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Noninvasive control of neuronal activity in the deep brain can be illuminating for prob-
ing brain function and treating dysfunctions. Here, we present a sonogenetic approach
for controlling distinct mouse behavior with circuit specificity and subsecond temporal
resolution. Targeted neurons in subcortical regions were made to express a mutant large
conductance mechanosensitive ion channel (MscL-G22S), enabling ultrasound to trigger
activity in MscL-expressing neurons in the dorsal striatum and increase locomotion in
freely moving mice. Ultrasound stimulation of MscL-expressing neurons in the ventral
tegmental area could activate the mesolimbic pathway to trigger dopamine release in
the nucleus accumbens and modulate appetitive conditioning. Moreover, sonogenetic
stimulation of the subthalamic nuclei of Parkinson’s disease model mice improved their
motor coordination and mobile time. Neuronal responses to ultrasound pulse trains were
rapid, reversible, and repeatable. We also confirmed that the MscL-G22S mutant is more
effective to sensitize neurons to ultrasound compared to the wild-type MscL. Altogether,
we lay out a sonogenetic approach which can selectively manipulate targeted cells to
activate defined neural pathways, affect specific behaviors, and relieve symptoms of neu-
rodegenerative disease.

sonogenetics | ultrasound | MscL-G22S | neuromodulation | neural circuits

It has been a long-standing goal of neuroscience to specifically manipulate neural activity
to understand the brain’s functions and treat dysfunctions. In recent years, several forms
of energy have been harnessed in order to stimulate neurons in the brain, the most prom-
inent example being optogenetics. Another modality being studied for this purpose is
ultrasound, such as ultrasound-alone approaches or combined with micro- or nanobubbles
or heterologous ion channels. Sonogenetics, analogous to optogenetics, combines the
targeted expression of mechanosensitive cellular machinery (e.g., ion channels) and precise
delivery of ultrasound (US). This approach has been shown to enable noninvasive stim-
ulation with high spatiotemporal resolution and accurate deep-brain targeting through
cell type-specific gene expression (1-7) and could potentially be translated to application
in large mammals, and possibly even humans.

“Sonogenetics” was first described in a study showing that, in the presence of micro-
bubbles, ultrasound could activate specific neurons overexpressing the mechanosensitive
ion channel TRP-4 to control the behaviors of Caenorhabditis elegans worms (2). Subsequent
proof-of-concept studies have used different candidate molecules to enhance neuronal
response to ultrasound stimulation, including the mechanosensitive proteins Prestin (3),
MscL (1, 8), and hsTRPA1 (6). The MscL channel is a particularly intriguing candidate
as it is a mechanically activated ion channel that can quickly convert mechanical stimuli
into neuronal responses (9), independent of membrane potential (8), and other endoge-
nous factors and thermal deposition (10). It has been reported that inducing MscL expres-
sion can enhance the ability of ultrasound to stimulate cells (8). Indeed, our previous
work shows that the expression of MscL in mice can sensitize neurons to ultrasound and
induce neuronal activation in a targeted region, expressing it without influencing the
resting membrane potential of neurons (1).

Thus far, the MscL channel has proved to be a good choice as an effector molecule for
sonogenetic-based neurostimulation at cellular level. However, for manipulating higher-order
processes, such as specific behaviors or complex phenomena like decision-making or emo-
tion, a spatiotemporally coordinated activation of specific neural networks is required (11).
To progress over the proof-of-concept stage, direct evidence of sonogenetics’ ability to
coordinate the activation of specific neural circuits and behavioral outcomes is required,
given the possibility of confounding elements such as endogenous mechanosensitive ion
channels or a nonspecific auditory effect triggered by ultrasound. This requires the temporal
resolution of sonogenetic stimulation in vivo to be recorded directly from the neurons being
targeted. This information would allow the effects of the stimulation to be better understood
and, in turn, allow greater fine-tuning of parameters and protocols for maximum efficacy.
Given the significant advantage that ultrasound provides, in that it can be delivered

PNAS 2023 Vol.120 No.22 2220575120

https://doi.org/10.1073/pnas.2220575120

Significance

Manipulating specific neural
activity by physical intervention is
a powerful method to gain causal
insight into brain functions and
treat brain disorders.
Sonogenetics is among the
promising modalities being used
to stimulate neurons
noninvasively in the intact brain.
Here, we demonstrate
sonogenetics, a noninvasive
neural stimulation approach
using mechanosensitive ion
channels, to control well-defined
deep neural circuits and
ameliorate parkinsonian motor
behaviors through transcranial
ultrasound stimulation. This
sonogenetic approach may
enhance our understanding of
cell pathophysiology and lead to
the development of

unique treatments for
neuropsychiatric diseases and
nonneural diseases.

Author contributions: Q.X., Z.Q., J.G., and L.S. designed
research; Q.X., Z2.Q., S.M., SK, KFW., D.L, GL., YJ,
Y.W., M.S., X.H., J.Z., and W.Q. performed research; L.S.
contributed new reagents/analytic tools; Q.X., Z.Q., S.M.,
K.F.W., D.L,, X.H., and J.G. analyzed data; and Q.X., Z.Q.,
S.K., and L.S. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2023 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons  Attribution-NonCommercial-NoDerivatives
License 4.0 (CC BY-NC-ND).

'Q.X. and Z.Q. contributed equally to this work.

2To whom correspondence may be addressed. Email: lei.
sun@polyu.edu.hk.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2220575120/-/DCSupplemental.

Published May 22, 2023.

10of 11


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lei.sun@polyu.edu.hk
mailto:lei.sun@polyu.edu.hk
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2220575120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2220575120/-/DCSupplemental
https://orcid.org/0000-0003-1694-5706
https://orcid.org/0000-0002-5318-0434
https://orcid.org/0000-0002-7023-6540
https://orcid.org/0000-0001-5950-9547
mailto:
https://orcid.org/0000-0001-7047-9529
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2220575120&domain=pdf&date_stamp=2023-5-17

Downloaded from https://www.pnas.org by HONG KONG POLY TECHNIC UNIVERSITY on June 28, 2023 from | P address 158.132.161.9.

2of 11

transcranially and noninvasively, it holds promise for eventual clin-
ical transition, which makes it important to understand and vali-
date the ability of the sonogenetic approach to modulate specific
circuits in the brain.

Here, we report an MscL-G22-mediated sonogenetic approach
(MscL-sonogenetics) to activate speciﬁc neurons in intact mouse
brains, modulating well-defined neural circuits and inducing cor-
responding behaviors in freely moving mice. We demonstrate the
capability of sonogenetics to activate targeted neurons in different
subcortical brain regions, including the dorsal striatum (dSTR)
and ventral tegmental area (VTA). MscL-sonogenetic stimulation
of these regions was found to selectively activate the targeted neu-
ral circuits quickly as measured by fiber photometry (FP) and
could specifically induce asymmetric locomotion and appetitive
conditioning behavior. Spatial specificity was verified by observing
upregulation of the neural activation marker c-Fos, and neuronal
responses showed subsecond latency. Finally, MscL-mediated stim-
ulation of the subthalamic nucleus (STN) in a mouse Parkinson’s
disease (PD) model could relieve motor symptoms and improve
the movement coordination of mice. Our functional and behavioral
experiments showed that MscL expression significantly enhanced
neuronal activation by low-frequency noninvasive ultrasound with-
out the need for intracranial implants or microbubbles.

