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ABSTRACT: Sonogenetics is a promising strategy allowing the
noninvasive and selective activation of targeted neurons in deep
brain regions; nevertheless, its therapeutic outcome for neuro-
degeneration diseases that need long-term treatment remains to be
verified. We previously enhanced the ultrasound (US) sensitivity of
targeted cells by genetic modification with an engineered auditory-
sensing protein, mPrestin (N7T, N308S). In this study, we expressed
mPrestin in the dopaminergic neurons of the substantia nigra in
Parkinson’s disease (PD) mice and used 0.5 MHz US for repeated
and localized brain stimulation. The mPrestin expression in
dopaminergic neurons persisted for at least 56 days after a single
shot of adeno-associated virus, suggesting that the period of
expression was long enough for US treatment in mice. Compared to untreated mice, US stimulation ameliorated the dopaminergic
neurodegeneration 10-fold and mitigated the PD symptoms of the mice 4-fold, suggesting that this sonogenetic strategy has the
clinical potential to treat neurodegenerative diseases.
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The selective stimulation of targeted neurons could be
beneficial to our understanding of central nervous system

(CNS) function and provides therapeutic opportunities for
brain pathologies. For instance, Parkinson’s disease (PD), one
of the most common neurodegenerative disorders, involves a
continuous loss of dopaminergic neurons in the substantia
nigra (SN).1,2 Current PD treatments are limited to the long-
term use of dopaminergic medications, which do not limit
disease progression.3,4 Selective stimulation of dopaminergic
neurons provides an alternative approach to improving
downstream motor circuit control, ameliorating motor
dysfunction through increased dopamine release, and activat-
ing neuronal plasticity mechanisms.5−9 Currently, brain neuron
stimulation relies on invasively implanted electrodes, which
pose concerns of infection or invasive damage.10,11 The
alternatives that rely on electromagnetic induction, chemo-
genetics, or optogenetics have been hindered by low spatial
resolution, systemic drug administration, and high tissue
absorption.12,13 Here, we have developed a unique spatially
targeted and cell-specific neuromodulation technology using
transcranial focused ultrasound (US) and an engineered US-
sensing protein, mPrestin (N7T, N308S), from an echolocat-
ing species.
US has been shown to have neuromodulatory properties and

beneficial effects to accelerate axonal neurogenesis in the

damaged neurons or hippocampus.14,15 US could also increase
the production of endogenous neurotrophins, growth factors,
and brain-derived neurotrophic factor (BDNF) for the
amelioration of Alzheimer’s disease and traumatic brain injury
in mice.16,17 In order to initiate regeneration, some studies are
performed either with long-term sonication (600−900 s) or in
combination with microbubbles because of the natural US-
insensitive property of neurons. Furthermore, the submillim-
eter spatial resolution of US might affect the activity of
untargeted neurons and trigger immune responses.
To circumvent the limitations of current approaches to US-

induced neuroregeneration, we recently proposed a sonoge-
netic strategy to enhance the US-responsive capability of
certain neurons.18 This method relies on genetic modifications
of the naturally occurring US-sensing prestin proteins, which
are expressed in the outer hair cells of cochlea in echolocating
mammals and are responsible for high-frequency hearing.19,20
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The mutation of N7T and N308S enabled the mouse prestin
protein (mPrestin (N7T, N308S))21 to sensitize the US. Our
previous results indicated that the expression of this construct
improved the US sensitivity of targeted cells by ∼11-fold
compared to that of nonexpressing cells using low-frequency
(0.5 MHz), transient (3 s), and low-energy (0.5 MPa) US
parameters.
Although sonogenetics is a promising strategy allowing the

noninvasive and selective activation of targeted neurons in
deep brain areas, its therapeutic ability for neurodegenerative
disease remains to be verified. Herein, we demonstrate this
concept by using sonogenetics to selectively stimulate
dopaminergic neurons in SN and verify the effects of repeated
neuronal stimulation in wild-type healthy as well as genetic PD
mice. We used motor function tests to evaluate the
improvement in locomotor function and investigated the
molecular mechanisms underlying sonogenetic stimulation in
dopaminergic neurons.

