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Low-frequency stimulation of the external globus 
palladium produces anti-epileptogenic and anti-
ictogenic actions in rats

Hui CHENG1, 2, #, Yi-fang KUANG1, #, Yang LIU3, Yi WANG4, Zheng-hao XU4, Feng GAO1, Shi-hong ZHANG4, Mei-ping DING1, *, 
Zhong CHEN1, 4, *

1Department of Neurology, Epilepsy Center, Second Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou 310058, 
China; 2Department of Neurology, Sir Run Run Shaw Hospital, School of Medicine, Zhejiang University, Hangzhou 310058, China; 
3Department of Neurology, Zhejiang Hospital, Hangzhou 310058, China; 4Department of Pharmacology, Key Laboratory of Medical 
Neurobiology of the Ministry of Health of China, College of Pharmaceutical Sciences, Zhejiang University, Hangzhou 310058, China

Aim: To investigate the anti-epileptic effects of deep brain stimulation targeting the external globus palladium (GPe) in rats.
Methods: For inducing amygdala kindling and deep brain stimulation, bipolar stainless-steel electrodes were implanted in SD rats into 
right basolateral amygdala and right GPe, respectively.  The effects of deep brain stimulation were evaluated in the amygdala kindling 
model, maximal electroshock model (MES) and pentylenetetrazole (PTZ) model.  Moreover, the background EEGs in the amygdala and 
GPe were recorded.
Results: Low-frequency stimulation (0.1 ms, 1 Hz, 15 min) at the GPe slowed the progression of seizure stages and shortened the 
after-discharge duration (ADD) during kindling acquisition.  Furthermore, low-frequency stimulation significantly decreased the 
incidence of generalized seizures, suppressed the average stage, and shortened the cumulative ADD and generalized seizure duration 
in fully kindled rats.  In addition, low-frequency stimulation significantly suppressed the average stage of MES-induced seizures and 
increased the latency to generalized seizures in the PTZ model.  High-frequency stimulation (0.1 ms, 130 Hz, 5 min) at the GPe had 
no anti-epileptic effect and even aggravated epileptogenesis induced by amygdala kindling.  EEG analysis showed that low-frequency 
stimulation at the GPe reversed the increase in delta power, whereas high-frequency stimulation at the GPe had no such effect.
Conclusion: Low-frequency stimulation, but not high-frequency stimulation, at the GPe exerts therapeutic effect on temporal lobe 
epilepsy and tonic-colonic generalized seizures, which may be due to interference with delta rhythms.  The results suggest that 
modulation of GPe activity using low-frequency stimulation or drugs may be a promising epilepsy treatment.
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Introduction
Epilepsy is a neurological disorder that affects 1%–2% of the 
population[1].  Despite optimal medication therapy, more 
than 30% of patients suffer from persistent seizures[2].  A 
subset of these patients are candidates for open surgery, 
which remains limited due to anticipated functional deficits, 
such as memory loss or cognitive impairment[3].  Moreover, 

patients with seizures arising from the eloquent cortex or 
with seizures that are multiple focal, bilateral, or generalized 
are not candidates for resective surgery[4].  Thus, alternative 
therapeutic approaches and effective drug targets are needed 
for the remaining refractory patients.  

Deep brain stimulation (DBS) is emerging as a new and 
promising option to treat intractable epilepsies with the 
advantages of reversibility, adjustability and low risk of 
complications[5, 6].  Both clinical and animal studies have 
demonstrated that DBS targeting specific brain areas protects 
against epileptic seizures[7, 8].  Recently, we reported for the 
first time that low frequency stimulation (LFS) of the regions 
outside the kindling focus, such as the central piriform cortex[9, 10], the 
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cerebellar fastigial nucleus[11], the ventral hippocampus CA3 
subfield[12], the entorhinal cortex (EC)[13] and the subiculum[14], 
inhibits amygdaloid-kindling seizures in rats.  These results 
indicate that LFS can induce potent antiepileptic actions and 
that brain regions outside the epileptic focus can be used as 
targets of LFS.  However, LFS of some brain structures may 
result in no effect or even in the aggravation of seizures[15, 16], 
which indicates that the anticonvulsant effect of DBS is 
highly brain region-dependent.  Currently, the best target is 
unknown, and studies do not favor one target over another.  
Thus, the selection of targets and the optimal stimulation 
parameters should be further investigated.