Results

MscL-Sonogenetic Stimulation of dSTR Neurons Induces Motor
Response in Mice. In a previous study, we used the MscL channel
to mediate ultrasound neurostimulation of targeted neurons in the
mouse primary motor cortex and dorsomedial striatum (1). Short
ultrasound pulse train of 300 ms at low intensities was sufficient
to trigger neuronal activation, determined by c-Fos expression and
forelimb muscle contractions. Here, we decided to build upon
these data and evaluate whether our previously used protocol
was effective and specific enough to also trigger immediate and
direct neural activation and corresponding movement behaviors
in awake mice. We chose the dSTR as our target because it is a
relatively deep region (located ~2.75 mm below the skull) with a
well-defined function and behavioral pattern, which is relative to
initiate and control movement of the body (12-16). Specifically,
it is expected to induce asymmetric locomotion when the neurons
are activated.

We examined the direct effect of MscL-sonogenetics on dSTR
neuronal activation by measuring fluorescence changes of jRGE-
COl1a (genetically encoded calcium sensor with red fluorescence)
(17) in real time using FP. Neurons in the right dSTR were simul-
taneously transduced by hSyn-promoted JRGECO1a and EYFP-only,
wild-type-MscL (MscL-WT)-EYFD, or MscL-G22S-EYFP AAVs
(Fig. 1A). We observed robust expression of EYFP and jJRGECO1a
colocalized in dSTR neurons (Fig. 1B). Four to five weeks posttrans-
duction, the mice were transcranially stimulated with short US pulse
train (parameters shown in Fig. 1Cand acoustic intensity profile
shown in ST Appendix, Fig. S1) and an optical fiber was used to
monitor fluorescence intensity. Prior to US stimulation, both groups
showed comparable levels of baseline fluorescence (peak AF/F for
EYFP =1.21 £ 0.31%, MscL-WT = 1.35 + 0.24%, and MscL.-G22S
=1.77 £ 0.47%, Fig. 1 D and E). However, upon delivery of one
0.05 MPa pressure US pulse train, MscL-G22S-expressing neurons
showed a rapid and significant increase in JRGECO1a fluorescence
intensity compared to EYFP-only or MscL-WT neurons (peak AF/F,
for EYFP = 1.85 + 0.52%, MscL-WT = 1.37 + 0.23%, MscL.-G22S
= 4.857 + 1.47%, Fig. 1D). Fluorescence responses to US in the
MscL-G22S dSTR regions were 2.63-fold of the response from the
EYFP dSTR. Acoustic pressures from 0.05 MPa to 0.2 MPa reliably
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evoked dSTR neural activity in MscL-G22S mice, and a generalized
pattern of dose dependence was observed (Fig. 1E). In contrast, the
EYFP- or MscL-WT-expressing mice showed a small fluorescence
change comparable to spontaneous activity after US stimulation.
The latency range of neuronal responses in MscL-G22S-expressing
neurons was 327.3 +29.05 ms to 341.7 + 21.65 ms (Fig. 1£).

To test whether local temperature induced by sonication may
participate in the neuronal activation, we conducted a computer
simulation to calculate the temperature increase with our sonica-
tion parameters. The focal temperature elevation in our protocol
was less than 0.2 °C (S Appendix, Fig. S2), suggesting that the
thermal effect was not a main contributor.

To further evaluate the spatial targeting of our scheme, anes-
thetized mice were treated with US for 40 min and their brains
were stained for the neural activation marker, c-Fos. Robust EYFP
expression was seen in the dSTR of both EYFP-only and
MscL-G22S mice (Fig. 1G). The average c-Fos expression in dSTR
was found to be significantly higher in the stimulated side of the
MscL-G22S mice (87 + 8 c-Fos™ cells) than that in the contralat-
eral side of the same mice (11 + 2 c-Fos” cells) or in mice expressing
only EYFP (stimulation side = 14 * 3, contralateral = 8 + 2 c-Fos”
cells) (Fig. 1H). Crucially, we found that the cortical regions
located directly above the dSTR on the stimulation side did not
show a significantly higher level of c-Fos (Fig. 1A). This indicated
that our setup was able to focus the effects of US in the region
expressing MscL-G22S and not surrounding areas, consistent with
our previous results (1). This is especially important because a
single-element plane transducer with a diameter of 5 mm was
used, meaning that the cortical neurons above the dSTR were
unavoidably sonicated as the ultrasonic waves propagated through
the brain. The upregulation of c-Fos being restricted to the region
of MscL-G22S expression clearly demonstrates the gain-of-function
role of the mechanosensitive mediator in sonogenetics. We also
stained for c-Fos in the auditory cortex of the brain slices and
observed comparable c-Fos between EYFP and MscL-G22S mice
(SI Appendix, Fig. S3). Thus, we confirmed that MscL-sonogenetics
could specifically activate neurons in the targeted dSTR of anes-
thetized mice.

