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Background: Focal motor seizures that originate in the motor region are a
considerable challenge because of the high risk of permanent motor deficits
after resection. Deep brain stimulation of the subthalamic nucleus (STN-DBS)
is a potential treatment for motor epilepsy that may enhance the antiepileptic
actions of the substantia nigra pars reticulata (SNr). Orexin and its receptors have
a relationship with both STN-DBS and epilepsy. We aimed to investigate whether
and how STN inputs to the SNr regulate seizures and the role of the orexin
pathway in this process.

Methods: A penicillin-induced motor epileptic model in adult male C57BL/6J
mice was established to evaluate the efficacy of STN-DBS in modulating seizure
activities. Optogenetic and chemogenetic approaches were employed to regulate
STN-SNr circuits. Selective orexin receptor type 1 and 2 antagonists were used to
inhibit the orexin pathway.

Results: First, we found that high-frequency ipsilateral or bilateral STN-DBS was
effective in reducing seizure activity in the penicillin-induced motor epilepsy
model. Second, inhibition of STN excitatory neurons and STN-SNr projections
alleviates seizure activities, whereas their activation amplifies seizure activities.
In addition, activation of the STN-SNr circuits also reversed the protective effect
of STN-DBS on motor epilepsy. Finally, we observed that STN-DBS reduced the
elevated expression of orexin and its receptors in the SNr during seizures and that
using a combination of selective orexin receptor antagonists also reduced seizure
activity.

Conclusion: STN-DBS helps reduce motor seizure activity by inhibiting the STN-
SNr circuit. Additionally, orexin receptor antagonists show potential in suppressing
motor seizure activity and may be a promising therapeutic option in the future.

subthalamic nucleus, substantia nigra pars reticulata, deep brain stimulation, motor
seizure, orexin
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Introduction

Epilepsy, one of the most prevalent neurological disorders, affects
around 1% of the population (Devinsky et al., 2018). The pathological
condition known as epilepsy is a circuit-level disease with
hypersynchronous or excessive discharges and increased neuronal
excitability as a result of an excitatory-inhibitory imbalance (Paz and
Huguenard, 2015). Surgical resection is an effective therapeutic option
for roughly 30% of individuals who continue to experience seizures
despite receiving appropriate antiepileptic medications (Gomez-
Alonso and Bellas-Lamas, 2015; Vakharia et al., 2018). Nonetheless,
focal motor seizures originating in the motor region, particularly the
primary motor cortex (M1), represent a considerable challenge due to
the high risk of permanent motor deficits caused by ablation of the
epileptic foci (Rosenow and Luders, 2001; Jobst and Cascino, 2015).
As a result, the investigation of alternate therapy options for such
individuals remains an active research area. Neuromodulatory
approaches, such as deep brain stimulation (DBS), are hypothesized
to normalize the abnormal brain activity and have been developed as
an alternative treatment over the past several decades (Xue et al.,
2022). The anterior nucleus of the thalamus (ANT), an important
node in the Papez circuit, is currently the most commonly used
stimulus target in the treatment of epilepsy (Fisher et al., 2010;
Salanova et al., 2015). ANT-DBS demonstrated satisfactory control of
temporal lobe seizures but less control of seizures arising from other
regions (Fasano et al., 2021). Thus, for epileptic patients with motor
seizures, especially for seizures originating from motor areas, it is
necessary to explore new stimulation targets.

The subthalamic nucleus (STN), which plays an important role in
the basal ganglia pathway, projects directly to the substantia nigra pars
reticulata (SNr), which is a part of the well-known nigral regulatory
system involved in epilepsy (Gale, 1992). In frontal lobe motor
seizures, animal experiments have verified the activation of the
indirect pathway, including STN, SNr, and their upstream and
downstream nuclei (Brodovskaya et al., 2021). STN-DBS has already
been widely used in movement disorders, such as Parkinson’s disease
(Weaver et al., 2009), and is thought to enhance the antiepileptic
actions of SNr (Salanova, 2018). Despite several clinical case reports
and pilot studies that have identified its potential role in the treatment
of motor seizures (Benabid et al., 2002; Chabardes et al., 2002;
Handforth et al., 2006; Lee et al., 2006; Ren et al., 2020), the exact
neural circuit mechanism of STN-DBS in controlling seizures remains
unclear. The excitatory hypothalamic peptide orexin (also known as
hypocretin), which has two subtypes named orexin A (OA) and orexin
B (OB), is secreted by a group of neurons located in the hypothalamus
close to the STN that project to both STN and SNr (Peyron et al.,
1998). Furthermore, STN and SNr have two types of orexin receptors,
OXIR and OX2R, which are co-localized in these two regions
(Korotkova et al., 2002; Li et al., 2019). Endogenous orexin A/B
maintains the physiological discharge of STN glutamatergic neurons
and SNr GABAergic neurons (Korotkova et al., 2002; Sheng et al.,

Abbreviations: AAV, adeno-associated virus; ANT, anterior nucleus of the thalamus;
DBS, deep brain stimulation; FS, focal seizure; GS, generalized seizure; M1, primary
motor cortex; OA, Orexin A; OB, Orexin B; OX1R, orexin receptor type 1; OX2R,
orexin receptor type 2; PBS, phosphate buffer solution; PFA, paraformaldehyde;

STN, subthalamic nucleus; SNR, substantia nigra pars reticulata.
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2018). In addition, exogenous extra orexin A/B was found to increase
penicillin-induced epileptic activity (Kortunay et al., 2012), and orexin
receptor antagonisms were observed to reduce seizures in multiple
epilepsy models (Zhu et al., 2015; Roundtree et al., 2016; Kordi Jaz
et al,, 2017). Meanwhile, DBS can affect the expression of orexin
receptors (Dong et al., 2021). Therefore, we systematically investigated
whether and how STN inputs to SNr regulate seizures and the role that
the orexin pathway plays in this process using a mouse model in
which epilepsy originated from M1. Identifying the neural circuitry
and molecular mechanism responsible for motor seizures could result
in the development of more precise therapeutic approaches to
control seizures.

Materials and methods
Animals

In the study, 238 male C57BL/6] mice, aged 6-8 weeks, were used.
The mice were group-housed in cages containing 4-6 mice and were
kept in a controlled environment with a 12-h light/dark cycle and a
temperature of 20-23°C. The mice had free access to food and water
and were cared for in accordance with the National Institute of Health
Guide for the Care and Use of Laboratory Animals. All procedures
involving the mice were approved by the Animal Advisory Committee
of the Beijing Tiantan Hospital and conformed to the Animal
Research: Reporting In Vivo Experiments (ARRIVE) guidelines.
Information about mice mortality and exclusion can be found in
Supplementary Table 1.

Stereotactic surgery

Mice were anesthetized using sodium pentobarbital (50 mg/kg,
i.p., Sigma-Aldrich) and had their heads fixed in a stereotaxic
apparatus (68,044, RWD Instruments). To ensure that the mice
remained pain-free during the procedure, additional doses of sodium
pentobarbital were administered if a pain response was observed upon
paw pinch. The body temperature of the anesthetized mice was
maintained at 37°C using a heating pad. An incision was made on the
head to expose the skull, and burr holes were stereotactically made on
the skull after removing the pericranium.

Microinjections were administered using a gauge needle and an
Ultra Micro Pump (R-480, RWD Instruments) for viral delivery, with
the coordinates for the left STN, left SNr, and left M1 being —2.0 mm
AP, +1.6mm ML, —4.6 mmV; —=3.4mm AP, +1.5mm ML, -4.4mm V;
and+2.1mm AP, +2mm ML, —1.7mmV from Bregma, respectively,
based on the mouse brain atlas (Paxinos and Franklin, 2004). The
viruses were infused over a period of 5-10 min, and the syringe was
left in place until 10 min after the end of the infusion to allow for
diffusion. Adeno-associated viruses (AAVs) were injected at a total
volume of 0.1-0.5pl, based on the size of the brain region, and
approximately 3 weeks were allowed for maximal viral expression.

After 3weeks of viral delivery, bipolar stimulation electrodes
(CBBRF50, FHC), optical fibers (ULC-589-200-0.73-4.0, Newdoon
Inc), or single-guide cannulas (62,001, RWD Instruments) were
implanted 300 pm above the center of the M1, STN, or SNr, based on
the specific experiment, using stereotaxic coordinates. These were
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fixed to the skull using dental cement, and three anchoring skull
screws (diameter of 1 mm) were placed in the skull also for EEG
recording, two of which were placed over the left neocortex (first
electrode, —1.00mm AP, +1.5mm ML; second electrode, +3.00 mm
AP, +1.5mm ML), one of which was placed over the cerebellum to
serve as the reference electrode. The implantation site and viral
expression in the mice were verified after behavioral testing, and only
mice with correct implantation location and viral expression were
included in the analysis. Throughout the surgical procedures, the mice
were kept on a heating pad and were returned to their home cages
after post-surgery recovery.

