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ABSTRACT

Controlling specific neural activities through physical intervention is an effective
tool to gain great insight into brain functions and treatments for brain diseases. In the
past few decades, many techniques have been developed, such as deep brain stimulation
(DBS), transcranial direct current stimulation (tDCS), transcranial magnetic
stimulation (TMS), focus ultrasound stimulation (FUS), chemogenetics and
optogenetics. However, these methods are either invasive, lack of cell-type selectivity,

or have low spatial resolution.

Low intensity ultrasound is an emerging and promising modality for brain
stimulation. Although it has properties of non-invasiveness and enhanced spatial focus,
the lack of cell-type selectively is still a crucial concern. In recent years, studies showed
that mechanosensitive ion channels were capable of sensitizing cells to ultrasound
stimulation in vitro. Preliminary in vivo studies indicated that these channels could be
activated by acoustic stimuli in mouse brain, which were mainly confirmed by c-Fos
staining (a marker of neural activity). However, its rigorous characterization of the
treatment and demonstration of robust behavioral effects remains to be elucidated. It is
important to connect brain activity with behavioral effects with feasible intervention
approaches that alter the dynamic of neural pathway, which might open a door to

explore how brain neural activities control corresponding behavior.

Here, we demonstrate a sonogenetic approach which utilizes a mechanosensitive
ion channel (MscL-G22S) to implement transcranial ultrasonic activation of well-
defined neural circuits in forebrain and midbrain. Plane ultrasonic wave with
approximately 5 mm diameter beam width was generated by our setup, which

selectively activated MscL-expression regions of 1.5 mm diameter but not surrounding

v



arcas.

Combining low intensity ultrasound stimulation and fiber photometry technique,
we monitored the real time effects of sonogenetic stimulation on calcium dynamic of
specific brain regions in vivo. MscL-expressing neurons of mice barrel cortex or dorsal
striatum could be activated by low intensity ultrasound stimulation, generating robust
and synchronized calcium responses, whereas EYFP-expressing (control group) mice

showed no or smaller response to the same stimulation condition.

Furthermore, we found that transcranial MsclL-mediated ultrasound stimulation
enabled the evocation of whisker-barrel cortex pathway, resulting in stronger whisker
deflection in head-restrained, awake mice. In addition, spatially and selectively
activating neurons of the dorsal striatum enhanced motor function in freely behaving
mice. Moreover, using this method, we successfully evoked endogenous dopamine
release in nucleus accumbens (NAc) through modulating the mesolimbic pathway in
mice. Finally, we specifically targeted dopaminergic neurons in the ventral tegmental

area (VTA) with our strategy and modulated appetitive conditioning.

Together, we conclude that our sonogenetic method can manipulate neural
activities of specific cell types and alter animals’ behavior, which provides genetically
and spatially targetable, and temporal precise activation of brain pathways without fiber
implantation. Modulating animal’s behavior with this approach may help to enrich our
understanding of cell pathophysiology and almost certainly lead to development of

novel treatment for neuropsychiatric and non-neural diseases.

Keywords Ultrasound stimulation, sonogenetics, mechanosensitive ion channel,

neuromodulation, neural activity, neuronal circuit, behavior.
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S1). Hippocampus (CP), cerebral corteX (CTX)......ccovriiiiriiiiiiiiiiiiie e 51
Figure 23 MscL-mediated ultrasound stimulation of barrel cortex evokes stronger
whisker movement. (A) The images were taken over before and after ultrasound
stimulation in EYFP (left) and MscL (right) mice. (B) Representative the angle changes
of the C2 whisker from CamKILEYFP and CamKIl:MscL-EYFP awake mice

following ultrasound stimulation on the surface of barrel cortex. Timing of ultrasound
XVI
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stimulation is indicated as the red shadow. (C) Summary data for average angular
velocity of whisker movement evoked by different parameters of ultrasound stimulation
in EYFP and MscL- mice. In 0.1 MPa ultrasound stimulation, » = 8 mice in EYFP group,
n =7 mice in Mscl group; In 0.15 MPa ultrasound stimulation, » = 9 mice in EYFP
group, n = 7 mice in MscL group; In 0.4 MPa ultrasound stimulation, n = 7 mice in
EYFP group, n = 6 mice in MscL group. Unpaired two-tailed #-test, * P < 0.05. Data
are Shown as Mean = SEM......cccoiiiiiiiiiiiecicese e 54
Figure 24 Sound does not induce whisker movement in EYFP mice and MscL mice.
(A) Schematic illustration of US transducer delivers ultrasound wave to the mouse brain
with or without US gel. Sham stimulation experiments were conducted with the similar
conditions but maintaining enough gap by not applying US gel between the transducer
and skull. (B) Summary data for average angular velocity of whisker movement
evoked by ultrasound stimulation in the sham group. n = 6 mice in EYFP group, n =6
mice in MscL group. Unpaired two-tailed #-test. Data are shown as mean + SEM.....55
Figure 25 Neural activity in the dorsal striatum under ultrasound stimulation in
EYFP and MscL mice. (A) Schematic illustration of our experimental scheme. Briefly,
mice were injected in their the dorsal striatum on the injected side of the mouse’ s brain
with hSyn:EYFP or hSyn:MscL-EYFP. Five weeks later, an ultrasound adapter was
installed. Then a week later, mice were stimulated with 0.15 MPa ultrasound for 40
minutes. Mice were allowed to recover for 90 minutes, after which their brains were
collected for immunofluorescent staining. Dorsal striatum (dSTR), Caudoputamen (CP),
cerebral cortex (CTX). (B) Confocal images of the dorsal striatum after ultrasound
stimulation. Images of dorsal striatum expressing hSyn:EYFP or hSyn:MscL-EYFP
with c-Fos stained. Images showing the low magnification (Left panel) and high
magnification (Right panel) of mouse brain hSyn-EYFP or hSyn-MscL-EYFP

expressing in dorsal striatum. The green two-arrow indicated the range of ultrasonic
XVl
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coverage. (C) The number of nuclear c-Fos+ positive cells / per slice imaged in the
dorsal striatum (Left panel) and the cortex above targeted region (Right panel) of mice
stimulated with ultrasound. » = 4 mice per group. Data are shown mean £ SEM of
average c-Fos™ cells per stained slice. One-way ANOVA with post-hoc Tukey test...64
Figure 26 Auditory pathway does not mainly participate in the upregulation of the
MscL-sonogenetic process. (A) Anatomical locatization of auditory cortex in DAPI-
labelled brain slice. (B) Images of c-fos in auditory cortex from MscL-expressing mice
and EYFP mice that received US stimulation. (C) Quantification of the expression of
c-fos in auditory cortex in EYFP-US mice and MscL-US mice. n = 3 mice per group.
Data are shown mean = SEM of average c-Fos+ cells per stained slice. One-way
ANOVA With poSt-hoC TUKEY TEST. ....veiveeiiiiiiiieiiiiesieesie e 65
Figure 27 An experimental setup and preparation for calcium activity recording
of the dorsal striatum in vivo. (A) Schematic illustration of in vivo real-time calcium
activity recording. The right dSTR of mice was co-transduced by AAVs for a calcium
sensor (hSyn:;jJRGECO1a) and either MscL-EYFP or EYFP, ata 1:1 ratio. 5 weeks later,
anesthetized mice were stimulated with US, and neuronal calcium responses were
recorded simultaneously by an optical fiber implanted in the viral injected region. (B)
Representative low-magnification pictures of dorsal striata (dASTR) expressing hSyn-
EYFP (Left panel) or hSyn:MscL-EYFP and hSyn:;)RGECOla (Right panel).
Caudoputamen (CP), cerebral cortex (CTX). (C) Representative high-magnification
confocal images showing EYFP or MscL-EYFP and jJRGECOIla fluorescence co-
located in the same neurons in the dorsal striatum. ...........cccooeiiiiiiiiiincice e 68
Figure 28 US stimulation elicits greater calcium activity in dSTR neurons in MscL-
expressing mice. (A) Averaged JRGECO/1a fluorescence traces in the dorsal striatum
of anesthetized EYFP- or MscL-mice prior to US stimulation. (B) Averaged JRGECO1a

fluorescence traces increase in the dSTR of anesthetized EYFP- or MscL-mice in
XVII
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response to one 0.15 MPa pressure ultrasound stimulation (0.5 MHz center frequency,
500 ps pulse width, 300 ms stimulation duration, 1 kHz PRF, interval 3s). n = 8 trials,
5 mice in EYFP group, n = 7 trials, 5 mice in MscL group. Green rectangle shows the
timing of ultrasound stimulation. (C) Average peak Ca®" activity in EYFP- and MscL-
mice in response to US pulses of varying intensities (0.05 — 0.2 MPa pressure, 500 us
pulse width, 0.5 MHz center frequency, 300 ms stimulation duration, 1 kHz PREF,
interval 3s). n = 8 trials, 5 mice in EYFP group, n = 7 trials, 5 mice in MscL group. *
P > 0.05, unpaired 2-tailed ¢-tests. Data are shown as mean+ SEM. (D) Latency
between US stimulation (0.05 — 0.2 MPa pressure) and detection of an above-threshold.
n =15 mice in MscL group. One-way ANOVA with post-hoc Tukey test. Data are shown
as mean = SEM. (E) Calcium traces of a EYFP mice and MscL mice undergo repeated
ultrasound stimulation. Green rectangle shows the timing of ultrasound stimulation. 70
Figure 29 Ultrasound stimulation plan and preparation for locomotion test in
awake, freely moving mice. (A) Schematic of our experimental scheme. Briefly, mice
were injected in the dorsal striatum on the right side mouse’s brain with hSyn:EYFP or
hSyn:MscL-EYFP. Three weeks later, an ultrasound adaptor was installed and one week
after recovery that mice were stimulated with ultrasound. Mice were placed in a square
box and their movement were recorded before, during and after ultrasound stimulation
with a digital camera. The behavior documented in the video was then analyzed and
quantified. (B) Schematic illustration of US adaptor and the wearable US transducer.
This US transducer weighted ~1g. (C) Confocal images indicate expression of
hSyn:EYFP (top panel)or hSyn:MscL-EYFP (below panel) in the dorsal striatum

(dSTR) of the right side of the mouse brain. Caudoputamen (CP), cerebral cortex (CTX).

Figure 30 Expression of EYFP or MscL-EYFP in mice do not affect spontaneous

locomotive movement. (A) Comparison of mobility average speed of the EYFP and
XIX
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MscL mice before ultrasound stimulation. n = 6 mice per group. Unpaired two-tailed ¢-
test. Data are shown as mean + SEM; NS, no significance. (B) Comparison of distance
of the EYFP and MscL mice before ultrasound stimulation. n» = 6 mice per group.
Unpaired two-tailed 7-test. Data are shown as mean = SEM; NS, no significance......73
Figure 31 Ultrasound stimulation evoked significant increase in locomotor
behavior in mice with MscL expression in the dorsal striatum. (A) Representative
trajectories recorded from mice stimulated in the dorsal striatum pre-US, during US,
and post-US with 0.3 MPa ultrasound application (each trace 1 min long). (B)
Comparison of mobility average speed of the EYFP and MscL mice, with (0.3 MPa)
and without ultrasound stimulation. n = 6 mice EYFP group and n = 6 mice MscL group.
Data are shown as mean + SEM; Unpaired two-tailed t-test. (C) Summary of mobility
average speed of EYFP and MscL-expression mice with ultrasound stimulation of
different ultrasonic intensities from 0.1 — 0.35 MPa pressure. Green bars indicate the
timing of ultrasonic stimuli. » = 6 mice EYFP group and n = 6 mice MscL group. Data
are shown as mean = SEM; Two-tailed unpaired #-test. (D) Comparison of distance of
the EYFP and MscL mice, with (0.3 MPa pressure) and without ultrasound stimulation.
n =6 mice EYFP group and » = 6 mice MscL group. Data are shown as mean + SEM;
Unpaired two-tailed t-test. (E) Summary of distance of EYFP and MscL-expression
mice with ultrasound stimulation of different ultrasonic intensities from 0.1 —0.35 MPa
pressure. Green bars indicate the timing of ultrasonic stimuli. » = 6 mice EYFP group
and n = 6 mice MscL group. Data are shown as mean + SEM; Two-tailed unpaired ¢-
L) S PP PP PP 76
Figure 32 Light stimulation plan and preparation for locomotion test in awake and
freely moving mice. (A) Schematic of optogenetic experimental steps. Briefly, mice
were injected in their dorsal striatum of the right side of the brain with hSyn:ChR2-