We next tested whether the MscL-sonogenetics was effective
enough to modulate the expected asymmetric locomotion in
freely moving mice. A wearable US transducer was attached above
the virally transduced dSTR in freely moving mice and their
locomotion was recorded during US stimulation (Fig. 2 A and
B). To prevent indirect activation of the auditory pathway rather
than direct activation of motor circuits in awake mice, we soni-
cated the animals with both rectangular waveform and smooth
waveform envelope (Fig. 2C), given the smooth waveform of
ultrasound stimulation has been shown to minimize the auditory
confound (18). Robust EYFP or MscL-G22S-EYFP signals were
observed in the right dSTR region (Fig. 2D), confirming success-
ful viral expression. The mice were then treated with ultrasound
in an open field box and their movement behaviors were recorded
and analyzed. Ultrasound stimulation consisted of three epochs
[prestimulation (“Pre”), ultrasound stimulation (“US”), poststim-
ulation (“Post”)]. MscL-G22S-expressing mice were seen to obvi-
ously increase their locomotion activity during both rectangular and
smooth waveform ultrasound treatment, compared to negligible
change for EYFP mice (Fig. 2E). The mobility speed of the
MscL-G22S mice increased, while the EYFP mice did not show
obvious change (Fig. 2 Fand H). MscL-G22S mice moved greater
distances during the periods of US stimulation than those of EYFP
mice (Fig. 2 G and /). EYFP mice also showed small increases in
their motor activity during higher US stimulation, but the magni-
tude of these changes was small. Stimulation with smooth
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Fig. 1. MscL-sonogenetics enables specific neuronal activity in the dSTR. (A) Schematic illustration of in vivo real-time calcium activity recording. The right dSTR
of mice was cotransduced by AAVs for a calcium sensor (hSyn:;jRGECO1a) and hSyn:EYFP, hSyn:MscL-WT-EYFP, or hSyn:MscL-G22S-EYFP, at a 1:1 ratio. Four to
five weeks later, anesthetized mice were stimulated with US, and neuronal calcium responses were recorded by an optical fiber implanted in the dSTR region.
(B) Representative images of dSTR expressing hSyn:EYFP, hSyn:MscL-WT-EYFP or hSyn:MscL-G22S-EYFP, and hSyn:;jJRGECO1a. Caudoputamen (CP), cerebral
cortex (CTX). Pink arrows indicate neurons coexpressing EYFP/MscL-WT/MscL-G22S and JRGECO1a. (C) An illustration of the ultrasound temporal profile used.
The US parameters were: 0.5 MHz central frequency, 400 to 500 ps pulse width, 300 ms stimulation duration, 1 kHz PRF, 0.05 to 0.2 MPa pressure range.
(D) Averaged JRGECO1a fluorescence traces in the dSTR of anesthetized EYFP, MscL-WT, and MscL-G22S mice prior to US stimulation (Left) and in response to one
0.05 MPa pressure ultrasound pulse (Right) (0.5 MHz center frequency, 500 ps pulse width, 300 ms stimulation duration, 1 kHz PRF, interval 3 s). Green rectangle
shows the timing of ultrasound stimulation. (E) Average peak Ca*" activity in EYFP, MscL-WT, and MscL-G22S mice in response to US pulses of varying intensities
(0.05 to 0.2 MPa peak pressure, 500 ps pulse width, 0.5 MHz center frequency, 300 ms stimulation duration, 1 kHz PRF, interval 3 s). n = 8 mice, 14 trials in EYFP
group, n =4 mice, 8 trials in MscL-WT group, n =5 mice, 6 trials in MscL-G22S group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Two-way ANOVA with
Tukey' s multiple comparisons test. Data are shown as mean + SEM. (F) Latency between US stimulation (0.05 to 0.2 MPa peak pressure) and detection of an
above-threshold fluorescence change in MscL-G22S mice. n = 5. NS = not significant, one-way ANOVA with post-hoc Tukey test. Data are shown as mean + SEM.
(G) Representative images of dSTR following US stimulation (400 ps pulse width, 0.5 MHz center frequency, 300 ms stimulation duration, 1 kHz PRF, interval 10's,
0.15 MPa). Images show DAPI + EYFP or MscL-G22S at low magnification (Left) and DAPI + c-Fos expression in the indicated areas at high magnification (Right).
(H) Counts of nuclear c-Fos per slice imaged in the dSTR (Left) and the cortex above the targeted region (Right) of mice stimulated with ultrasound. n = 4 mice
each group. Data are shown mean + SEM of average c-Fos+ cells per stained slice. ***P < 0.001, NS = not significant, one-way ANOVA with post-hoc Tukey test.
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Fig.2. Ultrasound stimulation evokes significantly greater locomotion in mice with MscL-expressing dSTR. (A) Schematic illustration of locomotion experiments.
Briefly, mice were injected with hSyn:EYFP or hSyn:MscL-G22S in their right dSTR. Three weeks later, an ultrasound adaptor was installed. One week later, the
mice were placed in an open-field box and their movements were recorded before, during, and after ultrasound stimulation. The behavior documented in the
video was then analyzed and quantified. US parameters used were 1) rectangular waveform: 0.9 MHz central frequency, 400 ps pulse width, 300 ms duration,
1 kHz PRF, 0.1 to 0.35 MPa pressure ranges; 2) smooth waveform: 0.9 MHz central frequency, 300 ms duration, 0.1 to 0.35 MPa pressure ranges. (B) Images of the
ultrasound adaptor and the wearable ultrasound transducer (Left). The diameter of the ultrasound adaptor was 5 mm. The wearable ultrasound transducer was
mounted on the adaptor attached onto the mouse head (Right). (C) An illustration of the smooth-wave ultrasound profile used. US parameters were 0.9 MHz central
frequency, 300 ms duration. (D) Representative images showing expression of DAPI + hSyn:EYFP (Top) or hSyn:MscL-EYFP (Bottom) in the dSTR. Caudoputamen
(CP), cerebral cortex (CTX). (E) Representative trajectories recorded from mice stimulated in the dSTR pre-US, during US, and post-US with 0.3 MPa ultrasound
application (each trace 1 min long). (F) Comparison of average speed of the EYFP and MscL mice during stimulation (0.3 MPa). For rectangular waveform: n =5
mice in EYFP group, n = 6 mice in MscL-G22S group; for smooth waveform, n = 5 mice, 6 trials in EYFP group, n = 5 mice, 8 trials in MscL-G22S group. Data are
shown as mean + SEM; *P < 0.05, **P < 0.01. One-way ANOVA with Tukey’s multiple comparisons test. (G) Summary of mobility average speed of EYFP and MscL
mice with stimulation of different ultrasonic intensities from 0.1 to 0.35 MPa peak pressure. Green bars indicate the timing of ultrasonic stimuli. Data are shown
as mean + SEM; **P < 0.01, One-way ANOVA with Tukey's multiple comparisons test. (H) Comparison of the horizontal distance covered by the same mice as
in E. For rectangle waveform: n = 5 mice in EYFP group, n = 6 mice in MscL-G22S group; for smooth waveform, n = 5 mice, 6 trials in EYFP group, n = 5 mice, 8
trials in MscL-G22S group. Data are shown as mean + SEM; Two-way ANOVA with Tukey’s multiple comparisons test. (/) Summary of distance of EYFP- and MscL-
expressing mice with stimulation of different ultrasonic pressures from 0.1 to 0.35 MPa peak pressure. Green bars indicate the timing of ultrasonic stimuli. Data
are shown as mean + SEM; Two-way ANOVA with Tukey’s multiple comparisons test.
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waveform of MscL-G22S mice showed more activities compared
to rectangular waveform, supporting that the auditory confound
could be minimized by smooth waveform to enhance the sonoge-
netic effect. Thus, MscL-sonogenetics in the dSTR could effec-
tively induce significant motor responses of awake mice, consistent
with previous optogenetic neuromodulation targeting the same
region (14, 19).

Taken together, our findings suggest that MscL-sonogenetics
can specifically stimulate neurons in the dSTR and induce the
characteristic asymmetric locomotion behavior.

Efficient Dopamine Release and Appetitive Conditioning by
MscL-Sonogenetic Modulation of VTA Reward Circuitry. We
next tested the feasibility of using MscL-sonogenetics to control
higher-level behavior by targeting more specific neurons. The
VTA was chosen as it is a midbrain reward center where the
dopaminergic (DA) circuit is well defined and involves in various
reward-related behavior and diseases (20). In order to test whether
MscL-sonogenetics could target specific circuits, DA VTA neurons
were selectively made to express MscL-G22S. We used a dual-viral
vector strategy: one vector delivered Cre recombinase under the
modulation of a tyrosine hydroxylase promoter (TH promoter)
(21, 22), and the other delivered a Cre-recombinase-dependent
EYFP or MscL-G22S-EYFP fragment (Fig. 34). Confocal imaging
confirmed that TH" neurons overlapped with EYFP or MscL-
G22S-EYFP in the VTA region (Fig. 3B), indicating successful
expression of MscL-G22S in DA neurons.