Seizure induction

After 1 week of recovery from stereotactic surgery, penicillin was
administered to freely moving mice through a guide cannula
implanted in the M1 region using an Ultra Micro Pump (KDS
LEGATO 130, RWD Instruments). The infusion rate was set at 0.1 pl/
min, with a total injection of 1 pl of penicillin (200IU/pL, P105489,
Aladdin). EEG recordings were obtained beginning 10 min prior to
the penicillin injection and continued for 180 min. Thirty minutes
before the penicillin injection, the mice in the different groups
received either a saline injection (i.p.) or CNO (1mg/kg, ip.),
depending on the specific experiment being conducted. The severity
of behavioral seizures was evaluated using Racine’s criteria (Racine,
1972), which included the following: (1) facial movement, (2) head
nodding, (3) unilateral forelimb clonus, (4) bilateral forelimb clonus
and rearing, and (5) rearing and falling. Seizure stages 1-3 was
classified as focal seizures (FSs), and stages 4-5 were classified as
general seizures (GSs). The number of FSs and GSs were recorded by
an investigator who was unaware of the group assignments during a
3-h observation period.

DBS and photostimulation

The DBS electrodes were connected to a stimulator (Master-8
Programmable Stimulator, AMP], Jerusalem, Israel), which delivered
electrical pulses (pulse width=60 ps, intensity=100pA) at specific
frequencies based on the experimental design. The electrodes of the
sham group were not connected to the stimulator, and therefore, the
animals in this group did not receive any stimulation.

Blue (465nm, 30Hz, 10ms, 10mW) or yellow (589nm,
continuous, 10mW) laser light was delivered using an optical
stimulation system (IOS-465/589, RWD Instruments). For the
negative control group, the parameters of the laser were adjusted to
be the same as those used in the experimental group. The power of the
laser was adjusted to approximately 10 mW, as measured using a
power meter (Thorlabs).

EEG recordings and fiber photometry

EEG activity was recorded using a data acquisition system
(PowerLab, AD Instruments). The biological signals from the
electrodes were amplified and filtered (bandpass of 0.1-50 Hz) using
BioAmp amplifiers (AD Instruments). The EEG signal was digitized
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at a sampling rate of 1,024 Hz and displayed and stored on a personal
computer. The frequency and amplitude of epileptiform EEG activity
were analyzed offline using LabChart software (AD Instruments)
(Yildirim et al., 2010). Only spikes with amplitudes greater than three
times the baseline activity were included in the analysis. The EEG
power spectrum was analyzed offline using the basal activity recorded
prior to the penicillin injection. Only the 0.5-50Hz range of all
spectra was used for further analysis, with faster frequency bands
being cropped. EEG power was calculated in the following frequency
bands: delta (0.5-4Hz), theta (4-8Hz), alpha (8-13Hz), beta
(13-30Hz), and gamma (30-50 Hz). Examples of EEG recordings for
different
Supplementary Figure S1A.

periods of epileptic activity can be found in

Fiber photometry of calcium signals was initiated 1 week after the
implantation surgery. GCaMP fluorescence was collected using a fiber
photometry system (inper) and analyzed using a supporting data
processing software (Inper Data Process, inper). The data were
segmented according to individual trials, and the values of
fluorescence change (AF/F) were calculated as (F — F0)/F0. Heatmaps
or average plots were used to present the AF/F values. Examples of
calcium signals after triple injection of AAVs in three brain regions:
M1, STN and SNr

Supplementary Figure S1B.

during seizures can be found in

Immunofluorescence labeling

Mice were anesthetized and transcardially perfused with 0.9%
NaCl and then with 4% paraformaldehyde (PFA) in phosphate buffer
solution (PBS). Their brains were dissected, fixed in 4% PFA for 6 h at
4°C, and transferred to solutions of 20 and 30% sucrose in PBS for
36-48h. The brains were coronally sectioned into 40-um slices using
a freezing microtome (Leica, CM1950), and the slices were collected
for immunostaining. The slices were pre-incubated in a solution of 3%
bovine serum albumin (w/v) and 0.5% Triton X-100 (v/v) for 2h at
room temperature, followed by overnight incubation at 4°C with the
appropriate primary antibodies (listed in Supplementary Table S2).
Among them, the antibody of c-Fos was used to determine the
enhancement neural activity induced by penicillin and the antibodies
of OX1R, OX2R were used to detect the expression and colocalization
in SNr. They were then incubated with fluorescent secondary
antibodies (Alexa fluor 488-conjugated goat anti-rabbit [A11008];
Alexa fluor 546-conjugated donkey anti-rabbit [A10040]; Invitrogen;
all 1:2000) for 2h at room temperature. The primary and secondary
antibodies were diluted in PBS containing 3% bovine serum albumin
(w/v) and 0.3% Triton X-100. The fluorescent signals were examined
and photographed using an AIR laser-scanning confocal microscope
(Nikon AIR, Japan) with magnification=10x and numerical
aperture = 0.45. The relative fluorescence intensity was analyzed using
Image] software by observers who were blinded to the
experimental groups.

Western blot analysis
Briefly, brain tissues containing SNr were homogenized in 1%

sodium dodecyl sulfate (SDS). Protein aliquots of 20l from each
sample were separated by 8% SDS-polyacrylamide gel electrophoresis
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and transferred to a polyvinylidene fluoride membrane. The membrane
was blocked with 3% non-fat milk in PBS at room temperature for 2h
and then incubated with the primary antibodies [rabbit-anti-OX1R or
rabbit-anti-OX2R (details in Supplementary Table S2) or mouse-anti-
GAPDH (Invitrogen, PA1-988, 1:1000)] overnight at 4°C. After being
washed three times, the membrane was incubated with HRP (anti-
mouse: sc-2004; anti-rabbit: sc-2005, Santa Cruz Biotechnology) at
room temperature, and the protein bands were visualized using the
ECL system (Tanon Inc., 5,200). The gray scale of the bands was
quantified using Image] software.

Elisa

The acquired supernatants of SNr were collected and stored at
—80°C until use. All operations of ELISA for OA (EM0453, Wuhan
Fine Biotech Co.) and OB (CX4453, Shanghai Chuangxiang Co.) were
conducted according to the manufacturer’s instructions.

Viral vectors and drugs

rAAV-CaMKIIa-mCherry (titre: 1.2 x 10" v.g.ml™"), rAAV/retro-
hSyn-eYFP (titre: 1.3x 10" v.g.ml™"), rAAV-CaMKIla-GCaMp6m
(titre: 1.1x 10" v.g.ml™"), rAAV-CaMKIla-hChR2 (H134R)-eYFP
(titre: 5.8x10™ v.g.ml™), rAAV-CaMKIla-eNpHR-eYFP (titre:
52x10” wvgml'), rAAV-EF1a-DIO-hM3D (Gq)-mCherry
(titre: 1.7x10" v.g.ml™), rAAV-EF1a-DIO-hM4D(Gi)-mCherry
(titre: 2.2x 10" v.g.ml™"), and rAAV/retro-hSyn-CRE (titre: 1.8 x 10"
v.g.ml™") were purchased from BrainVTA Co., Ltd. (Wuhan, China).
All viral vectors were aliquoted and stored at —80°C until use.

The selective antagonists for OX1R and OX2R, named SB-334867
(10pM, item no. 19145) and JNJ-10397049 (10 uM, item no. 14139),
were purchased from Cayman Chemical Co. (Ann Arbor, MI,
United States) and stored at —20°C until use.

Statistics

Data are presented as means + SD. The number of experimental
replicates (n) is indicated in the figures and refers to the number of
experimental subjects that were independently treated in each
experimental condition. Statistical comparisons were conducted using
Prism (version 8.0) with the appropriate methods. No statistical
methods were applied to pre-determine the sample size or to
randomize the groups. All analyses were two-tailed, and a value of p
<0.05 was considered statistically significant. A detailed statistical
description of all figures can be found in Supplementary Table S3.

