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Epilepsy, a neurological disorder caused by hypersynchronous neural disturbances, has traditionally been treated
with surgery, pharmacotherapy, and neuromodulation techniques such as deep brain stimulation and vagus
nerve stimulation. However, these methods are often limited by invasiveness, off-target effects, and poor reso-
lution. We present a noninvasive alternative utilizing sonogenetics to selectively stimulate y-aminobutyric acid
(GABA)ergic neurons in the amygdala through engineered auditory-sensing protein, mPrestin (N7T, N308S), in a

pentylenetetrazole-induced rat model. Activation of GABAergic neurons induced by the sonication with 0.5-MHz
transcranial ultrasound can modulate epileptiform activity by 50 %. Electrophysiological recordings confirmed
effective neuromodulation and persistent seizure suppression up to 60 min post-treatment without tissue dam-
age, inflammation, or apoptosis. This sonogenetic approach offers a promising, safe method for epilepsy man-
agement by targeting GABAergic neurons.

1. Introduction

The development of noninvasive and high-precision neuro-
modulation techniques is crucial for treating neurological disorders such
as epilepsy, which affects over 50 million globally with sudden-onset
hypersynchronous neural disturbances [1]. Traditional epilepsy treat-
ments include surgical resection, pharmacotherapy, and neuro-
modulation tools such as deep brain stimulation and vagus nerve
stimulation. However, all these carry risks of invasive damage and off-
target effects. Recent advances highlight the role of the intrinsic inhib-
itory neurotransmitter GABA (y-aminobutyric acid) in deep brain
amygdala GABAergic neurons as a key to mitigating epileptiform ac-
tivities by inhibiting neuronal excitation [2]. To overcome the limita-
tions of conventional epilepsy treatment, our approach utilizes
GABAergic neurons targeted through transcranial focused ultrasound

(US) and the engineered US-sensitive protein Venus-mPrestin (N7T,
N308S) (Venus-mPrestin) [3-6] in sonogenetics for the precise and
noninvasive suppression of epileptic activity.

Several methodologies have been developed for precisely manipu-
lating targeted neuronal activity at the cellular level, including chemo-
genetics [7], optogenetics, and magnetogenetics leverage optics [8-11],
chemicals [12-14], and magnetics [15]. However, each of these tech-
niques has its own set of potential limitations: (1) optogenetics is con-
strained by a maximum tissue penetration depth of several centimeters;
(2) chemogenetics could not offer the same level of control over timing
and necessitates time to respond; and (3) while magnetogenetics offers
noninvasive modulation of cellular activity, the requirement for addi-
tional magnetic nanoparticles and the poor spatial resolution of mag-
netic forces remain significant concerns. The localized and superior
tissue-penetrating capability (several centimeters) of US-actuated
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sonogenetics may offer a viable alternative to the current techniques.
Like optogenetics and magnetogenetics, sonogenetics relies on US-
sensitive proteins to precisely activate targeted cell types or open
exogenous US-sensitive ion channels on the cell membrane to modulate
neuronal activity. Sonogenetic techniques have been refined to express
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US-sensitive ion channels such as TRP-4, MEC-4, Piezol, TRPV1,
TRAAK, TREK1, MEC-4 TRPA1, and MscL [6,16-25]. However, their
deployment necessitates the use of microbubbles [16,22,23], high-
frequency US [18,24,25], and multiple US stimulations [17,20,21,25].
These requirements may result in cavitation-induced damage or thermal
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Fig. 1. Illustrations of the paradigm of this study. (A) The concept of this study. The US was used to selectively transcranial activate GABAergic neurons expressing
Venus-mPrestin in the amygdala of epileptic animals, suppressing the overexcited neurons. The adeno-associated virus (AAV)-encoding Venus-mPrestin was injected
into the right amygdala area (relative to bregma: anteroposterior [AP] = —3.5 mm, mediolateral [ML] = +5 mm, dorsoventral [DV] = —8 mm). (B) Illustration of the
transcranial US stimulation system, the electrocorticography (ECoG) setup, and the implanted positions of the ECoG electrodes. The US was delivered to the right
amygdala area (Figure created by BioRender.com). (C) The flowchart diagram of the safety verification experiment. The healthy rats were injected with AAV-Venus-
mPrestin or treated with US stimulation before collecting the brain tissues to evaluate the brain damage by hematoxylin and eosin (H&E), terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL), and Ionized calcium-binding adaptor molecule 1 (Ibal) staining. (D) The flowchart diagram of the epilepsy treatment
experiment. Acute epilepsy seizures were induced by PTZ injection in Venus-mPrestin-expressing rats. Following 1-h electrode implantation, ECoG signals were
recorded for 10 min as a baseline before injecting PTZ (baseline), an epilepsy state before US stimulation (10 min after PTZ injection, Pre-US), and through the 60-
min post-US period).
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effects in the US-targeted area that restrict their clinical application
[26]. Our group recently proposed a sonogenetic approach to overcome
the limitations inherent in existing sonogenetic methods. This strategy
involves the genetic modification of prestin proteins (mPrestin) that are
naturally expressed in the outer hair cells of the mouse cochlea and are
essential for high-frequency hearing [3-6]. Ectopic expression of the
engineered prestin enhances US sensitivity of targeted cells, enabling
selective activation of dopaminergic neurons and alleviating symptoms
of Parkinson’s disease in mice [5].