We tested whether MscL-sonogenetics could specifically mod-
ulate appetitive conditioning using the real-time place preference
assay. Habituated mice were placed in a rectangular open-field
box with two distinct chambers, one paired with US stimulation,
and the other paired without US stimulation (NUS), and the mice
could move freely between chambers (Fig. 3C). The mice were
wearing a transducer aimed at the VTA. US stimuli were triggered
immediately when a mouse entered the US chamber and turned
off immediately when the chamber was exited. Unexpectedly, we
found that US stimulation induced aversive responses in EYFP
mice starting at 0.07 MPa (5] Appendix, Fig. S4 Aand B). In addi-
tion, increasing acoustic pressure to 0.16 MPa in EYFP mice
induced further aversive behavior (S Appendix, Fig. S4B). At the
same time, MscL mice spent approximately equal time in both
chambers for all pressures tested. Thus, we found that low US
intensities affected appetitive condition in EYFP mice but not
MscL-G22S mice, which might be due to nonspecific stimulation
of the VTA or auditory confound.

Meanwhile, we conducted the real-time place preference test
with smooth-waveform US. The smooth-waveform US was deliv-
ered to mice for the duration of their stay in the stimulation
chamber. Upon making this change, we found no significant aver-
sive effect in either group, while MscL mice spent an increased
proportion of time in the stimulation-paired side with increasing
US pressure 0.04 MPa to 0.12 MPa (Fig. 3 D-F). Thus, we found
that sonogenetic stimulation of MscL-G22S-expressing mouse
VTAs could specifically modulate appetitive conditioning.

Furthermore, we found that DA neuron—specific sonogenetic
stimulation in the VTA could activate neuronal population in the
NAc in acute ex vivo brain slices (S Appendix, Fig. S5 A and B).
NAc neurons displayed calcium fluorescence increases time-locked
with the duration of when MscL-G22S-expressing VTA neurons
were stimulated with US (87 Appendix, Fig. S5C), and responses
from MscL-G22S neurons were significantly higher than those of
EYFP neurons (SI Appendix, Fig. S5D). This suggests that express-
ing MscL-G22S in TH* VTA neurons enables sonogenetic stim-
ulation of targeted cells by ultrasound. In summary, we found that
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US stimulation of mouse of MscL-G22S-expressing DA neurons
in the VTA could modulate appetitive conditioning.

We also essayed to get direct confirmation of the VTA reward
circuitry being activated through FP. Dopamine release following
US stimulation was recorded in the NAc, downstream from the
VTA in the mesolimbic pathway (23, 24). Neurons in the ipsilat-
eral NAc were transduced with the fluorescent dopamine sensor
hSyn:DA2m (25). An optical fiber was inserted into the NAc to
monitor dopamine activity through the sensor’s fluorescence
change (Fig. 44). We found robust DA2m expression in the NAc
(SI Appendix, Fig. S6A) and MscL/EYFP signal in DA neurons of
the VTA (8] Appendix, Fig. S6B). Upon stimulation of the VTA
with pulse train of 0.3 MPa ultrasound, we found rapid synchro-
nous increases in DA2m fluorescence in the NAc of the MscL. mice
but not EYFP mice (Fig. 4B). NUS and EYFP+US conditions at
both tested US intensities showed very little fluorescence change,
and the MscL + US conditions were larger in magnitude at both
0.1 MPa (peak AF/F;, EYFP = 0.18%, MscL = 0.42%) and
0.3 MPa (peak AF/F, EYFP = 0.23%, MscL = 0.52%), although
only the 0.3 MPa condition was statistically significant (Fig. 4C).
DA signal responses to US stimuli were found to be repeatable
and with a low latency of ~300 ms at both tested US intensities
(Fig. 4 D and E). Taken together, our data suggest that
MscL-sonogenetics could specifically induce DA secretion in neu-
rons projecting to the NAc in vivo, eliciting place preference
behavior.

In Vivo MscL-Sonogenetic Stimulation Alleviates Parkinsonian
Symptoms in Freely Moving Mice. Given the ability of MscL-
mediated ultrasound to activate the mesolimbic pathway, we
wondered whether US stimulation could also have a beneficial
effect on a neurological condition involving related pathways. We
chose Parkinson’s disease as our model and induced parkinsonian
mice by unilateral injection of 6-OHDA (6-hydroxydopamine)
into the brain. To specifically activate the neurons of subthalamus
(STN), EYFP/MscL-G22S AAVs were injected into the STN
region (SI Appendix, Fig. S7A). To test whether ultrasound
stimulation could sensitize MscL-G22S-expressing STN neurons
in PD mice, we performed EMG recording in the PD EYFP/MscL-
G22S mice. We found that stimulation of MscL-expressing brains
at low intensities could evoke hindlimb muscle contractions, with
no or little response in the EYFP mice (87 Appendix, Fig. S7B).
Both the magnitude of response (relative amplitude) and the rate
of response were greater in MscL mice, and a general pattern of
dose dependence was observed (SI Appendix, Fig. S7 C and D).
At lower acoustic intensities, we observed no EMG response in
the EYFP mice, with minor responses at higher acoustic pressures;
however, MscL-G22S mice showed distinct responses at all tested
intensities. In addition, we observed an increase in the nuclear
c-Fos expression in the STN in MscL+PD mice (SI Appendix,
Fig. S7 Eand F). Thus, MscL-G22S expression could successfully
sensitize STN neurons to ultrasound stimulation.

We then tested our sonogenetic protocol for alleviation of
movement symptoms in parkinsonian mice. Rotating rod (rotarod)
and open-field experiments were compared longitudinally in mice
experiencing three conditions (baseline, before ultrasound stim-
ulation, and after ultrasound stimulation, Fig. 54). The mice were
treated with US for 30 min/day for five consecutive days. As
expected, unilateral 6-OHDA PD mice showed decrease in reten-
tion time in the rotarod test (baseline: EYFP mice = 78.29 + 15.5 s,
MscL mice = 90.2 + 11.33 s, EYFP-PD mice = 16.7 + 3.39 s,
MscL-PD =26.85 + 5.46 s, Fig. 5B) and after the US stimulation
regimen, a significant improvement was observed in the retention

