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Modulatory Effect of Low-Intensity Transcranial
Ultrasound Stimulation on Behaviour and Neural

Oscillation in Mouse Models of
Alzheimer’s Disease

Huifang Yang, Jiaqing Yan, Hui Ji, Mengran Wang, Teng Wang, Huiling Yi, Lanxiang Liu,
Xin Li, and Yi Yuan

Abstract— Transcranial ultrasound stimulation (TUS) is
a noninvasive brain neuromodulation technique. The appli-
cation of TUS for Alzheimer’s disease (AD) therapy has
not been widely studied. In this study, a long-term course
(28 days) of TUS was used to stimulate the hippocam-
pus of APP/PS1 mice. We examined the modulatory effect
of TUS on behavior and neural oscillation in AD mice.
We found that TUS can 1) improve the learning and mem-
ory abilities of AD mice; 2) reduce the phase-amplitude
coupling of delta-epsilon, delta-gamma and theta-gamma
frequency bands of local field potential, and increase the
relative power of epsilon frequency bands in AD mice;
3) reduce the spike firing rate of interneurons and inhibit the
phase-locked angle deflection between the theta frequency
bands and the spikes of the two types of neurons that
develops with the progression of the disease in AD mice.
In summary, we demonstrate that TUS could effectively
improve cognitive behavior and modulate neural oscillation
with AD.

Index Terms— Alzheimer’s disease, behaviour, neural
oscillation, transcranial ultrasound stimulation.
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I. INTRODUCTION

ALZHEIMER’S disease (AD) is the most common neu-
rodegenerative disease [1]. Current treatments for AD

include drug therapy and physical intervention. Drug therapy,
for which the most commonly used agents are cholinesterase
inhibitors and antioxidants, can improve the symptoms of AD
patients, reduce the loss of cognitive and functional abilities,
preserve the functional level of AD patients to the greatest
extent possible, delay the progression of the disease, and
improve patients’ life expectancy and quality of life [2].
Noninvasive physical brain stimulation therapy includes tran-
scranial magnetic stimulation (TMS) and transcranial direct
current stimulation (tDCS). Low-frequency repetitive TMS can
enhance the learning and memory ability of AD rats and
effectively improve the symptoms of AD patients by regulating
the excitability of the cerebral cortex, remodelling the cortical
neural network, and increasing the expression of the neu-
rotrophic factor brain-derived neurotrophic factor (BDNF) and
the receptors for various ligands [3], [4]. tDCS can regulate
the excitability of the cortex and produce long-term effects,
which can effectively alleviate the cognitive impairment of
AD patients and improve memory and cognitive function
[5].However, TMS and tDCS have shortcomings in penetration
depth, for instance, they cannot stimulate deep brain areas such
as the thalamus [6]. In recent years, transcranial ultrasound
stimulation (TUS) with non-invasive, high penetration depth
and high spatial resolution has attracted the attention of many
scholars and been used in neuromodulation of AD.

Ultrasound wave which consists of propagating waves with
a frequency higher than the audible range, can penetrate
biological tissues such as the skull and stimulate deep target
regions. TUS has the advantages of noninvasiveness, deep pen-
etration of tissue, and high spatial resolution [7], [8], [9], [10],
[11], [12]. In general, TUS regulates nerve function through
biophysical effects on targets such as mechanosensitive ion
channels, glial cells, and cell membrane capacitance [13],
[14]. In research on the treatment of Alzheimer’s disease
by ultrasound, Park et al. applied gamma-frequency (40 Hz)
ultrasound to 5XFAD mice for two hours daily for two
consecutive weeks and found that transcranial ultrasound
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with gamma-frequency ultrasound can effectively treat AD by
reducing the amyloid-β (Aβ) load and improving brain con-
nectivity [15]. In the APP23 mouse model of AD, transcranial
ultrasound combined with intravenous injection of microbub-
bles has been shown to temporarily open the blood?brain
barrier and reduce Aβ, which highlights the complexity of the
microglial response to transcranial ultrasound and its potential
application in the treatment of AD [16]. Studies have also
shown that TUS has a significant effect on brain damage
and cognition in an AlCl3-induced rat model of Alzheimer’s
disease [17]. The above results suggest that ultrasound stim-
ulation has the potential to be an effective and noninvasive
treatment for AD. The APP/PS1 AD mouse model used
in this article carries mutated APP and PS1 genes. With
the accumulation of gene effects, typical features similar to
AD can appear in pathology and learning cognitive abilities,
effectively simulating the characteristics of AD. Many scholars
have studied the treatment and pathogenesis of AD based on
this model mouse, which has high application value [18],
[19], [20]. However, it remains unclear how long-term low-
intensity TUS modulates neural activity in the hippocampal
brain region, which is closely related to learning and memory,
of the APP/PS1 AD mouse model.