While sonogenetics is a promising strategy for the minimally inva-
sive, remote, and selective activation of targeted neurons in deep brain
areas, its therapeutic efficiency in epilepsy remains to be verified. Here,
we demonstrate this concept by using sonogenetics to selectively stim-
ulate GABAergic neurons in the amygdala area and verify the effects of
suppressing epileptic spikes in a pentylenetetrazole (PTZ)-induced acute
epilepsy animal model (Fig. 1A). We then used c-Fos to verify if the
mPrestin-expressing GABAergic neurons within the amygdala region
could be stimulated by US or even modulate neuron activity in other
brain regions in vivo. The impact of sonogenetics on epileptic spikes was
evaluated by electrocorticography (ECoG) in real-time (Fig. 1B). The
safety of this strategy was verified by histological examinations
(Fig. 1C). The ECoG signals were recorded separately for the baseline
state (10 min before PTZ injection), the epilepsy state or pretreatment
period (10 min following PTZ injection), and the treatment state (60 min
after US stimulation) (Fig. 1D).

2. Materials and methods
2.1. Animal husbandry

Experiments were conducted on 7 to 9-week-old Sprague Dawley
(SD) male rats weighing 250-300 g (Lesco Biotech, Taipei, Taiwan). Rats
were kept on a 12h/12h light/dark cycle (lights on at 07:00) and had
access to food and water ad libitum. The institutional animal care and use
committee at National Tsing Hua University approved the animal care
and experimental procedures following NIH guidelines (IACUC approval
number: NTHU110072).

2.2. Intracranial injections of AAV

Rats (7-week-old) were injected with adeno-associated virus (AAV)-
Venus or AAV-Venus-mPrestin. The surgical area was sterilized using
betadine and 75 % alcohol. Each rat was anesthetized with 3 % iso-
flurane (Panion & BF Biotech, Taipei, Taiwan) for 5 min before being
placed in a stereotaxic instrument (David Kopf Instruments). Anesthesia
was maintained by constantly administering 2 % isoflurane throughout
the surgical procedure. A total of 3 pl of AAV-Venus-mPrestin or Venus-
containing AAV (SSAAV9-CB-Venus core, Academica Sinica, New Tai-
pei, Taiwan) (titer of 3.8 x 1013 vg/ml) was delivered transcranial into
the right amygdala area (AP = —3.5 mm, ML = +5 mm, DV = —8 mm) of
healthy rats via a Hamilton syringe. The needle was left in the injection
position for 10min to minimize the potential leakage of the injected
solution. The incision was manually closed with sutures, and the rat was
kept under a thermal lamp to maintain the body temperature during
anesthesia and recovery. The AAV-Venus-mPrestin-injected rats (n =
21) were separated into four groups: (1) experiments evaluating AAV-
Venus-mPrestin expression in the target brain area for different injec-
ted doses of AAV-Venus-mPrestin (n = 4), (2) the safety experiments (n
= 6), (3) ECoG recording experiments (n = 10), and (4) rs-fMRI exper-
iments evaluating AAV-Venus-mPrestin expression in the target brain
area (n = 1).

2.3. Focused US setup and parameter design

AAV-Venus-mPrestin-infected cells in the epileptic animals were
stimulated using a handmade single-element geometrically focused US
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transducer (center frequency = 0.5 MHz) comprising a piezoceramic
disc (19.9 mm in diameter). The radius of curvature of this transducer is
20 mm (focal depth = 20 mm). The US pulses (pulse repetition fre-
quency = 10 Hz, acoustic peak negative pressure = 0.5 MPa, 2000 cy-
cles, mechanical index (MI) = 0.71, sonication duration = 5 min) were
produced by a function generator (AFG3251, Tektronix, Beaverton, OR,
USA) and fed to the US transducer via a radio-frequency power amplifier
(Model 2100 L, Rochester, New York, USA). The US parameters used in
this research were based on those identified in previous studies as
optimal for activating Venus-mPrestin-expressing cells [4,5,27]. The US
pressure amplitude and the acoustic field before and after delivering it
through the skull, with and without placing the electrode on the rat skull
in the target area, were measured by a calibrated hydrophone (HNC-
0085 hydrophone, ONDA, Sunnyvale, USA) in a degassed water tank.
The rat skull and electrode were positioned between the 0.5-MHz US
transducer and the hydrophone (Fig. SIA—B). The acoustic energy of
the 0.5-MHz US at the focal area through the rat skull with the electrode
was 92 + 1 % (Fig. S1C), which is comparable to the results (87 + 7 %)
reported by Kinoshita et al. [28]. The rat skull and the positioned
electrode did not interfere with the beam pattern of the 0.5-MHz US
beams (Fig. SID—K).

2.4. Epileptic induction and ECoG setup

Acute epilepsy seizures were induced in 9-week-old SD male rats (n
= 25) weighing 250-350 g (Lesco Biotech) by intraperitoneal injections
of PTZ (70 mg/kg, Merck KGaA, Darmstadt, Germany). Animals were
anesthetized with isoflurane at 3 % for inducing anesthesia and 1 % for
maintaining anesthesia. All rats underwent surgery to expose their skull.
After 14 days of AAV-Venus-mPrestin injection, the rats were anes-
thetized by isoflurane (3 %) and implanted bilaterally in three stainless-
steel electrodes into the subdural space for acquiring ECoG signals over
three positions: one background-position (AP = —10 mm, ML = 0 mm),
one reference position (AP = —2 mm, ML = —6 mm), and one recording
position (AP = —2 mm, ML = 6 mm) (Fig. 1B). After surgery to insert the
electrodes, the rats rest for one hour under isoflurane anesthesia (1-2 %)
before recording the ECoG signal. The ECoG signals were recorded for
10 min as a baseline before injecting PTZ, 10 min following the PTZ
injection (epilepsy state or pretreatment period), and 60 min after US
stimulation (post-US period) (Fig. 1D). Isoflurane was used to anesthe-
tize rats during the experiments. After finishing the experiment, the rat
was continuously anesthetized for 30 min to sacrifice for further histo-
logical analysis.

