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ABSTRACT

Background: Temporal lobe epilepsy (TLE) is the most common form of focal epilepsy. Recent studies have demonstrated that ultrasound stimulation can inhibit
spontaneous recurrent seizures and improve behavioral outcomes for rodents with TLE. However, the exact underlying mechanism for inhibition of TLE via ul-
trasound stimulation remains unknown.

Methods: In this study, low-intensity pulsed ultrasound stimulation (LIPUS) and low-intensity continuous ultrasound stimulation (LICUS) and concurrent local field
potentials (LFPs) in the CA3 field of the hippocampus were recorded in the kainite-induced mouse model of TLE. The power spectrum and the phase-amplitude
coupling in the LFPs were quantitatively analyzed.

Results: We found three significant changes in LFPs after ultrasound stimulation: (i) the intensity of the power spectrum in the low frequency (< 10 Hz) was
significantly decreased (p < 0.01); (ii) the phase amplitude coupling strength between slow (delta-, theta-, and alpha-frequency bands) and fast (gamma frequency
bands) neural oscillations were weakened (p < 0.01); (iii) the interval between seizures was significantly increased (p < 0.01).

Conclusions: These results indicate that the seizures of TLE can be effectively inhibited by ultrasound stimulation, and this effect is independent of ultrasound type

(pulsed or continuous).

1. Introduction

Epilepsy, one of the most common neurologic disorders worldwide,
is caused by abnormal, highly synchronized discharges from a plurality
of neurons (Chang and Lowenstein, 2003; Sen et al., 2018). Repeated
epileptic seizures lead to anxiety, depression, accidental disability, and
even death, and greatly affect quality of life (Johnson et al., 2004;
Keezer et al., 2016; Lambert and Robertson, 1999). TLE is the most
common epileptic syndrome in adults and accounts for more than half
of refractory epilepsy cases (Krook-Magnuson et al., 2013; Pittau et al.,
2012; Wiebe et al., 2002).

In the clinic, epilepsy is mainly treated with antiepileptic drugs, but
about 20-30% of patients experience recurrent episodes, which be-
comes classified as drug-refractory epilepsy (Schmidt and Schachter,
2014; Vyas et al., 2015). In addition, long-term use of antiepileptic
drugs can lead to damage of the liver, kidney, and hematopoietic bone

marrow, and so some patients cannot tolerate them (Golyala and Kwan,
2016). Surgical treatment may be effective in some patients. However,
preoperative evaluation is invasive, and surgery can easily injure un-
affected brain areas (Jobst and Cascino, 2015). Previous studies have
reported the use of brain stimulation techniques, including deep brain
stimulation, optogenetic stimulation, transcranial magnetic stimula-
tion, and transcranial direct-current stimulation, for the inhibition of
epileptic seizures (Bidwell et al., 2015; Brunoni et al., 2012; Chiang
et al., 2014; Kimiskidis et al., 2014; Zhong et al., 2011). Deep brain
stimulation and optogenetic stimulation can accurately and effectively
inhibit epileptic seizures; however, deep brain stimulation requires
surgical implantation of electrodes and optogenetic stimulation re-
quires modification of the genome and surgical implantation of optical
fibers, and therefore both are invasive brain stimulation procedures
(Paz and Huguenard, 2014; Yu et al., 2018).