■ RESULTS

0.5 MHz US Stimulation Can Induce Membrane
Potential Changes in Venus-mPrestin (N7T, N308S)-

Expressing SH-SY5Y Cells. We first tested whether 0.5 MHz
US stimulation can activate neurons expressing Venus-
mPrestin (N7T, N308S). For real-time monitoring of the
membrane potential of cells receiving US stimulation, SH-
SY5Y neuroblastoma cells were cotransfected with Venus-
mPrestin (N7T, N308S) and Voltron-ST, a bright and
photostable voltage biosensor that has been recently
developed.22 The Voltron-ST in cells was visualized using
JF585-Halotag dye (Figure S1), and its intensity was inversely
correlated with the membrane potential of cells with
submillisecond time resolution. Single excitation with US
rapidly changed the membrane potential of cells expressing
Venus-mPrestin (N7T, N308S) but not that of cells expressing
only Venus (Figure 1a,b, upper panel). Multiple US
stimulations repeatedly changed the membrane potential in
Venus-mPrestin (N7T, N308S)-expressing cells (Figure 1b,
bottom panel). Our previous study demonstrated that US
stimulation triggers calcium influx in Venus-mPrestin (N7T,
N308S)-expressing cells, which may in turn cause membrane
depolarization.18 This result confirmed that US stimulation can
activate neuronal cells with Venus-mPrestin (N7T, N308S)
expression by changing their membrane potential.

Figure 1. US stimulation changed the membrane potential of cells expressing Venus-mPrestin (N7T, N308S) and the in vivo expression of Venus-
mPrestin (N7T, N308S) in dopaminergic neurons. (a) Representative live-cell images of SH-SY5Y cells coexpressing Voltron-ST with Venus-
mPrestin (N7T, N308S) or Venus as a control. Transfected cells were treated with 100 nM JF585-HaloTag for 1 h to visualize Voltron-ST. (b)
Relative fluorescence intensity change in Venus-expressing or Venus-mPrestin (N7T, N308S)-expressing cells with and without US stimulation.
Single stimulation of Venus-mPrestin (N7T, N308S) transfected cells showed a single fluorescence change with US stimulation (upper panel).
Multiple US stimulation also could repeatedly change the membrane potential in Venus-mPrestin (N7T, N308S)-expressing cells (bottom panel).
Neither the Venus+US group nor Venus-mPrestin (N7T, N308S) alone observed a fluorescence change during the recording. Data are presented
as the mean (blue) ± SEM (gray), n = 7 and 6 cells from three independent experiments in the Venus group and the Venus-mPrestin (N7T,
N308S) group, respectively. (c) Representative immunohistology of SN with TH (red), Venus-mPrestin (N7T, N308S) (yellow), and nucleus
(DAPI, blue) staining at 7 days after AAV injection in healthy mice. Top: whole brain section. Bottom: magnification of ROI1. (d) Magnification of
ROI2. Orange color: overlap of the Venus-mPrestin (N7T, N308S) signal and TH signal. (e) Representative number of Venus+cells at each time
point. (f) Percentage of Venus+TH+ cells/Venus+ cells at different time points after AAV injection. Data are presented as the mean ± standard
deviation (n = 3 per time point).
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In Vivo Expression of Venus-mPrestin (N7T, N308S) in
Dopaminergic Neurons. Next, the intracerebral expression
efficacy of Venus-mPrestin (N7T, N308S) in dopaminergic
neurons of healthy mice was evaluated by microscopic imaging.
Mouse brains were harvested and sliced at different time points
after intracerebral gene transfection (days 7, 14, 21, 28, 35, 42,
49, and 56). The Venus yellow fluorescence signals started to
appear in the expected location of the SN at 7 days after
transfection (Figure 1c,d) and overlapped well with
dopaminergic neurons (tyrosine hydroxylase [TH]; red
fluorescence signal), as evidenced by the orange fluorescence
signals. The number of Venus-expressing cells stabilized at 14
days following gene transfection (7 days, 528 ± 77.9; 14 days,
701.7 ± 60.1; 21 days, 618.7 ± 61.3; 28 days, 688 ± 53.1; 35
days, 662 ± 102.6; 42 days, 652.3 ± 61.6; 49 days, 689 ± 55.6;
and 56 days, 694 ± 61.5) (Figure 1e). In contrast, no Venus-
expressing cells were observed in the contralateral non-
transfected site of SN. Following the confirmation of
expression duration of Venus-mPrestin (N7T, N308S), we
examined whether this gene transfection configuration resulted
in the expression of Venus-mPrestin (N7T, N308S) in
dopaminergic neurons, which were labeled with red
fluorescence. Subsequent immunofluorescent imaging of SN
sections revealed a high percentage of Venus+TH+ cells
among Venus+ cells (7 days, 41.3 ± 4.7%; 14 days, 58.3 ±
8.7%; 21 days, 52 ± 4.6%; 28 days, 54.7 ± 7.4%; 35 days, 62.0
± 5.0%; 42 days, 52.3 ± 9.1%; 49 days, 55.7 ± 10.9%; and 56
days, 60.7 ± 4.5%), suggesting the successful expression of
mPrestin (N7T, N308S) in dopaminergic neurons (Figure 1f).