time of MscL+PD mice (US: EYFP-PD mice = 20.92 + 4.60 s,
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Fig. 3. Selective activation of mesolimbic pathway by MscL-sonogenetics enables appetitive conditioning. (A) Schematic illustration of the transduction protocol for
DA neuron-specific transduction of MscL-G22S or EYFP. Briefly, mice were injected with a mix of AAV-TH-Cre and AAV-EF10::DIO-EYFP or AAV-EF1a::DIO-MscL-G22S in
the right VTA. Three weeks later, an ultrasound adaptor was installed followed by 1 wk for recovery, then the mice were stimulated with ultrasound. (B) Representative
images depicting VTA regions expressing TH:EYFP (Top) or TH:MscL-G22S (Bottom). Arrows denote example EYFP+/TH+ neurons. (C) Schematic illustration of the real-time
place preference assay. A two-chambered box was prepared, one chamber having horizontal stripes and the other with vertical stripes. The mice were habituated and
tested according to the protocol illustrated. The movement of the mice between chambers was recorded by a digital camera (US = ultrasound, NUS = no ultrasound).
(D) Representative path tracing of a mouse with TH-cre-EYFP (control) or TH-cre-MscL-EYFP expression during the real-time place preference test (0.12 MPa smooth
wave). Red bar indicates stimulation side. (£) Calculated percentage of time spent by mice on the stimulation side with NUS, 0.04 MPa to 0.12 MPa US in control and MscL
mice. n =5 mice in control mice; n = 4 mice in MscL-expressing mice. Each mouse was subjected to 1 to 2 sonication trials. Each point indicates an independent trial.
**P <0.01, two-way ANOVA with Sidak’s multiple comparisons test. Data are shown as mean + SEM. (F) Change in time spent by EYFP and MscL mice in the stimulation
chamber upon US stimulation vs NUS condition. *P < 0.05, ***P < 0.001, Two-way ANOVA with Sidak's multiple comparisons test. Data are shown as mean + SEM.
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Fig.4. Efficient sonogenetically enabled dopamine release in the NAc through
modulation of the mesolimbic pathway. (A) Schematic illustration of dopamine
FP experiments. Mice were injected with AAV-hSyn-DA2m in the right NAc and
hSyn-EYFP or hSyn-MscL-EYFP in the ipsilateral VTA. After viral injection, an
optical fiber was inserted into NAc. Four weeks later, the mice were treated
with US and dopamine fluorescence signals were recorded. (B) Averaged DA2m
fluorescence signal change (AF/F,) in the NAc of anesthetized EYFP- and MscL-
expressing mice, with or without 0.3 MPa US stimulation. Blue traces show
DA signals in the EYFP-expressing mice, while red traces show the DA signals
in MscL-expressing mice. Green rectangle shows the timing of ultrasound
stimulation. n = 4 mice, 6 trials/each in EYFP group. n = 5 mice, 6 trials/each
in the MscL group. (C) Average peak DA2m activity (AF/F,) in response to O,
0.1, 0.3 MPa ultrasound stimulation (0.5 MHz center frequency, 500 ps pulse
width, 300 ms stimulation duration, 1 kHz PRF, interval 3s) in EYFP- and MscL-
expressing mice. n = 6 trials from 4 mice in the EYFP group, n =5 to 6 trials
from 5 mice in the MscL-expressing group. *P < 0.05, multiple t test with Holm-
Sidak correction. Data are shown as mean + SEM. (D) Representative DA2m
fluorescence traces in the NAc of anaesthetized EYFP- and MscL-expressing
mice when stimulated by multiple pulse trains of 0.3 MPa US. (E) Latency
between US stimulation and detection of an above-threshold fluorescence
change in MscL mice. Data are shown as mean + SEM. NS = not significant,
unpaired two-tailed ¢ test.

US: MscL-PD = 73.3 + 9.33 s, Fig. 5C). In contrast, EYFP+PD
mice did not show much change in performance after US stimu-
lation (US: EYFP-PD mice = 60.16% + 53.38%, US: MscL-PD
=258.1% + 54.34%, Fig. 5C).

General motor functions were assessed in an open-field para-
digm. Both groups of mice decreased their distance moved after
the induction of PD, but following US stimulation, MscL mice
covered significantly more distance than EYFP mice, indicating
some rescue of motor function by sonogenetic stimulation in
MscL+PS mice (US: EYFP-PD mice = -20.90% + 4.76%, US:
MscL-PD mice = 1.62% + 5.67%, Fig. 5 D—F). A similar pattern
was observed among these mice with regard to their mobile time.
EYFP+PD mice exhibited a decline in mobile time between PD
induction and completion of US treatment, but percentage mobile
time of MscL+PD remained almost unchanged (US: EYFP-PD
mice = -22.72% + 3.67%, US: MscL-PD mice = -2.29% +
4.55%, Fig. 5 G and H). The average speed of the mice was not
significantly different between EYFP and MscL mice (SI Appendix,
Fig. $8). Thus, we found that MscL-sonogenetics targeting the
STN in PD mice could indeed rescue motor symptoms in par-
kinsonian mice.

PNAS 2023 Vol.120 No.22 2220575120

Discussion

The present study demonstrates an MscL-G22S-mediated sono-
genetic approach capable of stimulating specific neural circuits
with high spatiotemporal precision, providing a noninvasive way
to modulate higher behaviors in mouse models. Our setup proved
capable of activating neurons and modifying characteristic motor
behaviors and appetitive conditioning in conscious mice through
the administration of low-intensity ultrasound. Real-time record-
ing of neuronal responses to US pulse train in deep-brain regions
of MscL-G22S mice through FP showed the rapid and reversible
neuronal activation triggered by MscL-sonogenetics. Mutant
MscL-G22S sensitizes neurons to ultrasound more effectively than
wild-type MscL. The latency of fluorescence change was consistent
between the genetically encoded calcium and dopamine sensors
in the two regions, at ~-300 ms. Although the temporal resolution
of sonogenetics could not be determined by patch clamp, due to
its incompatibility with ultrasonic vibrations, the quick responses
measured by FP suggest a subsecond temporal precision. Moreover,
MscL-sonogenetics could elicit well-defined behaviors through
specific activation of established neural circuitry. Finally, the pres-
ent study demonstrates the noninvasive sonogenetic modulation
of the specific brain circuit in parkinsonian mice to alleviate the
motor symptoms. Our stimulation scheme showed good spatio-
temporal resolution when targeted to brain regions at different
depths, without obvious nonspecific activation and responses
closely synchronized with US stimuli.

Sonogenetics has the advantage of combining a modular ele-
ment (the choice of mechanosensitive mediator) and a noninvasive
stimulation modality (ultrasound). Some have raised concerns
about the phenomenon of MscL channel clustering; however, it
is reported that while MscL clustering could contribute to the
nonuniform appearance of the GFP signal, this did not influence
the cell viability and the ability of the channel to mediate mechan-
ical stimuli (26). Here, we were able to further increase the spec-
ificity of the treatment by injecting virus in a specific brain region
and using the Cre-Lox system to preferentially express MscL only
in certain cell types. This combinatory approach offers multiple
opportunities to tailor the treatment for the intended application
and the prospect of continuous improvement. Choosing a differ-
ent transducer or ultrasound parameters, different brain region,
or a different cell type for targeting could allow the study of other
aspects of brain function. The discovery and development of other
mediating molecules, such as other mechanosensitive ion channels
(6) or nonchannel transmembrane proteins (3), could provide
ways to stimulate desired regions with ultrasound. It could also
be possible to further reduce the invasiveness of the treatment by
making use of genetic technologies. For instance, the AAV-PHP.eB
virus has been shown to be capable of transducing cells in the
brain through mere tail-vein administration (27, 28). Such a sys-
tem could be used to preferentially transduce targeted cells in the
brain while also possibly reducing the need to deliver the virus
directly into the brain. Finally, we found MscL-sonogenetics to
be compatible with FP and free-moving recording without signif-
icant interference and crosstalk. Thus, integration of these impor-
tant techniques could help for comprehensive study of the brain
and how it works. For instance, sonogenetics could further be
used with fMRI, a well-established technique, and could thus
enable screening and dissection of neural circuits in large animals,
e.g., nonhuman primates. Thus, sonogenetics offers an adaptable,
modular approach that is amenable to integration with other
modalities, which could allow for wide-ranging study.