To answer this question, we used a long-term course
(28 days) of low-intensity TUS to stimulate the hippocam-
pus of AD mice. Based on the improvement in AD-related
behaviours after ultrasound stimulation, the average relative
power and cross-frequency phase-amplitude coupling of differ-
ent rhythms in the hippocampus during ultrasound stimulation
were analysed. Moreover, the spike firing rates of different
types of neurons and the phase-locked relationship of their
single spikes and theta rhythms were quantified and calculated
to further clarify the modulatory effect of long-term low-
intensity TUS on neural activity in the hippocampus of the
APP/PS1 AD mouse model.

II. MATERIALS AND METHODS

A. Animal Preparation
Our study protocols were submitted to and approved by

the Animal Ethics and Administrative Council of Yanshan
University.In this study, twelve female C57BL/6 mice (ages:
12-16 weeks, weight: 20-25 g, Beijing Vital River Labo-
ratory Animal Technology Co., Ltd. China) were used as
the Control group. Additionally, twenty-four female APP/PS1
transgenic mice (ages: 12-16 weeks, weight: 20-25 g, Beijing
HFK Bio-Technology Co., Ltd. China) were randomly divided
into an AD group (N=12) and an ADsti group (N=12),
for which female APP/PS1 mice show earlier and higher
β amyloid plaque load and earlier memory deficits com-
pared to age-matched males [21], [22]. The Control group,
AD group and ADsti group were randomly divided into two
subsets for behavioural experiments and electroencephalogram
(EEG) recording. What’s more, 6 female APP/PS1 transgenic
mice were applied with trapezoidal pulses to prove auditory
response. All animals were kept in an animal housing room
on a 12 h/12 h light/dark cycle; the temperature and humidity
were controlled at 20-24 ◦C and 45%-55%, respectively, and

the mice had unrestricted access to standard pelleted rodent
feed and water.

5xFAD is a new type of AD mouse model developed on
the basis of APP/PS1 and has received widespread attention.
In recent animal studies on AD, APP/PS1 mice was widely
used as the AD model due to that they have the characteristics
of AD well at the cellular and molecular levels [18], [19],
[20]. We believe that APP/PS1 mice can meet our study. The
APP/PS1 mice used in our study were heterozygous and the
company provided corresponding genetic testing reports to
ensure that the mice contain characteristic genes.

B. TUS Therapy
The TUS setup was similar to that used in our previous

study (Fig. 1a-left) [12]. Ultrasound treatment was performed
with a 0.5-MHz unfocused piezoelectric transducer (V301-SU,
Olympus, United States) with a 50-msec burst at a 5% duty
cycle and a repetition frequency of 1 Hz (Fig. 1c). In our
experimental setup, we adjusted the transducer position by
integrating the sound field distribution with the mouse brain
atlas to make the maximum ultrasound intensity target the hip-
pocampus. The ultrasound intensity distribution under the ex
vivo mouse skull in the x-y plane (Fig. 1e) and the normalized
amplitude for 1 (Fig. 1d) were measured with a calibrated
needle-type hydrophone (HNR500; Onda, United States) that
was moved by a two-dimensional electric translation platform.
The diameter of the focal area measured at full width at 50%
maximum was ∼6.2 mm (Fig. 1d). The head of mouse was
shaved, and low-intensity TUS was applied to the hippocam-
pus of the ADsti group vertically only for a sonication time of
15 min at an ultrasound intensity of 0.3 MPa (corresponding
to a spatial peak pulse average intensity (ISPPA) of 6 W/cm2)
daily for a period of 28 days (Fig. 1b).In our study, the mice
were anesthetized by the isoflurane only during the ultrasound
stimulation. Because the mice from all groups underwent
the same anesthesia procedure, the statistical differences in
experimental results between groups were due to ultrasound
stimulation.