mCherry, followed with optical fiber inserting at the same region. Four weeks later, a
XX
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light adaptor attached to the optical fiber and delivered appropriate light into the mouse
brain. Mice were placed in a square box and their movement were recorded before,
during and after light stimulation. (B) Confocal images indicating ChR2-mCherry in
the dorsal striatum (ASTR). ....cociiiiiiiiiiii e 77
Figure 33 Optogenetic stimulation evoked significant increase in locomotor
behavior in mice with ChR2 expression in the dorsal striatum. (A) Representative
trajectories recorded from mice stimulated in the dorsal striatum pre-light, during light
stimulation (50%, 10 ms, 15 Hz) periods, post-light (each trace 1 min long). (B)
Summary of mobility average speed of hSyn:ChR2-mCherry mice, with (20% / 50% /
100% power, 10 ms, 15 Hz) and without light stimulation. n = 3 mice each group. Data
are shown as mean = SEM; *p < 0.05, Unpaired two-tailed #-test. NS indicates light off.
(C) Summary of distance of hSyn:ChR2-mCherry mice, with (20% / 50% / 100%, 10
ms, 15 Hz) and without light stimulation. » = 3 mice each group. Data are shown as
mean + SEM; *p < 0.05, Unpaired two-tailed z-test...........ccvvvviiniiiiiiniiiciiies 78
Figure 34 The increasing locomotor behavior evokes by optogenetic and
sonogenetic is similar. (A) Comparison of mobility average speed of hSyn:ChR2-
mCherry mice, with (100%, 10 ms, 15 Hz) light stimulation and of hSyn:MscL-EYFP
mice with 0.3 MPa ultrasound stimulation. » = 3 mice in optogenetic experiment, n = 6
mice in the sonogenetics experiment. Data are shown as mean £ SEM; *p < 0.05,
*#<0.01, Two-tailed unpaired t-test. (B) Summary of distance in hSyn:ChR2-mCherry
mice, with (100%, 10 ms, 15 Hz) light stimulation and of hSyn:MscL-EYFP mice with
0.3 MPa ultrasound stimulation. » = 3 mice in optogenetic experiment, # = 6 mice in
the sonogenetics experiment. Data are shown as mean = SEM; *p < 0.05, ***P <0.001,
Two-tailed UnPaired t-teSt. .. ..oviiriiiiiiiiiie e 79
Figure 35 An experimental setup for dopamine signal recording in vivo. (A)

Schematic showing the hSyn-DA2m, hSyn-EYFP and hSyn-MscL-EYFP virus delivery,
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fiber implantation and ultrasound stimulation in the mouse brain. Mice were injected
AAV-hSyn-DA2m in the NAc of the right brain and hSyn-EYFP or hSyn-MscL-EYFP
in the VTA at the same hemisphere. After virus injection, an optical fiber was inserted
into NAc for detecting DA signals. 4-week later, mice were stimulated with ultrasound
stimulation and detect DA signals simultaneously. (B) Confocal images of NAc region
expressing DA2m (green) with DAPI (blue) in EYFP and MscL-expressing brain. (C)
Confocal images of low magnificence of depicting DAPI (blue), TH (red), and EYFP
neurons (green)in the VTA. (D) Confocal images of high magnificence of representing
DAPI (blue), TH (red), EYFP (green) neurons in the VTA. White arrows indicated
example EYFP+H/TH+ NEUIONS. .......ccoiiiiiiiieiiii i 87
Figure 36 Sonogenetic stimulation of VTA neurons evokes DA release in NAc in
vivo. (A) Averaged DA2m fluorescence signal without ultrasound stimulation in the
NAc of the anesthetized EYFP- mice and MscL-expressing mice. n = 6 trials, 4 mice
in EYFP group. n = 6 trials, 5 mice in the MscL group. (B) Average DA2m fluorescence
signal response to ultrasound stimulation in the NAc of the anesthetized EYFP- mice
and MscL-expressing mice. n = 6 trials, 4 mice in EYFP group. n = 6 trials, 5 mice in
the MscL group. (C) Average peak DA2m activity responds to 0.3 MPa ultrasound
stimulation in EYFP- mice and MscL-expressing mice. n = 6 trials, 4 mice in EYFP-
group. n = 6 trials, 5 mice in the MscL-expressing group. * P < 0.05, ** P < 0.01,
Unpaired two-tailed #-tests. Data are shown as mean + SEM. (D) DA2m fluorescence
traces in the NAc of EYFP and MscL mice undergone repeated ultrasound stimulation
(0.3 MPa). The blue and red examples represent the EYFP group and MscL group,
respectively. Light green rectangular shows the timing of ultrasound stimulation. ....90
Figure 37 Ultrasound stimulation plan and setup for the place preference test in
awake and freely moving mice. (A) Schematic of our experimental scheme. Briefly,

mice were injected into their right ventral tegmental area with CamKIL:EYFP or
XX
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CamKII:MscL-EYFP. Three weeks later, an ultrasound adaptor was installed and one
week after recovery that mice were stimulated with ultrasound. Mice were put in a
rectangle arena and were recorded their trajectories with a camera. The behavior
documented in the video was then analyzed and quantified. (B) An illustration of the
real time place preference apparatus. Our RPP apparatus consists of a chamber divides
into two equal side, one side with vertical stripes walls and the other side with
horizontal stripes walls. Mouse movement in the two sides during each preference test
detected by a digital camera. An US indicated light indicates the start and end of
ultrasound. (C) Confocal images indicating expression of CamKII:EYFP (Top) or
CamKII:MscL-EYFP (Below) in the VTA. DAPI (blue), TH (red), EYFP (green)

neurons, and in the VTA. White arrows showed representative EYFP+/TH+ neurons.

Figure 38 Deep MscL-mediated ultrasound stimulation can induce appetitive
conditioning. (A) Examples path-trajectories of a mouse with CamKII:EYFP or
CamKII:MscL-EYFP expression during the appetition test. Red rectangle showed the
US-stimulation side. (B) Percentage of time spent on the US stimulation side at 0.05
MPa pressure ultrasound in EYFP (control, gray) and MscL mice (orange) (n = 4 mice
in EYFP- mice; n = 4 mice in MscL-expressing mice, Repeated two rounds. * P <
0.05, two-tailed unpair #-test. Data are shown as mean + SEM. (C) Average distance
during 0.05 MPa sonication epoch on the US stimulation side was noticeable higher
than the non-stimulation side in MscL group, and showed significantly different than
the EYFP-US. (n =4 mice in EYFP mice; n = 4 mice in MscL-expressing mice, * P <
0.05, two-tailed unpair #-test. Data are shown as mean+ SEM. (D)Average mobility
velocity during sonication epoch on the stimulation side was not obvious changes than
the non-stimulation side in EYFP and MscL group. * P <0.05, ** P <0.01, one-way

ANOVA with post-hoc Tukey test. Data are shown as mean+ SEM. ...............cccc.ee.. 96
XX


file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851241
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851241
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851241
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851241
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851241
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851241
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851241
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851241
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851241
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851241
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851241
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851241
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851242
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851242
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851242
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851242
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851242
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851242
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851242
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851242
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851242
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851242
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851242
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851242
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851242
file://///Users/salvia/Downloads/未命名文件夹/202100929-1.docx%23_Toc83851242

Figure 39 MscL-mediated ultrasound stimulation activates the excitatory neurons
in VTA. (A) The workflow of appetition test with ultrasound stimulus. (B) Percentage
of time spent on the US stimulation side at difference pressures of ultrasound
stimulation in EYFP and MscL mice. » = 4 mice in EYFP- mice; #n = 4 mice in MscL-
expressing mice, Repeated two rounds. * P < (.05, unpair two-tailed #-test. Data are
shown as mean+ SEM. (C) Average mobility velocity during different pressure
sonication epoch on the stimulation side was not obviously different than the non-
stimulation side in EYFP and MscL group. n = 4 mice in EYFP mice; » = 4 mice in
MscL-expressing mice. * P <0.05, ** P<0.01, one-way ANOVA with post-hoc Tukey
test. Data are shown as mean = SEM. ..o 98
Figure 40 Ultrasound stimulation plan and setup for the real time place preference
assay in TH-cre mice. (A) Schematic of our experimental scheme. Briefly, mice were
injected into their right ventral tegmental area were co-injected with AAV-TH-cre mix
with AAV- EF1a::DIO-EYFP or AAV-EF10.::DIO-mscl-EYFP. Three weeks later, an
ultrasound adaptor was installed, and one week after recovery that mice were stimulated
with ultrasound. Mice were put in a rectangle chamber and were monitored their
trajectories. The behavior documented in the video was then analyzed and quantified.
(B) Low magnification of confocal images indicating expression of TH:EYFP or
TH:MscL-EYFP in the VTA. DAPI (blue), EYFP neurons (green), and TH (red) in the
VTA. (C) High magnification of images showing TH:EYFP (Top) or TH:MscL-EYFP
(Below) in the VTA. White arrows indicate example EYFP+/TH+ neurons. ........... 100
Figure 41 Selective targeted dopaminergic neurons in VTA by MscL-mediated
ultrasound stimulation enable change mice’s appetitive conditioning. (A)
Examples path-tracing of a mouse with TH-cre-EYFP or TH-cre-MscL-EYFP
expression during the appetition test (0.1 MPa ultrasound stimulation). A Red bar

indicates the stimulation side. A White bar indicates the non-stimulation side. (B)
XXIV
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Percentage of time spent on the stimulation side at NUS, 0.1 MPa, 0.15 MPa pressure

of ultrasound in EYFP and MscL mice. » = 5 mice in EYFP mice; #n = 5 mice in MscL-

expressing mice. ** P < (.01, unpair two-tailed #-test. Data are mean+ SEM........ 101
LIST OF TABLES
Table 1 Descriptions of ultrasound parameters. (Adapted from [87]).....cccccevvvviivrrnnne 14
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CHAPTER 1 Introduction

Over the past few decades, the frequency of application of brain stimulation
through various novel modalities in both research and therapeutic contexts has
increased. Brain stimulation technology offers a significant merit over drug therapy
because its effect on cells or neural pathways is more specific and focused. The
technique is now being explored as a potential treatment for serious neurological
diseases and conditions, including Parkinson’s disease (PD) [1], essential tremor [2],
chronic pain [3], and epilepsy [4, 5]. As research progresses, however, the shortcomings
of existing technologies have become increasingly noticeable. Deep brain stimulation
(DBS) has demonstrated immense promise in the therapy of psychiatric and movement
disorders, but is limited by the need to insert electrodes inside the brain tissue and its
low spatial selectivity [6]. TMS and tDCS are non-invasive approaches used widely in
clinical research, but they also lack the ability to target only specific areas in the brain
[7]. The invasiveness and relatively low spatial precision of these techniques poses a
significant risk to the eventual clinical translation of such therapies, as they could
introduce points of failure or serious side-effects. Therefore, there is a long-standing
need to develop non-invasive brain stimulation modalities that can achieve

neuromodulation with better spatiotemporal resolution.

1.1 Brain stimulation

The structure and function of the brain are complicated. A typical human brain
consists of 100 billion neurons and 10-50-folds more neuroglia cells [8]. Understanding
how brain cells and circuits develop and explore, especially at the rapid thinking speed,

and revealing the complicated connections between brain function and behavior remain



significant challenges in the field of neuroscience [9]. These challenges are exacerbated
by the potential of individual neurons to play crucial roles in brain function. Dan et al.
indicated that a repetitive high-frequency burst spike could evoke a unique cortical
neurons in animals, eventually modifying global brain states [10, 11]. Neuromodulatory
cells can release their transmitters (dopamine, Glutamate, GABA) or hormones (insulin,
neuropeptide, somatostatin) either locally or at a long distance from their targets and
thereby regulate brain function [12]. Cells dysfunction can cause imbalances in
neurotransmitter release and affect the excitation-inhibition balance [13], resulting in
related diseases. For example, PD is mainly resulted from by the reduction of dopamine
(DA)-generating neurons in substantia nigra (SNc) [14], which changes the firing rate
of the basal ganglia-thalamo-cortical motor pathway (Fig. 1) [15]. It has been indicated
that high-frequency stimulation might suppress the neural activity of the subthalamic
nucleus (STN) [16]. In fact, DBS of the STN has demonstrated to be an effective
treatment for PD sufferers. In recent years, it has been suggested that cortical pyramidal
cell elicited hyperactivity in the parkinsonian model could be decreased by either
activating somatostatin neurons [17] or reducing the glutamate levels [13, 18] in
primary motor (M1) cortical region. Therefore, understanding the functions of neurons
and roles of brain circuits in regulation emotion, awareness, and behavior could help
researchers and scientists develop effective methods with which to modulate specific
neurons and neural pathways. It could also promote the development of therapeutic for

neurological and psychiatric disorders and improve the quality of patients’ lives.
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Figure 1 Diagram schematic of the basal ganglia circuit in a normal state and in

parkinsonism. (Adapted from [15])

Neuromodulation has emerged as a promising way for investigating the neuronal
function and neural pathways in the brain. It has been a long-standing goal to develop
a technology that is non-invasive, selective, and has high spatial-temporal precision to
achieve non-invasive and selective brain stimulation; this goal is closely tied to the aim
of precise stimulation of specific neuronal types or sub-types involved in a given circuit
to identify their roles in brain function. A variety of brain stimulation approaches, such
as DBS, tDCS, repetitive TMS (rTMS), transcranial focused ultrasound stimulation
(tFUS), tDSC, transcranial alternating current stimulation (tACS), optogenetic, and
chemogenetics, have been developed and investigated over the past few decades (Fig.
2). However, all of the above methods either require surgical intervention, lack
sufficient spatiotemporal resolution, or both [19]. The shortcomings of these techniques
notwithstanding, the development of such novel neruomodulatory approaches has

contributed to our understanding of brain function. An excellent example is



optogenetics, which uses light to control the activity of targeted cells that express light-
sensitive ion channels or pumps and there by affect animal behavior [20]. Many
neural circuits, such as those involved in learning, memory, fear, social behavior, and
sleep, are now being examined using optogenetics [20-24]. However, the clinical
applications of optogenetics are limited by the depth of light penetration into the brain

and the requirement of the implantation of optical fibers in the brain.