In addition to the modularity and noninvasiveness of the
approach, another advantage of sonogenetics is that it can affect
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Fig.5. Sonogenetic manipulation of STN improves motor coordination behavior in PD mice. (A) Schematic representation and timeline of 6-OHDA, virus injection,
and behavioral experiments. US parameters were 500 kHz frequency, 400 ps pulse width, 300 ms duration, 1 ms pulse interval, 0.35 MPa. (B) Retention time(s)
to fall from the rotarod apparatus in three conditions: baseline, after 6-OHDA infusion, and after sonogenetic treatment. n = 8 EYFP mice, n = 11 MscL mice,

**P < 0.01, ****P < 0.0001. Two-way ANOVA with post-hoc Tukey test. Data
stimulation compared to prestimulus condition in EYFP mice and MscL mice.
unpaired two-tailed ¢ test with Welch's correction. (D) Representative 10 min

are shown as mean + SEM. (C) Percentage increase in retention time following
Data are shown as mean + SEM. N = 8 EYFP mice, n = 11 MscL mice. *P < 0.05,
movement traces in open-field arena observed in PD mice with MscL and EYFP

expressed in the STN region. (E) Total distance traveled during 10 min in open field in the three conditions: baseline condition, after 6-OHDA infusion, and after
sonogenetic activation. Data are shown as mean + SEM. (F) Percentage increase in total distance traveled by PD mice, before vs after US stimulation. Data are
shown as mean + SEM. n = 8 EYFP mice, n = 11 MscL mice. **P < 0.01, unpaired two-tailed t test with Welch'’s correction. (G) Percentage of time spent moving
by mice when in the open-field apparatus. Movement at speeds of 20 mm/s and above during the observation period were recorded. Data are shown as
mean + SEM. (H) Percentage increase in the time spent mobile by PD mice, before vs after US stimulation. Data are shown as mean + SEM. n = 8 EYFP mice, n =

11 MscL mice. **P < 0.01, unpaired two-tailed t test with Welch’s correction.

mesoscale circuits in the brain. Optogenetics has been used to
dissect brain microcircuits affecting a specific brain function (29).
However, understanding how these microcircuits interact and how
higher-order functions are constituted would require modulation
of mesoscale circuits. As shown here, with a flat single-element
ultrasound transducer, MscL-sonogenetics can induce cell type—
selective stimulation in the midbrain and deep brain dependent
on the spatial profiles of MscL expression. Given the dynamic
focusing capability of ultrasound transducers, sonogenetics could
provide a way to stimulate mesoscale circuits noninvasively with
defined spatiotemporal pattern to unlock complex signaling
phenomena.

A potential concern about sonogenetics is the nonspecific acti-
vation of neurons, either through activating intrinsic mechano-
sensitive ion channels or stimulating peripheral auditory pathways
causing background responses and compromising specificity and
efficacy. Ultrasound has been shown to activate various endoge-
nous mechanosensitive ion channels, including Piezol (30, 31),
TRAAK (4), and TRPA1 (6). We tried to minimize nonspecific
effects by using short US pulse train at the lowest effective acoustic
pressure. Our application of sonogenetics in deeper brain regions,
e.g., VTA and dSTR, did not show obvious off-target effects in
the present study as measured by various assays, suggesting that
MscL-sonogenetics is capable of stimulating specific neural cir-
cuits. However, the presence of endogenous mechanosensitive ion
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channels may narrow the window of usable pressures. Thus, it is
necessary to improve the sensitivity of sonogenetic mediators and
develop unique strategies for precise monitoring of acoustic pres-
sure in situ. The place preference behavioral assay indicated that
there was some auditory confound with rectangular waveforms.
While the carrier frequency of the US pulse train we used was
inaudible to mice, there could be audible wide-band noise at the
on and off points of a rectangular waveform, which might induce
auditory stimulation and the aversive behavior observed. Based on
the Fourier transform theorem, the wide-band noise can be elim-
inated simply by smoothing the on- and off-set of a waveform (32).
Ovur results support this concept as mice treated with smooth-wave
US did not show significant aversive responses to US.

In addition, the underlying mechanisms of the ultrasonic effects
on mechanosensitive ion channel are not fully understood. It has
been shown that ultrasound can activate mechanically sensitive
ion channels through deposition of acoustic radiation forces,
thereby increasing membrane tension or deforming lipid bilayer
geometry (33), and interaction with the cytoskeleton and com-
ponents of the membrane bilayers (34), causing Ca”* influx into
the cells and affecting the neuronal activity (1, 35). More inves-
tigation needs to focus on the mechanisms of sonogenetics.

We envision that an approach like sonogenetics could be prom-
ising for the eventual development of neurological, neurodegen-
erative, or neuropsychiatric treatments. Unlike pharmacological
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or lesion-based interventions, sonogenetics is noninvasive with
cellular specificity and neural circuit accuracy. Regulating dopa-
mine dynamics in the targeted region might help alleviate symp-
toms of such neurological diseases. In addition to dopamine, this
approach may also regulate other neurotransmitters by manipu-
lating specific neural circuits in appropriate brain regions, such as
glutamatergic or GABAergic neurons. Thus, we believe that sono-
genetic approach has the potential to become a unique alternative
approach for treating neurological and psychiatric diseases.

Materials and Methods

Animal Subjects. Male, 6 to 8-wk-old, C57BL/6J mice, were used for this study.
The mice were housed under standard conditions with food and water available
ad libitum. The mice were habituated to the procedure room for at least 30 min
prior to behavioral testing experiments. All animal experiments were approved by
the Animal Subjects Ethics Sub-Committee (ASESC) of the Hong Kong Polytechnic
University. Animal use and care were performed following the guidelines of the
Department of Health - Animals (Control of Experiments) of the Hong Kong S.A.R.
government.

Stereotaxic Injection of AAVs. Mice were anesthetized with ketamine and
xylazine (100 mg/kg and 10 mg/kg respectively) and placed in a stereotaxic
instrument (RWD, Shenzhen, China). A small craniotomy hole was made over
the targeted area. Viral vectors were microinjected into the right side of the mouse
brain by standard stereotaxic procedures (36). AAVs were injected at the rate of
0.05to0 0.1 pl per minute. The microsyringe was left in place for an extra 10 min
before withdrawal.

For locomotion experiments, 500 nLAAV-hSyn-EYFP or AAV-hSyn-MscL-G22S-
EYFP (BrainVTA (Wuhan) Co. Ltd) was unilaterally injected into the dSTR at AP
+0.50 mm, ML—1.8 mm, from Bregma and DV —2.75 mm from the brain surface.
Three weeks posttransduction, a portion of the scalp was excised at the above coor-
dinates, and an ultrasound adaptor was fixed to the skull using dental cement.

For calcium FP in the dSTR, mice were injected with virus vectors in the right
side of the dSTR (DV: —2.75 mm) as mentioned above. The volume ratio of the
viral vector mixture was 1:1 for AAV-hSyn-jRGECOTa (OBiO Technology, Shanghai),
AAV-hSyn-EYFP, AAV-hSyn-Mscl G22S-EYFP, or hSyn-MscL-WT-EYFP (Brain Case,
Shenzhen)in the dSTR. After microsyringe withdrawal, an optic fiber was inserted
into the location of the syringe.