The ECoG signals were amplified, digitized at a sampling rate of
10,000 Hz by an AcqKnowledge 4.2 system (Biopac Systems, Goleta, CA,
USA), and bandpass filtered at 1-80 Hz with a 60-Hz notch filter.
MATLAB software (version R2021b, MathWorks, Natick, MA, USA)
routines were used to analyze epilepsy spikes and bursts. A spike was
defined as a sharp deflection with an amplitude at least 5 times higher
than the background activity and a duration of at least 1000 ms. A burst
was defined as more than three repetitive spikes within 1 s. The burst
duration was calculated from the start of the first spike to the end of the
last one.

To evaluate the effects of US and Venus-mPrestin on the PTZ-induced
epilepsy rat model with ECoG signals, rats were separated into five
groups: (1) Healthy animals used for comparisons (healthy group, n =
5), (2) PTZ-injected animals without receiving treatment (untreated
group, n = 5), (3) PTZ-injected animals receiving US stimulation only
(US group, n = 5), (4) PTZ-injected animals receiving Venus-mPrestin
administration (Venus-mPrestin group, n = 5), and (5) PTZ-injected
animals receiving both with Venus-mPrestin and US (Venus-
mPrestin+US group, n = 5). A custom-made holder placed the US
transducer on the top of the rat skull to deliver US to the targeted area in
the rat brain. The rats were anesthetized and fixed on a stereotaxic in-
strument during US stimulation.
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2.5. Histology experiments

The effects of US stimulation and/or AAV-Venus-mPrestin injection
on brain tissue were evaluated using histological assays. The hematox-
ylin and eosin (H&E), terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL), and ionized calcium-binding adaptor molecule 1
(Ibal) stains were performed after 5 min following US stimulation or 14
days after AAV-Venus-mPrestin injection (Fig. 1C). The US-stimulated
rats and AAV-Venus-mPrestin-expressing rats were anesthetized with
isoflurane and sacrificed via transcranial perfusion with normal saline
and a 1 % formalin solution. The brain was extracted and immersion-
fixated in 10-30 % sucrose for 24 h each before being frozen in a
water-soluble blend of glycols and resins solution at —20 °C. Tissue
sections were cut on a cryostat to prepare the histological slices for
producing 20-pm-thick slices of brain tissue. Hemorrhage extravasation
and apoptotic cells were detected using staining with H&E (Abcam,
Waltham, MA, USA) and TUNEL Assay Kit (BrdU-Red, ab66110,
Abcam), respectively. A fluorescence microscope (Ti2, Nikon, Tokyo,
Japan) was then used to image the stained sections with the aid of 4x
and 60x objectives (Nikon). The activated microglia and macrophages
were detected by Ibal polyclonal antibody (1:100, PA5-21274, Ther-
moFisher Scientific) at 4 °C overnight. After rinsing in PBS, the sections
were incubated for 1 h at room temperature with goat anti-rabbit IgG
H&L (Alexa Fluor® 594) secondary antibody (1:100, ab150080, Abcam)
and then labeled with 4',6-diamidino-2-phenylindole (DAPI) dye (Cal-
biochem, San Diego, CA, USA) dye to identify the nuclei. The number of
Ibal" cells and the proportion of Ibal™/DAPI" cells were determined in
sections selected, and images were quantified to evaluate the Ibal ™ cells.

2.6. Immunohistochemistry experiments

Immunohistochemistry (IHC) co-labeling was performed to verify
whether the AAV-Venus-mPrestin was successfully transfected into
GABAergic neurons. Following 14 days of AAV-Venus-mPrestin in-
jections, the rat brains were collected and kept in 4 % para-
formaldehyde. After slicing the brain into 20-pm-thick slices, the
sections were stained overnight at 4 °C within the mixture of two pri-
mary antibodies (Chicken-anti GFP antibody [1:100, GTX13970, Gen-
tex] and Mouse monoclonal [K-87] to GADg7/GAD; [1:100, ab26116,
Abcam]). The sections were rinsed in PBS and then incubated for 1 h at
room temperature with the mix of two-second antibodies (Goat Anti-
Chicken IgY H&L (Alexa Fluor® 488) [1:200, ab150169, Abcam] and
Goat Anti-Mouse IgG H&L (Alexa Fluor® 647) [1:200, ab150115,
Abcam)]). The sections were washed with PBS before being labeled with
DAPI dye to identify the nuclei.

