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Background: Epilepsy is a neurological disorder characterized by abnormal neuron discharge, and one-
third of epilepsy patients suffer from drug-resistant epilepsy (DRE). The current management for DRE
includes epileptogenic lesion resection, disconnection, and neuromodulation. Neuromodulation is ach-
ieved through invasive electrical stimulus including deep brain stimulation, vagus nerve stimulation, or
responsive neurostimulation (RNS). As an alternative therapy, transcranial focused ultrasound (FUS) can
transcranially and non-invasively modulate neuron activity.
Objective: This study seeks to verify the use of FUS pulsations to suppress spikes in an acute epileptic
small-animal model, and to investigate possible biological mechanisms by which FUS pulsations inter-
fere with epileptic neuronal activity.
Methods: The study used a total of 76 Sprague-Dawley rats. For the epilepsy model, rats were admin-
istered pentylenetetrazol (PTZ) to induce acute epileptic-like abnormal neuron discharges, followed by
FUS exposure. Various ultrasound parameters were set to test the epilepsy-suppressing effect, while
concurrently monitoring and analyzing electroencephalogram (EEG) signals. Animal behavior was
monitored and histological examinations were conducted to evaluate the hazard posed by ultrasound
exposure and the expression of neuronal activity markers. Western blotting was used to evaluate the
correlation between FUS-induced epileptic suppression and the PI3K-mTOR signaling pathway.
Results: We observed that FUS pulsations effectively suppressed epileptic activity and observed EEG
spectrum oscillations; the spike-suppressing effect depended on the selection of ultrasound parameters
and highly correlated with FUS exposure level. Expression level changes of c-Fos and GAD65 were
confirmed in the cortex and hippocampus, indicating that FUS pulsations deactivated excitatory cells and
activated GABAergic terminals. No tissue damage, inflammatory response, or behavioral abnormalities
were observed in rats treated with FUS under these exposure parameters. We also found that the FUS
pulsations down-regulated the S6 phosphorylation and decreased pAKT expression.
Conclusion: Our results suggest that pulsed FUS exposure effectively suppresses epileptic spikes in an
acute epilepsy animal model, and finds that ultrasound pulsation interferes with neuronal activity and
affects the PTZ-induced PI3K-Akt-mTOR pathway, which might help explain the mechanism underlying
ultrasound-related epileptic spike control.

© 2019 Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction activity change. Previous studies have found that the linkage be-
tween seizure activation and the PI3K-Akt-mTOR pathway [26] is
Epilepsy is a common neurological disorder characterized by
recurrent seizures, and is caused by brain injury or genetic factors
involved in neuronal activities [1,2]. Epileptic seizures are typically
sudden disturbances in brain function characterized by excessive
and hyper-synchronous neural activity [3,4]. Epilepsy affects more
than 50 million people worldwide [2,5] with an annual cumulative
incidence of 68 per 100,000 persons [6]. Developing countries
suffer a higher incidence rate than developed countries [5,6]. While
over 20 medications have been developed for epilepsy, over one-
third of epilepsy patients do not respond to any medication, a
condition referred to as drug-resistant epilepsy (DRE) [2,7]. DRE
treatment options include surgical resection or neuromodulation.
Drug-resistant epilepsy patients with focal or regional onset can be
treated with surgical resection to remove the epileptogenic area
[8,9]. However, surgical resection is problematic when seizures are
focused in the eloquent cortex (which governs language, motor
skills, and visual senation). For these patients, brain neuro-
modulation is an alternative therapy to decrease the incidence of
abnormal epileptogenic discharge [10].

Several noninvasive brain neuromodulation tools have been
evaluated for the treatment of epilepsy [11,12]. The US FDA has
approved neuromodulation devices which operate on the basis of
deep brain stimulation (DBS), vagus nerve stimulation (VNS), and
responsive neurostimulation (RNS) [9]. Other devices using trans-
cranial magnetic stimulation (TMS) and transcranial direct current
stimulation (tDCS) have been reported to provide noninvasive brain
stimulation, but clinical trials have shown no benefit [13,14]. A
primary limitation of TMS is that the inductive field decreases
sharply and does not allow efficient energy deposition for subcor-
tical stimulation [15]. Transcranial direct current stimulation (tDCS)
has been proposed for seizure control by delivering weak direct
current into the brain through electrodes [16]. However, the spatial
resolution of tDCS energy is dispersed by the skull and suffers from
short penetration distance [17].

Transcranial focused ultrasound (FUS) is a novel technique that
allows energy to be precisely and noninvasively focused in deep
brain tissue. The spatial resolution of low-intensity focused ultra-
sound is accurate to the order of millimeters and the penetration
distance exceeds 10 cm, allowing brain tissue to be targeted
through the intact skull [18,19]. Several studies have demonstrated
that FUS can modulate brain neuronal activity in animal models
[20,21] and can transiently manipulate transmembrane sodium or
calcium channels [22,23]. Recently, FUS has been shown to
decrease human motor cortical excitability [24]. The neuron mod-
ulation properties of FUS, especially the inhibition of neuronal
excitability, may suppress hyperactivity of neuron during ictal
onset. Min et al. previously showed that, under specific exposure
conditions, FUS pulsations provide a suppressive effect on epileptic
activation through electroencephalographic (EEG) assessment in a
toxin-induced acute epilepsy model [25]. However, no systematic
analysis of ultrasound exposure conditions has been completed for
FUS epilepsy management, therefore the optimal selection of ul-
trasound parameters for this application has yet to be determined,
and no investigation has been conducted to elucidate possible
mechanisms for the suppressive effect of ultrasound stimulation on
epilepsy.