External globus palladium (GPe) is composed of GABAergic 
cells and considered the central part in the basal ganglia (BG) 
circuits, which contribute to motor activity organization[17].  
The GPe receives inputs from two major BG input nuclei, 
the neostriatum (Str) and the subthalamic nucleus (STN), 
and sends its output to the cerebellum via the thalamus[18].  
Recently, substantial evidence has shown that BG circuits are 
involved in temporal lobe epilepsy[19].  The GPe, as an impor-
tant part of the corticothalamic circuit, is believed to partici-
pate in seizure propagation[20–22].  For example, electroencepha-
lography (EEG) and functional magnetic resonance imaging 
measurements have demonstrated that the blood oxygen 
level-dependent signal changes are associated with interictal 
discharges at the epileptic focus and the BG[23].  Disinhibition 
of the globus pallidium by local injection of a GABAa antago-
nist suppresses absence seizures, whereas inhibition of the 
pallidium by a GABAa agonist aggravates absence seizures[24], 
indicating that GABAergic neurons of the globus pallidium 
play an important role in epilepsy.  Moreover, regional atro-
phy in the bilateral globus pallidium has been found in idio-
pathic generalized epilepsy (GS)[25].  Therefore, the GPe may 
be a promising target of DBS for interfering with epilepsy.  

The present study was designed to investigate the effect of 
different stimulation frequencies (LFS and HFS) of DBS tar-
geted at the GPe in three independent rat seizure models.  The 
amygdaloid-kindling model is a widely used model of tempo-
ral lobe epilepsy that mimics complex partial seizures and sec-
ondary GS[26].  The maximal electroshock seizure (MES) mod-
els are the models of generalized tonic-clonic seizures that are 
usually used to assess drug efficacy or other therapies[27].  In 
addition, the pentylenetetrazole (PTZ)-induced seizure model 
is used as absence seizures.

Materials and methods
Animals
Male Sprague-Dawley rats (260–300 g, Grade II, Certificate No 
SCXK2008-0033, Experimental Animal Center, Zhejiang Acad-
emy of Medical Science, Hangzhou, China) were maintained 
in individual cages under a 12-h light-dark cycle (lights on 
08:00–20:00) with free access to food and water.  Experiments 
were carried out every day between 09:00 AM and 05:00 PM.  
All experiments were carried out in accordance with the ethi-
cal guidelines of the Zhejiang University Animal Experimen-
tation Committee and were in complete compliance with the 

National Institutes of Health Guide for the Care and Use of 
Laboratory Animals.

Surgery
Under pentobarbital sodium anesthesia (45 mg/kg, ip), rats 
were mounted in a stereotaxic apparatus (512600, Stoelting, 
Wood Dale, IL, USA).  Electrodes were implanted into the 
right basolateral amygdala (AP: -2.4 mm, ML: -4.8 mm, DV: 
-8.8 mm) for kindling stimulation and the right GPe (AP: 
-0.8 mm, ML: -3.0 mm, DV: -6.4 mm) for DBS.  Reference and 
ground screws were placed in the skull over the cerebellum 
(AP: -10.5 mm, ML: -1.5 mm) and secured with dental cement 
and another screw was placed over the sensorimotor cortex 
(AP: +2.0 mm, ML: -2.0 mm).  All coordinates were measured 
from the bregma according to the atlas of Paxinos and Wat-
son[28].  The electrodes were made of twisted stainless-steel Tef-
lon-coated wires (791500, diameter 0.125 mm, A.M. Systems, 
Sequim, WA, USA) insulated except for approximately 0.3 mm 
at the tip, and the maximal tip separation was approximately 
0.5 mm.  The electrodes were connected to a miniature recep-
tacle, which was attached to the skull with dental cement.  
After the behavioral studies, the electrode locations were his-
tologically verified in all animals.  