C. Experimental Procedures
In this study, a long-term course of ultrasonic stimulation

(15 minutes per day for 28 days) was applied to the hippocam-
pus of APP/PS1 mice, and behavioural experiments, EEG
recordings and biochemical tests were carried out. We know
that AD shows symptoms such as memory impairment, and
the hippocampus is closely related to the memory. There-
fore, the hippocampus was chosen as the stimulation site
in our study [23], [24]. AD is a chronic neurodegenerative
diseases and long-term TUS pattern may be more appropriate.
In previous studies, 2-weeks period of ultrasound stimulation
was used in vascular dementia rats and 6-weeks period of
ultrasound stimulation was applied on aluminum induced AD
models, which achieved effective stimulation effects [17], [25].
We referred to the previous studies and selected 4-weeks
as the stimulation cycle.The timeline of the experiment is
shown in Figure 1b which does not include the training period
of the fear conditioning test. Ultrasound stimulation for the
ADsti group was given daily on D0-D27. In addition, the fear
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Fig. 1. Experimental setup and protocol. (a) Schematic of ultrasound stimulation (left), electroencephalogram (EEG) recording (middle) and
electrode implantation (right). (b) The timeline of the experiment. (c) Time sequence of the imaging experiments. FF: fundamental frequency;
PRF: pulse repetition frequency; NC: number of cycles, DC: duty cycle. (d) The reconstruction profile along white dotted line 1 in Figure 1(e).
(e) Ultrasound field distribution under the skull in the x-y plane. Abbreviations:FC, fear conditioning test; MWM, Morris water maze; OF, Open field;
REC, EEG recording; TUS, Transcranial ultrasound stimulation.

conditioning test and EEG acquisition took place on the same
dates, that is, D0-D6, W1 (D7), W2 (D14), W3 (D21), and W4
(D28), which the eleven specific days are collectively referred
to as “day collection in stimulation (day CIS)”. During day
CIS, TUS was performed after the fear conditioning test and
EEG acquisition. Subsequently, the open field experiment was
carried out on D28, the five-day Morris water maze experiment
was carried out on D29-D33.

D. Fear Conditioning
The fear conditioning test is one of the commonly used

behavioural research methods to test for cognitive dysfunction
in experimental animals [26]. The specific experimental steps
are divided into two parts. 1) Establishment of fear memory
(training): The mice were trained in the fear box for two days.
On the first day, the mice were placed in the fear box to adapt
for 150 s, after which sound stimulation (80 dB, 3 600 Hz,
for 30 s) was applied 5 times at intervals of 90 s. This part
served to verify that mice did not have excessive responses
to the sound stimuli before undergoing fear conditioning.
On the second day, the other conditions remained unchanged,

but a continuous direct current stimulation (current intensity
0.3 mA, duration 0.5 s) was given in the last 0.5 s of the
sound stimulation so that the mice developed fear memory for
the sound stimulation. 2) The fear conditioning test(testing):
After the training, the behavioural performance of the mice
after the sound stimulation was recorded during day CIS. The
video was recorded by the fear box (Shanghai Jiliang Software
Technology Co. Ltd), then the trajectory of each mouse and the
immobility time ratio within 150 s after the sound stimulation
were quantitatively analysed to evaluate cognitive function.

E. Open Field Test
After 28 days (4 weeks) of ultrasonic stimulation, the open

field test was carried out, and the autonomous activity ability
and anxiety state of the mice were measured by the open field
test [27]. We placed each mouse into the experimental box
(50 cm×50 cm) for 10 minutes to adapt before the experiment.
We then recorded 3 times for 5 minutes each, separated by
intervals of 5 minutes. After each recording, the mice were put
back into the cages, and the experimental box was wiped with
75% alcohol to prevent the odour produced by the mice from
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affecting the experimental results. Performance was monitored
with a video recording system (Basler, acA1280-60gm). After
the experiment, quantitative analysis was performed on the
motion trajectory, speed, and distance of the mice as well as
their dwell time in specific areas.

F. Morris Water Maze
The Morris water maze (MWM) is a commonly used task

for evaluating the spatial memory and learning ability of mice
[25]. After the open field experiment, a 5-day water maze
test (Days 29-33) was carried out. A circular pool (60 cm in
diameter) was divided into four distinctively marked quad-
rants: northeast (NE), northwest (NW), southeast (SE) and
southwest (SW). The pool was filled with water to a depth of
21 cm. Milk was added to make the colour difference between
the mouse and the water surface more obvious. In the first four
days, a platform (height=20 cm) was placed in the middle of
the NE quadrant, and experiments were conducted four times
a day, with an interval of no more than 10 minutes between
successive experiments. The mice were slowly lowered into
the pool from four directions; we ensured that the order of
placement was not the same every day. The latency time and
trajectory of the mice to find the platform were recorded.
If the mouse did not find the platform within 60 s, it was
guided to the platform and allowed to stay there for 15 s,
and the latency was recorded as 60 s. After each experiment,
the mice were dried and placed on a heating pad to keep
warm. On the fifth day, the platform was removed, and a
120-s probe trial was performed. Performance was monitored
with a video recording system (Basler, acA1280-60gm). The
trajectory of the mice, the number of times they crossed
the former platform location, the total distance travelled, and
the dwell time in the quadrant previously containing the
platform were quantitatively analysed.