The intracerebral expression of AAV-Venus-mPrestin and the trans-
fection efficiency of Venus-mPrestin to GABAergic neurons in the left
amygdala area were evaluated by the percentages of Venus'/GAD¢;
cells and Venus™ cells. Four coronal slices were collected from each
animal. The slices were separated by 250 pm, and three or four regions
of interest (ROIs, measuring 250 pm by 250 pm) were imaged in each.
We counted the number of Venus-mPrestin-expressing (green fluores-
cence) and GADg7-expressing (red fluorescence) cells to estimate the
percentages of Venus'/GAD{; cells and Venus' cells. The Venus'/
GAD¢; cells could be distinguished using an overlapping mask between
two channels (green or red fluorescence channel). ImageJ software was
used to accurately quantify double-positive cells. The effective activa-
tion of neuron cells after treatments was confirmed using the c-Fos
antibody (1:100, PA5-143600, ThermoFisher Scientific). The number of
c-Fos™ cells and the proportion of c-Fos™/DAPI" cells were determined
in the sections selected, and images were quantified to evaluate the
Venus™/GABA™ cells.

2.7. Analysis methods

The ECoG data were analyzed using MATLAB software. Statistical
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analyses were performed using Prism software (GraphPad Software, San
Diego, CA, USA). ECoG data were analyzed statistically using the two-
way analysis of variance (ANOVA) and Tukey correction with a p-
value significance criterion of <0.05. Indices were compared in the
various experimental groups according to the normalized seizure results.
Data are mean + SEM (standard error of the mean) values. Two-way
ANOVA was used to compare the spike number, burst number, burst
duration, and the spike numbers of each extracted ECoG brainwave
(alpha, theta, beta, delta, and gamma) between PTZ-induced rats un-
treated with PTZ-induced rats treated with US only, Venus-mPrestin-
only, or Venus-mPrestin+US. Tukey’s post-hoc tests were applied to
understand group differences following ANOVA completely. At each
time point, the spike number, burst number, burst duration, and the
spike numbers of each extracted ECoG brainwave (alpha, theta, beta,
delta, and gamma) at different experiment groups were compared using
one-way ANOVA with Tukey’s multiple comparison test. One-way
ANOVA with Tukey’s multiple comparison tests was also used to
compare the spike number, burst number, burst duration, and the spike
numbers of each extracted ECoG brainwave (alpha, theta, beta, delta,
and gamma) at different time points post-treatment relative to the pre-
treatment period in each experimental group. A p-value of less than 0.05
is regarded as significant. Two-way ANOVA and Tukey correction with a
significance criterion of p < 0.05 were employed for histology analyses.

3. Results
3.1. In vivo expression of Venus-mPrestin in GABAergic neurons

We first evaluated the expression of Venus-mPrestin within the
amygdala area by microscopy imaging after performing 14 days of
intracerebral injections of AAV-encoding Venus-mPrestin into the
amygdala area using different injection volumes (1, 3, and 5 pl). The
mPrestin was fused with the gene encoded by the Venus yellow fluo-
rescent protein to enable the visualization of its intracerebral distribu-
tion. Scattered Venus-mPrestin signals were observed in the expected
location for the 1-pl injection (Fig. 2A-B). The distribution of Venus-
mPrestin signals increased with the injection volume, being 402, 908,
and 1587 a.u. for 1, 3, and 5 pl, respectively, with no Venus signal
detected in a none-sonicated brain (294, 357, and 365 a.u. for 1, 3, and
5 ul, respectively (Fig. 2A-B). A large Venus-mPrestin signal appeared
outside the amygdala area for the 5-pl injection, suggesting that such a
high dose would induce severe off-target effects of the gene delivery. We
also assessed whether the injected AAV-Venus-mPrestin would elicit an
immune response by identifying the appearance of microglia (labeled by
Ibal antibody in red fluorescence) with IHC imaging. The microscopic
images showed that injecting 1-3 pl only slightly activated microglia
infiltration at the injection site compared with healthy rats (Fig. 2A).
However, there was a significant increase in the number of microglia in
the injected parenchyma when the injection dose was increased to 5 pl.
Quantitative analysis of the microscopic images confirmed that the
immune response was a significant difference between different injec-
tion volumes (F [DFn, DFd] = F [4, 175] = 27.51; p < 0.0001). Tukey
post-hoc tests revealed that the 5 pl dose (3.7 + 0.3 %; mean + SEM)
was larger than the dose of 1 pl (1.7 £+ 0.2 % [p < 0.0001]) and the dose
of 3l (1.5 +0.5% [p < 0.0001]) (Fig. 2C). Therefore, we selected a 3-ul
injection dose for the subsequent experiments. Besides, the diameter and
length of the 0.5-MHz US focal point were 4 and 22 mm, respectively
(Fig. S1ID—K), sufficient to cover the Venus-mPrestin-expressing brain
area.