The present study investigates the parametric selection of ul-
trasound exposure that provides epilepsy suppression. FUS pulsa-
tions were applied to PTZ-injected rats with different exposure
levels, duty cycles, and exposure times to optimize the FUS anti-
epileptic effect. Histological and behavioral tests were employed
to confirm safety, and c-Fos and GAD65 expression change was
immunohistologically tested to confirm neuronal and synaptic
associated with seizure and epileptogenesis in animal models and
humans [27,28]. Whether FUS pulsations affect the PI3K-Akt-mTOR
pathway in PTZ-induced seizure rats was also evaluated.

Materials and methods

Experiment design

All animal experiments were approved by the Institutional
Animal Care and Use Committee of Chang Gung University (IACUC
No. 106e151). A total of 76 Sprague-Dawley rats (male, 276e300 g,
BioLASCO Co., Ltd, Taiwan) were used. Among them, 36 rats were
evaluated experimentally with EEG, 29 rats were chosen for
behavioral testing and histology analysis to examine potential brain
damage, 12 rats were examined by immunohistochemistry
including GFAP, c-Fos and GAD65 expression level change, and 12
rats were examined by Western Blot.

Epileptic induction and EEG recording setup and analysis

Seizures were provoked in rats by intraperitoneal injection of
PTZ (100mg/kg, P6500, Merck KGaA, Darmstadt, Germany). EEG
signals were recorded for 5min as a baseline prior to PTZ admin-
istration, and for 30min following PTZ administration (Fig. 2).

The EEG signal was amplified (1000x) and recorded (MP36,
BIOPAC Systems Inc., Goleta, California, USA) at a sampling rate of
1000Hz. The EEG signal was filtered using a band-pass infinite
impulse response (IIR) filter operating between 20 and 100Hz
offline and subjected to software analysis (AcqKnowledge 4.2,
BIOPAC Systems Inc., Goleta, California, USA). The epilepsy spikes
were recognized as having an amplitude at least 7 times the stan-
dard deviation to the mean. Since the electrodes were positioned
away from the incident sonication path as well as the sonication
focus, and the ultrasound focal beam path did not penetrate
through the electrode, thus the thermal effect can be eliminated.

Animal preparation and EEG setup

To investigate the effects of FUS on the PTZ-epilepsy model via
EEG signals, 76 rats were divided into 6 groups with different
acoustic levels (with at least six animals in each exposure group).
Animals were anesthetized with urethane (1.2 g/kg, intraperitoneal
injection). Before experimentation, we used the toe pinch response
method to determine depth of anesthesia. All rats were unre-
sponsive to the toe pinch before continuing. The rat scalps were
dissected to expose the skull (Fig. 1B). Three burr holes were drilled
to bilaterally implant four screw electrodes (1.6-mm-diameter
pole; Plastics One Inc., Roanoke, Virginia, USA), and one reference
electrode was used as a ground electrode using stereotactic co-
ordinates. Cortical electrodes were placed epidurally (A ¼ þ2 mm,
L ¼ þ2 mm for the frontal cortex; A ¼ �8 mm, L ¼ �4 mm for the
parietal cortex; A ¼ �10 mm, L ¼ 0 mm for the ground electrode).
Animals in group 1 were injected with PTZ without FUS sonication
as a control to evaluate the EEG features of PTZ-epilepsy, where the
other six groups conducted epilepsy onset using PTZ injection but
followed varying FUS exposure levels (Table 1) to investigate the
effects of FUS suppression on the PTZ-epilepsy mode. Prior to FUS
exposure, the animal's scalp was shaved with clippers.

EEG signals were acquired with two cortical stainless steel
screw electrodes (1.6-mm-diameter pole; E363, Plastics One Inc.,
USA) with a ground electrode contact positioned over the lambda
of the skull (Fig. 1B). The EMG signal was amplified (gain¼ 2000)
and filtered using a 60-Hz notch prior to digitization at 1 kHz



Fig. 1. Conceptual schematic of the experimental setup and topographical sonication depth. (A) The transducer was used on a 3-axis dimension system. The transducer was
immersed in degassed water. The focused ultrasound setup for epilepsy therapy is described in the Materials and Methods section. (B) The schematic diagram illustrates the relative
positions of the EEG electrodes and focused ultrasound (FUS) beam on the rat skull. (C and D) The relative depth and distance of FUS were detected under the rat skull. Dashed
contours outlines -3dB pressure distributions.
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(MP36, BIOPAC System, California, USA). Epileptic spikes were
counted by optimizing the automated seizure detection algorithm
in AcqKnowledge 4.2 (BIOPAC System, California, USA) in each time
window (spikes/5min) in rats injected with PTZ and treated with
Fig. 2. Flowchart of the EEG recording and schedule of behavior examination. (A) The EEG s
and for 20min following FUS treatment. (B) The raw EEG signal was recorded and a band-p
schedule to determine whether FUS treatment affects rat performance on the rotarod assa
or without focused ultrasound. Spikes were defined as a sharp
deflection with amplitude � 2� the background activity lasting
40e60ms in duration [29]. Furthermore, for the analysis of the
epileptic spike burst, a blinded reviewer checked single
ignal was recorded for 5min prior to PTZ injection, for 10min following PTZ injection,
ass filter was used to identify spikes. (C) The behavior test was executed according the
y.