Transcranial magnetic stimulation and transcranial direct-current
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stimulation can noninvasively and effectively suppress seizures, but
their spatial resolution and penetration depth are low (Pereira et al.,
2016; San-Juan et al., 2015). Recent years have seen the rapid devel-
opment of low-intensity ultrasound stimulation, which has the ad-
vantages of higher spatial resolution and greater penetration depth, and
has emerged as a new modality for noninvasive neuromodulation
(Bystritsky et al., 2011; Landhuis, 2017). The potential mechanisms of
ultrasound stimulation for neuromodulation may be that ultrasound
wave alter intramembrane cavitation, membrane conductance or me-
chanically sensitive ion channels to cause neuronal discharge (Plaksin
et al., 2014; Tyler, 2011; Ye et al., 2018). Previous studies have shown
that ultrasound stimulation can be used to safely modulate brain ac-
tivity in patients with and animal models of neuropsychiatric diseases,
including ischemic stroke (Chen et al., 2018a; Li et al., 2017), Alzhei-
mer’s disease and dementia (Eguchi et al., 2018; Lin et al., 2015),
traumatic brain injury (Chen et al., 2018b; Monti et al., 2016; Su et al.,
2017), and depression (Zhang et al., 2018). More recently, ultrasound
stimulation has been used to inhibit epilepsy; Min et al. investigated the
feasibility of ultrasound stimulation to non-invasively suppress a pen-
tylenetetrazol-induced rat model of epilepsy (Min et al., 2011). The
authors found that ultrasound stimulation applied to a rat model of
epilepsy resulted in few occurrences of epileptic EEG bursts and less
severe epileptic behavior. Hakimova et al. utilized pulsed ultrasound to
stimulate a KA-induced mouse model of mesial TLE during the initial
acute period (Hakimova et al., 2015; Min et al., 2011). The mice with
ultrasound stimulation in the initial period exhibited fewer spontaneous
recurrent seizures and improved performance in behavioral tasks as-
sessing sociability and depression in the chronic period of epilepsy
(Hakimova et al., 2015; Min et al., 2011). Thus, ultrasound stimulation
can effectively inhibit epileptic seizures.

With the advantages of non-invasiveness and spatial selectivity,
low-intensity ultrasound stimulation may provide new perspectives for
possible therapies in patients with epilepsy. In this study, mice with KA-
induced TLE received LIPUS or LICUS, and the power spectrum and
PAC of LFPs were recorded and analyzed in the Pre-Stim, Stim-On, and
Post-Stim phases.

2. Methods
2.1. Animals

Thirty-seven C57BL/6 mice were used in the experiments (all male,
body weight 20-25g, Beijing Vital River Laboratory Animal
Technology Co., Ltd. China). All procedures were conducted according
to the Animal Ethics and Administrative Council of Yanshan University.
The mice were housed in standard cages in a 12-hour light/dark cycle
and had ad libitum access to food and water. The mice were randomly
divided into three groups, including a KA group (N = 6), KA + LIPUS
group (N = 8), and KA + LICUS group (N = 8). Additional fifteen mice
were used for measuring the latency to seizure. Body temperature was
maintained at "37 °C using a closed-loop animal temperature main-
tenance instrument (69002, Ruiwode, Shenzhen, China) during all ex-
periments.

2.2. The TLE mouse model and electrode implantation

The TLE mouse model was generated according to previous work
(Min et al., 2011). Surgical anesthesia for all mice was induced with 2%
isoflurane, and oxygen was continuously delivered at 2L per min. The
anesthetized mice were fixed on a mouse adapter (68030, Ruiwode,
Shenzhen, China) with ear bars and a clamping device. KA (1 pg/1 pl in
saline, Tocris, USA) was unilaterally microinfused into the CA3 area
(AP = -2.0mm, ML= -2.3mm, and DV = 2.0 mm from bregma) via a
needle (33 gauge, NanoFil, World Precision Instruments, USA) con-
nected to a 25-ul Hamilton syringe; the flow rate (0.05 ul min~') was
regulated by a syringe pump (SP101i, World Precision Instruments,
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USA). After the injection, we left the needle for 5min to prevent
leakage before slowly pulling it out. Tungsten microelectrodes
(WE50030.1B10, MicroProbe, USA) were inserted into the CA3 region
(AP = -2.0mm, ML = -2.3mm, and DV = 2.0 mm from bregma) 2h
after generation of the TLE model. A reference screw electrode and a
ground screw electrode were inserted into the nasal bone. 1.75% iso-
flurane (RWD Life Science Co. Shenzhen, China) and oxygen were
continuously delivered at 2L per min to anesthetized mice for sub-
sequent ultrasound stimulation and LFPs recording experiments.