After optimizing the injection volume for Venus-mPrestin expres-
sion, we evaluated whether the Venus-mPrestin specifically expresses in
GABAergic neurons (labeled by GADgy antibody in far-red fluorescence).
The microscopic IHC images of the amygdala revealed that 89.3 + 1.8 %
of GADgy-positive GABAergic neurons exhibited Venus-mPrestin signals
(Venus™/GADg; cells or Venus™ cells), as evidenced by strong colocali-
zation between Venus-mPrestin signals and GADe; signals (pink
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Fig. 2. (A) Left: whole-brain sections showing the intracerebral expression of Venus-mPrestin after 14 days for different AAV injection doses (1, 3, and 5 pl) in the
amygdala area. Middle panel: magnified views of the indicated ROIs. Right panel: IHC images of microglia activation (labeled by Ibal antibody in red fluorescence) in
the indicated ROIs. (B) Quantification of Venus-mPrestin intensity in AAV-injected right Amygdala (red) and collateral sites (black) (n = 1 per group). (C) Quan-
tification of red fluorescence intensity (microglia activation) in brain tissues under the indicated conditions (n = 3 per group). Data are presented as mean + SEM
from three independent experiments. (One-way ANOVA analysis with Tukey correction; *, p < 0.05). (D) The brain sections were used to detect the expression of
Venus-mPrestin in GABAergic neurons, which were labeled by the GADg; antibody in far-red fluorescence (n = 3 per group). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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fluorescence) (Fig. 2D). This result suggests that Venus-mPrestin was parvalbumin neurons (51.8 + 12.2 %), but rarely in VGLUT1-positive
successfully and specifically expressed in GABAergic neurons. Besides, glutamatergic neurons (4.7 + 3.9 %) (Fig. S2).

we found that most Venus-mPrestin-expressing cells are normal neurons

(100 %, NeuN-positive neurons). The Venus-mPrestin expression was

detected mainly in GABAergic neurons (75.5 + 2.4 %), especially
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Fig. 3. (A) The c-Fos expression (red color) was used to evaluate neuron activity in the control or Venus-mPrestin-expressed amygdala area with or without US
stimulation. Orange color: overlap of the Venus-mPrestin signal (green color) and the c-Fos signal (red color). Cell nuclei were labeled by DAPI staining (blue color).
(B) Numbers of c-Fos™ cells in each group (n = 3 rats per group from 2 independent experiments). Data are shown as mean + SEM. Statistics: One-way ANOVA,
Tukey correction. *, p < 0.05. (C) H&E staining was used to visualize the occurrence of erythrocyte extravasation in the amygdala area receiving the indicated
treatments. (D) TUNEL staining was used to detect the occurrence of cell apoptosis in the amygdala area. (E) Numbers of TUNEL-positive cells (n = 3 per group).
Statistics: One-way ANOVA, Tukey correction. *, p < 0.05. The difference between the experiment group and the control group was found. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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3.2. Sonogenetics can selectively activate Venus-mPrestin-expressing
brain area

We next verified whether the Venus-mPrestin-expressing GABAergic
neurons within the amygdala region could be stimulated by US or even
modulate neuron activity in other brain regions in vivo. The c-Fos
staining data shows that the c-Fos-positive cells in the Venus-
mPrestin+US group (9.8 + 0.8 %) were higher than other groups (F [3,
140] = 5.39; p = 0.0015), including the US-only group (8.0 + 0.7 %, p =
0.28), Venus-mPrestin only group (6.5 & 0.6 %, p = 0.006), and control
group (6.3 + 0.8 %, p = 0.003) (Fig. 3A-B). It indicated that US can
selectively activate Venus-mPrestin-expressing GABAergic neurons. The
c-Fos-positive cells in the US-only group (8.0 + 0.7 %) are higher than
the control group, even though there is no significant difference (p =
0.31). This result is demonstrated by several studies that indicate the
capacity of US to activate neuron activities [29,30]. Besides, we also
performed the c-Fos staining from the Venus-mPrestin+US rats at
different brain regions (amygdala, hippocampus, putamen, and thal-
amus areas in two hemispheres). The results showed significant differ-
ences between hemispheres for a series of brain slides (F [3,210] =
45.29; p < 0.0001). The number of c-Fos positive cells in the US-
stimulated area (the right amygdala region) is significantly higher
(13.4 £ 0.8 %, p < 0.0001) compared to other brain regions both in the
US passing regions and the contralateral brain regions (right hippo-
campus: 0.2 £ 0.1 %, p < 0.0001; right putamen: 2.8 + 1.1 %, p <
0.0001; right thalamus: 0.9 + 0.3 %, p < 0.0001; left amygdala: 2.0 +
0.7 %, p < 0.0001; left hippocampus: 0.2 + 0.1 %, p < 0.0001; left
putamen: 0.1 + 0.1 %, p < 0.0001; left thalamus: 1.0 + 0.3 %, p <
0.0001;) (Fig. S3). These results confirmed that US can selectively
activate Venus-mPrestin-expressing GABAergic neurons.

We further performed resting-state functional magnetic resonance
imaging (rs-fMRI) to observe in vivo brain regional activity changes
before, during, and after US stimulation. Note that the rs-fMRI experi-
ment had a sample size of 1, only serving as preliminary data to support
our hypothesis. In the Venus-mPrestin+US group, higher signals
appeared in the US-stimulated amygdala than in other brain areas
(Fig. S4A), similar to the c-Fos observations (Fig. 3A-B). Besides, in the
functional connectivity matrix, the connectivity is strongly enhanced in
the Venus-mPrestin+US group in the caudate putamen (CPu)/amygdala
region (Fig. S4B) compared to other groups. It also supports the Venus-
mPrestin effectively enhanced the US brain-stimulating effect. US
stimulation also propagated the effects of Venus-mPrestin to the left
hemisphere and influenced connectivity within brain regions, particu-
larly with the thalamus and cortical regions (Fig. S4B). This effect may
be mediated through the inhibitory control mechanisms in these previ-
ously identified pathways, ultimately contributing to the suppression of
epileptic activity. It also indicated that the expression of Venus-mPrestin
might not induce spontaneous neuron activation. We also found an
enhancement in neuron activity in the right hemisphere of the US-only
group, even though there was no significant difference, which is
consistent with previous reports of US-modulating neuron activity under
different conditions [31]. Quantification of the BOLD signals showed
that they were maximal for the Venus-mPrestin+US condition, sug-
gesting our proposed technique could stimulate in vivo brain-expressed
Venus-mPrestin area.