Table 1
Summary of acoustic parameters used in individual experimental groups. MI¼Mechanical index, DC¼ duty cycle, t¼ total exposure time, Ispta ¼ spatial-peak temporal-
averaged intensity, Isptp ¼ spatial-peak temporal-peak intensity. FUS energy deposited in the brain with respect to intensity Ispta and Isptp respectively denoted as Ispta� t
and Isptp � t.

Level MI DC (%) t (sec) Ispta(W/cm2) Isptp (W/cm2) Ispta � t(J) Isptp � t (J) Animal number (n)

0 0 0 0 0 0 0 0 20a,b,c,d,e

1 0.375 30 600 0.703 2.34 422 1404 6
2 0.75 8 600 0.75 9.38 450 5628 15b,d

3 0.5 30 600 1.25 4.17 750 2502 6
4 0.75 30 100 2.812 9.37 281 937 7a

5 0.75 30 600 2.812 9.37 1687 5622 22a,b,c,d,e

a Hematoxylin and eosin (HE) staining was conducted in partial brain samples (n¼ 4).
b GFAP immunohistochemistry staining was conducted in partial brain samples (n¼ 4).
c C-Fos and GAD65 immunohistochemistry staining were conducted in partial brain samples (n¼ 8).
d Rotarod testing was conducted in partial animals (n¼ 29).
e S6 and Akt expression changes via Western blot testing were conducted in partial animal brain samples (n¼ 12).
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epileptiform spikes as well as spike trains. A pattern of repetitive
epileptic spikes (�3 continuous spikes) lasting at least 1 s was
categorized as a burst [30]. For further analysis of oscillation of EEG
following FUS intervention under PTZ-induced epilepsy, spectral
analysis was applied to the EEG. The power spectral density (PSD)
with a total 5-min EEG duration was computed via fast-Fourier
transform, with PSD analyzed either in total spectrum (1e100 Hz)
or band selection including alpha (8e13 Hz), beta (13e30Hz), theta
(4e8Hz), gamma (40e100 Hz). The values of mean PSD power and
spectrum median frequency in each band were calculated.
Focused ultrasound calibration

A spherical focused ultrasound transducer (SonicConcept, U.S;
fundamental frequency¼ 0.5MHz, radius curvature¼ 64.3mm;
diameter¼ 64.3mm)was used. For ultrasound energy exposure, RF
signals of 0.5MHzwere generated by a function generator (A33420,
Agilent, USA) and amplified by a radiofrequency power amplifier
(240L, E&I, USA). The acoustic pressure field was measured in a free
field within an acrylic tank filled with deionized/degassed water by
a moving needle hydrophone (HNA-0400, ONDA Corp., Sunnyvale,
California, USA) positioned on a stepping-motor controlled 3-D
positioning system, with steps of 1mm. The fields of view in the
axial and cross sections were respectively 40� 100mm and
40� 40mm. The diameter and length of the half-maximum pres-
sure amplitude of the ultrasound field were respectively 2 and
12mm (Fig. 1C and D). The FUS trajectory traveled through the
cortex, hippocampus and thalamus regions (Fig. 1B) when coordi-
nating this FUS energy deposition region to the rat brain atlas [31].
In-vivo ultrasound experiments

For small-animal ultrasound exposure experiments, the FUS
transducer was submerged in a custom-designed acrylic water tank
(Fig. 1A). The peak negative pressure exposure (P) at focus ranged
from 0 to 0.53MPa (free-field measured pressure level after
considering 10% transcranial pressure loss), which are respectively
equivalent to a mechanical index (MI) of 0e0.75. The exposure
parameters were fixed at a pulse repetition frequency of 100Hz and
the total exposure time (t) was either 100 or 600 s, but the duty
cycle (DC) was set either 8 or 30%. FUS exposure intensity (denoted
as I) was defined either as spatial-peak temporal average (denoted
as Ispta, where Ispta ¼ DC� P2=2rc, r is density and c is sound speed),
and a spatial-peak temporal-peak (denoted as Isptp, where Isptp ¼
P2=2rc). The acoustic levels used during the experiment are sum-
marized in Table 1. The spike numbers of EEG bursts were calcu-
lated using Biopac Student Lab (Upwards Biosystems, Taiwan) in
each time window (spikes/5min) in rats injected with PTZ and
treated with or without focused ultrasound.
Behavioral monitoring

The behavioral test examined potential brain damage caused by
repeated sonication. Eighteen rats were divided into 3 groups,
(acoustic levels 0, 3, and 5), to evaluate the behavioral effect via
Rota-Rod (LE8305, Panlab S. L., Havord Apparatus, Spain;
revolutions-per-minute (rpm) set to 15 on Days 0, 1, 3, 5, and 7; FUS
exposure conducted on Days 0, 2, and 4 (Fig. 2C).
Histological analysis