Neuromodulation is also a novel technique in terms of medical treatment.
Throughout the history, unconventional tools have facilitated scientific revolutions in
multiple disciplines [25]. Several neuromodulation techniques have been applied to
remedy neurological disorders and psychiatric diseases and, although these are not
perfect, they have generally helped alleviate human suffering. For example, DBS is an
outstanding method that is wildly used to alleviate the symptoms of PD and tremor
but requires the implantation of an electrode in the brain [26, 27]. rTMS is another
extraordinary technique that has been approved for the treatment of drug-resistant
depression [28]. However, this method lacs sufficient selectivity. The development of
non-invasive and selective neuromodulation modalities with high spatial-temporal
precision is a critical requirement for the study of the structure and functions of

neuronal circuits.
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Figure 2 Summary of neuromodulatory methods based on spatial resolution and temporal

resolution. (Adapted from [19])

1.1.1 Deep brain stimulation (DBS)

DBS is an effective neuromodulation approach that is prevalently utilized in the
therapy of neurological and psychiatric disorders, such as PD [29], chronic pain [30],
essential tremor [31], and obsessive-compulsive disorder [32]. This method requires
opening the skull to access the brain and implant an electrode stereotaxically into STN
or other targeted areas, depending on the characteristic of disease symptoms (Fig. 3)
[33]. The electrical impulses stimulate the targeted brain area can adjust the chemical
imbalances within the brain. This treatment can alleviate certain motor disorder
symptoms despite the patients opposite action. DBS of the brain has been shown to be
highly valid and to have much fewer adverse influences than drug therapy [34]. Many
researchers are investigating the mechanisms by which DBS exerts it effects. For
example, Deisseroth et al. utilized optical methods to target different brain regions
involved in PD, indicating that afferents to the subthalamus might mediate the effects
of DBS [35]. Additionally, some researches have proposed that the neuronal activity

rates in globus pallidus internus (GP1) and STN are reduced during the DBS stimulation



[36, 37]. Recent studies have suggested that cortical regions are potential targets for the

treatment of PD [13, 17].

However, DBS still poses significant challenges. First, clinical DBS stimulation
protocols are invasive, as they require the implantation of electrodes deep inside the
brain. This protocol is associated with several safety issues and potential side effects if
implemented incorrectly. Second, the brain is highly heterogeneous and requires precise
targeting to achieve the desired effects. DBS has some regional selectivity, but the range
in which adjustments can be performed is limited after the electrode is inserted in the

target region. Finally, the mechanism of DBS treatment is still unclear.

Figure 3 Neuroimaging scan of DBS. (Adapted from [33])



1.1.2 Transcranial Direct electrical stimulation (tDCS)

tDSC is a noninvasive neuromodulation method that passes a low electric current
(<1 mA) to an area above the target brain region through electrodes located on the scalp.
In the past 20 years, two types of tDCS have been developed, conventional and high -
definition tDCS [38]. tDCS manipulates the activity of neurons and neural pathways
through the application of electrical currents. The neurons are treated with low DC,
which modulated neural activity via a complicated series of long- or short-period effects
on the target regions [39]. tDCS method can either excite [40] or inhibit [41, 42]
neurons based on the DC delivered (Fig. 4) and is an important tool in the field of
cognitive neuroscience [43]. Many studies have shown that tDCS can activate cells and
increase neurotransmitters release, such as catecholamine [44], DA [45], gamma
aminobutyric acid (GABA) [46]. tDCS therefore has the potential to treat Alzheimer’s
disease [47, 48] and schizophrenia [49, 50]. In addition, it has emerged as a potential

modulator of psychiatric disorders, such as depression [51].
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Figure 4 Diagram of the effect of tDCS electrical field on neurons. (Adapted from [43, 52])
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To date, no clear side effects of tDCS have been reported. The most commonly
reported effects of tDCS are tingling, itching, headache, and fatigue [53, 54]. Currently,
tDCS is only used to target regions on the surface the brain, such as motor cortex,
somatosensory cortex, and visual cortex [55]. The activation of deeper regions requires
higher power, which might cause tissue damage. Therefore, tDCS should be studied in

more detail before it is used in clinical practice.

1.1.3 Transcranial magnetic stimulation (TMS)

TMS is a promising experimental method that can non-invasively activate and
thereby facilitate the study of surface brain regions, such as cortex, in both healthy and
diseased individuals [56]. In this technique, a changing magnetic field is utilized to
generate electric currents at a targeted brain region. A specialized coil is used to produce
electrical currents that can pass all six layers of the cortex (Fig. 5) [57] and modulate
neuronal activity. Some researchers have shown that the synaptic plasticity of the
hippocampus can be either increased [58] or decreased [59] by controlling the
frequency of stimulation. TMS can be used to both excite or inhibit the activity of cells
[60-62], which implies that it has good diagnostic and therapeutic potential. A variety
of studies have investigated the potential functions of low-intensity TMS and showed
that TMS can be used to remedy an extensive range of neuropsychiatric diseases, such
as depression [63, 64], chronic pain [65], and stroke [66]. TMS has already been

approved for the therapy of drug resisted depression [67].

Recent research has focused on the development of novel materials such as
nanoparticles, which can increase the sensitivity of cellular responses to low-intensity
TMS. Xu et al. suggested that the intravenous injection of superparamagnetic iron oxide

nanoparticles into rats might increase the responses of neurons to TMS [68]. In addition,



Zhang et al. combined TMS and the novel nanoparticles to selectively activate the
prelimbic cortex, resulting in improvement of depressive-like symptoms in mice [69].
Earlier this year, Lee et al. used mechanosensitive ion channels (Piezo 1) to enhance
the response of cortical neurons to magnetic m-Torquer stimuli and inducing locomotor
movement [70]. However, major drawbacks of TMS include the low depth of
penetration and spatial resolution (~ 1 cm) [71, 72]. Moreover, there is a possibility that

long-term TMS excitatory stimulation may cause the seizure in humans [73].
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Figure 5 Schematic indication of the human cerebral cortex with TMS. (adapted from [57])

1.1.4 Optogenetic

Optogenetics technique is integration of genetic (light sensitive gene to target
specific cells) and optical ways to excite or inhibit the clearly defined process in specific

neurons of living tissue or in moving animals[74]. In mammals, after viral vectors’
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injection, a light fiber implants to specific brain regions. 3-5 weeks later, this animal
can be stimulated by light illumination fast and specifically and even as complex as
freely moving mammals (Fig. 6A) [74, 75]. Using microbial opsin approaches, light
can evoke inward currents and depolarize cell membranes, resulting in the activation of
cells. While regulating the chloride ions can induce outward current and hyperpolarize
the cell membrane, leading to inhibit the activity of cells [75-77] (Fig. 6B ), and induce
or suppress specific behavior in animal studies [78] (Fig. 6C). In recent years,
optogenetics studies have expanded to the emotion, elucidating new insights about the
pathways and mechanism that underlie reward [79], anxiety [80], some neurological

and psychiatric disorders [81].

The technological advancements are expected to in the next coming years include
upconversion nanoparticle-mediated optogenetics [82, 83], deep transcranial
optogenetic [84] to enable deep brain stimulation and minimize the invasion levels.
From previous research studies and preclinical trials, it is no doubt that optogenetics
provides an effective approach of modulating cell activity and synaptic transmission
and contributes to understand the neural circuits and poses the potential therapies for
neurological diseases. Whereas the activation and inhibition by light stimulation require
genetic alteration and fiber implantation. It has been reported that long-term expression
of ChR2 in pyramidal cell in vivo caused generation of abnormal structure axon [85].

Essential safety and technical issues still limit the long term apply to be human.
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Figure 6 lllustration of optogenetic technique. (A) The model of optogenetic (Adapted from
[74]). (B) A simplified version of basic properties of this three optogenetic tool family (adapted

from [77]). (C) An illustration of one behavior probing using optogenetics (adapted from [78]).

1.2 Ultrasound stimulation

1.2.1 What is ultrasound?

Ultrasound is an interesting mechanical wave that carries a frequency beyond the
range of human audition and passes the acoustic pressure from one location to another
in a non-invasively manner and at a high depth penetration [86]. The ultrasound

parameters depend on several elements such as fundamental frequency, intensity, pulse
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repetition frequency, duty cycle, duration, (Fig. 7 and Table 1 [87]).

a. Fundamental frequency refers to the number of oscillation
cycles/unit time. The 1-20 MHz range is defined as high-frequency ultrasound,
which is used in medical applications, such as diagnostic techniques. The 0.7—
3 MHz range is defined as medium-frequency ultrasound, which is used for
therapeutic applications. Industrial or low frequencies fall in the 20-200 kHz
range. The penetration efficiency depends on the fundamental frequency,
which is related to the spatial resolution of the ultrasound. Higher frequencies
can produce a deeper focus and achieve better spatial precision. However, high
frequencies might attenuate the ultrasound energy and transform it to heat,
which can spread to surrounding areas. The ultrasound efficiency can be
optimized by regulating the fundamental frequency to fall within the required

range.

b. Intensity is the sound energy produced by ultrasound. It is
commonly represented as the spatial peak pulse average intensity. Intensity is
one of the main elements of US bioeffects. Based on the intensity, focused
ultrasound stimulation can be defined as either high-intensity focus ultrasound
(HIFU) and low-intensity focus ultrasound (LIFU). The intensity of HIFU
ranges from 100 W/cm? to 10000 W/cm? and is widely used in medical
applications such as tumor ablation [88]. LIFU has intensities < 3 W/cm? and
is used to reversibly manipulate neuronal activity as it only induces small

changes in temperature [89].

C. Duration refers to the time period from the starting of the first pulse

to the end of the last pulse. Previous research has suggested that a long duration
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of ultrasound stimulation can induce inhibitory responses, whereas a short

duration has excitatory effects on cortical neurons [90].

d. Duty cycle indicates the number of ultrasound cycles in one pulse.
By modulating the duty cycle, sonication can be used to deliver either
completely continuous patterns without any interruptions or pulsatile patterns

with set intervals.

e. PRF is the number of pulses transmitted per unit time at a
fundamental frequency [91] and determines the strength of acoustic pulse

delivery.

Fundamental frequency

_ cycle(s) Intensity
~ time
b le = US duration
1 Wy SEeR S pulse duration !
PRF
- =
Sonication duration

Figure 7 Detailed information about ultrasound parameters. (adapted from [91])
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Table 1. Definitions of ultrasound parameters

Parameter Abbreviation  Unit
Frequency f MHz
Pressure (peak instantaneous) p MPa
Intensity: spatial-peak, pulse-averaged Isppa W/em?
Intensity: spatial-peak, burst-averaged Ispea W/em®
Intensity: spatial-peak, temporal-averaged  Ispra mW/cm?
Pulse length PL ms
Pulse repetition frequency PRF Hz
Burst duration BD ms
Burst repetition frequency BRF Hz
Burst duty cycle BDC %
Burst interval BI s
Inter-stimulus interval ISI s

Total duty cycle TDC %
Number of pulses/bursts/trials N —
Total time TT s
Mechanical index MI -
Thermal index TI -

Table 1 Descriptions of ultrasound parameters. (Adapted from [87])

The effects of ultrasound stimulation primarily depend on the above factors. A
clear understanding of these ultrasound parameters can help us better apply this

technique in different contexts.

1.2.2 Bioeffects of ultrasound

Since World War 11, ultrasound has been conventionally used in medicine and
industry. The common applications of ultrasound in medicine includes diagnosis
imaging, bone therapy, drug delivery, and tissue ablation [92, 93]. Recent advances in
ultrasound have made it a promising technique for neuromodulation, which can be
achieved by adjusting certain ultrasound parameters to produce diverse outcomes such

as heat [94], cavitation [95], and mechanical force [96] (Fig. 8).