In addition, several studies have shown that US overexposure can
damage brain tissues and induce DNA breaks [32]. To assess any tissue
damage induced by our sonogenetic stimulation, the stimulated brain
tissues underwent H&E and TUNEL staining to evaluate erythrocyte
extravasation and cell apoptosis, respectively. No noticeable structural
disruptions in tissues and erythrocyte extravasation were observed in
any group for the coronal sections of the amygdala area H&E staining
after stimulation (Fig. 3C). In TUNEL staining, there were no significant
intergroup differences in the number of TUNEL-positive cells between
groups (F [3, 140] = 0.32; p = 0.81), which in the healthy, US-only,
Venus-mPrestin only, and Venus-mPrestin+US groups are 9.9 + 1.2 %
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(p =0.86),9.3+1.0% (p =0.97), 10.1 + 1.6 % (p = 0.82), and 8.5 +
1.2 %, respectively (Fig. 3D-E). These suggest that stimulation at the
employed parameters did not damage brain neurons.

3.3. Sonogenetics can suppress epileptic spikes in epilepsy animals

After confirming that Venus-mPrestin+US could activate the
GABAergic neurons and affect the activity in other brain regions, we
investigated the feasibility of applying this strategy to suppress epileptic
spikes in vivo. Epilepsy was induced in rats by injecting PTZ intraperi-
toneally (IP) since PTZ has been widely used to induce acute epileptic-
like neuron discharges in the whole brain [33-35] (Fig. 4A). Fig. 4B
presents representative ECoG data collected from brains receiving
different treatments, showing raw ECoG signals and the identified
spikes. No unusual ECoG signals appeared when PTZ was not injected,
whereas several epileptic spikes were detected following PTZ injection,
indicating the successful induction of epilepsy in the animals. Treating
epileptic animals with either US only or Venus-mPrestin injection only
did not result in any obvious variations in the induced epileptic spikes.
However, in epileptic animals expressing Venus-mPrestin, the number
and amplitude of epileptic spikes obviously decreased after US stimu-
lation. This shows that the occurrence of epileptic spikes induced by PTZ
injection can be suppressed by our proposed sonogenetic strategy.
Furthermore, these data also confirmed the high stability of Venus-
mPrestin expression in the brain since it did not interfere with the
brainwaves without US stimulation.

Fig. 5 provides a detailed comparison of the spike counts, burst
counts, and burst durations between before and after performing
different treatments for 60 min. Before the treatments, all PTZ-injected
animals exhibited increased ECoG spikes compared with the healthy
group: 0.7 +£0.1,4.5+1.4,3.9 + 1.5, 3.0 = 0.9, and 3.1 + 0.8 spikes in
the healthy, untreated, US-only, Venus-mPrestin only, and Venus-
mPrestin+US groups, respectively (Fig. 5A). No significant difference
was observed between the untreated and US-only groups at any time
points (F [6,48] = 0.16, p = 0.99). There was a slight decrease in the
number of spikes in the Venus-mPrestin-only group, from 3.0 + 0.9
spikes pretreatment to 2.2 + 0.6 spikes at 60 min posttreatment, p =
0.03 (F [6,24] = 2.9). Venus-mPrestin+US induced the largest spike-
suppressive effect, with a 53.81 % spike reduction compared with the
untreated group from 20 to 60 min post-US (F [6,48] = 3.4, p = 0.008).
The epileptic suppression effect of 53.8-57.9 % reductions in the
epileptic spikes was maintained for 60 min after US stimulation. We also
found that the number of spikes reduced significantly by 46.5-52.4 %
between before and after the treatment in the Venus-mPrestin+US
group (F [6,24] = 6.92, p = 0.0002).

Similar to the spike count, the burst count in all PTZ-injected animals
was largely increased compared with the healthy group: 0.7 + 0.2, 1.4
+ 0.4, 1.3 £ 0.4, 1.5 £+ 0.3, and 0.9 £ 0.3 bursts in the healthy, un-
treated, US-only, Venus-mPrestin only, and Venus-mPrestin+US groups,
respectively (Fig. 5B). The burst counts did not change during the
experimental timeline in any group (F [34, 140] = 1.5, p = 0.06).
However, there was a slight decrease in the burst count in the Venus-
mPrestin+US, with a 46 % burst reduction compared with the untreated
group at 60 min post-US (F [6,48] = 3.4, p = 0.008). The Venus-
mPrestin+US group showed a significant decrease in burst duration,
from 9.9 + 3.9 s pretreatment to 2.3 + 0.4 s at 50 min after the US
stimulation (F [6,24] = 2.6, p = 0.05) (Fig. 5C). There was no significant
difference in burst duration in the healthy, untreated, US-only, and
Venus-mPrestin-only groups between before and after treatment: from
1.1+0.1t01.9+0.25s(F [6,24] =0.19,p = 0.97), from 9.2 + 2.2 t0 5.3
+ 2.7 s (F [6,24] = 0.27, p = 0.95), from 5.7 £+ 3.6 to 2.9 + 0.6 s (F
[6,24] = 0.46, p = 0.83), and from 4.1 + 0.9 to 2.0 + 0.4 s (F [6,24] =
1.9, p = 0.12), respectively (Fig. 5C).