Results

Ipsilateral/bilateral high-frequency (130Hz)
STN-DBS alleviates seizures in motor

epilepsy

To examine the effects of different frequencies of STN-DBS on
seizure control in motor epilepsy, we recorded the calcium signals of
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MI excitatory neurons using fiber photometry in freely moving
epileptic mice with STN-DBS (ipsilateral stimulation, 10/60/130 Hz,
100 pA, 60 ps, 30-s on—off cycle; Figures 1A,B). Following stereotaxic
infusion of the AAVs into M1, the calcium indicator GCaMP6m was
efficiently expressed in M1 neurons (Figure 1C). Then, we implanted
an optical fiber into the M1 for recordings of GCaMP fluorescence
changes and an electrode into the STN to induce electrical stimulation
(Figure 1C; Supplementary Figure S1C). We observed an increased
calcium response in ipsilateral M1 after injection of penicillin and
sham. Low-frequency (10Hz) and moderate-frequency (60Hz)
stimulation of STN did not attenuate the calcium signal of seizures,
while high-frequency (130Hz) STN-DBS alleviated the seizures
(Figure 1D). Therefore, the frequency setting of 130 Hz was used for
subsequent experiments.

Next, we aimed to assess whether ipsilateral and bilateral high-
frequency STN-DBS had different effects on seizure improvement.
Continuous 130-Hz stimulation was used to identify the efficacy of
ipsilateral/bilateral STN-DBS for motor seizure control (Figures 1E,F).
A typical EEG and the corresponding power spectrum are shown in
Figure 1G. EEG analysis demonstrated that both ipsilateral and
bilateral stimulation significantly decreased the spike frequency
(Figure 1H), amplitude (Figure 1I), and power spectral density
(Figure 1J) of motor seizures. In addition, ipsilateral STN-DBS
significantly prolonged the latency to GS, whereas bilateral stimulation
significantly prolonged the onset of both FS and GS (Figures 1K,L).
Meanwhile, ipsilateral/bilateral STN-DBS distinctly reduced the
number of FSs and GSs (Figures 1M,N; Supplementary Figure S1D)
but failed to prevent the development of the seizure stages (Figure 10).
Furthermore, the neurons in M1, STN, and SNr were activated after
penicillin injection with c-Fos expression (Supplementary Figure SIE).
Ipsilateral/bilateral STN-DBS significantly reduced the fluorescent
intensity of c-Fos (Figures 1P,Q), suggesting that STN-DBS reversed
the hyperexcitability of multiple brain regions affected by the motor
epilepsy network. The above results suggest that both ipsilateral and
bilateral high-frequency STN-DBS have similar effects in improving
seizures in the mouse motor epilepsy model. Therefore, after various
considerations of efficacy, cost, and convenience, ipsilateral 130-Hz
STN-DBS was considered to be effective and was used in subsequent
relevant experiments.

Activation of STN excitatory neurons
amplifies seizure activities

To investigate the role of STN excitatory neurons (most of them
being glutamatergic neurons) in seizures of motor epilepsy, we used
an optogenetic approach to selectively stimulate Channelrhodopsin
2 (ChR2)-expressing excitatory neurons in the STN of CamKIIa-
ChR2-eYFP mice (Figures 2A,B). Histological data confirmed the
presence of eYFP-expressing neurons and an inserted optical fiber
in the STN (Figure 2C). Representative EEG and power spectrum
confirmed that blue-light stimulation (465nm, 30Hz, 10ms,
10mW, 180-s on-off cycle) amplified seizure activities in six mice,
suggesting that activation of STN excitatory neurons can deteriorate
seizures originating from M1. Yellow-light stimulation (589 nm,
30Hz, 10 ms, 10mW, 180-s on-off cycle), serving as the control
stimulation, was associated with similar seizure activities as no-light
stimulation (Figure 2D). Statistics analysis of EEG also revealed that
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FIGURE 1

Effects of deep brain stimulation of the subthalamic nucleus (STN-DBS) on motor epilepsy. (A,B) Scheme and time course of the experiment for the
efficacy of different frequencies of STN-DBS in motor epileptic mice. (C) Representative images of the primary motor cortex (M1) and STN, confirming
the expression of CaMKlla-GCaMP6m and location of the electrode. Scale bar=100pm. Left, M1; Right, STN. (D) Fiber photometry of M1 excitatory
neural dynamics during motor seizures in CaMKlla-GCaMP6m™! mice according to different groups. Left column, heatmap illustration of calcium
signals. Color scale indicates AF/F, and warmer colors indicate higher fluorescence signals; Right column, peri-event plots of the average calcium
signals corresponding to the heatmaps. Red lines indicate mean, and shaded areas indicate SD. The gray lines represent electrical stimulation. (E,F)
Scheme and time course of the experiment for the efficacy of ipsilateral and bilateral high-frequency (130Hz) STN-DBS in motor epileptic mice.

(G) Representative EEG spectra power and raw EEG; red arrowheads indicate generalized seizure (GS) onset. Effects of ipsilateral and bilateral high-
frequency (130Hz) STN-DBS on (H) spike frequency, (1) spike amplitude, (J) spectral power density, (K) latency to FS, (L) latency to GS, (M) number of
FS, (N) number of GS, and (O) development of seizure stage. (P) Immunofluorescence analysis was performed using antibodies against c-Fos (red) in
brain sections of M1, STN, and substantia nigra pars reticulata (SNr). Nuclei were fluorescently labeled with DAPI (blue). Scale bar=100pm. (Q) Relative
fluorescence intensity of c-Fos in M1, STN, and SNr. *p<0.05, **p<0.01, ***p<0.001. Colored asterisk indicates the comparison of the corresponding
group and the penicillin + sham STN-DBS group; black asterisk with two different colored horizontal lines to the left and right represents comparison
of the corresponding two groups. Data are presented as means + SD. Detailed statistical methods and data are provided in Supplementary materials
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mice in the ChR2 +blue light ON/OFF group (n=5) had higher
spike frequency (Figure 2E) and amplitude (Figure 2F) than those
in the ChR2 +yellow light ON/OFF group; the effect was more
pronounced especially during the initial few stimulations (within
30 min after injection). In addition, blue-light stimulation enhanced
the spectral density and increased the number of FSs and GSs, while
yellow-light stimulation had no effect, compared to no light
(Figures 2G-I). Finally, the 180-s ON/OFF stimulation with blue
light could significantly accelerate the seizure stages compared to
yellow light (Figure 2J). Thus, the above results illustrate that
driving STN excitatory neurons amplify seizure activities in the
penicillin motor epilepsy model.
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Inhibition of STN excitatory neurons
attenuates seizure activities

To further test whether STN excitatory neurons are required for
seizures of motor epilepsy, we introduced eNpHR into the STN of
mice to selectively photo-inhibit STN excitatory neurons
(Figures 3A,B). Histological data confirmed the expression of eNpHR-
eYFP and the location of the fiber in the STN (Figure 3C). Figure 3D
shows the typical EEG and power spectrum, indicating that yellow-
light stimulation (589 nm, continuous, 10 mW, 180-s on-off cycle)
attenuated seizure activities and blue-light stimulation (465nm,

continuous, 10 mW, 180-s on-off cycle) exerted similar effects as no
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light. Meanwhile, EEG analysis demonstrated that mice in the eNpHR
+ yellow light ON/OFF group (n=6) had fewer spikes (Figure 3E) and
lower spike amplitudes (Figure 3F) than those in the eNpHR + blue
light ON/OFF group; yellow light significantly reduced the EEG
power compared to blue light and no light in & and B bands
(Figure 3G). In addition, yellow light significantly reduced the
numbers of FSs compared to no light and blue light, and significantly
decreased the numbers of GSs compared to no light (Figures 3H,I).
Finally, yellow light ON/OFF circulation slowed down the
development of the seizure stages compared to blue light (Figure 3]).
According to the evidence presented above, STN excitatory neurons
bidirectionally regulate the magnitude of seizures in the motor

Frontiers in Neuroscience

epilepsy model. Activation of STN neurons amplifies seizures, while
inhibition of STN neurons alleviates seizures.

STN-SNr circuit bidirectionally regulates
seizures

Next, we aimed to test how STN neurons are involved in seizure
regulation of motor epilepsy. Previous studies have found that frontal
epilepsy originating from the supplementary motor area is more likely
to activate dopamine D2 receptor-expressing neurons in the indirect
pathway (Brodovskaya et al., 2021). Moreover, in the basal ganglia
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circuit, the downstream nuclear outputs of the STN are mainly
through SNr and globus pallidus internus (GPi). Additionally, SNr,
instead of GPj, has also been found to be closely related to a type of
epilepsy. Therefore, we mainly explored whether the STN-SNr circuit
plays an important role in motor epilepsy. The classic STN-SNr
projections were briefly verified by anterograde and retrograde tracer
AAVs (Supplementary Figures SIEG).