Heat is produced due to absorption and scattering as the ultrasound propagates in

attenuation mode. The thermal effects of ultrasound are commonly used in medical
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applications, as these are known to change tissue properties by reversibly reducing
synaptic transmission or irreversibly inducing protein denaturation [97]. HIFU has been
used to irreversibly and thermally ablate abnormal tissue in specific brain regions [98],
the pancreas, liver, and breast. In addition, ultrasound is compatible with magnetic
resonance (MRI), which can guide ultrasound waves to deep brain stimulation to treat
movement disorder [99], obsessive-compulsive disorder (OCD) [100], major
depressive disorder (MDD)[101], and chronic pain [102, 103]. This combination of
techniques can balance abnormal neural activity in the brain by ablating specific target
regions. Hyperthermia treatment requires cells to be maintained at 43—50 °C for 1 h
[97]. In contrast, LIFU exerts little temperature change and can be used to reversibly
inhibit and activate neuronal activity [89]. LIFU has received increased amounts of

attention as a brain stimulation modality.

Cavitation is caused by the effects of high-frequency ultrasound on liquid media,
which results in the formation of microbubbles. However, very few studies have shown
the production of cavitation during LIFU. The type of cavitation achieved in such cases
is generally non-inertial cavitation, in which microbubbles maintain steady, dynamic,
and inertial cavitation. When the bubbles rupture, movement is initiated by the inertia
of the liquid. The occurrence of such phenomena is multi-factorial and depends on the
intensity, frequency, duty cycle, and gas used [104]. Acoustic cavitation has been used
to transport both small and large molecules (including proteins and DNA) [105].
Controlling cavitation production has also been applied to target disable tissues such as

the brain, eyes, and skin [106].

Acoustic radiation force is a primary non-thermal bioeffect of ultrasound. It occurs
as a consequence of the transfer of momentum from propagating acoustic waves to the

tissue through which it propagates, due to certain absorption and scattering mechanisms
15



[107]. The mechanical force on the BBB exerted by the surface blanking of
microbubbles in the blood vessels as a result of focused ultrasound instantaneously
increases the permeability of the barrier and allows drug delivery. Lipsman et al.
demonstrated a method that used MR-guided FUS to open the blood brain barrier (BBB)
in sufferers with Alzheimer’s disease (AD), facilitating the development of novel
therapeutics for patients with neurological diseases [108]. Other studies have shown
that LIFU can activate Na*, Ca", and K* channels without increasing the temperature
[109, 110]. In addition, it has been shown that Caenorhabditis elegans in which lacked
MS channels failed to respond to LIFU [111]. Shapiro et al. demonstrated that FUS can
be used to activate cortical neurons through the action of MS ion channels and
amplifiers [112]. In recent years, acoustic radiation forces have come to be recognized

as promising candidates for use in neuroscience and therapeutics.

To conclude, the outcomes of ultrasound mainly depend on the fundamental
frequency, intensity, duration, duty cycle, and PRF. Therefore, one must carefully

consider and select ultrasound parameters based on the required application.
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Figure 8 Diverse biological outcomes from ultrasound stimulation. (Adapted from [93])

1.2.3 Research on ultrasound brain stimulation

Over the past several decades, ultrasound has been used in clinics for diagnosis
and imaging. The mechanical forces generated by ultrasound are now receiving
attention as a promising method for non-invasively controlling neuronal activity in the
central nervous system, manipulating behavior [113] and potentially treating cognition
disorders [114]. Importantly, the safety of LIFU has been tested in human studies, and
no obvious significant adverse reactions have been reported in the participants [115].
In addition, many animal studies (mice, macaques, and sheep) have used histological
staining methods to examine the safety of transcranial FUS neuromodulation, all of

which have found that FUS does not cause tissue damage [116, 117]. The safety of the
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method therefore makes ultrasound an appealing neuromodulation technique.

An interesting human study (Fig. 9A) conducted in 2013 found that subjecting
participants experiencing negative emotions to LIFU for appropriate durations could
improve their emotions, indicating that FUS can safely exert neurophysiological
influences on the function of brain and offering a hopeful noninvasive treatment for
manipulating conscious and unconscious physical states and diseases [118]. In addition,
it has been reported that ultrasound delivered to the somatosensory cortex of human can
modulate brain activity (Fig. 9B) and enhance performance in sensory tasks without a
response bias [119]. Importantly, unlike other methods, ultrasound stimulation is
compatible with functional MRI (fMRI). By harnessing this property, the impacts of
ultrasound stimulation on the brain of human have been examined using fMRI. The
study found that ultrasound stimulation might not only excite the target region (such as
the visual cortex in humans) but also affect optical and higher-order cognitive processes
[120]. MR-guided FUS is extensively used in neurosurgery. However, before applying
the technique to therapeutics, detailed experiments are required to elucidate the

mechanisms and functions of ultrasound stimulation.
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Figure 9 Examples of ultrasound stimulation applied to human. (A) lllustration of sites for
transcranial ultrasound (TUS) (top). An example human module showed transcranial
ultrasound application (below) (adapted form [118]). (B) Transcranial focus ultrasound
stimulation can be targeted to the specific area (such as somatosensory cortex) in the human
cortex (adapted form [119]). (C) fMRI data showed focus ultrasound stimulation evoked not
only the targeted region (visual cortex) neural activity, but also affected other brain regions

(adapted form [120]).
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The effects of ultrasound stimulation have also been investigated in animals such
as C. elegans and macaques. Ultrasound stimulation has been applied to cortical regions
to elicit motor-related movements in the whiskers, tails, and limbs of rats [121, 122].
Min et al. controlled the levels of neurotransmitter through the thalamocortical pathway
by stimulating the thalamus with US [123]. The effects of ultrasound stimulation on the
corticospinal and thalamocortical circuits indicate that it can facilitate the treatment of
clinically relevant diseases. LIUS has also been indicated to successfully control
behavior in non-human primates [124]. A significant advantage of Ultrasound
stimulation method is that it can be compatible with fMRI system, which helps guide
ultrasound wave pass to targeted regions in the brain spatially and monitor the effects
of sonication on the brain. Under fMRI guidance, ultrasound has been applied to
specific brain regions in rabbits and used to alter the activity of the somatomotor and
visual regions, as recorded using electrophysiological and functional brain mapping
techniques [125]. In addition, fMRI can be used to monitor specific neural pathways,
diagnosis the pathologic change and detect the effect of ultrasound stimulation. fMRI
technology can therefore help us better understand the mechanisms that underlie

ultrasound stimulation.

Despite these observations, several researchers have argued that the motor
response caused by ultrasound stimulation might not arise due to the direct activation
of motor cortical regions and might reflect indirect sensory effects (such as an auditory
effect). Recently, two groups of researchers used different experimental designs to test
opposing hypotheses. One group believed that low-intensity ultrasound affected the
cortical neuron in mice [126] or guinea pigs [127] through indirect auditory mechanism
and not through direct on motor cortical neurons. They also proposed that the

frequencies of ultrasound stimulation applied to the animals were inaudible, but that

20



the ultrasound waves produced vibrations in the brain and skull that could pass to the
ears. In contrast, the other group demonstrated that the cortical neurons responded to
ultrasound stimulations even in deaf mice [128]. Another study used a fiber-
optoacoustic converter to stimulate the somatosensory cortex and observed a robust
local field potential in the ipsilateral somatosensory cortex, but they failed to induce
any responses in the contralateral auditory cortex [129]. In addition, a primate study
excluded the auditory involvement by showing that the impact of a 40-s ultrasound
stimulation could last for as long as 1 h [130]. Collectively, the above data suggest that
ultrasound stimulation directly affects the motor cortex and does not involve the
auditory pathway.

A major challenge facing ultrasound stimulation is a lack of detailed information
on the molecular, cellular, and neuronal mechanisms underlying the phenomenon. The
brain has various types of cells, many of which endogenously express MS proteins.
Therefore, an understanding of the physiological composition of each cell type might
help accurately determine the ultrasound parameters required to achieve the desired
activation or suppression effects. Understanding the mechanism of the ultrasound effect
could also help selectively manipulate human brain function and accelerate the progress
of ultrasonic neuromodulation and sonogenetic technique as useful toolkits in

neuroscience.

1.3 Mechanisms and Sonogenetics

Compared with established brain stimulation methods such as DBS, optogenetics,
and TMS, ultrasound stimulation has the unique advantage of non-invasiveness, which
allows the delivery of sound waves to large depths and at high precision via a curved
transducer placed inside the brain. However, ultrasound stimulation lacks sufficient

cell-type selectivity and spatial resolution, and the fundamental mechanisms by which
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it exerts its effects on the brain remain largely unknown.

As mentioned above, ultrasound can produce several physical effects, such as heat,
cavitation, and mechanical forces, each of which can elicit different bioeffects [91].
Each bioeffect acts through distinct mechanisms, which amplifies the challenges of
studying the general mechanisms of ultrasound stimulation (Fig. 10). Tyler et al. found
that certain ultrasound parameters could open voltage-gated ion channels and generate
action potentials in acute brain slices [110]. The mechanism of the heat effect has been
suggested to happen through the propagation of ultrasound across the cell membrane,
which would cause the ultrasound amplitude to decrease as its power is transformed
into heat. Cavitation depends on the presence of microbubbles, which can change the
cell membrane potential when subjected to ultrasound stimulation. Neuromodulation
via mechanical forces generated by ultrasound is believed to involve MS ion channels.
Shapiro et al. [112] recently provided a comprehensive explanation for the same, which
states that FUS excites cortical neurons through the action of a Ca** MS ion channel.
They tested this hypothesis by pharmacological and genetic inhibition and found that
the TRPP2 and TRPCI1 channels played more important roles in responding to
ultrasound stimulation than other MS ion channels, such as Piezol and TRPP1 (Fig.
10B). These proteins are therefore potential candidates for sonogenetics. These proteins

might be candidates of sonogenetic technique.
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Figure 10 Mechanisms of ultrasound stimulation. (A) Diagram showed the potential

mechanism of ultrasound in heating (Left panel), cavitation (Right panel). (Adapted from [91])

(B) Representative diagram of molecular circuits activated through mechanical force [112].
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As MS ion channels have been found to mediate ultrasonic neuromodulation,
sonogenetics has been proposed as a promising modality in this context. Sonogenetics,
which is the manipulation of gene expression using ultrasound, was first proposed as a
concept by Ibsen et al. in 2015 [131]. The misexpression of TRP-4, a MS ion channel,
in C. elegans neurons sensitized the cells to ultrasound stimulation and resulted in
behavioral changes in the worms [111, 131, 132] (Fig.11). The concept of sonogenetics
is very similar to optogenetics, which is more well-established and uses light-sensitive
proteins (opsins) to increase the sensitivity of neurons to optical stimulation.
Sonogenetics uses ultrasound to modulate neurons that express MS ion channels.
Compared with optogenetics, whose application is limited by the depth of light
penetration, volume of light stimulation, and requirement of fiber implantation,
sonogenetics is more advantageous in that it can provide deeper penetration without
surgical intervention [91]. Sonogenetics is therefore an emerging non-invasive

modality for cell-specific neuromodulation.
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Figure 11 lllustration of C. elegans response to ultrasound stimulation in the microbubble

environment which can enhance ultrasound signals. (Adapted from [131])
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There are four major steps in sonogenetics [133-137]. 1) insertion of genes
encoding MS ion channels into a viral vector (adeno-associated virus or lentivirus); 2)
transfection of the cells with the integrated viral vector or injection of the viral vectors
into specific brain regions; 3) expression of gene(s) from the viral vector for the
required duration and application of low-intensity ultrasound stimulation; and 4)

recording of neuronal activity and examination of behavior (Fig. 12A).
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Figure 12 Diagram of the process of sonogenetic technique. (A) The mainly experimental
steps of sonogenetics method (Adapted from [137]). (B) An example of sonogenetics method.

(Adapted from [134])

Recent studies have investigated the applicability of several MS ion channels in
sonogenetics. Potential MS proteins that can be used to sensitize cells include

Piezol[138, 139], TRPC1 [112], mPrestin [134], MSCs: MscL [136, 140], TREK-1/2
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[141, 142], TRAAK [143], TRPP1/2 [112], AsTRPA1 [133] and so on. One example
described the function of mechanosensitive ion channel was mPrestin (Fig.12B) [134],
which was induced to express in ventral tegmental area neurons in mice. An ultrasound
stimulation of 0.5 MHz could activate these neurons by inducing the influx of Ca>* ions
into the cells. In addition to mechanical sonogenetics, TRPV1, a temperature-sensitive
ion channel, has also been used to enhance neuronal sensitivity to heat, which can be
produced by ultrasound [135]. Many studies have shown the in vitro effectiveness of
sonogenetics, and preliminary animal studies have suggested that these channels can be
activated in the animal brain by sonication. However, these studies have neither clearly
described the performance characteristics of such channels nor demonstrated
significant behavioral effects. Before sonogenetics is widely adopted by researchers,
more detailed in vivo experiments must be conducted to gather evidence of robust

behavioral influences and understand the underlying mechanisms.