2.3. Low-intensity ultrasound stimulation protocol

LIPUS and LICUS were used in our experiments. With LIPUS, two
connected function generators (AFG3022C; Tektronix, USA) were used
to generate pulsed signals. The first function generator, which gener-
ated square waves to trigger the operation of the second function
generator, was used to control the PRF and SD. The second function
generator was used to control the FF, DC, and acoustic intensity. As
shown in Fig. 1, the FF, PRF, DC, and SD of pulsed ultrasound were
500 kHz, 500 Hz, 50% and 30s, respectively (Hakimova et al., 2015;
Yusuf et al., 2010). With LICUS, the continuous sine wave was gener-
ated by a function generator. The FF and SD of the continuous ultra-
sound were 500 kHz and 30s. The pulsed signal or continuous signal
was amplified by a linear power amplifier (E&I240L, ENI Inc., USA)
and transmitted to an unfocused ultrasound transducer (V301-SU,
Olympus, USA). The ultrasound transducer had a single element with
diameter of 25.4 mm, and was connected to the skull by a conical
collimator that was filled with ultrasound coupling gel. The diameter of
the hole at the bottom of the conical collimator was 2mm. The two-
dimensional ultrasound distribution in xz, yz, and xy planes (Fig. 2) was
measured using a calibrated needle-type hydrophone (HNR500; Onda,
USA) that was moved by a two-dimensional electric translation plat-
form. The maximum ultrasound pressure of both pulsed and continuous
ultrasound was 0.26 MPa.

2.4. LFP signal recording

The microelectrode recorded the LFP signals using a dual-channel
pre-amplifier (63386, A-M Systems Inc., USA). The analog signals were
converted into digital signals using a 32-channel neural signal processor
(Cerebus Data Acquisition System, Blackrock Microsystems, USA),
which were then transmitted to a computer for data storage and pro-
cessing. Raw LFP signals were acquired at a sampling frequency of
2kHz, and a low-pass filter with a 1000-Hz cutoff frequency was set in
the differential pre-amplifier system.

2.5. Ultrasound stimulation sequence

To verify that ultrasound stimulation can inhibit seizures in TLE, we
recorded LFPs from the CA3 region of mice in KA, KA + LIPUS, and

Pulsed fem—mmm e 308 ~mmmmmmmemmeea- -
ultrasound

- 1/PRF -~
FF=500 kHz, PRF=500 Hz, DC=50 %

Continuous "

ultrasound _ -—-

FF=500 kHz

Fig. 1. Experimental time sequence. (A) The time sequence of the LIPUS and
LICUS. The ultrasound FF, PRF, DC, and SD were 500 kHz, 500 Hz, 50%, and
30 s with LIPUS. The FF and SD were 500 kHz and 30 s with LICUS. (B) The two-
dimensional ultrasound distribution in xz, yz, and xy planes.
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Fig. 3. Ultrasound stimulation modulates the LFP power spectrum in TLE. (A) LFPs in the KA, KA + LIPUS, and KA + LICUS groups. Ultrasound stimulation (30 s) is
marked by a purple dotted frame, and is shown for both KA + LIPUS and KA + LICUS groups. (B) and (C) LFP power spectrum at Pre-Stim, Stim-On, and Post-Stim
phases in the KA + LIPUS (D) and KA + LICUS (E) groups. The power spectrum intensity was mainly concentrated to low frequencies (< 10 Hz) during seizures (Pre-
Stim). The peak intensity of the power spectrum dropped significantly and reduced to “20% of that in the Pre-Stim phase in the KA + LIPUS and KA + LICUS groups.

KA + LICUS groups. We defined seizures with LFP according to the
previous literature (Amplitude: 3 X background, Lasting time: > 10s)
(Hakimova et al., 2015). Data was analyzed to detect seizures in real-
time. Detection threshold was set at approximately three times the
amplitude of the background signal. We setup a threshold value ap-
proximately equal to three times the amplitude of background signal in
the recording software. When the amplitude of the LFPs was above the
threshold line and the seizures lasted more than 30s, we manually

turned on the trigger switch of ultrasound stimulation for 30s.