Initially, we adopted a chemogenetic method to observe whether
enhancing or suppressing the activity of STN-SNr projections can
seizures.  AAV-Efla-DIO-hM4Di/hM3Dq/

alleviate  motor
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(empty)-mCherry and AAV2-retro-hSyn-Cre were injected into the
STN and SN, respectively (Figures 4A,B). The first virus expressed
hM4Di/hM3Dq, two designed G-protein-coupled receptors sensitive
to the metabolite of clozapine, clozapine-N-oxide (CNO), and was
usually employed to suppress/enhance neuronal activity (Urban and
Roth, 2015). Histological data confirmed the mCherry-expressing
neurons in the STN and SNr (Figure 4C). STN-SNr hM4Di/hM3Dq-
mCherry mice received CNO (i.p. 1 mg/kg in saline vehicle) half an
hour before penicillin injection (200IU/pL, 1.0 pl) via the implanted
cannula guide into the M1. STN-SNr hM4Di/hM3Dq-mCherry mice
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treated with saline or STN-SNr mCherry mice treated with CNO
served as controls. The representative graphs of EEG and power
spectrum are shown in Figure 4D. Chemogenetic suppression of
STN-SNr projections substantially reduced spike frequency
(Figure 4E), spike amplitude (Figure 4F), and EEG density (Figure 4G),
prolonged latency to FSs (Figure 4H) and GSs (Figure 41), lowered the
number of FSs and GSs (Figures 4],K) but failed to retard seizure
progression (Figure 41). Conversely, activation of the STN-SNr circuit
significantly increased spike frequency (Figure 4E), spike amplitude
(Figure 4F), and EEG density (Figure 4G) and shortened the latency
to GSs (Figure 4I) but not FSs (Figure 4H). It also increased the
number of FSs, GSs (Figures 4],K; Supplementary Figure S3A) and
accelerated the development of the seizure stages (Figure 4L). In
addition, on the 7th day before and after the use of CNO/saline, tests
without any drugs were conducted to further confirm the effect of
chemogenetic inhibition/activation on motor seizure activities via
self-comparison of the data before, at, and after the administration of
CNO in each group. The results showed that mice in the mCherry +
CNO group had similar seizure numbers and latency to FS at pre,
CNO, and post time points (Supplementary Figures S2A-D).
STN-SNr hM3Dq mice had more frequent seizures and shorter
latency to FSs and GSs at the time of injection of CNO
(Supplementary Figures S2E-H). Moreover, two mice died after CNO
injection (Supplementary Table 1). HM4Di exhibited the opposite
effects (Supplementary Figures S2I-L).

Second, to further verify whether photo-activation or photo-
inhibition of STN-SNr projections can regulate seizure activity of
motor epilepsy, we injected CamKIIa-ChR2/eNpHR/(empty)-eYFP
into the STN and implanted an optic fiber into the SNr delivering
intermittent blue/yellow-light stimulation to activate or inhibit the
STN inputs to SNr (Figures 5A,B). Histological data confirmed the
expression of eYFP in the STN and the location of the fiber in the SNr
(Figure 5C). STN-SNr eYFP mice treated with blue/yellow-light or
STN-SNr ChR2/eNpHR mice treated with no light served as controls.
The typical EEG with power spectra found that ChR2 + blue-light
stimulation (465nm, 30Hz, 10ms, 10mW, 180-s on-off cycle)
deteriorated seizure activities, while eNpHR+ yellow-light stimulation
(589 nm, continuous, 10 mW, 180-s on-off cycle) improved seizure
activities (Figure 5D). Photo-activation of STN-SNr circuit increased
spike frequency (Figure 5E), spike amplitude (Figure 5F), power
spectral density (Figure 5G), and number of FSs (Figure 5H) and GSs
(Figure 5I) and accelerated seizure progression (Figure 5]). Photo-
inhibition exerted opposite effects, except that it did not significantly
lower spike amplitude (Figures 5K-P). The aforementioned data show
that STN-SNr projections modulate seizure severity in a bidirectional
manner in motor epilepsy models, indicating that the anti—/
pro-epileptic action was mediated by STN-SNr direct projections and
not by the passing fibers.

STN-DBS alleviates seizures by inhibiting
the STN-SNr circuit

According to the above-mentioned results, we found that high-
frequency STN electrical stimulation can exert a similar effect on the
inhibition of STN excitatory neurons or STN-SNr circuit. Therefore,
we speculated that STN-DBS can improve epileptic activity in mice by
inhibiting STN-SNr projections. To understand how STN-DBS
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alleviates seizures in motor epilepsy mice, we implanted ipsilateral
electrodes into the STN and simultaneously employed chemogenetic
AAV with CNO to selectively activate the STN-SNr projections
(Figures 6A,B). Histological data confirmed the DBS location and the
mCherry-expressing neurons in the STN and SNr (Figure 6C). The
representative EEG and the corresponding power spectrum are shown
in Figure 6D. The EEG analysis demonstrated that, compared to
sham-DBS, STN-DBS significantly decreased the spike frequency,
amplitude, and power spectral density of motor seizures. In addition,
similar to STN-DBS, STN-DBS + mCherry served as a vehicle control
and showed a decrease in seizure activities, while mice in the
STN-DBS +hM3Dq group showed almost no rescue effects and had
significantly higher spike frequency (Figure 6E), amplitude
(Figure 6F), and EEG density (Figure 6G) compared to those in the
STN-DBS and STN-DBS + mCherry groups. In addition, STN-DBS
significantly prolonged the latency to GSs, reduced the numbers of FSs
and GSs, and delayed the development of behavioral seizure stages,
with STN-DBS + mCherry exhibiting similar results. Conversely, mice
in the STN-DBS + hM3Dq group had distinctly short latency to FSs
(Figure 6H) and GSs (Figure 61), higher numbers of FSs (Figure 6])
and GSs (Figure 6K; Supplementary Figure S3B), and more rapid
development of seizure stages (Figure 61.) compared to those in the
STN-DBS and STN-DBS + mCherry groups, except that there was no
significant difference in the number of FSs between the
STN-DBS+hM3Dq and STN-DBS+mCherry groups. Overall,
we found that activation of the STN-SNr circuit can eliminate the
benefits of high-frequency STN-DBS, suggesting that STN-DBS may
improve seizure activity by inhibiting the STN-SNr circuit.

Targeting SNr orexin receptors attenuates
seizure activities

Since STN-DBS and optogenetic/chemogenetic inhibition of
STN-SNr projections were sufficient for seizure rescue in motor
epileptic mice, we examined whether a similar effect might
be achieved using a molecular target. Orexin and its receptors are
expressed in SNr (Korotkova et al., 2002; Li et al., 2019), and several
studies found their important role in epilepsy (Zhu et al., 2015;
Roundtree et al., 2016; Kordi Jaz et al., 2017). First, we reconfirmed
the expression and co-localization of OX1R and OX2R in the SNr
(Figure 7A). Next, to further explore the expression change of
orexin and its receptors in the SNr following penicillin injection
and STN-DBS, ELISA was used to detect the expression of OA and
OB, considering their small molecular weight of 15kD. Western blot
(WB) was used to evaluate the expressions of OX1R and OX2R. The
results showed that the concentrations of OA and OB in the SNr
were significantly increased after penicillin injection. STN-DBS
reversed the enhancement of OA and OB in motor epilepsy mice,
whereas sham-DBS had no effect (Figures 7B,C). Representative
WB plot is shown in Figure 7D. Meanwhile, quantitative analysis
found a similar expression change of OXIR and OX2R
(Figures 7E,F). These data indicated that the expressions of orexin
and its receptors are enhanced during seizures, and STN-DBS can
reduce the expression of orexin and its receptors, which may cause
reduced binding of orexin and its receptors. Next, we aimed to test
whether the OX1R antagonist, SB-334867, and the OX2R antagonist,
JNJ-10397049, could attenuate seizure activities in the motor
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FIGURE 5

Effects of optogenetic regulation of the subthalamic nucleus-substantia nigra pars reticulata (STN-SNr) circuit on motor epilepsy. (A,B) Scheme and
time course of experiment. (C) Representative images of the STN and SNr, confirming the expression of virus and location of the optic fiber. Scale
bar=100pm. Left, STN; Right, SNr. (D) Representative EEGs and corresponding EEG spectra power for focal seizure (FS). Effects of optogenetic
activation of the STN-SNr circuit on (E) spike frequency, (F) spike amplitude, (G) spectral power density, (H) number of FS, (I) number of generalized
seizure (GS), and (J) development of seizure stage. Effects of optogenetic inhibition of the STN-SNr circuit on (K) spike frequency, (L) spike amplitude,
(M) spectral power density, (N) number of FS, (O) number of generalized seizure (GS), and (P) development of seizure stage. *p<0.05, **p<0.01,