0.5 MHz US Stimulation Can Activate Venus-
mPrestin (N7T, N308S)-Transfected Neurons. We then
tested whether US could achieve reliable neuronal activation
by staining for c-Fos-positive nuclei. The animals received US
stimulation 9 days after intracerebral gene transfection.
Compared with Venus-only expressing cells, c-Fos signals
were enhanced in the mPrestin (N7T, N308S)-expressing cells
after US stimulation, indicating the activation of neurons
(Figure 2a,b) [Venus-mPrestin (N7T, N308S)+US group (118
± 18) vs Venus+US group (48 ± 7)]. In addition, c-Fos signals
were rarely detected in the no US stimulation groups [Venus-
mPrestin (N7T, N308S)-only group (31 ± 6.2) vs Venus-only
group (22.3 ± 5.1)]. We further verified that these c-Fos
positive signals were from Venus-mPrestin (N7T, N308S)-
transfected cells. The high colocalization between yellow
fluorescence signals and red fluorescence signals in the Venus-
mPrestin (N7T, N308S)+US group (39.3 ± 9.4%) compared
with the Venus+US group (13.7 ± 6.4%), Venus-mPrestin
(N7T, N308S) alone group (13.7 ± 7.4%), and Venus alone
group (12.2 ± 4.0%) (Figure 2c) indicated that the US could
selectively activate Venus-mPrestin (N7T, N308S)-expressing
cells. Subsequently, we investigated if c-Fos induction could be
enhanced by extending the duration of US stimulation. Figure
2d,e demonstrated a significant increase in the number of c-
Fos-expressing cells in the longer stimulation group (195.6 ±
28.5, 85.5 ± 23.7, and 33.4 ± 10.1 for the 600 s stimulation
group, 3 s one-pulse stimulation-only group, and no
stimulation control group, respectively). We therefore used
the US protocol of 3 s US on, 7 s US off, total 600 s, weekly

Figure 2. 0.5 MHz US stimulation can activate Venus-mPrestin (N7T, N308S)-transfected neurons. (a) Immunostaining for the activation of the
Venus-mPrestin (N7T, N308S)-transfected area and non-Venus-mPrestin (N7T, N308S)-transfected area by US. (b) Representative number of c-
Fos+ cells in each group. (c) Percentage of Venus+c-Fos+ cells/Venus+ cells in different treatment groups. (d) c-Fos expression of the Venus-
mPrestin (N7T, N308S)-transfected area with a different stimulation protocol. (e) Number of c-Fos+ and Venus+ cells in each group. Data are
presented as the mean ± standard deviation (n = 4 per group) (*p < 0.05).
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stimulation, total of 8 weeks for the following animal
stimulation.
Repeated Neuronal Stimulation Promotes Neuro-