For hematoxylin Eosin (H&E) staining, brain sections were
deparaffinizedwith xylene and rehydratedwith 100%, 95%, and 70%
ethanol (n¼ 4). The sections were stained with hematoxylin,
washed with tap water, differentiated in 1% alcohol, saturated
lithium carbonate, and stained with eosin. Under microscope
observation, the nuclei should be blue and the cytoplasm should be
pink. To identify changes in neuronal and synaptic activity
following FUS pulsations, the molecular marker glial fibrillary
acidic protein (GFAP), c-Fos and GAD65 were used to analyze
expression level change in the cortex, hippocampus and thalamus
for immunohistochemical (IHC) methods (n¼ 8). Briefly, rat brains
were post-fixed in a 4% paraformaldehyde fixative solution (PFA)
and cytoprotected in 30% sucrose solution for 48 h at 4 �C. The ce-
rebral tissues were sectioned into coronal blocks with a thickness of
30 mm on a cryostat (Leica CM3050 S Cryostat, FL, US), and sections
containing hippocampus thalamus were quenched with 0.3% H2O2/
PBS for 10min, 10% milk (Anchor Shape-up, New Zealand) for 1 h to
block non-specific antibody and then incubated with primary
rabbit polyclonal anti-GFAP antibody (1:4000, N1506, Agilent
Technology, USA), anti-c-fos (1:1000, AB190289, abcam) or anti-
GAD65 (1:100, GAD65-101AP, FabGennix) for 1 h at room temper-
ature. After washing with PBS for three times, the sections were
incubated with secondary anti-rabbit antibody (1:200, MP-7401,
Vector Labs, USA) for 1 h at room temperature. The sections were
finally developed using a solution of 3, 3-diaminobenzidine (DAB,
SK-4105, Vector Labs, USA) for 3e5min.Sections were then
mounted on slides, allowed to dry and dehydrated with graded
alcohols, cleared with xylol (Sinopharm, China), cleared in xylene
and cover-slipped in DPX. The number of c-fos positive or GAD65
positive cells were analyzed using Image-J software (Media Cy-
bernetics, USA).
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Western blotting

The other set of animals was sacrificed by decapitation after
different treatments (n¼ 12). Cortex and hippocampus tissue was
harvested and immediately frozen in liquid nitrogen for storage
at �80 �C before analysis. Frozen tissues were immersed in RIPA
solution (10 ml/mg, TAAR-ZBZ5, Biotools Co., Ltd. Taiwan), and su-
pernatants were collected. The protein concentration of superna-
tants was determined using a Bio-Rad protein assay kit (5000001,
Bio-Rad Laboratory Inc., Hercules, CA, USA). Tissue lysate was
separated by SDS-PAGE (GL2510, SMOBIO Technology Inc., Taiwan)
and transferred to polyvinylidene fluoride (PVDF) membrane
(1620177, Bio-Rad Laboratory Inc., Hercules, CA, USA). After
washing in Tris-buffered saline (TEB-BTBS1L, Biotools Co., Ltd.
Taiwan) containing 0.05% Tween-20 (TBS-T), the blots were blocked
with 5% non-fat milk dissolved in TBS-T at room temperature for 1 h
and incubated at 4 �C overnight with the following primary anti-
bodies: mouse anti-Akt (1:2000, #2920, Cell Signaling Technology,
USA); rabbit anti-S6 ribosomal protein (1:1000, #2217, Cell
Signaling Technology, USA); rabbit anti-phospho-Akt (Ser473)
(1:1000, #4060, Cell Signaling Technology, USA); and rabbit anti-b-
actin (1:2000, A2103, Merck KGaA, Darmstadt, Germany). The
membranes were thrice washed with TBS-T and probed at room
temperature for 1 h with horseradish peroxidase (HRP) conjugated
(1:2000, A0545, Merck KGaA, Darmstadt, Germany) goat anti-
rabbit IgG, or mouse IgG kappa binding protein conjugated to
HRP (1:2000, sc-516102, Santa Cruz Biotechnology, USA). The signal
of HRP was rendered visible with immobilon western chemilumi-
nescent HRP substrate (WBKLS0500, Merck KGaA, Darmstadt,
Germany) and detected using a chemiluminescence imager
(Amersham Imager 600, GE Healthcare Life Sciences). The band
intensity was quantified by ImageJ software.

Statistical analyses

Results are displayed as means± SD. Most statistical analyses
were calculated by Graphpad Prism 5 software (GraphPad Software
Inc., San Diego, California, USA). Tukey post-hoc tests were
computed by Graphpad Prism 8 software (GraphPad Software Inc.,
San Diego, California, USA). Two tailed unpaired Student's t-test
was used to compare the mean values of the two groups. Two-way
ANOVA was used to compare the spike number, bursts and EEG
power spectrum between PTZ-induced rats treatedwith or without
FUS. To fully understand group differences in an ANOVA, Tukey
post-hoc tests were used. Tukey's multiple comparison analysis
method compared each experimental group to each control group.
A p value less than 0.05 or 0.001 is considered significant.