G. Electrode Implantation and EEG Recordings
After the mouse was anaesthetized with 0.5% isoflurane,

it was fixed on an adapter (ST-5ND-C, Stoelting Co., USA),
the scalp was cut away, and a window was opened at the
electrode implantation site using a cranial drill with a size of
approximately 2 mm×2 mm (the coordinates of the centre
of the 16-channel electrode (MWA-S16) were as follows:
anteroposterior(AP) = −2 mm, mediolateral(ML) = 1 mm,
dorsoventral(DV) = 1.5 mm) (Fig. 1a, right). A skull pin was
implanted at the position of the mouse cerebellum, connecting
the ground wire of the electrode. The electrodes were fixed
on the heads of the mice using dental cement, and the mice
were allowed to recover for one week. During electrode
implantation, a temperature control device was used to keep
the temperature of the mice at ∼37◦C. The production of the
EEG acquisition model in freely moving mice is not marked
in the timeline of the experiment. EEG activity in freely
moving mice was recorded with a multichannel data acqui-
sition system (Apollo, Bio-Signal Technologies: McKinney,
TX, USA) (Fig. 1a, middle). The electrode with 16 recording
channels simultaneously recorded spikes and LFPs from the
hippocampus. The raw data were collected during day CIS for
15 minutes with a 30 kHz sampling rate.

H. Relative Power and Cross-Frequency
Coupling Analyses

All analyses were performed using MATLAB. LFP power
spectral density (PSD) was calculated through the Welch
estimate method (pwelch.m). The spectral power in the dif-
ferent frequency bands was obtained under the PSD curve,
with a frequency resolution of 0.5 Hz. The relative power
(RP) of delta (1.5-5 Hz), theta (5-10 Hz), gamma (30-90 Hz)
and epsilon (90-190 Hz) were calculated based on PSD
(RP=Power_/Power0−200Hz). For the analysis of the cross-
frequency phase-amplitude coupling (CFC-PAC) [28], [29],
the PAC was calculated by computing the phase-locked value
index for the phase of lower frequencies (delta and theta)
with respect to the lower frequencies phase of the higher
frequencies (gamma and epsilon) amplitude. The amplitude
and phase components were obtained by using a Hilbert
transform.

I. Spike Sorting and Firing Rate Analysis
Spikes were extracted from high-frequency signals

(>300 Hz). Blackrock Offline Spike Sorter software (1.2.0,
Blackrock, USA) was used to classify the collected spikes
into pyramidal neurons and interneurons based on principal
component analysis [30], [31] and the K-means algorithm
[32]. Moreover, spike durations were also used to distinguish
pyramidal neurons (PN) (longer, 0.86 ± 0.17 ms) and
interneurons (IN) (shorter, 0.43 ± 0.27 ms), which were used
in our previous study [33], [34]. The interspike interval (ISI)
histogram was generated, and its shape could also be used
as a reference for the classification characteristics of the two
types of neurons [35]. After spike sorting, the number of
spikes per second from each of the two types of neurons was
calculated during day CIS; this variable is called the firing
rate (FR).

J. Detection of Theta Oscillations and Phase-Locked
Firing Analysis

The theta oscillations of LFP were obtained digitally band-
pass filtered from 5 to 10 Hz. The corresponding relationship
between spike firing and the theta-filtered LFP was indicated
by counting the mean FR at the corresponding time of LFP
with 1 ms as the bin [36]. To evaluate the presence of
phase locking, the phase was divided into 30 equal parts
with the mean FR of the spike in the corresponding time,
and Rayleigh’s test for circular uniformity was performed to
compute the significance (p < 0.05) of phase locking.

K. Statistical Analysis
All data are expressed as the mean ± SEM. Statistical

analysis was performed using repeated measures two-way
analysis of variance (ANOVA) with least significant difference
post hoc test for multiple comparisons (GraphPad Prism Soft-
ware and SPSS Software). Multiple comparisons of the theta
phase-locking were conducted using the Rayleigh’s test with
the false discovery rate test. The level of statistical significance
was set at a p value < 0.05.
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Fig. 2. Results of the open field (OF) and Morris water maze (MWM) tests. (a) Representative motion paths of control, ADsti, and AD group mice
in the OF test (top) and on the fourth (with platform, bottom) and fifth days (without platform, middle) of the MWM test. (b-d) The speed, motion time
and central area time in the OF test. (e-h) The acquisition latency, quadrant dwell time, total distance and platform crossings in the MWM test. Data
are shown as the mean ± SEM for n=6 mice per group; in Figure 1e, *p<0.05, **p<0.01, ***p<0.001 vs. Control; #p<0.05, ##p<0.01, ###p<0.001;
vs. ADsti.

