife group 7 0.81 ± 0.07 0.85 ± 0.06
PTZ group 6 0.57 ± 0.11a 0.66 ± 0.13a

PTZ + gamma knife group 6 0.70 ± 0.16b 0.77 ± 0.08b

Note: a Compared with the control group, p < 0.05; b Com-
pared with PTZ group, p < 0.05.

high seizure frequency and significant inactivation of the
CERB signalling pathway [18]. Through its roles in mul-
tiple signalling pathways, CREB, as a transcription fac-
tor in the nucleus, regulates the transcriptional levels of
selective molecular networks and subsequently modulates
hippocampal synaptic remodelling and cellular excitability.
Moreover, there is an apparent crosstalk between CREB
and reactive oxygen species (ROS) production. Mitochon-
drial ROS production can induce CREB activation [19],
whereas CREB directly regulates antioxidant gene expres-
sion and protects against oxidative stress-induced neuronal
cell death by up-regulating brain-derived neurotrophic fac-
tor and heme oxygenase-1 [20,21]. In the present study, the
results showed that the expression of CREB in the brain tis-
sues of epileptic rats induced by PTZ was significantly de-
creased compared with that in the control group, suggesting
that the biological mechanism of epileptic rats induced by
PTZ may be related to the change in CREB expression in
the brain tissues.

Gamma knife has the advantages of accurate posi-
tioning, safety and non-invasiveness and has been gradu-
ally recognised in the treatment of refractory epilepsy in
recent years [22]. Study has found that low-dose gamma
knife irradiation of 10~20 Gy can effectively inhibit epilep-
tic seizures while no radiation damage is observed in the ul-
trastructure [23]. However, the antiepileptic mechanism of
the gamma knife remains unclear. In this study, epileptic
seizures were significantly reduced (p < 0.05), and CREB
expression in the cerebral cortex and hippocampus was sig-
nificantly increased (p < 0.05) in the PTZ + gamma knife
group of rats after 12 weeks of low-dose gamma knife ir-

radiation. Therefore, the authors speculate that the possi-
ble mechanism for epileptic seizure control by low-dose
gamma knife irradiation is the increased CREB expres-
sion in the cerebral cortex and hippocampus, which causes
synaptic structure changes and blocks synaptic transmis-
sion [24]. This result is consistent with the findings of the
authors’ previous study [25]. Moreover, it has been sug-
gested that low-dose gamma knife irradiation can reduce
the activity of epileptic neurons without causing necro-
sis of normal neurons [24]. Epileptogenesis is widely re-
garded as extremely complicated because many risk factors
contribute to its causes, and whether CREB is directly in-
volved in each remains poorly understood. Although sev-
eral data have been collected in animal models of epilepsy,
to the authors’ knowledge, few papers have been devoted
to studying pCREB expression in human tissues [26,27],
particularly in human post-surgical epileptic tissues [28].
Moreover, as more details are revealed regarding CREB-
related signalling pathways, CREB can potentially become
not only an important biomarker for clinical screening, di-
agnosis and prognosis of epilepsy but also a novel target for
cutting-edge individualised treatments for epilepsy.

Conclusion

The present study revealed the neuroprotective roles
of low-dose gamma knife irradiation in the frontal lobe and
hippocampus. The activation of CREB in cells can initiate
the transcription of downstream genes, trigger the synthe-
sis of other functional proteins, strengthen synaptic connec-
tions, form new synaptic connections and promote long-
term memory formation. This may represent one of the
possible mechanisms underlying the therapeutic effects of
gamma knife irradiation on epilepsy. Thus, the authors’
findings provide valuable information towards unveiling
the mechanisms of human epilepsy and a target for poten-
tially effective clinical therapies in the future. However, it
is important to note that this experiment was performed on
normal rats, which means that further studies, including an-
imal models and epileptic patients, are needed to elucidate
the natural effects of gamma knife irradiation on patholog-
ical tissues to achieve more significant clinical outcomes.
Extensive pharmacokinetic and pharmacodynamic studies
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are necessary to approve the therapeutic success of gamma
knife irradiation in the management of epilepsy. Laser in-
terstitial thermocoagulation therapy is now widely used in
the United States, where medical care is covered through
insurance. Gamma knife may be promising, but long-term
results need to be studied. If significant results can be con-
firmed at a clinical level in the future, it can be expected
that gamma knife irradiation will emerge as a novel and
effective approach in the comprehensive management of
epilepsy and its associated comorbid conditions.
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