Amygdaloid-kindling seizures
After 7–10 d of recovery, the initial after-discharge threshold 
(ADT) at the right amygdala was determined (monophasic 
square-wave pulses, 60 Hz, 1 ms/pulse, 60 pulses) using a con-
stant current stimulator (SEN-7203, SS-202J; Nihon Kohden, 
Tokyo, Japan).  The stimulation intensity was initialized at 60 
μA and was subsequently increased in steps of 20 μA every 30 
min until at least 5 s of after-discharge (AD) was elicited.  The 
minimal intensity that produced an AD (5 s or longer) was 
designated as the ADT and used for daily kindling stimulation 
thereafter.  EEGs at the amygdala and the GPe were recorded 
using a Neuroscan system (Compumedics, Melbourne, Aus-
tralia).  Seizure severity was classified according to the Racine 
scale[29]: (1) facial movement, (2) head nodding, (3) unilateral 
forelimb clonus, (4) bilateral forelimb clonus and rearing, 
and (5) rearing and falling.  Stages 1–3 were considered focal 
seizures and stages 4–5 were considered GS[30].  When the ani-
mals exhibited three consecutive stage 5 seizures, they were 
regarded as fully kindled.  

Effects of LFS and HFS on amygdaloid-kindling acquisition 
Rats were divided into three groups matched for ADTs.  
Group 1 received LFS (monophasic square-wave pulses, 1 Hz, 
0.1 ms/pulse, 15 min).  Group 2 received HFS (monophasic 
square-wave pulses, 130 Hz, 0.1 ms/pulse, 5 min).  Group 3 
(control) received sham DBS: the rats were left in the chamber 
and connected to the apparatus but no current was delivered.  
The DBS were carried out immediately after the cessation of 
the kindling stimulation.  The DBS threshold for the GPe was 
1/5 of the constant that induced abnormal behavior, which 
was established by the appearance of increased motor and 
abnormal behavior (300 μA for LFS and 20 μA for HFS).  The 
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currents used for LFS and HFS in this study had no effect on 
locomotor activity, indicating the safety of the stimulation 
parameters (Figure S1).  All groups were stimulated daily until 
all rats in the control group were fully kindled.  The seizure 
stage and after-discharge duration (ADD) were recorded.

Effects of LFS and HFS on amygdaloid-kindled seizures
After the rats were fully kindled (not treated with DBS during 
kindling), the post-kindled ADT was determined via the same 
procedure used for kindling ADT, and the generalized seizure 
threshold (GST) was determined by increasing the current 
intensity in steps until a GS was elicited.  Then, the rats were 
divided into 3 groups: Group 1 received LFS; group 2 received 
HFS; and group 3 (control) received sham DBS.  All rats were 
stimulated daily with the GST as the kindling current for 10 d.  
The seizure stage, latency to bilateral forelimb clonus, ADD 
and GS duration (GSD) were recorded.  In addition, both ADT 
and GST were determined again on d 5 and d 10.

Effects of LFS and HFS on MES-induced seizures
MES (0.2 s at 50 HZ, 60 mA) was delivered via ear clips using 
a rodent shocker (Hugo Sachs Elektronik, March-Hugstetten, 
Germany) and produced a GS characterized by an initial tonic 
extension of the fore- and hindlimbs, followed by the clonic 
jerking of the musculature.  The motor convulsion pattern 
was analyzed as a measure of the seizure severity, which was 
assigned scores based on the extent of the spread of tonic 
extension[31]: 0, absence of forelimb extension; 1, complete 
forelimb extension without hindlimb extension; 2, complete 
forelimb extension with partial hindlimb extension; and 3, 
complete fore- and hindlimb extension (with hindlimbs fully 
extended parallel to the tail).  LFS or HFS was delivered 5 min 
before MES stimulation and remained until the cessation of 
seizures.  