Results

Epileptic onset regulated by FUS exposure

Fig. 3 shows representative EEG data collected from animals
following various levels of FUS exposure, showing both unfiltered
EEG signals and extracted theta waves. Prior to PTZ injection no
unusual EEG signal bursts were apparent, but epileptic EEG signal
bursts were detected from 10min following PTZ injection. During
FUS treatment, the number of EEG bursts in rats treated with FUS
pulsations clearly decreased following sonication, showing that the
occurrence of atypical spikes induced by PTZ-injection can be
repressed by FUS pulsations.

Fig. 4 provides a detailed comparison of the PTZ-induced theta
burst numbers in the various treatment groups.

The EEG signals in all FUS-treated groups all showed significant
decrease in the number of spikes when compared with the
untreated groups (acoustic level 0) at 10e15min after PTZ injec-
tion. However, at 15e20min duration, only the acoustic level 2
(0.75-MI, 8%, 600s) and acoustic level 5 (0.75-MI, 30%, 600s) groups
presented significant a spike suppression effect, while the other
FUS-treated group did not show a statistical difference in the
number of spikes compared with the untreated group. The number
of abnormal theta bursts decreased from 45± 16.971 (n¼ 6) in the
untreated group to 7.714± 9.517 (n¼ 6; p< 0.001) in the level-2
group or 5.400± 5.771 (n¼ 6, p< 0.001) in the level-5 group. In
Tukey's multiple comparison test, the F-value of time was 18.45 (F
(DFn, Dfd)¼ F (2.654, 82.28)¼ 18.45) and its p-value was less than
0.0001 for acoustic level-2 group, whereas the F-value of treatment
was 6.329 (F (DFn, Dfd)¼ F (6, 31)¼ 6.329) and the p-value was
equal to 0.0002 in acoustic level-5 group.

In addition, a 5-min period of EEG recording post-PTZ was
digitally scored to quantitate the epileptic bursts. Fig. S1 shows the
changes in spike burst count after PTZ injection with different FUS
levels. The burst count of acoustic levels 2, 3 and 5 was significantly
less than in sham-stimulated animals (acoustic level 0; p< 0.05).
Fig. 5A shows the representative PSDs at pre- and post-PTZ
administration (during 10e15min period; acoustic levels 0 and
5), demonstrating that FUS pulsations significantly suppressed PSD
levels during epileptic onset (Fig. 5B and S2; from
(1.45± 2.34)� 10�9 to (4.55± 1.24)� 10�9mV2/Hz in acoustic
levels 0 and 5, respectively), and resulted in a noticeable median
frequency shift (Fig. S2; from 90.13± 6.55 to 68.57± 7.98 Hz in
levels 0 and 5, respectively). Additional analysis of potential fre-
quency in gamma band (Fig. 5C) and other band frequencies
(Fig. S2) showed that the gamma band (40e100 Hz) increased due
to PTZ administration, and the intervention of FUS pulsations
(particularly in acoustic levels 2, 4, and 5) effectively inhibited PSD
levels in gamma (p< 0.05). FUS pulsations also demonstrated
suppressive effects in the alpha, beta and theta bands, particularly
in acoustic level 4 and 5 conditions.
Histological examination of brain injuries and behavior testing

FUS pulsations may induce neuron damage, thus mitigating
abnormal EEG burst due to PTZ. To rule out this possibility, rats
were treated with or without FUS pulsation and sacrificed 24 h
later. No obvious adverse reactionwas observed in rats treated with
acoustic level 6 exposure over 24 h. Following deep anesthesia,
perfusion was performed with normal saline and the rats’ brains
were dissected, fixed in 10% neutralized formalin, embedded in
paraffin, sectioned to 4-mm thick slides and stained with hema-
toxylin and eosin. Coronal sections of brains from FUS-treated and
naïve animals were assessed for tissue damage (Fig. 6). Low-
magnification images revealed no obvious tissue disruption
regardless of FUS pulsation. High magnification H&E images
showed no immune cell infiltration or microglia activation and
expansion around the cortex or hippocampus area. These findings
demonstrate that FUS does not cause damage or inflammation in
rat brains.

In addition, immunohistochemistry staining using an anti-GFAP
antibody as well as H&E staining both showed no obvious evidence
of astrogliosis at or near the sonicated sites in brains treated with
FUS compared against naïve animals (Figs. 7 and 8). No high
astrocyte density region or enlarged astrocyte bodies were found in
the brains of FUS treated rats. Furthermore, we observed histo-
logical change in the brains of rats at 1, 3, and 7 days following FUS
pulsation using anti-GFAP staining, and the results for rats treated
with FUS were similar to those of naïve animals. These findings
indicate that FUS treatment does not affect the normal phenotype
of astrocytes in rat brains.