For dopamine FP in the VTA, 300 nl AAV-hSyn-EYFP or AAV-hSyn-Mscl-
G22S-EYFP was microinjected into the right side of the VTA (AP: —2.9 mm, ML:
—0.5mm,DV: —4.5mm),and 1 uLhSyn-DA2m (Vigene Bioscience Co., Ltd) was
injected into the ipsilateral side of nucleus accumbens (NAc, coordination: AP:
1 mm, ML: =1.1 mm, DV: —=4.1 mm). An optical fiber was implanted in the NAc
region after AAV injection.

For reward-related experiments (real-time place preference), 300 nL AAV-
EF1a::DIO-EYFP or AAV-EF1a::DIO-Mscl-G22s-EYFP [BrainVTA (Wuhan) Co. Ltd]
mixed with pAAV-TH-Cre-WPRE-hGHpA (OBiO Technology, Shanghai) (1:1) was
microinjected into the right side of the VTA (AP: —=2.9 mm, ML: —0.5 mm, DV:
—4.5 mm). An ultrasound adaptor was installed above the targeted region after
3wk of viral transduction.

For the VTA and NAc acute brain slice calcium imaging experiment, 300 nL
AAV-EF1a::DIO-EYFP or AAV-EF1a::DI0-Mscl-G22s-EYFP mixed with pAAV-TH-Cre-
WPRE-hGHpA(1:1) was microinjected into the right side of the VTA(AP: =2.9 mm,
ML: —0.5 mm, DV: —4.5 mm), and 0.5 pL hSyn-jRGECO1a was injected into the
ipsilateral side of NAc (AP: 1 mm, ML: =1.1 mm, DV: =4.1 mm).

For PD experiment, 1 pL 6-OHDA was unilaterally injected into the right dor-
somedial striatum (DMS, AP: +0.5 mm, ML: =1.5 mm, DV: =2.0 mm). Three
weeks later, 500 nLAAV-hSyn-EYFP or AAV-hSyn-Mscl-G22S-EYFP was unilaterally
injected into SNT(AP: —=1.95 mm; ML: —1.65 mm; DV: =4.3 mm).

Ultrasound Instrument and Transducer Installation. Ultrasound transducer
(17-0012-P-SU, Olympus or wearable transducer) was driven by a set of function
generators (DG4102, Rigol; Tektronix AFG3251, Agilent Technologies) and power
amplifier (A075, Electronics & Innovation Ltd), generating pulsed ultrasound
with 0.5 MHz or 0.9 MHz central frequency, 1 kHz PRF, 40% or 50% duty cycle,
under burst mode at 300 ms duration. Alternatively, a smoothed waveform was

PNAS 2023 Vol.120 No.22 2220575120

generated at 3 s interval using the same setup, where 300 ms of continuous
ultrasound with 0.9 MHz central frequency was smoothed by a Hann window of
the same length. The skull above the targeted region was cleaned with saline. A
wearable ultrasound transducer was mounted upon the adaptor attached to the
skull, coupled with ultrasound gel.

Thermal Simulation. A commercial finite-element analysis software (COMSOL
Multiphysics 6.0) was used to simulate the thermal response of biological tissue
in acoustic field. The geometry was axisymmetrically modeled with the aperture
of 50 mm. Physical field for water was selected as pressure acoustics-frequency
domain to accurately simulate the propagation of acoustic waves. To simulate
the infinite water domain and avoid the influence of nonexperimental factors,
a perfect matching layer was selected on the outermost side of the model. After
that, a sufficiently small mesh (less than A/5, A wavelength at center frequency)
was divided, and the frequency of 0.5 MHz was applied to simulate the acoustic
field. Atlast, based on the calculated acoustic intensity distribution, physical field
for tissue [density: 1,044 kg/m®; sound speed: 1,568 m/s; thermal conductiv-
ity: 0.59 W/(m-K); heat capacity: 3,710 J/(kg-K)] was selected as biological heat
transfer to simulate thermal response caused by ultrasound.

FP Recording. FP recordings were performed at least 4 wk after viral injection.
Mice (JRGECO1a- or DA2m-expressing mice) were anesthetized with 1 to 2%
isoflurane and the hair was removed with scissors. Eye ointment was applied to
prevent corneal drying. The implanted fiber was connected to a fiber-optic meter
(Thinker Tech Nanjing BioScience Inc.) through an optical fiber patch cord for
guiding the light. FP recoding was performed using a 570-nm laser at around
50 puW for jRGECOTa and a 480-nm laser at around 50 pW for DA2m. Data were
collected at 100 Hz and analyzed using a customized MATLAB script. The fluores-
cence change (AF/F,) was calculated as (F—F,)/F,, where Fy is the baseline fluo-
rescence signal. The 0.2% increase in the magnitude was set as onset time (35).

Open-Field Recording of Locomotion. In mice with transduced dSTR regions,
1 wk after adaptor installation, a 0.9-MHz wearable ultrasound transducer was
plugged into it. The mice were placed into the center of an open-field chamber
(40 cm length x 40 cm width x 30 cm height). The mice were habituated in the
chamber for 15 to 20 min prior to ultrasound stimulation. Mouse movements
were then captured by a digital camera (Canon, LEGRIA, HF, M506) placed at
~45 cm above the open-field chamber. The mice were allowed to rest 1to 3 min
between each trial. The total travel distance and the mobility speed of mice were
calculated from the recorded video clips using ToxTrac software (37, 38) and nor-
malized to that of the same distance/mobility speed on the first average measure-
ment. A mouse was considered to be moving at a minimum speed of 20 mm/s.

For the PD experiment, the locomotor behaviors of mice were monitored in
the open-field box before 6-OHDA injection (referred to as the "baseline”). Three
weeks postinjection with 6-OHDA, the movements of mice were recorded in the
same box (referred to as "before ultrasound stimulation”). Three weeks post-
transduction with EYFP/MscL viruses, the mice were treated with ultrasound for
30 min/d for five consecutive days (referred to as "after ultrasound stimulation”)
and then subjected to open-field behavioral observation. The total travel distance
and the mobility speed of mice in the above three conditions were compared as
an assessment of the therapeutic effect of Mscl-sonogenetics on PD mice. The
total travel distance and average mobility speed of mice were calculated using
the method mentioned in the previous paragraph. The performance of individual
PD mice was tracked and compared over the course of the experiment to obtain
an accurate idea of the degree of improvement.