Effects of LFS and HFS on PTZ-induced seizures
Seizures were induced using PTZ at a dose of 60 mg/kg (ip).  
Then, the rats were placed separately under a glass funnel, 
and the appearance of clonic and tonic seizures and mortality 
were recorded by individual observation for 30 min.  Seizure 
intensity was classified as follows[16]: stage 1: facial and ear 
twitching; stage 2: convulsive waves throughout the body; 
stage 3: myoclonic jerks, rearing; stage 4: turning over onto one 
side; stage 5: turning over onto the back, generalized tonic-
clonic seizures, or death.  LFS (15 min) was delivered 5 min 
prior to PTZ injection.  HFS (5 min) was delivered 3 min prior 
to PTZ injection.  Seizure stage and the latency to the onset of 
myoclonic jerks were measured and analyzed statistically.  

EEG background activity analysis
The background EEGs in the amygdala and GPe were 
recorded before daily kindling stimulation in a state of awake 
immobility with band-pass filters spanning DC-200 Hz and 
sampled at 1000 Hz.  The power spectral densities of the digi-
tized waveforms were derived using the fast Fourier trans-
form algorithm of the Neuroscan EEG analysis software pack-

age, as previously reported[32], and the EEG power was then 
calculated.

Statistical analysis
Analysis of group differences in kindling acquisition was per-
formed using a two-way analysis of variance (ANOVA) for 
repeated measures followed by Tukey’s t-test.  Comparisons of 
the number of stimulations for each seizure stage were made 
using the nonparametric Mann-Whitney U-test.  In kindled 
seizures, a one-way ANOVA and Tukey’s t-test were used 
to calculate significance.  A χ2 test was used to compare the 
incidence of GS.  Group differences in MES- and PTZ-induced 
kindled seizures were analyzed using a one-way ANOVA fol-
lowed by Tukey’s t-test and a non-parametric test for seizure 
stage assessment.  In the analysis of EEG background activity, 
a two-way ANOVA and Tukey’s t-test were used.  The data 
are presented as the mean±SEM.  For all analyses, the tests 
were two-sided, and P<0.05 was considered significant.

Results
Effects of LFS and HFS on amygdaloid-kindling acquisition
LFS of the GPe applied immediately after the cessation of 
kindling stimulation slowed the progression of seizure stages 
(P<0.001; Figure 1A) and shortened the corresponding ADD 
(P<0.01; Figure 1B) compared to the control.  However, HFS 
had no effect on the seizure stage or the ADD (Figure 1A and 
1B).  After 25 stimulations, 42.86% rats in the LFS group were 
fully kindled, whereas 88.89% rats in the HFS group and all of 
the rats in the control group were fully kindled (P<0.01).  

To further analyze the stepwise progression of kindling, we 
calculated the number of stimulations needed to reach and 
remain at each seizure stage.  LFS increased the number of 
stimulations required to reach stages 1–3 (P<0.01 for stage 1 
and 3; P<0.001 for stage 2; Figure 1C), which was primarily 
due to an increase in the number of days remaining in stages 
0 (P<0.01) and 1 (P<0.05; Figure 1D) compared to the control.  
However, HFS had no such effect but reduced the number of 
stimulations needed to reach stages 4–5 (P<0.05; Figure 1C), 
and the number of days remaining in stage 2 was decreased 
(P<0.05; Figure 1D).  Representative EEGs recorded from the 
right amygdala, the GPe and the sensorimotor cortex on d 15 
are shown in Figure 2.  LFS of the GPe shortened the corre-
sponding ADD compared to the control, whereas HFS had no 
effect on the ADD.  The length of the ADD in LFS group was 
shorter than in the HFS and control groups, but their ampli-
tudes were similar.