Since previous studies have found that ictal epilepsy would also
induce changes of brainwaves in different frequency bands, such as delta
(0.5-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz), and
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gamma frequency (40-100 Hz) [36,37], we further analyzed the
brainwave variance in different frequency bands after treatment. Before
the treatment, the peak spike counts in the delta, theta, and alpha bands
increased significantly in all groups, accompanied by increased power
within these bands. This brainwave elevation persisted throughout the
experimental timeline in the untreated, US-only, and Venus-mPrestin-
only groups. However, after treatment with Venus-mPrestin+US, there
was a significant reduction in spike counts in the alpha band in both
from the pretreatment levels (F [6,24] = 6.92, p = 0.0002) decreasing
from 3.1 £+ 1.6 to 1.7 + 0.4 spikes at the posttreatment and compared to
the untreated group (F [6,48] = 2.72,p = 0.02), from 3.7 + 0.6 to 1.6 +
0.4 spikes. In the delta band, the Venus-mPrestin+US group exhibited a
significant decrease in spike counts before and after treatment (F [6,24]
= 6.72, p = 0.0003) (Fig. 6A-C). Additionally, there was no significant
difference between pretreatment and posttreatment levels in the theta,
beta, and gamma brainwaves across all experimental groups (theta: F
[24, 120] = 0.85, p = 0.53; beta: F [24, 120] = 0.34, p = 0.95; and
gamma: F [24, 120] = 0.9, p = 0.6), including the Venus-mPrestin+US
group (Fig. 6B-E).

The neuronal activities in the stimulated amygdala area of the
epileptic rats after the sonogenetic treatment were verified by c-Fos
staining. The number of the c-Fos-positive cells between groups shows a
significant difference (F [4, 235] = 8.9; p < 0.0001). The untreated
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epileptic rats showed significant increases in c-Fos™ neurons (26.9 + 1.4
%) compared to the healthy rats (16.1 4+ 1.3 %) (p < 0.0001) (Fig. 7). At
the same time, this slightly decreased in epileptic rats in the US-only and
Venus-mPrestin-only groups (21.3 + 1.5 % [p = 0.035] and 22.4 + 1.6
% [p 0.15], respectively). Venus-mPrestin-expressing animals
receiving US treatment showed a significant decrease in c-Fos™ neurons
(18.2 + 1.2 %) (p = 0.0001) in the amygdala compared with the un-
treated rats but no significant difference relative to healthy rats (p =
0.83). These results were consistent with the above-mentioned electro-
physiological recordings, confirming that sonogenetics can reduce the
activity of the hyperexcitable neurons in epileptic animals.

4. Discussion

US has been recently proposed as a promising approach for non-
invasively treating neurological disorders, especially epilepsy [38].
There are two major mechanisms for explaining US-induced epileptic
spike suppression in clinical applications. First, high-intensity US can
directly destroy or ablate hyperexcitable neurons in the hypothalamus
to inhibit epilepsy seizures [38,39]. However, this method requires
accurately delivering large amounts of energy to extremely localized
areas. The intrinsic geometry of the skull can significantly distort where
applied US is focused, potentially resulting in damage to nontarget
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tissues. Second, low-intensity US can modulate neuronal activity by
interfering with the cellular membrane’s ion channels or synaptic
transmission. However, the submillimeter spatial resolution of US
stimulation may activate different types of neurons or multiple brain
circuits simultaneously, potentially reducing the treatment effect.
Therefore, most studies have used large amounts of energy (30-50 % of
duty cycle [30,40-42], long treatment times (10-30 min [29,42-44],
and multiple stimulations (two to four times [30,39,45,46]) to achieve
treatment effects. However, the suppression effects of US stimulation on
epilepsy were short-lived (20-30 min) [42,45,46], or their durations
were not reported [41]. To overcome the trade-offs faced by using
traditional US for epilepsy treatment, we propose sonogenetics as an
alternative option because this method can selectively stimulate tar-
geted cells without causing off-target effects. Several studies have re-
ported that the overactivity of the amygdala area may play an important
role in epilepsy. Minami et al. showed that the surgery to remove the
amygdala area alone can be sufficient to eliminate epilepsy [47,48].
Additionally, the amygdala area attends the earliest stages in the
epilepsy-induced process, with the most extensive damage after nerve
agent exposure [49], which indicates that the amygdala area has an
exceptionally high susceptibility to seizure-induced insults. Especially
the basolateral nucleus of the amygdala has been demonstrated to play a
primary role in generating widespread seizure epilepsy [50,51].
Therefore, modulating the activity of the amygdala area is important in
epilepsy treatment. Besides, GABA could reduce neuron activities, and
the proportion of GABAergic neurons is around 22 % in the amygdala
area [52]. As a result, activating GABAergic neurons in a targeted
manner without needing large amounts of energy or long stimulation
durations could avoid the hyperexcitation and hypersynchronization of
neurons and thereby also epileptic spikes. In our study, the high
expression of Venus-mPrestin in GABAergic neurons was found after
AAV-Venus-mPrestin injection, similar to a previous work by Aschauer
et al. (2013) [53]. They transfected different subtypes of rAAV-GFP
(AAV1, AAV2, AAV5, AAV6, AAVS, AAV9) into the mouse brain and
found that in all transfected brain areas (striatum, hippocampus, and
cortex), the AAV9-GFP signal in inhibitory neurons (GABA neurons)
expressed with high intensity compared to other cell types. Although the
exact mechanism is still unclear, one of the potential reasons is that the
injection site of AAV-Venus-mPrestin was the amygdala area, which has
a high portion of GABAergic neurons (~22 %) [52]. It might improve
the probability that the GABAergic neurons were transfected by AAV-
Venus-mPrestin.