Fig. 3. Electroencephalographic (EEG) recordings from PTZ-injected rats and FUS treated rats displayed in a time-course manner. The representative EEG recordings from PTZ-
injected rats (A; acoustic level 0) and PTZ-injected rats treated with 0.375 MI, 30% duty cycle (B; acoustic level 1), 0.75 MI, 8% duty cycle (C; acoustic level 2), and 0.75 MI, 30%
duty cycle (D; acoustic level 5).
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We further verified the expression of c-Fos and GAD65 as a
marker of neuronal and synaptic activity after FUS treatment. The
changes in marker protein expression in c-Fos and GAD65 on ani-
mal brains were demonstrated either in FUS (acoustic level 5) and
naïve animal (acoustic level 0) measured from cortex, hippocampus
and thalamus (Fig. 8 and S3). Animals receiving FUS pulsations
showed significant increases in c-Fos-positive neurons either in the
cortex (t¼ 3.61, p¼ 0.036) and hippocampus (t¼ 3.90, p¼ 0.029)
but no significant difference was found in the thalamus (t¼ 1.87,
Fig. 4. Quantification of epileptic EEG signal spikes under varying FUS exposure conditions
EEG peaks in groups of PTZ-injected rats and PTZ-induced rats treated with different FUS in
without FUS in different time frames. The results are means ± SE of seven animal groups.
p¼ 0.159) when compared to the non-FUS hemisphere. In GAD65
analysis, FUS pulsations strongly increased the number of GAD65-
positive cells in the cortex compared with non-FUS treated hemi-
sphere (t¼ 4.10, p¼ 0.026); however, no significant difference was
shown in the hippocampus (t¼ 1.86, p¼ 0.159) and thalamus
(t¼ 1.39, p¼ 0.26) when compared between each hemisphere. As
to sham-FUS animals, no significant difference was observed when
compared with two hemispheres (all p> 0.05).
. The number of epileptic EEG spikes in different time frames was calculated from raw
tensity levels. The bar chart compares EEG bursts in PTZ-induced rats treated with or
*: p < 0.05, ***: p< 0.001.



Fig. 5. (A) Comparison of power spectral density (PSD) changes between pre- and post-PTZ (10e15min duration) administration in naïve (level 0) and FUS-treated (level 5) animals.
Zoomed subplots represent gamma band highlights. (B) Comparison of mean PSD level throughout the entire spectrum among all acoustic-level groups. (C) Comparison of mean
PSD level at gamma band among all acoustic-level groups.
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To investigate whether FUS pulsation influences the motor co-
ordination of rodents, we performed a rotarod performance test to
evaluate the cerebellar function in FUS-treated rats. No significant
difference in rotarod performance was found between untreated
rats and rats treated with 0.75-MI FUS pulsation, 8% or 30% duty
cycle, 600 s at 1, 3, 5, and 7 days following FUS treatment (i.e., level
2 and 5, respectively; Fig. 9A). During the rotarod performance test,
rats were observed daily for change in body weight, but no sig-
nificant decrease in body weight was found in any group (Fig. 9B),
suggesting that FUS pulsation is safe and does not cause brain
malfunction in rats.
Fig. 6. Histological examination of brain injury. Comparison of hematoxylin and eosin stain
histological results were similar for naive (FUS-) and FUS treated brain sections (acoustic l
hippocampus sections.
Western blot examination

PTZ is known to induce mTOR pathway activation in rat brains.
Ultrasound stimulation in the osteoblast activates the mTOR
pathway [32]. Attenuation of mTOR pathway activity suppresses
PTZ-induced acute status epilepticus in rats [33]. This raises the
possibility that FUS pulsation affects PTZ-induced mTOR pathway
activation. We examined the downstream target of the mTOR
pathway, the phosphorylation of S6, in the cortex and hippocampus
of rats following PTZ injection and FUS treatment by western blot
assay. Rats were injected with or without PTZ and treated with or
ing in brain sections obtained from naive and FUS treated rats was carried out. These
evels 1, 4, and 5). The large rectangles show a higher magnification of the cortex and



Fig. 7. Results of GFAP immunohistochemistry on rat brain sections from naïve rats (A), rats treated with acoustic level 2 (B), and rats treated with acoustic level 5 (C) stained with
anti-GFAP antibodies. The brain samples in the FUS treated group were collected 1, 3, and 7 days after sonication treatment. The large rectangles show a higher magnification of the
cortex and hippocampus sections.
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without FUS pulsation (acoustic level 5; 0.75 MI, 30% duty cycle,
600 s). The right and left cortices were collected from the rat brain
section 15min after PTZ injection. Tissue protein was subjected to
western blotting with antibodies to phosphorylated S6, S6, and b-
actin. Comparing the ratios of p-S6 to S6 in the cortex of PTZ-
injected rats with control animals, the ratios in the PTZ group
were increased (Fig. 10A). Furthermore, FUS treatment attenuated
these increases, as evidenced by statistical differences among the
ratios between the PTZ and the FUS þ PTZ groups (p < 0.01,
Fig. 10A). A similar pattern was observed for the hippocampus re-
gion but no statistical difference was found between the PTZ and
the FUS þ PTZ groups (Fig. 10B). These findings verify that mTOR is
activated by PTZ and FUS-pulsation attenuates the activation of
mTOR.