The LFPs were continuously recorded for 100 s in the KA group once
we had confirmed seizures. In the KA + LIPUS and KA + LICUS groups,
we began recording LFPs once we had confirmed seizures. The total
recording time was also 100s in the KA + LIPUS and KA + LICUS
groups. In the series of experiments for measuring the latency to the
next seizure, we recorded the LFPs until the occurrence of the next
seizure in KA group (N =5), KA + LIPUS group (N =5) and
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KA + LICUS group (N = 5). Five seizures were tried for each mouse.

2.6. Data analysis

The Welch algorithm was used to analyze the power spectrum of
LFPs with data segments, adding windows function, and averaging
data. We set the window to a Hamming window with a width of 30,000
points and an overlap of 29,000 points. The parameters used for mea-
suring oscillatory activity was the peak frequency (Hz) and the mean
absolute power (uV?/Hz). We used PACI, that is the index of the Pac
strength.

We modified Voytek’s method (Voytek et al., 2013) to calculate the
PACI for low and high frequency bands and it is defined by formula (1):

K-1

1
PACT = | 3 exp(i(¢[k] = ¢, [k]))
K ;;1 1 h (1)

where PACI is the phase-locking value between ongoing ¢, and ¢,, and k
is the time index. ¢, is the phase of low-frequency oscillation, ¢, is the
phase of the high-frequency oscillation filtered by low-frequency band-
pass filter. The higher the PACI, the stronger the Pac strength.

2.7. Statistical analysis

Pre-Stim, Stim-on, and Post-Stim comparisons were made using the
Kruskal-Wallis test, and differences were deemed significant if p <
0.05. The statistical analysis was performed using Matlab software.

3. Results
3.1. Ultrasound stimulation modulates the LFP power spectrum in TLE

Fig. 3A shows the LFPs in the KA, KA + LIPUS, and KA + LICUS
groups. Ultrasound stimulation (30s) in the KA + LIPUS and KA +
LICUS groups is marked by a purple dotted frame. In the KA + LIPUS
and KA + LICUS groups, ultrasound stimulation of CA3 inhibited the
seizure in Stim-On, and the seizure of TLE was completely suppressed in
Post-Stim. Next, we performed a quantitative analysis of spike fre-
quency and power spectrum of LFPs in Pre-Stim, Stim-On, and Post-
Stim in the KA + LIPUS and KA + LICUS groups. Then, we calculated
the power spectrum of LFPs in the Pre-Stim (30 s), Stim-On (30 s), and
Post-Stim (30s) phases in the KA + LIPUS and KA + LICUS groups.
Power spectrum data were normalized to allow for comparisons as
shown in Fig. 3B (KA + LIPUS group) and 3C (KA + LICUS group), the
intensity of the power spectrum was mainly concentrated at the low
frequency (< 10 Hz) during seizures (Pre-Stim). While ultrasound sti-
mulation resulted in a decrease in the peak intensity of the power
spectrum, this change was not obvious in either the KA + LIPUS or
KA + LICUS groups. This may be because the epileptic seizure was not
immediately inhibited following stimulation, and the abnormal dis-
charge therefore continued during Stim-On. The peak intensity of the
power spectrum dropped during Stim-On to around 20% of that in the
Pre-Stim phase in both the KA + LIPUS and KA + LICUS groups. The
change in power spectrum intensity indicates that ultrasound stimula-
tion inhibits slow neural oscillations of seizure activity in TLE.