trophin Expression in PD Mice. Next, we explored the
effects of repeated neuronal stimulation on the expression of
neuroprotective neurotrophic factors in left SN. We examined
the expression of the activity-dependent neurotrophin family,
including brain-derived neurotrophic factor (BDNF) and nerve
growth factor (NGF), 56 days after gene transfection (Figure
S2). PD was associated with a dramatic decrease in BDNF
expression compared with healthy mice (Figure 3a). Western
blot analysis showed that BDNF protein levels were obviously
higher in US-stimulated mice, especially in Venus-mPrestin
(N7T, N308S)-expressing mice (relative expression levels

normalized to β-actin: healthy mice, 104.3 ± 7.5%; PD mice,
16.3 ± 6.0%; US only in PD mice, 52.7 ± 7.2%; Venus only in
PD mice, 11.7 ± 5.7%; Venus+US in PD mice, 59.3 ± 7.0%;
Venus-mPrestin (N7T, N308S) in PD mice, 37.6 ± 2.5%; and
Venus-mPrestin (N7T, N308S)+US in PD mice, 80.7 ± 6.0%).
The expression of NGF (Figure 3b) was also significantly
reduced in PD mice and significantly upregulated in US-
stimulated Venus-mPrestin (N7T, N308S)-expressing mice
compared to Venus-mPrestin (N7T, N308S)-expressing mice
without US stimulation (relative expression levels normalized
to β-actin: healthy mice, 98.7 ± 6.1%; PD mice, 8.6 ± 3.2%;
US only in PD mice, 50.1 ± 6.1%; Venus only in PD mice,
11.7 ± 5.9%; Venus+US in PD mice, 56.7 ± 4.2%; Venus-
mPrestin (N7T, N308S) only in PD mice, 25.0 ± 5.6%; and
Venus-mPrestin (N7T, N308S)+US in PD mice, 65.3 ± 6.4%).
The corresponding quantification data of the right SN are
listed in Table S1. These data suggest that repeated neuronal
stimulation would upregulate BDNF and NGF expression and
potentially activate BDNF/NGF-facilitated synaptic plasticity.

Repeated Neuronal Stimulations Mitigate Dopami-
nergic Neuronal Degeneration in PD Mice. To histolog-
ically confirm the amelioration of dopaminergic neuron
degeneration after repeated neuronal stimulation in PD mice,
we used IHC staining to examine the dopaminergic neuronal
areas in the SN (Figure 4a). There was a significant loss of TH-
positive neurons in bilateral SN in untreated PD mice (7.6 ±
4.9% compared with healthy mice). However, Venus-mPrestin
(N7T, N308S)+US treatment remarkably slowed TH-positive
neuron loss in SN (73.9 ± 10.8% compared with healthy mice,
Figure 4a and statistics in Figure 4b), which was not observed
in the Venus alone group (18.9 ± 6.9% compared with healthy
mice) (Figure 4b). Treatment with US alone or with Venus
+US provided some beneficial effects (39.4 ± 7.8 and 36.1 ±
1.9%, respectively, compared with healthy mice). Notably, the
Venus-mPrestin (N7T, N308S) alone group also showed some
favorable effects (34.8 ± 7.3% compared with healthy mice).
These data suggest that repeated US stimulation in Venus-
mPrestin (N7T, N308S)-expressing neurons could mitigate
neuronal loss in SN as a result of the enhanced neurotrophin
expression.
The beneficial effect of dopaminergic neuronal loss by