1.4 Challenges and research objectives

As mentioned above, a variety of neuromodulation techniques have the potential
to be used as therapeutics. However, current neuromodulation methods do not satisfy
the clinical requirements of non-invasiveness, effectiveness, and minimal surgical risk
(Fig. 13). Ultrasound has been recognized as one of the safest and most versatile tools
for this application, and it merges the fields of physics, imaging, engineering, biology,
and neuroscience. Ultrasound is an alternative technology under current study, as it is
significantly less invasive and offers the prospect of spatially - focused
neuromodulation in deep brain regions without the need for implantation. Ultrasound
has been shown to be capable of achieving neuromodulation in multiple model
organisms, such as rats [121, 144], rabbits [125], sheep [145] and monkeys [124].

Further, it has been used to safely targeted human brain regions, such as the motor
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cortex [114], somatosensory cortex [119] and primary visual cortex [120].

Low intensity focused

Parameter Deep brain stimula- Transcranial current Transcranial magnetic .
specify tion (DBS) stimulation (tCS) stimulation (TMS) skl
tion (LIFU)
Invasiveness Invasive Noninvasive Noninvasive Noninvasive
Spatial resolution ~1 mm Undetectable ~3-5cm Depending on the fre-
quency 1-5mm
Depth of stimulation Unlimited Undetectable "5 c?; SSEIESS H-coil 10-15 cm or more
Duration of reversible g 24h g ~10-40 min
effect
fMRI brain mapping Difficult Difficult Very difficult Easily possible

Figure 13 Merits and demerits of common neuromodulatory methods. (Adapted from [89,

146]))

However, the mechanism by which ultrasound exerts its effects on the brain is
complex, as the technique has several bioeffects. The ultrasound parameters depend on
several major elements [147] that can result in either thermal or non-thermal effects. It
is therefore difficult to determine the detailed biophysical mechanisms of ultrasound
stimulation. A major obstacle to studying the biophysical and cellular mechanisms of
ultrasound is that when cells are grown in vitro, they are cultured on hard substrates
such as plates that make it difficult to conduct electrophysiological experiments. The
vibrations generated by ultrasound might vibrate the recording electrode and cause the
cells to rupture. In recent ultrasound in vitro studies, researchers used soft or
acoustically transparent substrates to record cellular responses to weak-intensity
ultrasound stimuli, both in two-dimensional and three-dimensional culture conditions
[112, 136]. However, to further ascertain the temporal resolution and profile of
ultrasound effects, a recording method compatible with low-frequency ultrasound is
required. Another essential question concerning ultrasound stimulation is its specificity
and potential side effects. Ultrasound by itself lacks the selectivity required for targeted

stimulation. It has been reported that cortical neurons contain many types of MS ion
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channels, and astrocytes and microglia have also been shown to express Piezol. It is

therefore difficult to distinguish the cell types that respond to ultrasound.

Furthermore, the architecture of the brain encompasses the molecular interactions
of trillions of synapses and billions of cell bodies, all of which are connected to
compose local circuitries that are integrated into numerous brain areas. Moreover, brain
circuits are not static but constantly change with neural activity and age and across
developmental periods. Revealing how the brain functions therefore remains an
extraordinary challenge. The outstanding modality of optogenetics has played an
important function for advancing our knowledge of brain function and dysfunction.
Unfortunately, many of these methods cannot be used in humans. Aside from methods
that use ultrasound alone, researchers have developed sonogenetics, which is analogous
to optogenetics and uses heterologously-expressed MS ion channels in target cells to
mediate ultrasound stimulation [131]. The preferential expression of these channels in
specific cells has been shown to enable efficient and region-specific neurostimulation,
both in vivo and in vitro [112, 139], [134] [121, 136] [131, 141-143]. Notably,
sonogenetics offers the prospect of a non-invasive treatment with deeper penetration
capabilities than optogenetics. It might open a new door into how the brain records,

processes, stores, recalls the large amounts of information.

Current studies on sonogenetics are still preliminary and have shown
neurostimulatory effects through cellular investigations. Most in vivo studies of
sonogenetics have been limited to testing neuronal activity by performing c-Fos
staining and verifying motor responses under anesthesia. However, rigorous
characterizations of these treatments and demonstrations of significant behavioral
effects remain to be reported. The precise control of circuit operations to determine the

dynamic circuits relevant to specific behaviors can help us better understand brain
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function. Moreover, the modulation of animal behavior through sonogenetics could
enhance our understanding of both fundamental and pathological neuronal processes

and facilitate the development of novel therapies for neuropsychiatric diseases.

In this project, I aim to utilize an MS ion channel (MscL-G22S. Below we
abbreviate MscL-G22S as MscL) to investigate MscL-mediated ultrasound stimulation
and validate it in both anesthetized and freely - behaving mice using well-defined neural
circuits and behaviors. To achieve this aim, I plan to:

1.  Explore four well-defined brain regions (primary motor cortex, barrel cortex,
dorsal striatum, VTA) using related behavioral paradigms.

2. Characterize the spatial distribution of MscL-mediated ultrasound-evoked
activity in the intact brain.

3. Combine the ultrasound stimulation system with fiber photometry to examine
the real-time effects of MscL-mediated ultrasound stimulation in vivo.

4. Test the influence of MscL-mediated ultrasound stimulation parameters on

the above-mentioned four neural pathway responses.
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CHAPTER 2 MscL-mediated ultrasound activates

corticospinal motor circuits in anesthetized mice

In our previous study, we indicated that the capability of mechanosensitive ion
channel (MscL) to sensitize cells and neurons to ultrasound stimuli in vitro [136]. In
addition, evaluated by the important activation marker c-Fos, compared to the control
group, MscL-expressing cells in cortical regions showed obviously larger neural
activation when treated with low-intensity sonication [136]. In this project, we aimed
at test the feasibility of our US protocol by stimulating mouse specific brain region
expressing MscL. We first determined whether MscL-mediated neuronal activation in
the motor cortex could induce behavior changes using the fine-wire electromyograms
(EMG) method, measuring the EMG signals of the triceps in anesthetized mice upon

ultrasonic stimuli.

2.1 Materials and methods
2.1.1 Animal subjects

Male, 6-8 weeks old, C57BL/6 mice, were used for this study. Animal were raised
under standard housing condition with food and water available ad /ibitum. Mice usage
and consideration were conducted based on the guidelines of the Department of Health

- Animals (Control of Experiments) of the Hong Kong S.A.R. government.
2.1.2 Stereotaxic injection

Adult C57BL/6 mice were anesthetized by 10 mg/kg xylazine and 100 mg/kg
ketamine. In EMG recording experiment, 1 pl viral vectors (AAV-CamKII-EYFP or

AAV-CamKII-Mscl G22S-EYFP) were micro-injected into the primary motor cortex
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region at the coordinate of DV -1.00 mm from the brain surface; AP 0.25 mm, ML -
1.50 mm, from Bregma, at the speed of 0.1 ul per / min through an injection pump with
a micro-syringe. The micro-syringe was paused in the injection region for additional 10

min before gently withdrawal. Mice were returned to their housing areas for recovery.

2.1.3 EMG recording in anesthetized mice

In vivo anesthetized recording of US-evoked EMG from mice: After four-week
viral vectors expression, mice with either CamKII-EYFP or CamKII-MscL-EYFP viral
vectors in their primary motor cortex were anesthetized appropriate isoflurane. Eye
ointments were applied to eyes. A 0.5 MHz US transducer was located above the
targeted region coupling with US gel. Ensured no bubble in the US gel. Exposed the
left triceps with the surgical instrument. Two electrodes were implanted into the
exposed triceps to monitor bioelectric potential change between the muscle tissues. A
ground wire was contacted to the mouse’s tail. Total five trials of ultrasound stimulation
(0.05 — 0.5 MPa) were delivered upon each mouse. Each trial comprised of 7 — 10 times
sonication. The interval of each ultrasound stimuli was 5 s. Mice were allowed to rest
for 1 min between each trial’s ultrasound treatment. EMG raw data was recorded by a
multi-channel signal acquisition system (Medus, Bio-Signal Technologies). The data

were processed with a customized MATLAB script (The MathWorks, Inc.).

2.1.4 Experiment setup for the ultrasound brain stimulation.

The acoustic components are consisted of a function generator (Tektronix), a
power amplifier (Electronics & Innovation Ltd), and ultrasound transducers (Olympus).
A4 cm long plastic tube filled with degassed water was affixed with the transducer (Fig.
14A). The parameters of ultrasound used in this session were: 300 ms stimulation

duration, a central frequency 0.5 MHz, 400 us pulse width, 1 kHz PRF, positive peak
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pressure range from 0.05 to 0.50 MPa (Fig. 14B).

2.1.5 Immunohistochemical fluorescent staining

Amplifier

US transducer
With a plastic tube

peak
positive
pressure!
1ms Pulse interval: 1 ms

\/VW\/\M/\/ Pulse width: 400 - 500 ps

2ps
Stimulation duration: 300 ms

Intensity : 0.1-0.4 MPa

Figure 14 Technical information of the ultrasound system. (A) Schematic illustration of

components of the US system. The function generator was responsible for generating

waveforms. The amplifier provided voltages to the ultrasound transducer. (B) A diagram of

the ultrasound temporal profile applied in the EMG experiment.

Mice perfusion was carried out with Phosphate-buffered saline (PBS) and then 4%

paraformaldehyde (PFA, cat. no. P1110, Solarbio) in PBS for tissue fixation purpose.

Mouse brain was anatomized and post-fixed overnight in 4% PFA. Then brain tissues

were washed with PBS for 3 times. Coronal sections were collected from M1 brain area
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based on coordinates +0.20 mm to 1.0 mm of Bregma. 40 um brain slices were collected
by a vibratome machine. Slices were washed in PBS, placed the brain slices on the glass
slide. Brain slices were captured a whole-brain frame by Nikon eclipse Ti2-E Live-cell

fluorescence imaging system.

2.1.6 Statistical analysis.

All results were shown as the mean = SD. All statistical analyses were performed
using the GraphPad Prism software. *P < 0.05, **P < 0.01, ***P < 0.001, and n.s.

represents no significant.

2.2 Results and discussion

2.2.1 Evoked stronger muscular responses to low intensity ultrasound

stimulation in MscL-expressing anesthetized mice.

We first investigated the effect of MscL-mediated ultrasound on primary motor
cortex (M1). To introduce EYFP or MscL-EYFP into the excitatory neuron of the
primary motor cortex (M1), AAV-CamKII-MscL-G22S-EYFP-pA or AAV-CaMKIlIa-
EYFP-pA was transfected into the primary motor cortex on the right brain of eight-
week-old male mice. Four-week post-injection, mice were anesthetized with isoflurane,
hair shaved; a mounted 0.5 MHz frequency transducer setup was placed above the
transfected cortical area, and two electromyography (EMG) electrodes were inserted to
left forelimb triceps muscle tissues (Fig. 15 A). Before performing the EMG recording
experiment, we ensured that EYFP or MscL-EYFP (green signal) was expressed

robustly in the M1 region of the brain slice (Fig. 15B).
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Figure 15 An experimental flow of EMG recording in anesthetized mice. (A) A diagram of in vivo
experimental plan. Briefly, mice were injected with CaMKII-promoted viruses in M1 region of the
right brain. Four-week later, mice were stimulated with US stimulation and muscular contraction
of the left forelimb triceps were detected by EMG electrodes simultaneously. (B) Images of
mouse brains expression CamKII-EYFP (Left panel) or CamKII-MscL-EYFP (Left panel), indicating
the regions of EYFP and MscL-EYFP expressed in M1 region. Primary motor cortex (M1).

Caudoputamen (CP), cerebral cortex (CTX).

Then, we treated the EYFP or MscL mice with a certain intensities range of
ultrasound stimulation (0.05 MPa — 0.5 MPa) and recorded the EMG signal in response
to US stimulation of the M1. We found that stimulation of MscL-expressing mice at
low intensity could evoke a distinct muscular contraction, showed by the distinct EMG

signals, while the EYFP mice produced no or smaller muscular responses in the same
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Figure 16 Ultrasound stimulation induces larger muscular responses when applied to
mouse primary motor cortex area expressing MscL. (A) Representative EMG traces of the
muscular contraction results from 0.05 MPa intensity sonication in mice expressing the EYFP
or MsclL viruses. (B) The relative amplitude of EMG response at ranges of 0.05 MPa to 0.5
MPa ultrasound stimulation. n = 49 times ultrasound stimulation.
response’. Data are indicated as mean + S.D. Unpaired two-tailed t-test. (C) The success
probability of individual sonication stimulation to cause the generation of EMG spikes at
ranges of 0.05 MPa to 0.5 MPa ultrasound stimulation. n = 7 mice, except for CaMKII-EYFP

n = 3 mice. ‘N.R.” indicates ‘no response’. Data are shown as mean * S.D. Unpaired two-

tailed t-test.

condition (Fig. 16A). We first analyzed the amplitude of EMG response to identify the

outcome of MscL-mediated neural modulation between brain activity and behavior.
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Compared to EYGP group, the relative amplitude of response was larger in MscL mice
under the 0.3 MPa -0.5 MPa sonication. In addition, we observed a generalized mode
of dose dependence (Fig. 16B). Then, we also measured the successful rate of EMG
response per ultrasound stimulus. We found that in MscL mice, the successful rate of
muscular contraction induced by ultrasound was significantly higher than EYFP mice
(Fig. 16C). No obvious muscular response in the EYFP mice could be detected at the
lower US pressures of 0.05 MPa to 0.15 MPa. And at larger acoustic intensities, EYFP
mice with relatively small EMG muscular responses. However, MscL mice indicated
notable responses at almost all tested acoustic intensities. Thus, this EMG result
demonstrated that MscL can be significantly sensitized excitatory neurons of M1 to

lower intensities of ultrasound stimulation.