Effects of LFS and HFS on fully kindled seizures
LFS of the GPe decreased the incidence of GS (P<0.01; Figure 
3A), suppressed the average stage (P<0.01; Figure 3B), 
shortened the cumulative ADD (P<0.05; Figure 3C) and GSD 
(P<0.001; Figure 3D), and increased the average GS latency 
(P<0.05; Figure 3E).  However, HFS had no effect on kindled 
seizures (Figure 3).  Furthermore, when the rats were fully 
kindled (not treated with DBS during kindling), the post-
kindled ADTs were approximately 58%–68% of the initial 



960

www.nature.com/aps
Cheng H et al

Acta Pharmacologica Sinica

npg

ADTs, and there were no differences among groups.  On the 
fifth day, the ADT in the LFS group began to slightly increase 
(although not significant), whereas the ADT in the HFS and 

control groups remained unchanged.  On the tenth day, only 
LFS increased the ADTs (P<0.05; Figure 3F), whereas HFS did 
not have an effect.

Figure 1.  Effects of low/high frequency stimulation of the external globus palladium (GPe) on amygdaloid kindling acquisition.  (A) Behavioral seizure 
stage, (B) after-discharge duration (ADD), (C) the number of stimulations required to reach each stage, and (D) the number of stimulations in each stage 
during kindling acquisition (n=8 for the LFS group, n=9 for the HFS and control groups).  bP<0.05, cP<0.01 vs the control group.  A two-way repeated-
measures ANOVA was used for the statistical analyses of A and B followed by Tukey’s t-test.  The non-parametric Mann-Whitney U-test was used for C and D.

Figure 2.  Representative after-discharges recorded from the right amygdala (RAM), the external globus palladium (GPe) and the sensorimotor cortex (RM) 
on d 15.  Right panel, enlarged views of EEGs in the boxes of the left panel.  The black rectangles denote kindling stimulation.
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Effects of LFS and HFS on MES and PTZ-induced seizures
LFS of the GPe suppressed the average seizure stage (P<0.01; 
Figure 4A) and shortened tonic hindlimb extension durations 
(P<0.01; Figure 4C) in the MES model, whereas HFS had no 
effect.  Neither LFS nor HFS exhibited a protective effect on sei-
zure duration (Figure 4B).  The average seizure stage in the LFS 
group was 2.00±0.53.  In contrast, the average stages in the HFS 
and control groups were 2.75±0.45 and 2.80±0.42, respectively.

In PTZ model, LFS and HFS did not exert protective effects 
on the seizure stages during 30-min observations, but they 
both prolonged the latency to myoclonic seizures (P<0.05, 
Figure 5).

Effects of LFS and HFS on EEG background activity during 
kindling acquisition
The analysis of the EEG background activity showed that the 

delta power increased during amygdala kindling acquisi-
tion, as previously reported[32, 33], which is considered an EEG 
marker of the severity of seizures[34, 35].  Both the amygdala and 
the GPe in the control and HFS groups exhibited an incense-
ment in delta power, especially in the GS state (P<0.01, com-
pared with baseline).  LFS but not HFS reversed the increase in 
the delta power during kindling acquisition (P<0.05, Figure 6).  

Discussion
Here, we found that (1) LFS of the GPe inhibited temporal 
lobe epilepsy in an amygdaloid-kindling and tonic-colonic GS 
models induced by MES and PTZ; (2) HFS only increased the 
latency to myoclonic seizures in the PTZ model and aggra-
vated epileptogenesis in the kindling model; and (3) LFS 
but not HFS reversed the increase in the delta power.  These 
results provided direct evidence that LFS of the GPe exerted 

Figure 3.  Effects of low/high frequency stimulation of the external globus palladium (GPe) on the fully kindled seizures.  (A) Incidence of generalized 
seizures (GS), (B) seizure stage, (C) cumulative after-discharge duration (ADD), (D) cumulative generalized seizure duration (GSD), (E) average GS 
latency from d 1–4 and d 6–9, and (F) change of after-discharge threshold (ADT) tested on d 0, 5, and 10 in the fully kindled rats.  (n=11 for the LFS 
group, n=8 for the HFS group, and n=6 for the control group).  bP<0.05, cP<0.01 compared with the control group.  A chi-square test was used for A.  A 
Kruskal-Wallis one-way analysis of variance followed by a Dunn's test were used for B.  A one-way ANOVA followed by Tukey’s t-test was used for C–E.  A 
two-way ANOVA followed by Tukey’s t-test was used for F.