repeated US in Venus-mPrestin (N7T, N308S)-expressing
nigral neurons was confirmed by TH expression and DOPA
decarboxylase activity in SN. Previous studies have shown that
the activity of DOPA decarboxylase is crucial to dopamine
synthesis.23,24 Western blot analysis confirmed that the PD
mice had significantly reduced TH expression and DOPA
decarboxylase expression (12.0 ± 5.3 and 12.7 ± 7.4%)
compared with expression in the left SN of healthy mice (96.0
± 5.7 and 99.3 ± 1.2%, where the fold expression indicates
expression relative to β-actin) (Figure 4c,d). However, treating
PD mice with Venus-mPrestin (N7T, N308S)+US increased
the expression of both TH and DOPA decarboxylase (81.3 ±
4.2 and 68.0 ± 7.2%) (Figure 4c,d). These findings suggest
that the stimulated residual dopaminergic neurons in PD mice
still have the potential to produce dopamine. It was noted that
TH expression and DOPA decarboxylase expression were only
slightly improved by treatment with Venus+US (55 ± 10.4 and
55.3 ± 4.5%) and US alone (45.0 ± 4.6 and 35.3 ± 4.9%),
although this was superior to the Venus alone (14.7 ± 6.4 and
10.0 ± 4.0%) and Venus-mPrestin (N7T, N308S) (42.3 ± 5.9
and 25.7 ± 5.9%) groups. The corresponding quantification
data for right SN are listed in Table S1. Taken together, these

Figure 3. Neuronal stimulations increased BDNF and NGF
expression in SN. The animals were sacrificed 56 days after starting
treatment, and the left SNs within the brains were removed and
analyzed. (a) Top: GDNF expression after different treatments as
measured by Western blot analysis. Bottom: Quantification of GDNF
expression in each group measured by ImageJ and expressed relative
to β-actin expression (n = 5 per group). (b) Top: NGF expression
after different treatments measured by Western blot analysis. Bottom:
Quantification of NGF expression in each group measured by ImageJ
and expressed relative to β-actin expression (n = 5 per group). All data
were compared with those from PD mice. Data are presented as mean
± standard deviation. (* p < 0.05).
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data suggest that repeated neuronal stimulation may
significantly upregulate BDNF and NGF expression and slow
down the degeneration of dopaminergic neurons, in addition
to improving the dopamine synthesis activity.
Repeated Neuronal Stimulation Promotes Functional

Behavioral Recovery in PD Mice. MitoPark mice can
exhibit several cardinal features of human PD, including age-
dependent degeneration of nigrostriatal dopamine circuitry
and a progressive decline in motor behaviors.25−27 To address
whether repeated neuronal stimulations of dopaminergic
neurons can improve locomotor deficits in MitoPark mice,
we examined the motor function of PD mice using the beam-
walking and open field tests (Figure S2).
During the experimental period (days 0 to 35), motor

performance in the beam-walking test largely decreased in
untreated PD mice (10.2 ± 2.8 to 32.9 ± 10.2 s; 5816.5 ±
851.9 to 1481.5 ± 551.7 cm) and had further worsened at day
56 (42.1 ± 5.5 s, 1169.5 ± 206.3 cm) (Figure 5a). Importantly,

the locomotor ability of PD mice was significantly improved
following the receipt of Venus-mPrestin (N7T, N308S)+US
treatment during the experimental period (day 0, 12.5 ± 1.4 s;
day 35, 6.5 ± 1.4 s; and day 56, 7.1 ± 1.5 s) (Movie 1).
Treating PD mice with US alone was associated with a partial
improvement of motor function (day 0, 7.1 ± 1.3 s; day 35,
13.3 ± 1.5 s; and day 56, 15.5 ± 2.9 s). PD mice expressing
Venus-mPrestin (N7T, N308S) without US stimulation
demonstrated a slight improvement at day 56 (12.1 ± 2.5 to
23.3 ± 5.1 s). However, expressing Venus alone did not
provide any beneficial effect (day 0, 8.9 ± 1.7 s; day 35, 31.1 ±
1.4 s; and day 56, 42.6 ± 5.8 s). Treating PD mice expressing
Venus with US produced a partial improvement in locomotor
function compared to US alone (day 0, 7.9 ± 2.7 s; day 35, 8.8
± 1.7 s; and day 56, 14.4 ± 2.3 s).
In the open field test, the Venus-mPrestin (N7T,