III. RESULTS

A. Effects of Ultrasound on Voluntary Movement, Anxiety
Behaviour, Learning and Memory in APP/PS1 Mice

After ultrasonic stimulation, an open-field experiment was
conducted on day 28 to explore the effects of voluntary
movement and anxiety in mice. The results of movement
time (Fig. 2b) and movement speed (Fig. 2c) of mice in each
group showed that there was no significant difference in motor
function between the early AD mouse model and normal mice.
Figure 2a (upper) shows the movement track of the mouse,
and the middle rectangular box is defined as the middle area.
Figure 2d shows that the AD group stayed in the middle area
longer than the control group (p<0.001), and the ADsti group
stayed significantly lower than the AD group (p<0.001),which
suggested that TUS can make the anxiety behaviour of AD
mice close to that of the control group.

On days 29-33, we conducted a 5-day MWM test to explore
the spatial learning and memory abilities of mice. Figure 2a
(bottom, middle) shows the search strategy on the fourth
day (fixed platform) and fifth day (removed platform). This
trajectory shows that the ADsti and AD groups tended to scan-
search, whereas the ADsti group had a simpler search strategy
and the control group had a straightforward strategy. From 1 to

4 days, the latency of the three groups of mice gradually
decreased, indicating that the memory formation ability of AD
mice was healthy (Fig. 2e). There was no significant difference
in latency between the three groups on the first day, and the
latency of the AD group was significantly higher than that of
the control group from the second day, while the latency of the
ADsti group was lower than that of the AD group and was
significantly lower than that of the AD group on the fourth
day (p<0.001). There was no significant difference in latency
between the ADsti group and the control group on the fourth
day. After the platform was removed on the fifth day, the
dwell time, total movement distance, and number of platform
crossings of the three groups were calculated in the original
platform quadrant. There were significant differences in the
three indices between the AD and control groups (p<0.001).
The residence time in the original platform quadrant and the
number of platform crossings in the ADsti group were higher
than those in the AD group, but there was no significant
difference between the two groups, while the total movement
distance in the ADsti group was significantly lower than
that in the AD group (p<0.05). These results suggest that
ultrasound can improve spatial memory and learning in AD
mice.
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Fig. 3. Results of the fear conditioning(FC) test. (a) Representative motion paths of control, ADsti, and AD group mice at Day 0, Week 1, Week 2,
Week 3, and Week 4. (b) Levels of freezing behaviour in the training stage. (c) Levels of freezing behaviour in the testing stage during day CIS.
Data are shown as the mean ± SEM for n=6 mice per group.

B. Changes in Fear Memory in APP/PS1 Mice Under
Ultrasound Stimulation

After the mice developed fear memory, we conducted the
fear conditioning test during day CIS to observe the changes
in fear memory in APP/PS1 mice under long-term ultrasound.
Figure 3a shows a representative trajectory map. We used
the immobility time ratio to characterize the degree of fear
memory in mice. The mice were trained five times during the
formation of fear memory. As the training times increased, the
immobility time ratio of the mice increased, and the immobil-
ity time ratio after the fifth training was more than 5 times
that of the first training(p<0.01); therefore, we considered
the establishment of fear memory in mice to be successful.
The difference in the immobility time ratio between the AD
group and the control group after the third training session
was significant(p<0.05) (Fig. 3b). During day CIS, the change
in the immobility time ratio of mice under sound stimulation
is shown in Figure 3c. The overall trend of the immobility
time ratio of the three groups was all decreased, and there

was no significant difference among the groups. However, the
ADsti group had an increase in immobility time compared with
rebound after 4 days of ultrasound stimulation and decreased
to the same level as the AD and control groups after 28 days
of stimulation. These results suggest that ultrasound may bring
the short-term fear memory rebound in AD mice.