2.2.2 The latency responds to ultrasound stimulation is similar

Furthermore, we examined whether the latency of muscular contraction responds
to ultrasound stimulation was different between EYFP mice and MscL mice. The delay
time is calculated as the time point between the delivery of the ultrasound stimulus and

the time point when the EMG signal exceeds the threshold.

The latency of EMG response was about 150 ms in both groups, indicating no
obvious diversity due to the viral vectors expressed (Fig. 17). This data resembled with
previous results in mice [148]. Therefore, we suggested that ultrasound stimulation
could efficiently induce significantly stronger EMG responses in the contralateral
forelimb by mediating corticospinal pathway when applying primary motor cortex

region expressing MscL.
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Figure 17 No significant difference of the latency responds to ultrasound stimulation. (A)
EMG response latency measured from the left forelimb triceps in response to M1

stimulation by ultrasound. n = 6. Data are indicated as mean + S.D. Unpaired two-tailed t-

test.
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CHAPTER 3 Functional stimulation of whisker-barrel
cortex pathway using MscL-mediated ultrasound in awake

mice

Next, to examine whether our ultrasound protocol can modulate specific neural
activity and result in related behavior changes in awake mice, we selected primary
whisker somatosensory cortex (wS1) as our targeted area, which offers a considerably
easy and well-defined model for studying motor activity. Neural activities of rodent
barrel cortex (whisker somatosensory cortex) are related with the whisker deflection in
the contralateral side of the mouse’s body [149-151]. It has been shown that optogenetic
stimulation of primary whisker somatosensory cortex drove the contralateral whisker
deflection [152]. In this session, we tested whether the expression of MscL in the
excitatory neurons of primary somatosensory cortex could efficiently mediate whisker

movement responses upon US stimulation.
3.1 Materials and methods
3.1.1 Animal subjects
The animal subjects used in this part are the same as described section 2.2.1.
3.1.2 Stereotaxic injection

Adult C57BL/6 mice were anesthetized with Ketamine and Xylazine (as
mentioned above). Viral vectors were micro-injected into the targeted areas in the right
side of mouse brain by standard stereotaxic procedures. AAV vectors were instilled at
the rate of 0.05 ul per minute through an injection pump with a 45-gauge micro-syringe.

The micro-syringe was held in the injection area for extra 10 min before withdrawal.
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a) For whisker behavior recording experiments, 200-500 nl either
AAV-CamKII-EYFP or AAV-CamKII-Mscl G22S-EYFP was injected into
the barrel cortex separately using these coordinates: AP -1.70 mm, ML -2.10

mm; and DV -0.60 mm.

b) For the fiber photometry recording experiment in the barrel cortex,
the volume proportion of vectors in the mixes for injections were 1:1 for
AAV-CamKII-jJRGECO1la and AAV-CamKII-EYFP or AAV-CamKII-Mscl
G22S-EYFP. 500 nl mixed viruses were injected into the barrel cortex using
these coordinates: AP -1.70 mm, ML -2.10 mm; and DV -0.60 mm. After
needle withdrawal, a 1.25 mm optic fiber which was attached to the inserted
ceramic ferrule via a ceramic sleeve, which was located in the virus injection
area. The fiber photometry experiment was performed after at least 4-

Sweeks virus expression.

Mice were placed to their housing areas for housing.

3.1.3 Fiber photometry recording in the barrel cortex of anesthetic mice

Five weeks after virus expression, the transfected mice were anesthetized

1soflurane. The hair of the mice was shaved with a scissor. A 70% cotton was used to

disinfect and moisten the shaved area. Appropriate US gel was applied on the surface

of the shaved region. An 0.5 MHz frequency ultrasound transducer with a plastic

waveguide was deposited on it, make sure the central of the transducer was located

adherent the optical fibers in the brain. The fiber photometry recording in the barrel

cortex was conducted by a 40 uW 570-nm LED. The emission light passed by the same

optic fiber, was bandpass filtered, monitored by a brand photoreceiver and recorded by

a real -time processing program. After finishing the preparation work, mice were
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allowed to rest for 2 min. The mice were stimulated with a trigger air stream for 5-10
times. We recorded both the trigger signal and the calcium signal. Next, mice were
treated with two different pressures of ultrasound stimulation trials separately. Each
trial included 6-8 times US stimulation. After each round stimulation, the mice were
allowed to rest for around 1 min. The calcium fluorescence in the barrel cortex was
capture with a fiber photometry equipment. The influences of sonication on calcium
dynamic were monitored in real time. Data were processed using custom MATLAB

scripts.

3.1.4 Measurement of whisker behavior

Before the recording session, both side of whiskers were trimmed, only leaving
C2 whiskers. Whisker movement of the head-restrained mouse with a narrow chamber
to settle the mouse and only expose the nose and whisker area of the mice. The
movement of the four limbs of mice was limited. Shaved the mice’s hair with a scissor.
A 70% alcohol cotton was used to sterilize the shaved area. Appropriate US gel was
placed on the shaved region (above the barrel cortex) coupling with an US transducer.
An ultrasound indicated light was placed next to the mice and separated then with an
opaque piece of paper to prevent them interfering with the mice’s behavior. A camera
was placed 10 cm away from the whisker for recording the movement of whisker. After
finishing setup, the mouse was allowed to habituate the surrounding area at least 5 min.
The left C2 whisker was filmed at 25 Hz to show C2 whisker. Recorded the behavior
of the mouse’s C2 whisker for 1 — 2 min without stimulating the ultrasound. Next, mice
were stimulated by three different intensities of ultrasound (0.1, 0.15, 0.4 MPa). Each
trial included 6 - 8 times US stimulation. After each trial stimulation, the mice were
allowed to rest for 1-2 min. Whisker movement analyses were performed during 10 s

period of ultrasound stimulus and compared to 10 s pre-stimulus period. We used
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automated, freely available software to track the whisker angle and curvature [153, 154].
All whisker trackings were done on mice with only left side of C2 whisker. The angle
of whisker was estimated as the angle between the whisker and a line perpendicular to
the mouse’s midline. Whisker angular velocity (deg/s) was computed as the change in

the whisker angle for the period analyzed.

3.1.5 Immunohistochemical fluorescent staining

The process of staining as mentioned above. Coronal brain slices were performed
from mouse brain from -1.3 mm to -2.1 mm of the bregma for barrel cortex sections. In

this session, slices were staining with Ibal (ab178847, abcam, dilution 1:500) or
caspase 3 (ab13847, abcam, 1:200) antibody for 16-18 h at 4 °C. Then, slices were

cleaned with PBS 5 min/3 times. Slice were incubated with anti-rabbit IgG (H+L)
secondary antibody for 2 h at room temperature. Slices were washed with PBS 5 min/3
times. Brain slices were placed on the glass slides and mounted with Mounting medium .
The number of cells indicating Ibal (red) and caspase 3signals (red) and DAPI (blue)
per 733 x 733 um slices was counted using ImageJ software. The counting processes
were dingle-blinded, conducted by a team member who did not participate this
experimental process. All brain slices were captured using confocal microscope. Also
using Nikon eclipse Ti2-E Live-cell fluorescence imaging system to get the whole-brain

pictures.

3.1.6 Statistical analysis

Results were presented as the mean + s.e.m. Statistical analyses were carried out

by the software of GraphPad Prism.
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3.2 Results and discussion

3.2.1 Induced greater calcium activity in primary somatosensory cortex by

MscL-medicated ultrasound stimulation

To invastigate the sensitivity and function of MscL in vivo, we performed
ultrasonic stimulation on anaesthetized mouse while recording Ca?* activity in the
primary somatosensory cortex with the fiber photometry method synchronously.
Traditional electrophysiology has high temporal precision, but the number of cells
recorded is small, and it lacks cell-type specificity. An alternative technique is fiber
photometry, which provides a sensitive and simple approach to measure specific cell-
type population neural activities in real time. First, CamKIl:MscL-G22S-EYFP or
CamKII:EYFP mixed with CamKII:jRGECOla (a red fluorescent genetically encoded
Ca 2" indicator) were co-injected into the primary somatosensory cortex of right side of
mice’s brain, and an optical fiber was inserted into the similar coordinates. Four to five
weeks post-virus injection, mice were anesthetized with isoflurane, then recorded the
neural activity in vivo in real time while treated with different intensities of ultrasound
stimulation (0.15 MPa and 0.4 MPa) (Fig.18A). Both low and high magnification of
mouse brain images showed robust JRGECO1a (red) and EYFP or MscL-EYFP co-

expressed in the cortex barrel field of the right side mouse’s brain (Fig. 18B, C).
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Figure 18 An experimental setup and preparation for neural activity recording in the dorsal
striatum in vivo. (A) A diagram of whisker stimulation and fiber photometry recording
experiment. Anesthetized mice were treated with a range of sonication (0.1 — 0.4 MPa),
respectively, and recording calcium signals from right side barrel cortices. (B) Images showed
the low magnification of a mouse brain CamKII:EYFP or CamKIl:MscL-EYFP co-expressing with
CamKll: jJRGECO1l1a in barrel cortex regions. (C) Confocal images dsiplayed the high
magnification of a mouse brain CamKII:EYFP or CamKIll:MscL-EYFP co-expressing with

CamKIll: JTGECO1a in the barrel cortex.



Next, EYFP mice and MscL mice were anesthetized with isoflurane. An 0.5 MHz
ultrasound transducer with a waveguide was placed on mice’s head gluing with
ultrasound gel. Before the ultrasound was stimulated, there were no noticeable changes
in calcium fluorescent signals in EYFP group (EYFP-NUS =0.11 £ 0.05%) and MscL
group (MscL-NUS =0.07 £ 0.03%) were observed (Fig. 19A). At 0.15 MPa, we found
distinct calcium fluorescent changes in both groups. In addition, the peak AF/F0 in the
MscL mice was notably larger than the EYFP group (Mscl-Peak AF/FO=0.61 + 0.08%;
EYFP-Peak AF/FO = 0.37 £ 0.06%, *P=0.0417) under this stimulation condition (Fig.
19A, B). Then, we applied higher pressure ultrasound stimulation (0. 4 MPa) to mice,
as expected, the neural activities of both groups were activated. MscL mice showed
significantly greater calcium concentration compared to EYFP group (EYFP - 0.4 MPa
US Peak AF/Fo = 0.28 £+ 0.04%, MscL - 0.4 MPa Peak AF/Fo = 0.65 + 0.10%) (Fig.
19B). It might relate to the endogenous mechanosensitive ion channel in the brain, such

as TRPP2, TRPCI1, TRPPI1, Piezol [112].

In addition, we tested whether the ultrasound stimulation could generate neural
activation stably and repeatedly in the excitatory neurons which expressed MscL in
vivo. Five burst of ultrasound pulses, each with 0.15 MPa pressure and 3 s interval,
were delivered to the US transducer. From the results of the data, we observed
synchronous and stabilize calcium activity in response to these five US stimulation
trials in both EYFP and MscL expressing mice, but also significantly larger peak AF/Fo

the calcium transients of in MscL group showed than the EYFP group (Fig. 19C).
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Figure 19 US stimulation elicits greater calcium activity in excitatory neurons of barrel
cortex in MscL-expressing mice. (A) Averaged jRGECO1a fluorescence traces increase in
the somatosensory cortex of the anesthetized EYFP- mice and MscL- mice in response to
different ultrasound stimulations (0.15 MPa and 0.4 MPa). Light green rectangle shows the
timing of ultrasound stimulation. n = 6 mice in EYFP group, n =5 mice in MscL group. (B)
Average peak Ca?* activity in EYFP- mice and MscL- mice respond to NUS, 0.15 MPa, 0.4
MPa ultrasound stimulation. * P < 0.05, Unpaired two-tailed t-tests. Data are shown as
mean + SEM. n = 6 mice in EYFP group, n =5 mice in MscL group. (C) Representative traces
showed calcium activity respond to 0.15 MPa ultrasound stimulation in EYFP- and MscL-

mice. Light green rectangular shows the timing of ultrasound stimulation.