N308S)+US group similarly showed the most significant
improvement in motor activity (day 0, 5717.2 ± 471.4 cm; day

Figure 4. Repeated neuronal stimulations mitigate dopaminergic neuronal loss in PD mice. (a) Representative photomicrographs of SN sections
immunostained for TH after treatment (post-PD day 56). (b) Number of TH+cells in the treated animals compared to the healthy animals. All
data were compared with those from untreated PD mice. (c) Top: Western blot of TH expression in the SN of nonstimulated and stimulated PD
mice (post-PD day 56). Bottom: Relative optical density measurements of TH expression shown relative to β-actin expression. (d) Top: Western
blot of DOPA decarboxylase expression in SN of nonstimulated and stimulated PD mice (post-PD day 56). Bottom: Relative optical density
measurements of DOPA decarboxylase expression expressed relative to β-actin expression. Data are presented as the mean ± standard deviation (n
= 5 per group) (*p < 0.05).
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35, 3951.6 ± 199.4 cm; day 56, 4088.3 ± 130.4 cm; 3.5-fold
reduction compared to PD mice without treatment) (Figure
5b,c). The Venus+US group and US-only group showed 2.0-
fold (5752.8 ± 325.8 to 2390.1 ± 268.1 cm) and 1.9-fold
(5788.1 ± 209.4 to 2417.5 ± 223.4 cm) improvements
compared to PD mice without treatment at day 56 (Movie 2).
The Venus-mPrestin (N7T, N308S)-only group showed a
partial improvement in motor function (day 0, 5497.2 ± 163.0
cm; day 35, 2890.8 ± 103.0 cm; and day 56, 1630.4 ± 259.1
cm). The Venus-only group showed severe locomotor function
deficits (day 0, 5587.3 ± 190.2 cm; day 35, 2907.5 ± 429.9 cm;
and day 56, 1407.7 ± 155.6 cm).

■ DISCUSSION
US with microbubbles has been shown to noninvasively target
and temporarily open the blood−brain barrier (BBB) for the
transport of a neurotrophic (protein or gene) or AAV into the
brain, raising the potential of noninvasive neurorestorative
effects for PD treatment.28−30 However, there are four
concerns with such methods: (1) Compared with transcranial
injection, US-enhanced delivery requires a higher dose of
intravenously administered viral vectors or neurotrophic
factors (40−1000-fold for neurturin) due to the circulation
clearance.31 The high cost of neurotrophic factors would be

the biggest disadvantage.30 (2) AAV might still transfect
peripheral organs via systemic administration.31 (3) BBB
opening with US might elicit brain inflammation,32,33 but these
inflammatory responses are also beneficial for improving spatial
memory in wild-type mice or decreasing the pathological
protein load in Alzheimer’s disease.34−37 (4) Providing a
tunable system for the spatiotemporal control of neuronal
activities with the delivery and expression of therapeutic genes
by AAV is challenging. Uncontrollable expression of ectopic
neurotrophic factors leads to chronic neuron toxicity.38

According to our results, one shot of AAV transcranial
injection persists in gene expression for at least 8 weeks, which
provides a new option for achieving tunable and repeatable
neurorestorative effects. This approach offers a promising
strategy of long-term clinical neuromodulation with limited
invasive procedures.
We observed increased levels of BDNF and NGF after

treatment. Possible mechanisms include that the elicited
neuron activities would increase the cerebral blood flow
because of the extra consumption of oxygen and glucose and
then the activation of endothelial cells. The endothelial cells
would upregulate endothelial nitric oxide synthase, which is
highly correlated with neurotrophin expression and therapy
effects.39,40 In the meantime, the increased cerebral blood flow