***p<0.001. Colored rectangles represent photostimulation. Data are presented as means + SD. Detailed statistical methods and data are provided in
Supplementary materials.

epilepsy model (Figures 7G,H). A typical EEG and the
corresponding power spectrum are shown in Figure 7I. EEG
analysis demonstrated that selective inhibition of OX1R and dual
inhibition of orexin receptors significantly decreased the spike
frequency (Figure 7]), amplitude (Figure 7K), and EEG power
(Figure 7L), while inhibition of OX2R failed to reduce spike
frequency but lowered the spike amplitude and EEG power. In
addition, for the behaviors, only dual inhibition substantially

Frontiers in Neuroscience 10

prolonged the latency to FSs (Figure 7M) and GSs (Figure 7N),
decreased the numbers of FSs (Figure 70) and GSs (Figure 7P;
Supplementary Figure S3C), and delayed the seizure progression
(Figure 7Q), while there was no statistically significant difference
between OXIR antagonist or OX2R antagonist and vehicle.
Together, these data indicate that targeting orexin receptors in SNr
circuits may offer a potential therapeutic approach to alleviate
seizure activities in motor epilepsy.
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Deep brain stimulation of the subthalamic nucleus (STN-DBS) alleviates seizures by inhibiting the STN-substantia nigra pars reticulata (STN-SNr) circuit.
(A,B) Scheme and time course of experiment. (C) Representative images of the STN and SNr, confirming the expression of the virus and the location of
the electrode. Left, STN, Scale bar=50um; Right, SNr, Scale bar=100um. (D) Representative EEG spectra power and raw EEG; red arrowheads indicate
generalized seizure (GS) onset. Effects of ipsilateral high-frequency (130Hz) STN-DBS with chemogenetic activation of the STN-SNr circuit on (E) spike
frequency, (F) spike amplitude, (G) spectral power density, (H) latency to FS, (I) latency to GS, (3) number of focal seizure (FS), (K) number of GS, and
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Data are presented as means + SD. Detailed statistical methods and data are provided in Supplementary materials.
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Discussion

Seizures that emerge from the motor cortex networks are
associated with considerable impairment. Regrettably, the implicated
brain areas and causative processes underpinning the neural circuits
have not been adequately studied. We found that STN, a specific site
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within the interconnected cortico-subcortical network in sensory-
motor integration and motor control, is involved in the propagation
network of focal motor seizures. Furthermore, high-frequency
electrical stimulation of the STN can profoundly alleviate the motor
cortex epileptic activity, implying that the STN may be a preferable
target of DBS for motor seizures. Additionally, by utilizing

11 frontiersin.org


https://doi.org/10.3389/fnins.2023.1157060
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Xue et al. 10.3389/fnins.2023.1157060

2 »
A Bg s 2 4
3 4 = —_—k— WB: SNr Saline PNC sham STN-DBS
= g 3 — -
§g3 53, OX1R | S W ] 47D
c e
- §%2 A Ox2R [N R — | s1k0
g 1 e 2
- 5 od g GAPDH | - | 35kD
& sallne PNC sham STN DBS m salme PNC sham STN DBS
E . F . ek — G $B-334867/UNJ-10397049  H Antagonist injection
*k%k
Efx *— S l \ Penicilin injection
5x6 B X . l/
50 504 7 days
054 I o] { | 30 min] | 180 minutes |
23 . £92
£82 o 3 ia SN Surgery EEG
¢®l 4
saline PNC sham STN-DBS saline PNC sham STN-DBS —— VEH —o— SB-334867 —o— JNJ-10397049 SB-334867+JNJ-10397049
(n=6) (n=6) (n=6) (n=6)
J>2 1
s
2 z )
c 1.
E1 8
2 2
=19 53
& o
[}
<
Q.
ow
0% LI 0.
NORLP XA SD0PeD ORGP ORGP PP00aD PR P S
Time (min) Time (min)
L 1500+
2 1000 *
c .
2
o -
a F
2 500 RN
w . o[ 4] |4
il alll
0 L} )
M d [¢] a B %
25 N 60
= B
£ 201 €
e 40 o7
3 2 rarge @ 154 8 !
15 r 2 : 2
T T - 2 104 . h 3 904
oM o 20 40 60 min 2 | |4 g
V2x10-9 T 59 5
Q 0 L) L) L) L) 0 L) L] L)
o O 204 P 15
% £ . <
E 154 @
[0 = Ld L]
3 2 © 104
'% s ) o o o
» © 10+ o} [
5 32 ! |
£ £ 51 ‘
2 % = o
RPN 0500aD PR P 0 0
Time (min) T T T T T
FIGURE 7

Modulating orexin receptors type 1 (OX1R) and 2 (OX2R) in substantia nigra pars reticulata (SNr) alleviates seizures. (A) Immunofluorescence analysis
was performed using antibodies against OX1R (red) and OX2R (green) in brain sections of the SNr. Nuclei were fluorescently labeled with DAPI (blue)
Representative image confirms the expression and co-localization of OX1R and OX2R in the SNr. Scale bar=100pm. Relative concentrations of

(B) orexin A (OA) and (C) orexin B (OB) in the SNr, as detected by ELISA. Western blot analysis with (D) representative image and quantification of

(E) OX1R and (F) OX2R levels in the SNr. *p<0.05, **p<0.01, ***p<0.001. Gray asterisk indicates comparison of penicillin (PNC) and saline groups; black
asterisk with black and orange horizontal lines to the left and right indicates comparison of the PNC+sham STN-DBS and PNC+real STN-DBS
(ipsilateral, 130Hz) groups. (G,H) Scheme and time course of the experiment for the efficacy of orexin receptor antagonists in motor epileptic mice.
() Representative EEG spectra power and raw EEG; red arrowheads indicate generalized seizure (GS) onset. Effects of orexin receptor antagonist
injection in the SNr on (J) spike frequency, (K) spike amplitude, (L) spectral power density, (M) latency to FS, (N) latency to GS, (O) number of focal
seizure (FS), (P) number of GS, and (Q) development of seizure stage. *p<0.05, **p<0.01, ***p<0.001. Colored asterisk indicates comparison of the
corresponding group and the vehicle group. Data are presented as means + SD. Detailed statistical methods and data are provided in
Supplementary materials.

optogenetics and chemogenetics, we showed that selectively  in motor epilepsy and that STN-DBS may lower motor seizure activity
suppressing the excitatory neurons in the STN may be advantageous by inhibition of the STN-SNr projections (Figure 8). Finally,
for seizure management, and the STN-SNr circuit-specific mechanism  we discovered molecular targets capable of influencing the STN-SNr
contributes to the causal underpinnings of motor seizures. This  circuits and showed that orexin receptor antagonists that target SNr
suggests that STN-SNr circuits play a crucial role in reducing seizures ~ neurons rescue seizure activity (Figure 8). Taken together, we not only
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Schematic representation of the potential mechanism of action of deep brain stimulation of the subthalamic nucleus (STN-DBS) in motor epilepsy.

discovered the circuit pathways responsible for seizure activity in
motor epileptic mice but also proposed that employing STN-DBS or
orexin receptor antagonists capable of modulating STN-SNr circuits
offers an attractive treatment for epilepsy originating from the
motor cortex.