Figure 4.  Effects of low/high frequency stimulation of the external globus palladium (GPe) on the maximal electroshock seizures (MES).  (A) Average 
seizure stage, (B) seizure duration, and (C) tonic extension duration.  (n=8 for the LFS group, n=8 for the HFS and n=10 for the control group). cP<0.01 
compared to the control group.  A Kruskal-Wallis one-way analysis of variance followed by a Dunn's test was used for A, and a one-way ANOVA and 
Tukey’s t-test was used for B and C.
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therapeutic effects on epileptogenesis and GS expression, 
which may be due to interference with the delta rhythm, and 
indicated that the GPe may be a promising target for clinical 
LFS treatment.

Various stimulation targets for DBS have been investigated 
in clinical and animal studies.  However, the optimal targets 
are yet to be determined.  The success of SANTE trials[36] (the 
only completed multicenter and randomized trial to date, 
which was conducted to demonstrate the effectiveness of bilat-
eral HFS of the anterior thalamic nucleus (ANT) on epilepsy) 
demonstrated the great potential of DBS for epilepsy, but its 
effectiveness remains low, and research focused on other tar-
gets is required.  In the present study, we found that LFS of 
the GPe markedly inhibited seizure stage progression and the 
ADD.  Further analysis showed that the suppression of sei-
zure progression was mainly due to an increase in the number 
of days required to reach stages 1–3 and the number of days 
the subject was in stages 0 and 1.  As seizures in stages 1–3 
are considered focally generated in the limbic system in the 
amygdaloid-kindling model[30], LFS of the GPe can retard sei-
zure progression from focal to GS.  This finding was consistent 
with our previous finding that LFS intervention at an early 
stage is critical for inhibiting epileptogenesis[33].  Because the 
clinical application of DBS is always initiated after epilepsy is 
acquired, we further determined the effects of LFS and HFS at 

Figure 5.  Effects of low/high frequency stimulation of the external globus 
palladium (GPe) on PTZ-induced seizures.  (A) Behavioral seizure stage 
and (B) average latency to myoclonic jerks after PTZ injection (n=8 for the 
control group, n=8 for the HFS group and n=8 for the LFS group).  bP<0.05 
compared with the control group.  A one-way ANOVA followed by Tukey’s 
t-test was used.  

Figure 6.  Effects of low/high frequency stimulation of the external globus palladium (GPe) on the background EEGs activity during kindling acquisition.  
Power spectra of the GPe before kindling (A) and during generalized seizures (B).  Power spectra of the right amygdala (RAM) before kindling (D) and 
during generalized seizures (E).  Quantitative statistics of the delta power (0–4 Hz) at the GPe (C) and the amygdala (F) during amygdaloid-kindling 
acquisition (n=10 for the LFS group, n=14 for the HFS group, n=10 for the control group).  bP<0.05, cP<0.01 compared to the control group.  eP<0.05, 
fP<0.01 compared to baseline.  A two-way repeated-measures ANOVA followed by Tukey’s t-test was used to compare groups.
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the GPe in fully kindled rats resembling GS in the clinic and 
found that LFS but not HFS suppressed kindled seizures and 
prevented the decline of the ADT, suggesting an inhibition 
of the long-term susceptibility to seizures.  Furthermore, LFS 
also exerted some protective effects on tonic-colonic seizures 
in the MES and PTZ models, which suggests that GPe may be 
a promising effective target for clinical applications of LFS to 
treat different subtypes of epilepsy.  