Figure 5. Sonogenetic stimulation improved motor function recovery of PD mice. (a) Beam-walking test. Times to cross a beam with a width of 80
cm were recorded to evaluate the motor ability of mice with different treatment protocols. (b) Total trajectory of mice before and after treatment
obtained from an open-field test. (c) Total moving distance in 10 min; the distance was normalized to week 0 and defined as the deterioration in
evaluating the motor willingness of treated mice (*p < 0.05)
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would active astrocytes through the neurovascular coupling
response.41,42 Those astrocytes then secrete several neuro-
trophins, such as NGF and BDNF.43,44

Previous studies have concluded that three mechanisms are
probably responsible for the improvement in motor perform-
ance in PD mice via US stimulation of the subthalamic nucleus
(STN) or globus pallidus (GP): (1) reduced hyperactivity of
STN;45,46 (2) agent delivery to halt retrograde neuro-
degeneration;47 and (3) modulation of neural activity in
STN or GP causing neuroprotection in PD mice.48 Therefore,
use of the mPrestin ultrasonic system to ameliorate neuro-
degeneration in the STN or GP is promising.
Previous studies have demonstrated that repeated neuronal

stimulation by light promotes recovery following CNS injury,
including the following: (1) Stimulating the primary cortex
adjacent to the stroke lesion resulted in a significant increase in
neuroplasticity markers.49 (2) Stimulating the phrenic motor
neuron following hemisection resulted in a return to normal
hemidiaphragm electromyography activity in synchrony with
the nonlesioned side.50 Our results showed that mPrestin
could be expressed in dopaminergic neurons as well as in
vascular endothelial cells, glutamatergic neurons, and astro-
cytes.51 Therefore, it may be possible to apply this new
repeated ultrasonic stimulation technique to specific neurons
for the treatment of other brain diseases.
We noticed that the expression of Venus-mPrestin (N7T,

N308S) without US stimulation also significantly improved the
PD symptoms in mice. Although the detailed mechanisms are
not clear, it is widely believed that Prestin is important for
hearing in outer hair cells by enhancing membrane
depolarization.19,52 This raises the possibility that Prestin in
neuron cells may respond to auditory stimulation in the
environment.53,54 The effects of various environmental factors
on Prestin-mediated neuromodulation should be comprehen-
sively studied in the future. Moreover, an improvement in
dopaminergic neurons was observed in the right SN after US
activation on the left SN expressing Venus-mPrestin (N7T,
N308S). This is probably achieved by the diffusive neuro-
trophins triggered by our sonogenetic stimulation. Further
studies are needed to clarify this hypothesis.
US wave could have mechanical, cavitation, and thermal

effects on biological tissues, potentially inducing an inflamma-
tory response, microhemorrhage, and cellular apoptosis.55,56

With a set of previously described equations, the currently used
US parameters produced an intracerebral temperature increase
of only 5.1 × 10−3 °C, which should not induce thermal
damage.57−60 Besides, the acoustic pressure (0.5 MPa) was too
low to produce cavitation-related tissue damage (40 MPa,
without microbubble injection).61,62 The mechanical index
(MI, 0.7) and Ispta (68 mW/cm2) are far below the upper limit
of FDA for clinical ultrasound imaging (MI = 1.9, Ispta = 720
mW/cm2), implying the safety of US stimulation.63,64 Besides,
the histological evaluations revealed that the presence of
microglia, macrophages, and apoptotic cells in the left SN of
untreated PD mice was probably due to the server
degeneration of dopaminergic neurons (Figure S3a). However,
in the Venus-mPrestin(N7T, N308S)+US group, the afore-
mentioned cells and erythrocyte extravasation were not
observed in the treated area (Figure S3b), confirming the
biocompatibility at the tissue level in vivo.

■ CONCLUSIONS
This study provides a proof of principle for the therapeutic use
of sonogenetics to mitigate the neurodegeneration of PD
animals. Further work is required to optimize the US
parameters for Venus-mPrestin (N7T, N308S) activation and
strategies for the gene delivery of brain neurons to further
improve therapeutic outcomes. The long-term safety also
needs to be considered. These modifications will achieve the
goal of the accurate noninvasive modulation of intracerebral
neural circuits and may provide a promising therapy for PD
patients in the future.
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