Next, we determined whether FUS treatment would affect Akt/
mTOR/s6 cascade in PTZ-stimulated rats. The phosphorylation of
Akt at Ser473 was examined in the cortex of rats subjected to PTZ
injection and FUS treatment by western blotting. The PTZ-
stimulated phosphorylation of Akt at Ser473 in the right cortex
was alleviated by FUS pulsation compared against PTZ-injected rats
(Fig. 10C). These findings suggest that FUS pulsation suppresses the
PTZ stimulated Akt/mTOR/s6 signaling pathway.
Discussion

This study demonstrates that focused ultrasound pulsation
effectively suppresses acute epileptic neuron activity in a PTZ-
induced acute epilepsy animal model. This is the first parametric
investigation of ultrasound parameters in optimizing epilepsy
suppression. We observed that FUS exposure with exposure levels
reaching 0.75-MI with exposure time of 600s provided an effective
spike-suppressing effect.

In this study, we have selected various combinations of ultra-
sound parameters to select effective FUS exposure conditions to
suppress epilepsy-like spikes. Our results show that low-intensity
FUS pulsation can effectively suppress the number of EEG bursts
in rats with PTZ-induced acute epilepsy; however, the suppressive
effect significantly depends on the selection of ultrasonic parame-
ters. To evaluate the impact of the duty cycle, we compared level 2
(8%) and level 5 (30%) when fixing the other parameters to 0.75-MI/
600s, and we did not see an impact of the duty cycle. To evaluate
the impact of the exposure pressure level, we compared results
obtained from levels 1 (0.375-MI), 3 (0.5-MI), and 5 (0.75-MI) when
fixing the other parameters to 30%/600s, finding a high correlation
with spike-suppression effect (r2¼ 0.945; see Fig. S3). To evaluate
the influence of exposure time, we compared results obtained from
level 4 (100s) and level 5 (600s) while fixing the other parameters
to 0.75-MI/30%, and observed a significant impact on the spike-
suppressing effect. Since both exposure pressure level and expo-
sure time seemed to be correlated with the spike-suppressing ef-
fect, we therefore evaluated the correlation with spatial-peak
temporal-peak fashioned energy (i.e., Isptp � t), finding a high cor-
relation (r2¼ 0.782; see Fig. S3). We also evaluated the correlation
with spatial-peak temporal-average intensity (Ispta) and spatial-
peak temporal-averaged fashioned energy (i.e., Ispta � t). However,
Neither Ispta nor Ispta � t provided sufficiently high correlation with
the spike-suppressing effect (r2¼ 0.279 and 0.435, respectively; see
Fig. S3). Overall, we determined that ultrasound exposure level (MI)
should serve as a critical contributor to the spike-suppressing ef-
fect, whereas the other parameters also interfered with the
epilepsy-modulating effect and serve as supporting factors.

Focused ultrasound has been previously shown to have thera-
peutic potential for epilepsy control. King et al. provided a systemic
investigation in a preclinical small animal setup to find that ultra-
sound intensity levels of 1e10W/cm2 are required to provide a
sustainable and reproducible neuro-stimulation effect [34]. Aside
from the exposure pressure level, previous preclinical studies have
found that ultrasound neuromodulation is highly dependent on
frequency selection, with an ultrasound center resonance fre-
quency of < 0.5MHz providing sufficiently high yield and an



Fig. 8. (A, B) c-Fos and GAD-65 immunohistochemistry of rat brain sections. Brain sections were obtained from rats treated with acoustic level 5 (0.75 MI, 30% duty cycle, 600 s).
Brain sections were stained with anti-c-Fos antibodies. Cortex regions displayed with higher magnification are also shown to compare the untreated (black box) and FUS treated
(red box) sites. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. The performance of rotarod assay and physiological states in rats treated without or with FUS was monitored daily after FUS treatment. (A) Rotarod assay was used to
evaluate rat motor skill by recording fall latency. Data are represented as mean± SD (n¼ 6 per group). (B) The body weight of rats was recorded daily to assess physiological state
following FUS treatment. Data are mean ± SD of six rats.
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Fig. 10. FUS treatment suppressed the PTZ-induced hyper-phosphorylation of S6 and Akt at Ser473 in the right hemisphere, with the left brain hemisphere serving as control.
Animals were treated with acoustic level 5 (0.75 MI, 30% duty cycle, 600 s). (A) The phosphorylated S6 and S6 detected by western blotting with cortex tissue. (B) The phos-
phorylated S6 and S6 detected by western blotting with hippocampus tissue. (C) The expression of phosphorylated Akt at Ser473 and b-actin with cortex tissue.
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exposure level-dependent neuro-stimulation effect [35]. In 1964,
Manlapaz et al. first described the use of focused ultrasound to
suppress chemical-induced (i.e., direct brain injection of alumina
cream) local epilepsy in cats [36]. The underlying mechanism
contributes to a thermal effect, since the ultrasound intensity of
840W/cm2 caused permanent thermally necrotic brain damage.
Yoo et al. and Hakimova et al. both described the use of non-
thermal ultrasound pulsations to stimulate chemical-toxin
(administration of kainate or PTZ) induced epilepsy, and also
concluded that ultrasound pulsations can suppress epileptic ac-
tivity [25,37]. These two studies both applied low burst ultrasound
intensity (0.13e0.16W/cm2) and showed sustained or, in some in-
dexes, significant epileptic activity suppression. Although no spe-
cific biochemical evidence is provided, these two studies both
suspect that the activity of voltage-gated Ca2þ or Naþ ion-channels
on the membrane can be influenced [22], leading to the concen-
tration of transmembrane ions or altering neurotransmitters, thus
contributing to the regulation of neural activity. The exposure level
selection is comparable with that used in current clinical applica-
tions reported to provide tactile sensation, EEG peak/latency
change, or inhibition of motor-evoked potentials (Fomenko, 2018;
MI¼ 0.3e1.1, Ispta ¼ 3e6.16W/cm2 [38]). A recently launched
clinical trial has also attempted to use transcranial focused ultra-
sound pulsation to suppress epilepsy (clinical identifier
NCT03657056; MI¼ 0.3, Ispta ¼ 0.72e5.76W/cm2).