Fig. 4A shows the spike frequency in the Pre-Stim, Stim-On, and
Post-Stim phases in the KA + LIPUS and KA + LICUS groups. We chose
the spikes according to the reference (Amplitude: 3 X background)
(Hakimova et al., 2015) and the spike frequency is the number of spikes
per unit time. (unit: Hz). Compared to Pre-Stim, the spike frequency
decreased in the Stim-On phase and was significantly reduced at Post-
Stim for both the KA + LIPUS (mean values from five seizures of each
mouse over eight mice, Pre-Stim: 1.15 *= 0.21 Hz; Stim-On:
0.66 = 0.17Hz; Post-Stim: 0.01 * 0.01 Hz, Kruskal-Wallis test,
p < 0.01) and KA + LICUS groups (mean values from five seizures of
each mouse over eight mice, Pre-Stim: 1.15 = 0.21 Hz; Stim-On:
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0.77 = 0.16 Hz; Post-Stim: 0.02 + 0.01 Hz, Kruskal-Wallis test,
p < 0.01). To obtain the latency to the next seizure, we continuously
recorded the LFPs until the next seizure in fifteen additional mice from
the KA group (N =5), KA + LIPUS group (N = 5) and KA + LICUS
group (N = 5).

We measured the interval between two adjacent seizures for each of
5 seizures per mouse in KA, KA + LIPUS, and KA + LICUS groups. As
shown in Fig. 4B, the onset of next seizure was delayed by
96.6 *+ 18.5s in the KA group (mean values from five seizures across
five mice per mouse *+ standard error of the mean), 383.2 = 51.6sin
the KA + LIPUS group, and 378.6 + 60.8s in the KA + LICUS group
(Kruskal-Wallis test, p < 0.01). The results showed that the interval to
next seizure were lengthened following a 30 s ultrasound stimulation at
the occurrence of the first seizure. These results demonstrate that low-
intensity ultrasound stimulation can effectively inhibit seizure activity
of TLE; in addition, there was no significant difference between the
inhibition effects of LIPUS and LICUS.

3.2. Ultrasound stimulation modulates PAC strength of LFPs in TLE

Considering that ultrasound stimulation suppressed slow oscilla-
tions of TLE seizures, and that PAC between slow and fast neural os-
cillations has been reported to be an important characteristic of LFPs in
TLE (Edakawa et al., 2016; Lopezpigozzi et al., 2016; Samiee et al.,
2018), we investigated the relationship between the ultrasound sti-
mulation-induced inhibition of TLE and PAC of slow-fast neural oscil-
lations. First, we determined the coupling strength of slow-fast neural
oscillations by examining PAC in the KA + LIPUS and KA + LICUS
groups. As shown in Fig. 5A, there was a clear correspondence between
the trough of slow oscillations and the peak of fast oscillations in Pre-
Stim; this correspondence was weaker in Stim-On and hardly visible in
Post-Stim. Fig. 5B shows PACI images as a function of the analytic phase
(1-20 Hz) and analytic amplitude (1-45 Hz) for Pre-Stim, Stim-On, and
Post-Stim in the KA + LIPUS and KA + LICUS groups. In Pre-Stim, the
PACI value had a strong coupling between slow and fast neural oscil-
lations during seizures. Compared to Pre-Stim, the coupling between
alpha (8-13Hz) and gamma (30-45Hz) frequencies significantly de-
creased in Stim-On. In Post-Stim, the coupling between delta (1-4 Hz),
theta (4-8 Hz), alpha, and gamma frequencies was reduced after ul-
trasound stimulation in both the KA + LIPUS and KA + LICUS groups.
In particular, ultrasound stimulation reduced the coupling between
alpha and gamma more rapidly. One previous study found that LFPs in
epilepsy are primarily composed of delta and gamma frequency bands,
which manifest as slow and fast oscillations, respectively (Weiss et al.,
2013; Zhang et al., 2017). Our results demonstrate that the pathological
function of LFPs in delta-, theta-, alpha- and gamma frequency bands is
reduced by ultrasound stimulation.