C. Analysis Results of Relative Power and
Cross-Frequency Coupling in APP/PS1
Mice Under Ultrasound

In general, hippocampal oscillations are mainly concen-
trated in the theta and gamma bands, as abnormal phase-
amplitude coupling (PAC) between these bands is associated
with cognitive impairment [37], [38]. The delta (1.5-5 Hz)
frequency band is a slow wave associated with memory
consolidation [39], and the epsilon (90-190Hz) frequency band
is a fast oscillation supporting memory consolidation that
mediates the transfer of newly acquired hippocampal infor-
mation to brain-wide circuits during waking and non-REM
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Fig. 4. Results of local field potential (LFP). (a) Representative LFP waveforms of Control, ADsti, and AD group mice in week 4. (b) The results of
cross-frequency coupling (delta-epsilon, delta-gamma and theta-gamma) under ultrasound treatment during day CIS. (c) Relative power of different
frequency ranges (delta, epsilon, gamma and theta) under ultrasound treatment during day CIS. Data are shown as the mean ± SEM for n=6 mice
per group; *p<0.05, **p<0.01, ***p<0.001, Control vs. AD; &p<0.05, &&p<0.01, &&&p<0.001, Control vs. ADsti; #p<0.05, ##p<0.01, ###p<0.001,
ADsti vs. AD. Abbreviations: PAC, Phase-amplitude coupling; RP,Relative power.

sleep [40], [41]. Then the four rhythms of LFP collected during
day CIS were analysed. Figure 4a is a partial representative
LFP waveform of three groups in week 4, and then we
calculated the PAC of delta-epsilon, delta-gamma and theta-
gamma, except for the PAC values of the delta-epsilon in
D3-D6, the PAC values of the AD group were significantly
greater than those of the Control group(p<0.001), and there
was a significant difference between the ADsti group and
the AD group basically from the second day of ultrasound
stimulation(p<0.001) (Fig. 4b). Based on the change results of
the cross frequency coupling(CFC) of the three rhythm pairs,
we calculated the relative power of delta, epsilon, gamma and
theta rhythms and found that overall, relative to the AD group,
the relative power of delta and epsilon in the Control group
were generally increased, whereas there were no significant
differences in gamma or theta rhythms (Fig. 4c). At the same
time, ultrasonic stimulation had no effect on the relative power
of these four rhythms in AD mice, except that the relative
power of epsilon in the ADsti group was greater than that in

the AD group once at week 3 (p<0.01). These results suggest
that ultrasound stimulation can improve the PAC of delta-
epsilon, delta-gamma and theta-gamma and power imbalances
of epsilon rhythm in AD mice.

D. Firing Rate and Phase-Locking Results of APP/PS1
Mice Under Ultrasonic Stimulation

Figure 5a shows the representative timestamps, interspike
interval histograms and spike waveforms of the single spikes
of the two types of neurons (IN, PN) after the spike clas-
sification of mice in each group at week 4. Among them,
PN discharge is more concentrated, and this result is consistent
with the research of single spikes by other scholars [42],
[43]. Next, the firing rates of the two types of neurons
were analysed, and the results showed that there was no
significant difference in the firing rates of PN among the three
groups(Fig. 5b, right). For IN, compared with the control,
the discharge rate of AD developed from low on day 2
(p<0.001) to high on weeks 2 and 4 (p<0.05) (Fig. 5b, left).
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Fig. 5. Results of spikes in the hippocampus during ultrasound hippocampus stimulation. (a) Left: Representative single spike timestamps
(interneurons, IN; and pyramidal neurons, PN) of control, ADsti, and AD group mice in week 4. Right: Corresponding interspike interval histograms
(ISI) and spike waveforms. (b) The total firing rate on day CIS (left: INs; right: PNs). (c) Single spike firing, theta oscillation, and phase locking for
single spike firing and theta oscillation on day 0 and week 4 (left: INs; right: PNs; Rayleigh’s test, p<0.001). Data are shown as the mean ± SEM
for n=6 mice per group; *p<0.05, **p<0.01, ***p<0.001, Control vs. AD; &p<0.05, &&p<0.01, &&&p<0.001, Control vs. ADsti; #p<0.05, ##p<0.01,
###p<0.001, ADsti vs. AD.

In the late ultrasonic stimulation period, although there was
no significant difference between ADsti and other groups, the
ADsti group was higher than the control group and lower