The strong decrease in c-Fos and increase GAD65 expression
signals a strong deactivation of excitatory neurons and activation of
inhibitory synapses. A strengthening of the GABAergic synapses by
FUS is supported by another non-invasive approach in an rTMS
animal study finding of increased GAD65 expression following cTBS
[39], which is indicative of enhanced presynaptic GABA-synthesis.
Expression of GAD65 is predominant in the GABAergic synapse
for tonic inhibition and GAD65 has been reported as being critical
for the synthesis of GABA destined for extrasynaptic tonic inhibi-
tion for regulating epileptiform activity [40]. These data indicate
that FUS pulsations can drive neural excitatory (c-Fos, activation of
cells) and inhibitory (GAD65) synaptic transmission. With regard to
our findings, we postulate that increased GAD65 expression and
reduced c-Fos expression indicates that the neural network is
augmented by the given FUS pulsation parameters in an inhibitory
fashion, and may serve as evidence that FUS pulsations have the
potential to suppress epileptiform activity.

This study also reports that the spike-suppressing effect is
correlated with down-regulated PTZ-induced S6 phosphorylation
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and Akt phosphorylation. PTZ is a GABA-A receptor antagonist that
has been shown to mimic acute stage neuronal activity during the
onset of clinical epilepsy [41], and the same mechanism could
potentially be used for clinical treatment of epilepsy. Zhang and
Wong demonstrated that PTZ injection activates the mTOR
pathway in both the hippocampus and neocortex of rats [26].
Aberrant dysregulated mTOR activity has been implied in
enhancing epileptogenesis in several types of epilepsy and is a
target for the development of anti-epileptic drugs [7,42,43].
Focused ultrasound-mediated disruption of the Blood Brain Barrier
is associated with the activation of Akt in neuronal cells of soni-
cated rat brain regions [44]. Ultrasound induces the activation of
integrin a5b1/integrin-linked kinase/Akt/mTOR pathways in oste-
oblasts [32]. Both Akt and protein phosphatase 2A (PP2A) are
associated with b1-integrin-organized cytoplasmic complexes and
PP2A displays higher levels of activity in the complexes [45]. PP2A
can remove phosphate groups from Akt and deactivate Akt. Ivaska
et al. demonstrated that an integrin can deactivate Akt by affecting
PP2A [46].

In addition, ultrasound related S6/Akt phosphorylation also
links with ion-channel membrane regulation to our confirmed
pathway, as previous studies have also demonstrated that the
expression of Kv1.1, Kv1.2 and Kvb2 voltage-gated potassium
channels are repressed by mTOR [47,48]. The expression of potas-
sium channels ensures that the membrane potential reconstitutes
to the neuron resting state. In summary, it might be possible that
PTZ activates the PI3K/Akt/mTOR signaling cascades and FUS pul-
sation affects the PTZ-induced activation of Akt/mTOR/S6 (a po-
tential molecular pathway is summarized in Fig. S4). More evidence
is needed to support the understanding of the entire
biophysicalebiochemical mechanism in ultrasound-related
epileptic discharge suppression, and more studies are needed to
comprehensively elaborate the true mechanism of ultrasound
neuromodulation in epilepsy treatment.

PTZ injected rats display brief myoclonic jerks or freezing, but
this is resolved within 5min following the epileptic episode [26].
The concentration of PTZ in plasma from dogs after intravenous
injection displayed a biexponential decline and the average plasma
half-life of PTZ is 1.4 h [49]. The number of epileptic bursts
decreased in a time dependentmanner (Figs. 3 and 4), similar to the
time-dependent decline of epileptic EEG signal bursts in PTZ-
induced rats found by Min [25]. These reports and results indi-
cate a fast absorbance and elimination rate of PTZ in animals, and a
single injection of PTZ induces acute epilepsy rather than chronic
epilepsy.

Conclusion

This parametric study investigated valid ultrasound parameters
for optimizing the suppression of epileptic neuronal activity, and
confirmed that ultrasound pulsation effectively regulates the
down-regulated PTZ-induced S6 phosphorylation as well as pAKT
expression, thus confirming that ultrasound pulsation can tempo-
rally regulate the PI3K-Akt-mTOR pathway. Our findings provide
solid evidence that focused ultrasound pulsation can serve as an
effective noninvasive therapeutic tool to suppress epileptic activity
and has high potential for clinical applications. The results provide
an important reference for the development of focused ultrasound-
based applications for epilepsy treatment or ultrasound neuro-
modulation potential for CNS disease intervention.
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