Furthermore, we quantitatively computed the mean PACI between
slow and fast neural oscillations, including delta-gamma, theta-gamma,
and alpha-gamma. The mean PACI for each group is shown in
Fig. 6A-C. As shown in Fig. 6A, the mean PACI between delta and
gamma bands in Pre-Stim, Stim-On, and Post-Stim were 0.41 + 0.04,
0.33 + 0.05, and 0.26 * 0.03 in the KA + LIPUS group and
0.39 + 0.05, 0.32 = 0.05, and 0.28 + 0.03 in the KA + LICUS
group. Compared to Pre-Stim, the PACI in Post-Stim was significantly
decreased by "1.6 times and "1.4 times in the KA + LIPUS and KA +
LICUS groups, respectively (mean values from five seizures of each
mouse over eight mice, Kruskal-Wallis test, Stim-On vs. Pre-Stim:
p < 0.05, Post-Stim vs. Pre-Stim: p < 0.05). The mean Pac indices
between theta and gamma bands in Pre-Stim, Stim-On, and Post-Stim
were 0.33 + 0.04, 0.31 *= 0.05, and 0.19 * 0.03 in the KA + LIPUS
group and 0.34 * 0.05, 0.29 = 0.04, and 0.20 = 0.02 in the KA +
LICUS group. Compared to the Pre-Stim phase, the Post-Stim mean Pac
indices decreased by "1.7 times in both the KA + LIPUS and KA +
LICUS groups (mean values from five seizures of each mouse over eight
mice, Kruskal-Wallis test, Stim-On vs. Pre-Stim: p < 0.05, Post-Stim vs.
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LIPUS and KA + LICUS groups, respectively (mean values from five
seizures of each mouse over eight mice, Kruskal-Wallis test, Stim-On vs.
Pre-Stim: p < 0.05, Post-Stim vs. Pre-Stim: p < 0.05). Thus, ultra-
sound stimulation significantly decreased PACI in the delta-gamma,
theta-gamma, and alpha-gamma bands. This indicates that ultrasound
stimulation caused an obvious decoupling of slow-fast neural oscilla-
tions in seizure activity. This decoupling of slow-fast oscillations may
underlie the inhibitory effect of ultrasound stimulation on seizures in
TLE. The effect of decoupling was not significantly different between
the KA + LIPUS and KA + LICUS groups.

4. Discussion

In this study, we applied LIPUS and LICUS to the CA3 region to
measure the effect on a model of TLE, and simultaneously recorded
LFPs elicited from the CA3 region. The power spectrum and PAC of
LFPs during the Pre-Stim, Stim-On, and Post-Stim phases were quanti-
tatively analyzed to reveal the mechanism of ultrasound-induced in-
hibition of seizure activity in TLE. Our results demonstrate that low-
intensity ultrasound can suppress the bursts and slow frequency dy-
namics, which then results in a drop in PAC. To our knowledge, this is
the first report to investigate the power spectrum and PAC of LFPs from
ultrasound-induced inhibition of seizures. These findings provide a
basis for the potential clinical use of ultrasound stimulation in the
treatment of TLE.

A previous study demonstrated that low-intensity ultrasound sti-
mulation can evoke neuron activity by activating voltage-gated sodium
channels, voltage-gated calcium channels, or intramembrane cavitation
within the bilayer membrane in neurons (Tyler et al., 2018). We think
that ultrasound stimulation may affect slow and fast neural oscillations,
destroy the synchronous discharge rhythm of epilepsy and inhibit epi-
leptic discharge based on the above potential mechanisms.

In our study, ictal and postictal periods could be encountered within
the preset ultrasound stimulation periods and the precise timing of
seizures abatement under ultrasound stimulation within those periods
appeared to be random. Similar results were also shown in previous
work by Hakimova et al (Hakimova et al., 2015). In order to work with
the same data length in subsequent mathematical analysis, we did not
separate seizure and post-seizure periods during stimulation periods,

but we analyzed the changes of LFP at the preset peri-ultrasound sti-
mulation periods, that is, pre-stim: 30 s, stim-on: 30 s, post-stim: 30s.

Changes in physiological parameters by ultrasound stimulation have
not been investigated (Hakimova et al., 2015; Min et al., 2011). In a
future study, we plan to address this question and reveal potential
molecular mechanisms of ultrasound stimulation in the abatement of
seizures.

5. Conclusions

In summary, our study indicates that ultrasound stimulation can
effectively inhibit seizures of TLE. This inhibition effect is independent
of ultrasound type (pulsed and continuous ultrasound).
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