While AAV vectors are not very immunogenic in different animals
[54-56], injecting AAV at a high titer/dose still induces immune re-
sponses in local tissues and even whole bodies [57,58]. Our IHC eval-
uations revealed the presence of microglia in the area injected with
AAV-Venus-mPrestin at 5 pl/rat. This result was similar to Gou et al.’s
finding that administering high-titer AAV could disrupt the blood-brain
barrier (BBB) and induce the infiltration of immune cells [57]. There are
no significant differences between the healthy group and the groups
injected with 1 or 3 pl of AAV-Venus-mPrestin, which implies that
administering 3 pl of AAV-Venus-mPrestin is safe. Furthermore, US
stimulation’s cavitation, mechanical, and thermal effects can induce
inflammation responses, cellular apoptosis, and microhemorrhages
[59,60]. The acoustic parameters used in this study (acoustic pressure =
0.5 MPa, MI = 0.71, Igpra = 324.7 mW/cm?, and Isppa = 8.1 W/cm?)
were below the FDA upper limits for a clinical trial (MI = 1.9, Ispta =
720 mW/cm?) [61 ,62] and too low to induce potential tissue biohazards
such as thermal or cavitation effects, for which the threshold is 40 MPa
when microbubbles are not used [63]. In addition, no DNA damage or
histological damage in the targeted amygdala area was observed in the
histological sections with H&E or TUNEL staining. Together these
findings indicate that our proposed sonogenetic tool is a safe strategy for
stimulating brain neurons.

We found significant reductions in the epileptic spike counts in the
delta, theta, and alpha bands following US stimulation of Venus-
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mPrestin-expressing GABAergic neurons. In contrast, the peak values in
these bands increased significantly in untreated epileptic rats. Previous
studies have found that epilepsy-induced changes in the delta, theta, and
alpha bands result from the high synchronization of brain networks in
different brain regions [36,37,64]. This suggests that the transmission of
epileptic signals is suppressed by adjusting circuit connections or the
characteristic path lengths of signal transduction, thereby mitigating
epileptic seizures. Further research is required to confirm the correlation
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between the power of high-frequency bands in epilepsy brainwaves and
Venus-mPrestin+US treatment. The relationship between neuronal
connections and the role of Venus-mPrestin+US neuromodulation also
needs to be further investigated. It is well known that GABA is an
important neurotransmitter that can widely and synchronously modu-
late the activity of neurons in the brain, resulting in transient strong
neuronal connections. Previous articles showed that powerful inhibitory
circuits control the expression of conditioned responses in the amygdala,
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including inhibition from the prefrontal cortex and thalamus [65,66].
Our rs-fMRI data might support our hypothesis that only regions
expressing the Venus-mPrestin are enhanced sensitive to US. However,
this is the preliminary rs-fMRI readout on the Venus-mPrestin+US rat,
more experiments need to be repeated to draw definitive conclusions.

This study has provided an innovative framework for inhibiting
epileptic brainwaves. However, the proposed method still has several
limitations, so further modifications may improve its efficacy. First, the
observation time for the effects of epilepsy treatment should be
increased so that the efficacy duration of the sonogenetic tool can be
estimated. Second, we only applied the sonogenetic tool in an acute
epilepsy animal model. Since chronic temporal epilepsy also often ap-
pears in humans, future studies should apply Venus-mPrestin+US in a
chronic epilepsy animal model. Third, the amounts of GABA neuro-
transmitters present before, during, and after Venus-mPrestin+US
should be monitored. Fourth, the mechanism underlying the role of
Venus-mPrestin in epilepsy treatment should be investigated. Although
the noninvasiveness of this technique represents a significant advantage,
the reliance on viral delivery systems introduces several challenges that
must be carefully considered. These challenges include (1) immunoge-
nicity, strategies such as using less immunogenic viral serotypes, engi-
neering viral vectors to evade immune detection, or implementing
transient immunosuppression during delivery could be employed [67];
(2) Viral delivery route, combining microbubbles and US-induced BBB
opening techniques, or US-responsive nanoparticles, may facilitate the
noninvasive delivery of viruses into the targeted brain area without the
obstacle of the BBB [3]; (3) Off-target effects, to minimize the potential
for off-target effects and strategies such as using tissue-specific pro-
moters or guided RNA technologies (e.g., CRISPR-Cas systems) may
improve the specificity of viral payload delivery to the intended cells
[68].

5. Conclusions
This study has demonstrated a potential strategy for utilizing sono-

genetics to modulate neuronal hyperexcitation in epileptic animals by
targeting GABAergic neurons. Further investigations are required to
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elucidate the mechanisms underlying the effects of Venus-mPrestin in
neuromodulation. Research aimed at improving gene delivery methods
is also necessary. Further experiments to optimize US parameters for
achieving long-term effects and enhancing the suppressive capabilities
of Venus-mPrestin in epilepsy will be pursued.
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