GPe is widely accepted as an integrative hub for coordi-
nating neuronal activity across BG circuits[17, 18].  It is also 
an important part of the corticothalamic circuit, which is 
believed to participate in seizure propagation[20–22], especially 
in absence seizures.  Disinhibition of the globus pallidium 
via local injection of a GABAa antagonist suppresses absence 
seizures, whereas inhibition of the pallidium via a GABAa 
agonist aggravates absence seizures[24].  In the present study, 
we reported for the first time that DBS of the GPe exerts an 
anti-epileptic effect on temporal lobe epilepsy and tonic-
colonic GS, which indicates that GPe is also closely related to 
a wide variety of seizure subtypes and may be a promising 
drug target for the treatment of epilepsy in the future.  Plau-
sible explanations could be speculated not only from its direct 
interactions with the STN, the Str and the substantia nigra 
(SN), which have been reported to protect against seizures[37–39] 
but also from numerous well-described connections between 
the striatum and the basolateral amygdala and hippocampus.  
Therefore, it is likely that the effectiveness of LFS of the GPe 
may be due to modulation of its connecting circuits.  

Theoretical studies have shown that targeting the GPe has 
several advantages.  First, BG circuits modulated by the GPe 
stimulation most likely cannot generate seizures but act as 
an obstacle to the further spread of ictal activity[19].  The time 
course of the oscillatory activities and the absence of the epi-
leptiform EEG activities in the BG indicate an inhibitory role 
of the BG in temporal lobe seizures.  This “filtering effect” 
makes GPe DBS potentially safer.  Second, GPe is a relatively 
large and well-defined nucleus for stereotaxy and DBS clini-
cal trials or therapy in Parkinson’s diease (PD), dystonia and 
Huntington’s disease, making the placement of stimulating 
electrodes more straightforward[18, 40, 41].  In our experiments, 
the electrodes were correctly placed in the GPe in almost all 
rats (125/128).  In comparison, the multiple subnuclei of the 
ANT may be the source of variability and decreased effective-
ness of DBS in the clinical trials reported thus far[42].  Recently, 
a study of DBS treatment for PD indicated that, compared to 
the STN and the GPi, the GPe may serve as an alternative tar-
get for DBS because the GPe is not complicated by the spread 
of current into the internal capsule that can evoke a different 
set of changes in the pattern and rate of neural firing through-
out the pallidothalamic network[43].  These features potentially 
provide greater benefits and less side effects.

In addition, we found that GPe LFS has a therapeutic effect 
on epilepsy, whereas HFS may even aggravate epileptogen-
esis in the kindling model.  This contrast in the effects of LFS 
and HFS is intriguing.  Although the mechanisms underly-
ing the therapeutic effect of DBS remain unclear, the action 

of HFS and LFS may be completely different.  Long-term 
depression (LTD) or neuronal firing activity modulation has 
been commonly suggested as the mechanism of LFS in many 
reports[44, 45], whereas HFS may act via a mechanism of an EEG 
desynchronization or functional lesions[46–49], which may lead 
to different effects of DBS targeting different brain regions.  
In the present study, by analyzing the EEG power, we found 
that LFS but not HFS reversed the increase in the delta power 
during kindling acquisition.  The delta power is considered 
an EEG marker of the epileptic focus[34, 35, 50] and is negatively 
modulated by GABAergic neurons[51].  GPe LFS may activate 
local GABAergic neurons to reverse the increase in the delta 
power, whereas HFS may induce functional lesion of GAB-
Aergic neurons, leading to the aggravation of epileptogenesis 
by kindling.

In conclusion, present study provides direct evidence that 
LFS of the GPe exerts therapeutic effects on epileptogenesis 
and GS expression, which may be due to interference with 
the delta rhythm, indicating that the GPe may be a promising 
and effective target for clinical LFS treatment.  Moreover, the 
differences in the effects of HFS and LFS for targeting the GPe 
may open the door to further research into the mechanisms of 
DBS.
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