STN is a well-known clinical target for therapeutic
neurostimulation in movement disorders, including Parkinson’s
disease and dystonia (Benabid et al., 2001; Weaver et al., 2009;
Ryvlin and Jehi, 2022; Xue et al., 2022). Because of its surgical
accessibility, this structure might be a viable option for targeted
epilepsy treatment. Although the significance of the STN in
epilepsy has received less attention, there is still evidence for it.
On the one hand, some small-scale pilot clinical investigations
have found it to be effective in the treatment of seizures,
particularly focal motor seizures. Benabid et al. initially reported
a case of a 5-year-old girl with drug-resistant epilepsy who
underwent unilateral high-frequency STN-DBS, which was
associated with an 80% reduction in seizure frequency as well as
improvement in motor and cognitive function over a 2.5-year
follow-up (Benabid et al., 2002). Other minor, uncontrolled
investigations have also revealed a>50% decrease of seizures
(Chabardes et al., 2002; Handforth et al., 2006; Lee et al., 2006).
Ren et al. investigated the modulatory effects of STN-DBS at
various stimulation frequencies in seven patients with refractory
focal motor seizures. In particular, low-frequency (20 Hz) or high-
frequency (100/130Hz) stimulation increased or decreased
epileptic activity produced from motor regions (Ren et al., 2020).
On the other hand, some experimental studies based on rodent
epileptic models also found that STN is a promising therapeutic
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target of electrical stimulation for suppressing seizures. Vercueil
et al. observed that 130-Hz, 60-ps STN-DBS suppressed seizures
in a rat model of genetic absence epilepsy but only with bilateral
stimulation (Vercueil et al., 1998). In addition, Lado et al.
demonstrated that 130-Hz stimulation of the STN increased
seizure threshold in a flurothyl-induced epileptic model, while a
higher frequency of 260 or 800 Hz had no effect or even lowered
the threshold (Lado et al., 2003). Additionally, STN-DBS was
found to be effective in blocking seizures in some other models,
such as those developed using kainic acid injection (Usui et al.,
2005) or amygdaloid kindling (Shi et al., 2006). In summary,
consistent with previous studies, our study also found that high-
frequency stimulation was effective for motor epilepsy, while
low-and medium-frequency stimulation did not improve or
alleviate seizure control. High-frequency stimulation parameters
were not studied because most studies also focused on high-
frequency stimulation at around 130Hz. There is also some
controversy regarding the effects of unilateral and bilateral
stimulation. There were many inconsistencies in previous studies,
with some reporting that both unilateral and bilateral stimulation
are effective and others suggesting that only bilateral stimulation
is effective. Our study found that unilateral (ipsilateral) STN-DBS
could effectively reduce epileptic activity, and bilateral stimulation
showed similar or even better efficacy, but there was no
statistically significant advantage compared to unilateral
STN-DBS. Accordingly, the current and previous studies have
consistently proven the effectiveness of STN-DBS for the
treatment of motor epilepsy. Although previous studies have only
identified this phenomenon, the underlying mechanism of the
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effects of STN-DBS on epilepsy remains unclear. This was the
focus of our study. This study is the first to illustrate the circuit
and molecular mechanism of STN-DBS for the treatment of
motor epilepsy.

With regard to the circuit, STN-SNr projections are part of the
classical basal ganglia pathways. SNr is composed of approximately
90% GABAergic neurons and receives a monosynaptic glutamatergic
input from the STN (Shen and Johnson, 2006; Deniau et al., 2007).
SNr is a well-established nigral inhibitory system, and it has been
identified to have a seizure gating function (Gale, 1988). There is
adequate evidence that direct inhibition of the SNr, via GABAergic
drugs, GABAergic cell transplant, electrical stimulation, or
optogenetic silencing or lesioning, can suppress various seizure types
in animals (Garant and Gale, 1983; Thompson and Suchomelova,
2004; Shi et al., 2006; Castillo et al., 2008; Tollner et al., 2011; Gey
et al,, 2016; Wicker et al., 2019). Meanwhile, some previous studies
have found that inhibition of the STN and its monosynaptic
glutamatergic input to SNr can attenuate seizure susceptibility (Dybdal
and Gale, 2000; Usui et al., 2005; Backofen-Wehrhahn et al., 2018). In
line with previous research, our study demonstrated that photo-
inhibition of STN or photo—/chemo-inhibition of the STN-SNr circuit
can satisfactorily attenuate motor FSs and secondary GSs in models
with epilepsy arising from M1. Moreover, we found that when high-
frequency STN-DBS plus chemogenetic activation of the STN-SNr
pathway was used, the original improvement of electrical stimulation
was canceled out, suggesting that STN-DBS may ameliorate seizures
by regulating the excitability of the STN-SNr loop. This study revealed
the partly circuit-related mechanism of improvement by STN-DBS in
motor epilepsy. However, considering that this study only focused on
STN-SNr projections, it is not known whether other projections of the
STN are also involved in the improvement of epileptic activity by
STN-DBS. In addition, it is necessary to further explore the
downstream nucleus that is regulated by SNr and how it ultimately
affects epilepsy.

In addition, orexin, another focus of this study, is secreted by a
group of neurons in the hypothalamus that are located closest to the
STN and project to the STN and SNr (Peyron et al., 1998). Several
studies have found that the orexin pathway plays a vital role in
various seizures (Samzadeh et al., 2020; Celli and Luijtelaar, 2022;
Konduru et al., 2022). Previous studies have observed the expression
and co-localization of OX1R and OX2R in the STN and SNr
(Korotkova et al., 2002; Li et al., 2019). Therefore, we were naturally
aware of whether the decrease of seizure activity by STN-DBS in
motor epilepsy is related to the regulation of the orexin pathway.
Our results show that STN-DBS can restore (downregulate) the
elevated levels of OA, OB, OX1R, and OX2R associated with
seizures in the SNr. Furthermore, antagonizing both OXI1R and
OX2R simultaneously can play a similar role as high-frequency
STN-DBS and attenuate motor epilepsy. We identified the molecular
targets that modulate the seizure activity in the STN-SNr circuit,
which has the potential to be a drug target for the treatment of
motor epilepsy.

Overall, our results demonstrate that high-frequency STN-DBS
attenuates motor seizures via inhibition of the STN-SNr circuits. The
orexin system plays a vital role during electrical stimulation, and
orexin receptor antagonists have a therapeutic potential in suppressing
motor seizure activities. This study contributes to a better
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understanding of the current network theory of epilepsy and the
mechanism of STN-DBS.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by the Animal
Advisory Committee of the Beijing Tiantan Hospital.

Author contributions

TX: conceptualization, investigation, methodology, and wrote the
original draft. SW: investigation, methodology, and wrote the revised draft.
SC: data curation and investigation. HW: formal analysis and software. CL:
investigation and validation. LS: visualization. YB: data curation. CZ:
methodology and data curation. CH: conceptualization, funding
acquisition, wrote the original draft, and supervision. JZ: conceptualization,
funding acquisition, project administration, and supervision. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by the National Natural Science
Foundation of China [grant numbers 82171442 and 81901314].

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnins.2023.1157060/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fnins.2023.1157060
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnins.2023.1157060/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2023.1157060/full#supplementary-material

Xue et al.

References

Backofen-Wehrhahn, B., Gey, L., Broer, S., Petersen, B., Schiff, M., Handreck, A., et al.
(2018). Anticonvulsant effects after grafting of rat, porcine, and human mesencephalic
neural progenitor cells into the rat subthalamic nucleus. Exp. Neurol. 310, 70-83. doi:
10.1016/j.expneurol.2018.09.004

Benabid, A. L., Koudsie, A., Benazzouz, A., Vercueil, L., Fraix, V., Chabardes, S., et al.
(2001). Deep brain stimulation of the corpus luysi (subthalamic nucleus) and other
targets in Parkinsons disease. Extension to new indications such as dystonia and
epilepsy. J. Neurol. 248:37. doi: 10.1007/pl00007825

Benabid, A. L., Minotti, L., Koudsie, A., de Saint, M. A., and Hirsch, E. (2002).
Antiepileptic effect of high-frequency stimulation of the subthalamic nucleus (corpus
luysi) in a case of medically intractable epilepsy caused by focal dysplasia: a 30-month
follow-up:  technical case report. Neurosurgery 50, 1385-1391. doi:
10.1097/00006123-200206000-00037

Brodovskaya, A., Shiono, S., and Kapur, J. (2021). Activation of the basal ganglia and
indirect pathway neurons during frontal lobe seizures. Brain 144, 2074-2091. doi:
10.1093/brain/awab119

Castillo, C. G., Mendoza-Trejo, S., Aguilar, M. B., Freed, W. J., and Giordano, M.
(2008). Intranigral transplants of a GABAergic cell line produce long-term alleviation
of established motor seizures. Behav. Brain Res. 193, 17-27. doi: 10.1016/j.
bbr.2008.04.023

Celli, R., and Luijtelaar, G. V. (2022). The orexin system: a potential player in the
pathophysiology of absence epilepsy. Curr. Neuropharmacol. 20, 1254-1260. doi: 10.217
4/1570159X19666211215122833

Chabardes, S., Kahane, P., Minotti, L., Koudsie, A., Hirsch, E., and Benabid, A. L.
(2002). Deep brain stimulation in epilepsy with particular reference to the subthalamic
nucleus. Epileptic Disord. 4, $83-S93.