Real-Time Place Preference Assay. A 50 x 60-cm arena was divided into leftand
right chambers of equal size (50 cm length x 30 cm width x 30 cm height). The
walls on each side were marked with horizontal stripes or vertical stripes. Mice were
allowed to habituate in the arena on day 0. The mice were then stimulated with the
ultrasound apparatus at0, 0.1, or 0.3 MPa per daily session until completion of the
experiment. The mice were allowed to freely explore the two chamber arenas for
20 min. One chamber was randomly assigned as being the stimulation chamber.
When a mouse entered the stimulation chamber, ultrasound delivery was imme-
diately begun, until it crossed over to the nonstimulation chamber, at which point
the US was immediately stopped. The movement of the mice was recorded via a
digital camera (Logitech 720p), and the time of the mice spent in each chamber
(stimulated and nonstimulated) was calculated using the ToxTrac program.
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Rotarod Test. Mice were habituated to the rotarod rotating bars (LE8505) and
were pretrained for three trials at 5 rpm, 10 rpm, and 15 rpm. During testing, three
trials were performed at 15 rpm and the average retention time was recorded.
Untreated mice having atleast 30 s retention time were chosen for 6-OHDA injec-
tion and further studies. Rotarod behavior tests in each mouse were performed
in three cases (baseline, before ultrasound stimulation, and after ultrasound
stimulation). Motor performance was also assessed using an accelerated rotarod
protocol, going from 4 to 40 rpm in 40 s. Trials were begun by placing a mouse
on the rod and beginning rotation. Each testing session comprised three trials
and each trial ended when the mouse fell off the rod, and the rpm at which the
mouse fell was recorded.

EMG Recording in Anesthetized Mice and Data Processing. Four to five
weeks postinjection, mice with EYFP/Mscl-G22S viruses in their right STN
regions each were anesthetized with 2% isoflurane and eye ointment was
applied to both eyes. Two EMG electrodes were inserted approximately 3 to
5 mm apart into the gastrocnemius muscle of the left hindlimb to record bio-
electric potential difference across the muscle tissue. An EMG ground wire was
attached to the ear of the animal. Isoflurane level was reduced to 0.5% 5 min
before starting EMG recording. Ultrasound stimulation (500 kHz frequency,
400 ps pulse width, 300 ms stimulation duration, 1 ms pulse interval) with
pressures 0.05 to 0.70 MPa was performed on each mouse. Each round con-
sisted of 7 to 10 ultrasound stimuli delivered at an interval of 5 s. Each mouse
was allowed 1 min rest between multiple rounds of stimulation. EMG signals
were collected with a multichannel signal acquisition system (Medus, Bio-Signal
Technologies). EMG data were analyzed using MATLAB (The MathWorks, Inc.).
Raw EMG data were first filtered using a 50-Hz notch filter. Then, the signals
were filtered with 10 Hz, 4th-order high-pass Butterworth filter, followed by
200 Hz, 4th-order Butterworth low-pass filter. The 3.5 s rectified filtered signal
during each US pulse train delivery (from 0.5 s to 2 s after stimulation) was
assessed for peak amplitude. US stimulation is considered as success if the US
pulse train increases the amplitude by at least three times the prestimulation
baseline condition.

Immunohistochemical Fluorescent Staining of c-Fos. Ninety minutes after
ultrasound treatment, mice were perfused with 0.9% saline, followed by 4% par-
aformaldehyde (PFA) (cat. no. P1110, Solarbio). After dissection, the brains were
postfixed overnight in 4% PFA. Coronal sections were prepared from the brain at
a thickness of 40 um by a vibratome. Slices were blocked using blocking buffer
(10% normal goat serum + 1% BSA + 0.3% Triton in 1x PBS) and incubated
overnight in primary antibody solution diluted in the blocking buffer. The slices
were then washed with PBS three times and incubated with secondary antibodies
diluted in blocking buffer for two hours at room temperature. The slices were then
washed three times and coverslips were dried and mounted on glass slides using
small drops of Prolong Diamond Antifade Mountant with DAPI. Primary antibodies
used were c-Fos (2250, Cell Signaling Technology, dilution 1:500) and tyrosine
hydroxylase (MAB318, Millipore, dilution 1:500). Secondary antibodies used were
goatanti-rabbit IgG (H+L), Alexa Fluor 555 (A-21428, Invitrogen, dilution1:1,000)
orgoatanti-mouse IgG (H+L), and Alexa Fluor 555 (A-32727, Invitrogen, dilution
1:1,000). Each sample was divided into three sets and one set was used to stain
for c-Fos expression. Each set contained 5 to 8 brain slices. The number of cells
showing ¢-Fos was counted using ImageJ, and the number of c-Fos* cells per 733
x 733 pm slice was calculated. All brain slices were imaged using the confocal
microscope (TCS SP8, Leica) in the University Research Facility in Life Sciences
facilities in The Hong Kong Polytechnic University. Also, Nikon eclipse Ti2-E Live-cell
fluorescence imaging system was used to get the whole-brain pictures.
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Preparation and Fluorescence Imaging of Acute Brain Slices. Four weeks
after virus injection, mice were anesthetized with an intraperitoneal injection of
ketamine and xylazine (100 mg/kg and 10 mg/kg, respectively) and perfused
with ice-cold oxygenated NMDG ACSF buffer containing (in mM): 92 N-methyl-D-
glucamine (NMDG), 2.5KCl, 1.25 NaH2P04, 20 NaHCO3, 10 HEPES, 25 glucose,
2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl2, 10 MgSO02, and 12 NAc.
The pH of the ASCF was 7.3 to 7.4. The brains were immediately removed and
placed in ice-cold oxygenated slicing buffer. The brains were sectioned into 300
um thick slices using vibratome (Leica VT1200), and the slices were incubated at
34.°Cin NMDG ACSF for 10 to 12 min, followed by N-2-hydroxyethylpiperazine-
N-2-ethanesulfonic acid (HEPES) ACSF that contained (in mM): 92 NaCl, 2.5 KCI,
1.25 NaH2P04, 30 NaHC03, 20 HEPES, 25 glucose, 2 thiourea, 5 Na-ascorbate,
3 Na-pyruvate, 2 CaCl2, and 2 MgS02 for at least 1 h at 25 °C. The brain slices
were transferred to a slice chamber for calcium fluorescence imaging and were
continuously perfused with standard ACSF that contained (in mM): 119 NaCl,
2.5KCl, 1.25 NaH2P04, 24 NaHC013, 1.25 glucose, 2 CaCl2, and 2 MgS02 at
2 to 3 mL/min.An ultrasound transducer with a plastic tube was placed above the
VTA region, and the neural activity of NAc neurons was recorded by a modified
inverted epifluorescence microscope. The fluorescence was recorded using a 575
to 645-nm filter.

Data Processing. The counting of ¢-Fos™ cells per slice was single blinded, per-
formed by an experimenter who did not know the groups beforehand.

Behavioral tests' data analysis was done by experimenters blinded to exper-
imental conditions using the ToxTrac program.

Statistical Analysis. All statistical analyses were performed using the GraphPad
Prism software. Two-tailed unpaired t tests and one- or two-way ANOVA, with
post-hoc Tukey or Holm-Sidak test as appropriate, were performed to determine
statistical significance. The individual test performed for any graph is specified
inthe corresponding figure legend. Summary results were presented as mean =
SEM. Pvalues below 0.05 were considered statistically significant.

Data, Materials, and Software Availability. All study data are included in the
article and/or S Appendix. The data have been deposited in the figshare repository
and can be downloaded from the following URL: https://figshare.com/articles/
dataset/Xian_Data_for_Modulation_of_deep_neural_circuits_with_sonogenet-
ics_[22776362 (39).
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