than the AD group. These results suggest that ultrasound
stimulation may weaken the excitability of IN neurons in AD
mice.
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Finally, we also analysed the theta-spike coupling of the
single spikes of the two types of neurons. Figure 5c shows
the average 400 ms theta rhythm segment of single spikes
of the two representative types of neurons on day 0 and
week 4, where the trough of the theta wave cycle is located
at 200 ms. In addition, the average discharge rate over time
during these 400 ms was calculated, and a polar coordinate
diagram of a complete theta wave cycle where the trough was
located at 200 ms was drawn. Both types of neurons in the
three groups of mice were phase-locked by the Rayleigh’s test
(p<0.001). For IN, the spike releases of the Control group on
day 0 and week 4 were all phase-locked near the peak of
the theta wave and relatively less concentrated (∼270-90◦);
compared with the Control group, the spike emission in the
AD group and ADsti group was phase-locked at the falling
edge of the theta wave (∼0-90◦). After 28 days of ultrasonic
stimulation, the phase-locking phase angle of the ADsti group
shifted to the peak (∼0-90◦, more concentrated on 0◦), while
the AD group was more shifted to the trough (∼60-120◦),
and we found that the phasing results of the AD group and
ADsti group were more concentrated. For PN, consistent with
IN, compared to the control group (Day 0: ∼70-180◦; Week
4: ∼330-150◦), the spike discharge was more concentrated in
the AD group (Day 0: ∼60-150◦; Week 4: ∼0-90◦) and ADsti
group (Day 0: ∼30-110◦; Week 4: ∼50-130◦). After 28 days
of ultrasonic stimulation, in week 4, the phase-locked phase
angle of the AD group shifted to the peak, but there was no
significant change in the ADsti group. The results showed that
ultrasound stimulation can suppress or improve the deviation
of phase-locked angles in the AD mice with the course of the
disease.

IV. DISCUSSION

In this study, we applied a 28-day course of low-intensity
TUS to the hippocampus of an AD mouse model and con-
ducted memory-related behavioural studies. We found that the
voluntary movement ability and memory formation ability of
the early AD mouse model have not undergone significant
pathological changes, but the spatial memory and learning
ability and sensitivity to sensations, including anxiety and
fear, have all decreased significantly. Interestingly, ultrasound
stimulation improves spatial memory and learning and restores
some sensory sensitivity in early AD mice. The motor ability
of AD mice has no significant difference between the Control
group, AD group, and ADsti group. In addition, the anxiety
level of AD mice is significantly higher than that of the
normal mice. These results indicate that TUS can significantly
improve the reduction of anxiety levels in AD mice. The
results of the probe trials in the MWM were not significant
and the latency time of the ADsti group was significantly
lower than that of the AD group, indicating that ultrasound
stimulation improved the spatial memory and learning abil-
ity of AD mice. It demonstrates that the therapeutic effect
was acquisition. After establishing a fear memory of sound
stimulation in the first two days, the three groups of mice
used the same experimental mode and there was no significant
difference between the three groups in the results of freezing
behavior. There is no significant statistics difference in the

immobility time ratio between the control group and other
groups. To further investigate the physiological mechanism
behind the improvement of behaviour by ultrasound stimula-
tion, we conducted a correlation analysis of neural oscillations
and found some neurophysiological basis for functional
improvement.

On day CIS, 16-channel electrodes were used to collect
LFPs and spikes in the hippocampus of mice, and it was
found that early AD mice had partial rhythm imbalance
and inter-rhythm phase-amplitude coupling disorder. Recent
studies have shown that theta-gamma coupling correlates
with working memory performance [44], [45]. Impairment
of theta-gamma coupling followed by memory impairment
was reported by Goodman et al. in 2018 [46]. Through LFP
analysis, our results suggest that AD mice develop partial
rhythmic power imbalances. The relative power of delta and
epsilon in AD mice is low, and the epsilon power of AD mice
tends to increase after ultrasonic stimulation, but perhaps the
gamma and theta rhythms of the early AD mouse model have
not yet been abnormal. Theta-gamma coupling has also been
considered a biomarker to assess generalized EEG suppression
[47]. In our study, phase-amplitude coupling disorder among
rhythms appeared in AD mice, and ultrasonic stimulation
improved the PAC of delta-epsilon, delta-gamma and theta-
gamma. However, the four rhythmic powers of AD mice were
not completely unbalanced, but their PAC corresponding to
delta-epsilon, delta-gamma and theta-gamma increased, and
the mechanism needs to be further explored. Little work has
been done on neuronal firing in young APP/PS1 mice, which
we partially analysed.