Deniau, J. M., Mailly, P, Maurice, N., and Charpier, S. (2007). The pars reticulata of
the substantia nigra: a window to basal ganglia output. Prog. Brain Res. 160, 151-172.
doi: 10.1016/50079-6123(06)60009-5

Devinsky, O., Vezzani, A., O'Brien, T. J., Jette, N., Scheffer, I. E., de Curtis, M., et al.
(2018). Epilepsy. Nat. Rev. Dis. Primers. 4:18024. doi: 10.1038/nrdp.2018.24

Dong, X., Ye, W, Tang, Y., Wang, J., Zhong, L., Xiong, J., et al. (2021). Wakefulness-
promoting effects of lateral hypothalamic area-deep brain stimulation in traumatic brain
injury-induced comatose rats: upregulation of alphal-adrenoceptor subtypes and
downregulation of gamma-aminobutyric acid beta receptor expression via the orexins
pathway. World Neurosurg. 152, e321-e331. doi: 10.1016/j.wneu.2021.05.089

Dybdal, D., and Gale, K. (2000). Postural and anticonvulsant effects of inhibition of
the rat subthalamic nucleus. J. Neurosci. 20, 6728-6733. doi: 10.1523/
JNEUROSCI.20-17-06728.2000

Fasano, A., Eliashiv, D., Herman, S. T., Lundstrom, B. N., Polnerow, D,
Henderson, J. M., et al. (2021). Experience and consensus on stimulation of the anterior
nucleus of thalamus for epilepsy. Epilepsia 62, 2883-2898. doi: 10.1111/epi.17094

Fisher, R., Salanova, V., Witt, T., Worth, R., Henry, T., Gross, R., et al. (2010). Electrical
stimulation of the anterior nucleus of thalamus for treatment of refractory epilepsy.
Epilepsia 51, 899-908. doi: 10.1111/j.1528-1167.2010.02536.x

Gale, K. (1988). Progression and generalization of seizure discharge: anatomical and
neurochemical substrates. Epilepsia 29, S15-S34. doi: 10.1111/j.1528-1157.1988.
tb05795.x

Gale, K. (1992). Subcortical structures and pathways involved in convulsive seizure
generation. J. Clin. Neurophysiol. 9, 264-277. doi: 10.1097/00004691-199204010-00007

Garant, D. S, and Gale, K. (1983). Lesions of substantia nigra protect against
experimentally  induced  seizures.  Brain  Res. 273, 156-161. doi:
10.1016/0006-8993(83)91105-8

Gey, L., Gernert, M., and Loscher, W. (2016). Continuous bilateral infusion of
vigabatrin into the subthalamic nucleus: effects on seizure threshold and GABA
metabolism in two rat models. Neurobiol. Dis. 91, 194-208. doi: 10.1016/j.
nbd.2016.03.012

Gomez-Alonso, J., and Bellas-Lamas, P. (2015). Surgical treatment for drug-resistant
epilepsy. JAMA 313:1572. doi: 10.1001/jama.2015.2883

Handforth, A., DeSalles, A. A., and Krahl, S. E. (2006). Deep brain stimulation of the
subthalamic nucleus as adjunct treatment for refractory epilepsy. Epilepsia 47,
1239-1241. doi: 10.1111/j.1528-1167.2006.00563.x

Jobst, B. C., and Cascino, G. D. (2015). Resective epilepsy surgery for drug-resistant
focal epilepsy: a review. JAMA 313, 285-293. doi: 10.1001/jama.2014.17426

Konduru, S. R,, Isaacson, J. R, Lasky, D. J., Zhou, Z., Rao, R. K,, Vattem, S. S., et al.
(2022). Dual orexin antagonist normalized sleep homeostatic drive, enhanced
GABAergic inhibition, and suppressed seizures after traumatic brain injury. Sleep
45:zsac238. doi: 10.1093/sleep/zsac238

Kordi Jaz, E., Moghimi, A., Fereidoni, M., Asadi, S., Shamsizadeh, A., and
Roohbakhsh, A. (2017). SB-334867, an orexin receptor 1 antagonist, decreased seizure
and anxiety in pentylenetetrazol-kindled rats. Fundam. Clin. Pharmacol. 31, 201-207.
doi: 10.1111/fcp.12249

Frontiers in Neuroscience

15

10.3389/fnins.2023.1157060

Korotkova, T. M., Eriksson, K. S., Haas, H. L., and Brown, R. E. (2002). Selective
excitation of GABAergic neurons in the substantia nigra of the rat by orexin/hypocretin
in vitro. Regul. Pept. 104, 83-89. doi: 10.1016/s0167-0115(01)00323-8

Kortunay, S., Erken, H. A., Erken, G., Geng, O., $ahiner, M., Turgut, S., et al. (2012).
Orexins increase penicillin-induced epileptic activity. Peptides 34, 419-422. doi:
10.1016/j.peptides.2012.02.013

Lado, F. A, Velisek, L., and Moshe, S. L. (2003). The effect of electrical stimulation of
the subthalamic nucleus on seizures is frequency dependent. Epilepsia 44, 157-164. doi:
10.1046/j.1528-1157.2003.33802.x

Lee, K. ], Jang, K. S., and Shon, Y. M. (2006). Chronic deep brain stimulation of
subthalamic and anterior thalamic nuclei for controlling refractory partial epilepsy. Acta
Neurochir. Suppl. 99, 87-91. doi: 10.1007/978-3-211-35205-2_17

Li, G. Y., Zhuang, Q. X,, Zhang, X. Y., Wang, J. J,, and Zhu, J. N. (2019). Ionic
mechanisms underlying the excitatory effect of orexin on rat subthalamic nucleus
neurons. Front. Cell. Neurosci. 13:153. doi: 10.3389/fncel.2019.00153

Paxinos, G, and Franklin, KBJ. The mouse brain in stereotaxic coordinates. Compact
2nd ed. Boston, MA Elsevier Academic Press (2004)

Paz,]. T., and Huguenard, J. R. (2015). Microcircuits and their interactions in epilepsy:
is the focus out of focus? Nat. Neurosci. 18, 351-359. doi: 10.1038/nn.3950

Peyron, C., Tighe, D. K., van den Pol, A. N., de Lecea, L., Heller, H. C,, Sutcliffe, J. G.,
et al. (1998). Neurons containing hypocretin (orexin) project to multiple neuronal
systems. J. Neurosci. 18, 9996-10015. doi: 10.1523/JNEUROSCI.18-23-09996.1998

Racine, R.J. (1972). Modification of seizure activity by electrical stimulation. II. Motor
seizure.  Electroencephalogr. ~ Clin.  Neurophysiol. ~ 32,  281-294.  doi:
10.1016/0013-4694(72)90177-0

Ren, L., Yu, T., Wang, D., Wang, X, Ni, D., Zhang, G., et al. (2020). Subthalamic
nucleus stimulation modulates motor epileptic activity in humans. Ann. Neurol. 88,
283-296. doi: 10.1002/ana.25776

Rosenow, E, and Luders, H. (2001). Presurgical evaluation of epilepsy. Brain 124,
1683-1700. doi: 10.1093/brain/124.9.1683

Roundtree, H. M., Simeone, T. A., Johnson, C., Matthews, S. A., Samson, K. K., and
Simeone, K. A. (2016). Orexin receptor antagonism improves sleep and reduces seizures
in Kena 1-null mice. Sleep 39, 357-368. doi: 10.5665/sleep.5444

Ryvlin, P, and Jehi, L. E. (2022). Neuromodulation for refractory epilepsy. Epilepsy
Curr. 22,11-17. doi: 10.1177/15357597211065587

Salanova, V. (2018). Deep brain stimulation for epilepsy. Epilepsy Behav. 88, 21-24.
doi: 10.1016/j.yebeh.2018.06.041

Salanova, V., Witt, T., Worth, R., Henry, T. R., Gross, R. E., Nazzaro, ]. M., et al. (2015).
Long-term efficacy and safety of thalamic stimulation for drug-resistant partial epilepsy.
Neurology 84, 1017-1025. doi: 10.1212/WNL.0000000000001334

Samzadeh, M., Papuc, E., Furtak-Niczyporuk, M., and Rejdak, K. (2020). Decreased
cerebrospinal fluid orexin-a (Hypocretin-1) concentrations in patients after generalized
convulsive status epilepticus. J. Clin. Med. 9:3354. doi: 10.3390/jcm9103354

Shen, K. Z., and Johnson, S. W. (2006). Subthalamic stimulation evokes complex
EPSCs in the rat substantia nigra pars reticulata in vitro. J. Physiol. 573, 697-709. doi:
10.1113/jphysiol.2006.110031

Sheng, Q., Xue, Y.,, Wang, Y., Chen, A. Q,, Liu, C, Liu, Y. H,, et al. (2018). The
subthalamic neurons are activated by both orexin-a and orexin-B. Neuroscience 369,
97-108. doi: 10.1016/j.neuroscience.2017.11.008