3.2.2 The MscL expression does not affect the physiological property of

neuron and does not elicit an obvious immune, apoptosis response

To confirm the safety of MscL expression, we tested whether the expression MscL
would alter physiological properties of neurons. It has been reported that once applying
airstream stimulation to a sie of whiskers, robust calcium transients in the contralteral
barrel cortex can be evoke [155]. As mentioned above, excitatory neurons in the right
barrel cortex were simulataneously transduced by AAVs for CamKIL:EYFP or
CamKII:MscL-EYFP, and by AAV-CamKII-JRGECOla, coding for genetically-
encoded calcium sensor with red fluorescence, at a 1:1 ratio in mice. Five-week post-
transduction, the left side of the mice’s whisker were applied to air stream trigger, and
an optical fiber was used to monitor JRGECO1a fluorescence intensity simultaneously.

We observed both groups responded to air pump application, showing by robust and
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synchronous calcium signals. No obvious difference of air stream trigger-evoked Ca?*
dynamic in EYFP- mice (Peak AF/Fo, EYFP = 0.83 £ 0.18%) and MscL- mice (Peak
AF/Fo, MscL = 0.87 + 0.16%) (Fig. 20A, B), suggesting that the expression of MscL

did not change whisker-induced responses in neurons in the mouse brain.
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Figure 20 Calcium activity induced by air trigger in EYFP mice and MscL mice. (A)
Representative calcium traces showed calcium activity responded to air stream trigger in
EYFP- and MscL- mice. Irregular patterns indicate each air stream trigger. (B) Average peak
calcium transient responded to per air stream stimulation in EYFP- mice and MscL- mice.
Unpaired two-tailed t-tests. n = 3 mice each group. Data are indicated as mean + SEM. NS, no

significance.

To further confirm the effect of MscL expression, we investigated the cellular-
level effects of virus expression in brain tissues by utilizing antibodies against Ibal, an
immune response monitor, and cleaved caspase-3, a cell death indicator in
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CamKIL:EYFP and CamKII:MscL-EYFP mice. Images showed that the cell nuclei were
intact in both groups. Data suggested that MscL expressed in the barrel cortex region
did not cause a clear alteration in the numbers of glial cell compared to EYFP group
(Fig. 21A, B. EYFP- Ibal positive cells = 137.3 + 4.67; MscL- Ibalpositive cells =
134.0 = 4.36). Besides, we did not detect noticeable diverse in the number of apoptotic
cells in neither EYFP nor MscL brain slice (Fig. 21C, D. EYFP-Caspase 3 positive
cells= 5.28 + 2.24, MscL-caspase 3 positive cells = 3.89 + 1.06). In summary, these
data indicated the overexpressing MscL in the primary somatosensory cortex does not

produce obvious immune response and apoptosis response.
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Figure 21 MscL expression is safe in cellular level. (A) Representative images showed

CamKII:EYFP- and CaMKII:MscL- mouse brain slice stained with Ibal, which is marker of
inflammation. DAPI (blue), EYFP / MscL — EYFP (green), Iba 1 (Red). (B) Numbers of positively
Iba 1 cells in barrel cortex. Unpaired two-tailed t-tests. n = 3 mice each group. Data are
indicated as mean = SEM. NS, no significance. (C) Representative images showed CamKII:EYFP-
and CaMKIl:MscL- mouse brain stained with caspase 3, which is marker of apoptosis. DAPI
(blue), EYFP / MscL — EYFP (green), Caspase 3 (Red). (D) Numbers of positively Caspase 3
stained cells in barrel cortex where the expression EYFP or MscL-EYFP expression located.
Unpaired two-tailed t-tests. n = 3 mice each group. Data are indicated as mean = SEM. NS, no

significance.

3.2.3 Induced stronger whisker movement by MscL-mediated ultrasound

stimulation of primary somatosensory cortex

AAVs coding for MscL-EYFP or EYFP-alone under a CaMKII promoter were
utilized to induce expression in excitatory neurons of barrel cortex in the right-side
brain. Viral vectors were allowed to express for four weeks. The mouse was treated
with isoflurane and restrained in a plastic tube. The whiskers were cut off before the
experiment, leaving only the C2 whisker. Mice were allowed to habitat for 5-10 min
before ultrasound stimulation and whisker recording. In awake mice with CaMKII-
MscL expression in the barrel cortex of right hemisphere, ultrasound wave passed
through the surface of right primary somatosensory cortex by low intensity ultrasound.
The movement of the left side (contralateral side) of C2 whisker was captured with a

camera (Fig. 22A).
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After 4-week virus expression, mouse brain was sliced for verifying the effect of

virus expression and determine the scope of virus expression. Confocal images

Hard paper
Camera

US transducer
4 weeks

US indicator light

Virus injected into barrel cortex Whisker movement

B

DAPI/EYFP DAPI/MscL-EYFP

Figure 22 An experimental setup for whisker movement recording in awake mice. (A) Schematic of barrel
cortex experimental scheme (Top). Briefly, mice were injected into their right barrel cortex with CamKII:
EYFP or CamKII: MscL-EYFP. Four weeks later, mice were treated with ultrasound and recorded the left -
side C2 whisker’s movement. (B) Confocal images indicate expression of CamKII:EYFP (Left panel) or
CamKII:MscL-EYFP (Right panel) in the barrel cortex (primary somatosensory cortex, S1). Hippocampus

(CP), cerebral cortex (CTX).

confirmed that robust EYFP or MscL-EYFP fluorescent signal located in the S1 of

right-side mouse brain (Fig. 22B).
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Next, we applied a range of ultrasound parameters (0.1 MPa — 0.4 MPa) on mice
and recorded the whisker movement concurrently. The movement of the contralateral
C2 whisker in awake mice was monitored for 10 seconds pre- and during- ultrasound
stimulation (0.5 MHz central fundamental frequency, 500 pus pulse width, 300 ms
stimulation duration, 1 ms pulse interval, 3s stimulation interval). The average increases
in angular velocity following US stimuli in each mouse were calculated and compared.
Mice were allowed to wake up and habitat for 5 min. Both groups adapted to the
environment, showing by C2 whisker was in a relatively quiet state. In general, after
ultrasound stimulation MscL mice showed much greater C2 whisker deflection
compared to EYFP group (Fig. 23A - C). At 0.1 MPa, the average angular velocity upon
ultrasound stimulation was -3.36 deg for EYFP mice, and 19.69 deg for MscL mice, but
no significant difference was shown. The result showed that the whisker movement
responses showed some degree of dose-dependence, with increasing pressure US
stimulation evoking larger average angular velocity in EYFP and MscL groups (Fig.
23C). We observed that MscL group and EYFP group both showed changes in whisker
angle during US "ON" period (both 0.15 MPa and 0.4 MPa), but s more intense and
long-lasting in the MscL mice, with more frequent changes of angle observed as well.
The intensities of 0.15 MPa (EYFP = 14.24 deg, MscL=91.79 deg) and 0.4 MPa (EYFP
=38.43 deg, MscL = 88.62 deg) US stimuli elicited increased whisker angular velocity
in all mice, but velocities were significantly greater in MscL mice (Fig. 23C). The
threshold US pressure required to stimulate C2 whisker movement was substantially

lower in MscL mice compared to EYFP mice.
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Figure 23 MscL-mediated ultrasound stimulation of barrel cortex evokes stronger whisker
movement. (A) The images were taken over before and after ultrasound stimulation in EYFP
(left) and MscL (right) mice. (B) Representative the angle changes of the C2 whisker from
CamKII:EYFP and CamKIl:MscL-EYFP awake mice following ultrasound stimulation on the
surface of barrel cortex. Timing of ultrasound stimulation is indicated as the red shadow. (C)
Summary data for average angular velocity of whisker movement evoked by different
parameters of ultrasound stimulation in EYFP and MscL- mice. In 0.1 MPa ultrasound
stimulation, n = 8 mice in EYFP group, n = 7 mice in Mscl group; In 0.15 MPa ultrasound
stimulation, n = 9 mice in EYFP group, n = 7 mice in MscL group; In 0.4 MPa ultrasound
stimulation, n = 7 mice in EYFP group, n = 6 mice in MscL group. Unpaired two-tailed t-test, *

P < 0.05. Data are shown as mean + SEM.

3.2.4 Acoustics does not induce whisker movement in mice

Some studies argued that ultrasonic stimuli through the auditory circuit [126, 127].
On the other hand, early studies have used brain slice [110], deaf mice model [128] to
confirm that ultrasound directly produced neural activation. In order to demonstrate the
role of MscL-mediated ultrasound, we set up EYFP mice as a control group. If the
auditory circuit is involved, we would detect the similar whisker deflection between
EYFP group and MscL group. However, data obtained indicated that the whisker
movement of MscL expression mice response to the same ultrasound stimulation was
much larger than EYFP group (Fig. 23). It can somehow imply that ultrasound
stimulation induced stronger whisker movement in MscL mice was not resulted from

the audible effect. The mice hearing range is around 1,000-100,000Hz. Our US protocol
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Figure 24 Sound does not induce whisker movement in EYFP mice and MscL mice. (A)
Schematic illustration of US transducer delivers ultrasound wave to the mouse brain with or
without US gel. Sham stimulation experiments were conducted with the similar conditions
but maintaining enough gap by not applying US gel between the transducer and skull. (B)
Summary data for average angular velocity of whisker movement evoked by ultrasound
stimulation in the sham group. n = 6 mice in EYFP group, n = 6 mice in MscL group. Unpaired

two-tailed t-test. Data are shown as mean + SEM.

used 1KHz pulse repetition frequency (PRF), which is a frequency the mouse could be
heard. To further exclude the effect of sound, we designed a simple sham experiment
to examine whether the sound generated by ultrasound could evoke whisker movement.
In the experimental group, ultrasound wave passed into the brain via US gels. Acoustic

wave cannot pass without a medium, but the sound generated by the ultrasound
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transducer still existed. In the sham group, there was a gap between the transducer and
the mouse brain, but the distance between the transducer and mouse brain was the same
as the distance of the experimental group, previously described (Fig. 24A). We
observed that no distinct whisker changes were detected in any mice treated as a sham
condition (no coupling gel between transducer and the scalp), with the average velocity
change for all mice below 2 deg/s (Fig. 24B). Collectively, these data proposed that
ultrasound stimulation evoked stronger whisker movement through direct neural

stimulation in MscL expressing mice, without participation of the auditory circuit.

Therefore, these results indicated that Mscl-mediated ultrasound stimulation could
be effectively applied for the primary somatosensory cortex and induced stronger

whisker movement in awake mice.
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CHAPTER 4 Spatially activation of dorsal striatum neurons
and enhances motor function via MscL-mediated ultrasound

stimulation

Furthermore, we tested whether our US stimulation method could spatially and
selectively activate deeper regions of the brain. We selected dorsal striatum, a deep
region (a region located ~2.75 mm below the skull) with a well-function and behavior
pattern, which is relative to initiate, control movement of the body [156, 157], as our
targeted region. Two aims of this session of the study are, to test the spatial selectivity
of our MscL-mediated US stimulation method; and to determine its effectiveness

enough to trigger motor function in awake and freely - behaving animals.
4.1 Materials and methods
4.1.1 Animal subjects
The animal subjects used in this part are the same as described section 2.2.1.
4.1.2 Virus injection

Adult C57BL/6 mice were anesthetized with mixtures of the appropriate ketamine
and xylazine. Viral vectors were transferred into the targeted areas on the right mouse
brain by standard stereotaxic micro injection procedures. AAV vectors were injected at
the rate of 0.05 ul per minute through a microinjection pump with a 45-gauge syringe.

The micro-syringe was hold in the place for extra 10 min before gently withdrawal.

a.) For the staining and behavioral experiment on the dorsal striatum in

mice, 500 nl either AAV-hSyn-EYFP or AAV-hSyn-Mscl G22S-EYFP was
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unilaterally infused into the dSTR using these coordinates: AP +0.50 mm, ML
-1.8 mm; and DV -2.75 mm [158]. Ultrasound adaptors installments were

performed after virus expressed for three weeks.

b.) For the fiber photometry experiment of the dorsal striatum, 500 nl mixed
vectors were transfected into the dSTR unilaterally. The volume proportion of
vectors in the mixes for infusions were 1:1 for AAV-hSyn-jJRGECO1la and
AAV-hSyn-EYFP or AAV-hSyn-Mscl G22S-EYFP. The coordinates were the
same as above. After needle withdrawal, a 1.25 mm fiber was inserted into the
location of virus injection area. Fiber photometry was performed after at least

4-5-week virus expression.

c.) For the optogenetic stimulation experiment, 500 nl AAV-hSyn-ChR2-
mCherry was unilaterally infused into the dSTR at the coordination of AP
+0.50 mm, ML -1.8 mm; and DV -2.75 mm. An optical cannula was then

implanted into the same location.

Mice were returned to their housing areas for recovery.

4.1.3 Fiber photometry recording of ultrasonic evoke neural activity in

anesthesia mice

4-5-week of virus expression, the mice were anesthetized with isoflurane.