The spikes collected by day CIS were classified into two
types of neurons (IN, PN), and long-term accumulation of
ultrasonic stimulation decreased the excitability of IN in AD
mice but did not affect PN. The IN neuron firing rate of mice
in the control group significantly on the first to fourth weeks
was lower than that on the first to sixth days. As shown
in Figure S1(c), there was no significant difference for the
IN-firing rate between d0 and w4 in the control group. Similar
to IN, as shown in Figure S1(d), there was no significant
difference for the PN-firing rate of mice between the mean
of d0-d6 and w4 in each group. As shown in Figure S2(d-f),
the firing rates of IN neurons collected every week from w1
to w4 were relatively stable with no significant difference.
It indicates that the statistical results between different groups
in the late stage of ultrasound stimulation were meaningful.
As we know, the stability of spatial memory is related to
interneurons (INs) and pyramidal neurons (PNs) with different
functional ranges. The plasticity of INs makes the positional
cells within CA1 more stable, among which positional cells are
PNs that are extremely important for spatial memory, and INs
may be the key to stable memory [48]. The possible reasons
for the different results of INs and PNs may be the direct
effect of TUS on two types of neurons and the interaction
between the two types of neurons. Consistent with previous
studies, the discharge of PN was more concentrated [42],
[43]. We speculate that the development of AD is related to
excessive excitation of IN and does not have obvious effects
on PNs during early AD. Theta-spike coupling analysis was
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performed on the single spikes of the two types of neurons.
The results showed that the phase locking of the two types
of neurons in AD mice was more concentrated, and the phase
locking angles of IN and PN in AD mice shifted with the
course of the disease, while prolonged TUS suppressed or
ameliorated this shift. We speculate that the development of
AD will be accompanied by a phase angle imbalance between
theta rhythm and spike firing and that spike firing in AD mice
will be more dependent on specific phases.

Previous work has shown that ultrasound stimulation can
modulate memory-related neuronal firing as well as promote
dendritic spine growth and reduce dendritic spine elimi-
nation [49], [50]. In our work, we found that ultrasound
stimulation can improve the memory ability of AD mice and
modulate action potentials and LFPs in the hippocampus.
Furthermore, previous studies have also shown that ultra-
sound stimulation induces neuronal firing activity by acting
on mechanosensitive ion channels (Piezo1) [51] or potas-
sium channels (TRAAK) [52] et al. Therefore, the potential
mechanism by which our ultrasound stimulation improves AD
behavior may be that ultrasound causes neuronal discharges by
acting on ion channels. A large number of neuronal discharges
alter the LFPs coding in the hippocampus, thereby improving
the memory behavior of AD mice. We will conduct further
in-depth research in our next work.

Previous studies have reported that TUS modulates neural
activity through non-specific auditory responses [53], [54].
To evaluate the effect of non-specific auditory responses in
our experiments, six AD mice were stimulated with a specific
ultrasound (trapezoidal pulses) that have been proved with no
auditory response in TUS [55]. The results shown in Figure S1
indicate that the modulation effect of TUS on AD is not due to
auditory effects. The results shown in Figure S2(a-c) indicate
that some features of the AD group changed as function of
progression time.In addition, the ELISA analysis results shown
in Figure S3 indicate that 28 days of ultrasound stimulation
can significantly reduce the expression of Aβ and Tau protein
(hallmarks of AD) in the hippocampus and cortex of AD mice.

Considering the safety of long-term low-intensity TUS of
15 minutes per day for 28 days, we provide the following
explanations. First, the ultrasound intensity we selected con-
forms to the clinical use standard of the FDA [16]. Second,
the parameters we chose are consistent with the ultrasound
parameters of the Taiwanese team, and their results show that
ultrasound stimulation will not cause damage to the brain
tissue of mice [56], [57].

V. LIMITATIONS

The shortcomings of this study are as follows: 1) The
parameters selected for ultrasonic stimulation are single, not
necessarily the best parameters. 2) Due to the limitations of
the electrodes, we only collected EEG from the hippocampus
and did not collect multiple brain regions. It is impossible
to analyse and study neural oscillations across brain regions.
3) AD is a chronic disease, and it is uncertain whether the
selected stimulation cycle (28 days) is the best treatment
course. 4) The experimental design does not collect daily
LFPs and spikes under ultrasonic stimulation, and the timely

response to ultrasound stimulation creates a gap. In future
research, we will compensate for the shortcomings of the
present study as follows. First, we will improve the design of
electrodes and conduct research on neural oscillations across
brain regions. Then, we will collect the electrical signal under
ultrasonic stimulation to study the timely response of ultra-
sonic stimulation and find the best stimulation cycle treatment
course. Finally, we will conduct multiparameter stimulation
experiments to find the best stimulation parameters.

VI. CONCLUSION
In summary, we used long-term low-intensity TUS to act

on the hippocampus of AD mice and simultaneously recorded
LFPs and spikes. Based on the improvement in AD-related
behavioural measures after ultrasonic stimulation, we analysed
LFPs and spikes; the results showed that ultrasonic stimulation
can improve some rhythm imbalances and phase-amplitude
coupling disorders of some rhythm pairs in AD mice. More-
over, TUS can attenuate the excitability of IN in AD mice
and inhibit or improve the phase-locked phase angle offset of
theta rhythm and spike firing.These results provide a basis for
ultrasound therapy of AD.
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