Shi, L. H,, Luo, E, Woodward, D. J., and Chang, J. Y. (2006). Basal ganglia neural
responses during behaviorally effective deep brain stimulation of the subthalamic
nucleus in rats performing a treadmill locomotion test. Synapse 59, 445-457. doi:
10.1002/syn.20261

Shi, L. H., Luo, E, Woodward, D., and Chang, J. Y. (2006). Deep brain stimulation of
the substantia nigra pars reticulata exerts long lasting suppression of amygdala-kindled
seizures. Brain Res. 1090, 202-207. doi: 10.1016/j.brainres.2006.03.050

Thompson, K. W,, and Suchomelova, L. M. (2004). Transplants of cells engineered to
produce GABA suppress spontaneous seizures. Epilepsia 45, 4-12. doi:
10.1111/j.0013-9580.2004.29503.x

Tollner, K., Wolf, S., Loscher, W,, and Gernert, M. (2011). The anticonvulsant response
to valproate in kindled rats is correlated with its effect on neuronal firing in the
substantia nigra pars reticulata: a new mechanism of pharmacoresistance. J. Neurosci.
31, 16423-16434. doi: 10.1523/JNEUROSCI.2506-11.2011

Urban, D. J., and Roth, B. L. (2015). DREADDs (designer receptors exclusively
activated by designer drugs): chemogenetic tools with therapeutic utility. Annu. Rev.
Pharmacol. Toxicol. 55, 399-417. doi: 10.1146/annurev-pharmtox-010814-124803

Usui, N., Maesawa, S., Kajita, Y., Endo, O., Takebayashi, S., and Yoshida, J. (2005).
Suppression of secondary generalization of limbic seizures by stimulation of subthalamic
nucleus in rats. J. Neurosurg. 102, 1122-1129. doi: 10.3171/jns.2005.102.6.1122

frontiersin.org


https://doi.org/10.3389/fnins.2023.1157060
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.expneurol.2018.09.004
https://doi.org/10.1007/pl00007825
https://doi.org/10.1097/00006123-200206000-00037
https://doi.org/10.1093/brain/awab119
https://doi.org/10.1016/j.bbr.2008.04.023
https://doi.org/10.1016/j.bbr.2008.04.023
https://doi.org/10.2174/1570159X19666211215122833
https://doi.org/10.2174/1570159X19666211215122833
https://doi.org/10.1016/S0079-6123(06)60009-5
https://doi.org/10.1038/nrdp.2018.24
https://doi.org/10.1016/j.wneu.2021.05.089
https://doi.org/10.1523/JNEUROSCI.20-17-06728.2000
https://doi.org/10.1523/JNEUROSCI.20-17-06728.2000
https://doi.org/10.1111/epi.17094
https://doi.org/10.1111/j.1528-1167.2010.02536.x
https://doi.org/10.1111/j.1528-1157.1988.tb05795.x
https://doi.org/10.1111/j.1528-1157.1988.tb05795.x
https://doi.org/10.1097/00004691-199204010-00007
https://doi.org/10.1016/0006-8993(83)91105-8
https://doi.org/10.1016/j.nbd.2016.03.012
https://doi.org/10.1016/j.nbd.2016.03.012
https://doi.org/10.1001/jama.2015.2883
https://doi.org/10.1111/j.1528-1167.2006.00563.x
https://doi.org/10.1001/jama.2014.17426
https://doi.org/10.1093/sleep/zsac238
https://doi.org/10.1111/fcp.12249
https://doi.org/10.1016/s0167-0115(01)00323-8
https://doi.org/10.1016/j.peptides.2012.02.013
https://doi.org/10.1046/j.1528-1157.2003.33802.x
https://doi.org/10.1007/978-3-211-35205-2_17
https://doi.org/10.3389/fncel.2019.00153
https://doi.org/10.1038/nn.3950
https://doi.org/10.1523/JNEUROSCI.18-23-09996.1998
https://doi.org/10.1016/0013-4694(72)90177-0
https://doi.org/10.1002/ana.25776
https://doi.org/10.1093/brain/124.9.1683
https://doi.org/10.5665/sleep.5444
https://doi.org/10.1177/15357597211065587
https://doi.org/10.1016/j.yebeh.2018.06.041
https://doi.org/10.1212/WNL.0000000000001334
https://doi.org/10.3390/jcm9103354
https://doi.org/10.1113/jphysiol.2006.110031
https://doi.org/10.1016/j.neuroscience.2017.11.008
https://doi.org/10.1002/syn.20261
https://doi.org/10.1016/j.brainres.2006.03.050
https://doi.org/10.1111/j.0013-9580.2004.29503.x
https://doi.org/10.1523/JNEUROSCI.2506-11.2011
https://doi.org/10.1146/annurev-pharmtox-010814-124803
https://doi.org/10.3171/jns.2005.102.6.1122

Xue et al.

Vakharia, V.N., Duncan, J. S., Witt, J. A, Elger, C. E., Staba, R., and Engel, J. Jr. (2018). Getting
the best outcomes from epilepsy surgery. Ann. Neurol. 83, 676-690. doi: 10.1002/ana.25205

Vercueil, L., Benazzouz, A., Deransart, C., Bressand, K., Marescaux, C., Depaulis, A,
etal. (1998). High-frequency stimulation of the subthalamic nucleus suppresses absence
seizures in the rat: comparison with neurotoxic lesions. Epilepsy Res. 31, 39-46. doi:
10.1016/50920-1211(98)00011-4

Weaver, E. M., Follett, K., Stern, M., Hur, K., Harris, C., Marks, W. J. J., et al. (2009).
Bilateral deep brain stimulation vs best medical therapy for patients with advanced
Parkinson disease: a randomized controlled trial. JAMA 301, 63-73. doi: 10.1001/
jama.2008.929

Wicker, E., Beck, V. C., Kulick-Soper, C., Kulick-Soper, C. V., Hyder, S. K,
Campos-Rodriguez, C., et al. (2019). Descending projections from the substantia nigra

Frontiers in Neuroscience

16

10.3389/fnins.2023.1157060

pars reticulata differentially control seizures. Proc. Natl. Acad. Sci. 116, 27084-27094.
doi: 10.1073/pnas. 1908176117

Xue, T, Chen, S., Bai, Y., Han, C,, Yang, A., and Zhang, J. (2022). Neuromodulation
in drug-resistant epilepsy: a review of current knowledge. Acta Neurol. Scand. 146,
786-797. doi: 10.1111/ane.13696

Yildirim, M., Ayyildiz, M., and Agar, E. (2010). Endothelial nitric oxide synthase
activity involves in the protective effect of ascorbic acid against penicillin-induced
epileptiform activity. Seizure 19, 102-108. doi: 10.1016/j.seizure.2009.12.005

Zhu, F, Wang, X. Q,, Chen, Y. N, Yang, N., Lang, S. Y., Zuo, P. P, et al. (2015). Changes
and overlapping distribution in the expression of CB1/OX1-GPCRs in rat hippocampus
by kainic acid-induced status epilepticus. Brain Res. 1597, 14-27. doi: 10.1016/j.
brainres.2014.11.002

frontiersin.org


https://doi.org/10.3389/fnins.2023.1157060
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1002/ana.25205
https://doi.org/10.1016/s0920-1211(98)00011-4
https://doi.org/10.1001/jama.2008.929
https://doi.org/10.1001/jama.2008.929
https://doi.org/10.1073/pnas.1908176117
https://doi.org/10.1111/ane.13696
https://doi.org/10.1016/j.seizure.2009.12.005
https://doi.org/10.1016/j.brainres.2014.11.002
https://doi.org/10.1016/j.brainres.2014.11.002

	Subthalamic nucleus stimulation attenuates motor seizures via modulating the nigral orexin pathway
	Introduction
	Materials and methods
	Animals
	Stereotactic surgery
	Seizure induction
	DBS and photostimulation
	EEG recordings and fiber photometry
	Immunofluorescence labeling
	Western blot analysis
	Elisa
	Viral vectors and drugs
	Statistics

	Results
	Ipsilateral/bilateral high-frequency (130 Hz) STN-DBS alleviates seizures in motor epilepsy
	Activation of STN excitatory neurons amplifies seizure activities
	Inhibition of STN excitatory neurons attenuates seizure activities
	STN-SNr circuit bidirectionally regulates seizures
	STN-DBS alleviates seizures by inhibiting the STN-SNr circuit
	Targeting SNr orexin receptors attenuates seizure activities

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