Disinfected and moistened the shaved skin with 70% alcohol cotton. Applied

appropriate US gel on the it. An 0.5 MHz fundamental frequency ultrasound transducer

with a plastic waveguide was put on the injected side of the brain, make sure the central

of transducer was located near the optical fibers in the brain. The calcium dynamic

recording in the dSTR was conducted by a 40 uW 570-nm LED. The emission light
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traveled cross the same optic fiber, was bandpass filtered, monitored through a brand
photoreceiver and recorded with a processor. Mice were allowed to rest for 2 min before
performing the experiment. Using the fiber photometry method, the influences of
ultrasound stimulation on calcium dynamic in the dSTR of mice were recorded.
Recorded 2 min of spontaneous calcium activity before applying ultrasound stimulation.
The transfected mice were treated with certain parameter ranges of ultrasound
stimulation (0.05 MPa—0.0.2 MPa). Each trial included 6-8 times US stimulation. After
each trial stimulation, the mice were allowed to rest for 1-2 min. Calcium fluorescence
was captured with fiber photometry system (Thinker Tech Nanjing BioScience Inc).

Data were processed by custom MATLAB scripts.

4.1.4. Measurement of locomotion by Open field recording

a) In ultrasound stimulation experiment

Mice were habituated to the procedure area for about 30 min before the
experiments. After that, anesthetized with 2% isoflurane, using an 70% alcohol cotton
to disinfect the hole of the adaptor where explored the brain skull and placed some US
gel in it. Then, the transducer was connected to the US adaptor (the mice were under
anesthesia in this whole process). After the installment of ultrasound transducer, placing
the mice into the central of open field box (40 cm length x 40 cm width x 30 cm
height). A digital camera was located at ~45 cm over the behavioral test chamber for
recording the animal trajectories and movement. Before ultrasound stimulation, mice
were allowed to freely move for 2-3 min. Then mice were treated with 4 trials of
different intensities of ultrasound stimulation separately (0.1 MPa — 0.35 MPa). Each
trial lasted to 1-2 min. After each stimulation, mice were allowed to rest for 2 min. The

movement distance and the mobility speed were extracted from the trajectory using
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software.

b) In optogenetic stimulation experiment

Mice were habituated to the procedure area for about 30 min before the
experiments. Then a light source was connected to mice through a fiber-optic cable.
The mouse was placed into the central of the same open field box and allowed to recover
for 20 min. A digital camera was placed about ~45 cm above the behavioral test
chamber for recording the animal trajectories and movement. Mice were allowed to
freely move for 2-3 min before light stimulation. Then mice were treated with 3 trials
of optical stimulation separately. The parameters of light are 20% / 50% / 100% power
respectively, 10 ms pulse width, 15 Hz frequency. Each trial continuous to 1-2 min. The
distance of mice’s movement and the mobility speed were extracted from the trajectory

using custom software.

4.1.5 Ultrasound stimuli in dorsal striatum for c-fos staining

4-5 weeks post-injection, mice were anesthetized with ketamine and xylazine. The
hair of the mouse’s head was shaved. Then appropriate US gel was placed above the
targeted region to facilitate acoustic coupling. A 0.5 MHz transducer was put roughly
upon the right side of dorsal striatum region. Mice were stimulated with ultrasound for
40 minutes with an interval of 10 seconds. Mice were allowed to stay their cage after

US stimulation.

4.1.6 Immunohistochemical fluorescent staining

Coronal brain slices of dorsal striatum and auditory cortex were collected from
mouse brain. To minimize nonspecific antibody binding, brain slices were incubated in

the blocking buffer for 2 h. Then, slices were incubated overnight in primary anti-c-Fos
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antibody solution diluted in blocking buffer. Then slices were washed and incubated
with secondary antibodies diluted in the blocking buffer for two hours at room
temperature. After washing for 3 time with PBS, the slices were placed on the glass
slides. Mounted on glass slides by small drops mounting medium. The number of c-
Fos+, counted by a team member who did not know the grouping (dingle-blinded).
Images were captured by the confocal microscope. Nikon eclipse Ti2-E Live-cell

imaging system was used to get the half brain pictures.

4.1.7 Statistical analysis.

Results were showed as the mean + s.e.m. Statistical analyses were processed with
the software of the GraphPad Prism. *P <0.05, **P <0.01, ***P <0.001, NS represents

no significant.

4.2 Results and discussion

4.2.1 MscL-mediated ultrasound stimulation selective and spatially

activated the neurons of dorsal striatum

To test whether MscL-mediated ultrasound stimulation enable to selective and
spatial activate neurons in deeper regions, we induced expression of EYFP or MscL in
dorsal striatum neurons by injecting AAV-hSyn-EYFP or AAV-hSyn-MscL into the
right hemisphere 6-8 weeks mice, positioned by stereotaxis. Five-week after viral
injection, the mice were under anesthetized status and treated with US for 40 min (0.5
MHz central frequency, 0.15 MPa, resting interval 10 s) (Fig. 25A). These mouse brains
were then examined for the nuclear c-Fos (a neural activation marker) expression in

both sides of dSTR region and both sides of the cortical regions directly above the
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targeted dSTR.

Robust EYFP expression in the dorsal striatum of both EYFP and MscL mice can
be observed (Fig. 25B, left panel). The number of c-Fos expression was found to be
significantly higher in the treatment side of the MscL mice (87.00 c-Fos™ positive
cells/slice) than the contralateral side of the same mice (11.13 c-Fos" cells/slice) or any
of the same regions in mice expressing only EYFP (treatment side = 13.54 c-Fos"
cells/slice; contralateral = 7.685 c-Fos® cells/slice) immunofluorescence staining of
brain slices (Fig. 25C). Crucially, we found that the cortical regions located directly
above the dorsal striatum on the stimulation side did not show a significantly higher
level of c-Fos, indicating that the treatment was able to concentrate the effects of US in
the region expressing MscL and not surrounding areas. This is especially important that
the transducer generated ~5 mm diameter (The ultrasound adaptor reduced the surface
area of coupled between the ultrasonic transducer and the mouse head) of
omnidirectional acoustic wave into the mouse brain, the half mouse brain was
unavoidably insonated (Fig. 25). The MscL expressing region in dorsal striatum is
around 1.5 mm beneath the skull bone, where can be modulated by ultrasound

stimulation. Thus, we could confirm that our MscL + US stimulation scheme could
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target neurons in the dorsal striatum for spatially - specific neuronal activation in the
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Figure 25 Neural activity in the dorsal striatum under ultrasound stimulation in EYFP and
MscL mice. (A) Schematic illustration of our experimental scheme. Briefly, mice were injected
in their the dorsal striatum on the injected side of the mouse’ s brain with hSyn:EYFP or
hSyn:MscL-EYFP. Five weeks later, an ultrasound adapter was installed. Then a week later, mice
were stimulated with 0.15 MPa ultrasound for 40 minutes. Mice were allowed to recover for
90 minutes, after which their brains were collected for immunofluorescent staining. Dorsal
striatum (dSTR), Caudoputamen (CP), cerebral cortex (CTX). (B) Confocal images of the dorsal
striatum after ultrasound stimulation. Images of dorsal striatum expressing hSyn:EYFP or
hSyn:MscL-EYFP with c-Fos stained. Images showing the low magpnification (Left panel) and
high magnification (Right panel) of mouse brain hSyn-EYFP or hSyn-MscL-EYFP expressing in
dorsal striatum. The green two-arrow indicated the range of ultrasonic coverage. (C) The
number of nuclear c-Fos+ positive cells / per slice imaged in the dorsal striatum (Left panel)
and the cortex above targeted region (Right panel) of mice stimulated with ultrasound. n = 4
mice per group. Data are shown mean + SEM of average c-Fos* cells per stained slice. One-way

ANOVA with post-hoc Tukey test.
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sonogenetic process. (A) Anatomical locatization of auditory cortex in DAPI-labelled brain slice.
(B) Images of c-fos in auditory cortex from MscL-expressing mice and EYFP mice that received
US stimulation. (C) Quantification of the expression of c-fos in auditory cortex in EYFP-US mice
and MscL-US mice. n = 3 mice per group. Data are shown mean = SEM of average c-Fos+ cells

per stained slice. One-way ANOVA with post-hoc Tukey test.
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Next, to examine whether auditory pathway is directly involved in this
upregulation, we performed c-Fos immunofluorescence experiment in the auditory
cortex in the same mice. Mice’s brain slices contained auditory cortex region was
staining with c-Fos antibody. Both sides of auditory cortex were analyzed. No
obviously different c-Fos expression in the auditory cortex region of EYFP mice and
MscL mice. Above upregulation was specific to the dorsal striatum no noticeable
increased the number of c-Fos positive cell in both side of auditory cortex in these
animals can be observe, suggesting that MscL-mediated ultrasound stimulation did not

play major role in MscL-sonogenetics process.

4.2.2 Induced larger and synchronized calcium activity by MscL-mediated

ultrasound stimulation in dorsal striatum

To characterize the calcium dynamics in vivo of the neurostimulation evoked by
MscL + US, we explored in real-time through fiber photometry in anesthetized mice.
Neurons in the right dorsal striatum were simulataneously transduced by AAVs for
hSyn:EYFP or hSyn-MscL-EYFP, and by AAV-hSyn-jRGECOla, coding for
genetically-encoded calcium sensor with red fluorescence, at a 1:1 ratio. Then a fiber
optical fiber was implanted into the same region. Five - week post-transduction, the
mice were transcranial stimulated with a range of US intensities (0.1 MPa — 0.4 MPa),
and an optical fiber was used to monitor JRGECO]1a fluorescence intensity (Fig. 27A).
Low-magnification and high magnification confocal images showed robust EYFP /
MscL-EYFP and jJRGECOla co-expressing fluorescence in the dorsal striatum, and

some of them colocalized (Fig. 27B-C).
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Next, mice were anesthetized with isoflurane and treated certain pressures range
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Figure 27 An experimental setup and preparation for calcium activity recording of the
dorsal striatum in vivo. (A) Schematic illustration of in vivo real-time calcium activity
recording. The right dSTR of mice was co-transduced by AAVs for a calcium sensor
(hSyn:JRGECO1a) and either MscL-EYFP or EYFP, at a 1:1 ratio. 5 weeks later, anesthetized
mice were stimulated with US, and neuronal calcium responses were recorded
simultaneously by an optical fiber implanted in the viral injected region. (B) Representative
low-magnification pictures of dorsal striata (dSTR) expressing hSyn-EYFP (Left panel) or
hSyn:MscL-EYFP and hSyn:JRGECO1l1a (Right panel). Caudoputamen (CP), cerebral cortex
(CTX). (C) Representative high-magnification confocal images showing EYFP or MscL-EYFP

and jJRGECO1a fluorescence co-located in the same neurons in the dorsal striatum.

of ultrasound stimulation. Prior to US stimulation, both groups showed comparable
levels of baseline fluorescence (Peak AF/Fo for EYFP =1.25%, and MscL = 1.77%, Fig.
28A, C). However, upon delivery of one 0.15 MPa pressure US pulse, MscL-expressing
neurons showed a rapid and obvious increase in JRGECO]la fluorescence intensity
while EYFP-only neurons did not (Peak AF/Fo for EYFP = 2.26%, and MscL = 5.62%,
Fig. 28B-C). Fluorescence responses to 0.15 MPa US in the MscL dSTR regions were
2.28-fold that of the EYFP dSTR. 0.05 MPa — 0.2 MPa US reliably evoked dSTR
neural activity in MscL group, and a generalized pattern of dose-dependence was
observed (Fig. 28C). In contrast, the EYFP mice showed a small, but not obvious
increase in fluorescence after US stimulation, their responses did not show obvious
dose dependence. The latency of MscL-expressing neurons respond to ultrasound

stimulation is 250.6-297.3 ms (Fig. 28D).

We next examined whether the ultrasound stimulation can activate neurons stably
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and repetitive in this deeper region (striatal neurons) which expressed MscL in mice.
The mice received five consecutive ultrasound stimulations at intervals of 3 s. The
results showed that stable calcium transients in response to each US stimulation trial in

MscL expressing mice, while EYFP mice did not (Fig. 28E).
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Figure 28 US stimulation elicits greater calcium activity in dSTR neurons in MscL-expressing
mice. (A) Averaged jRGECO1la fluorescence traces in the dorsal striatum of anesthetized
EYFP- or MscL-mice prior to US stimulation. (B) Averaged jRGECO1la fluorescence traces
increase in the dSTR of anesthetized EYFP- or MscL-mice in response to one 0.15 MPa
pressure ultrasound stimulation (0.5 MHz center frequency, 500 ps pulse width, 300 ms
stimulation duration, 1 kHz PRF, interval 3s). n = 8 trials, 5 mice in EYFP group, n = 7 trials, 5
mice in MscL group. Green rectangle shows the timing of ultrasound stimulation. (C) Average
peak Ca®* activity in EYFP- and MscL-mice in response to US pulses of varying intensities (0.05
— 0.2 MPa pressure, 500 ps pulse width, 0.5 MHz center frequency, 300 ms stimulation
duration, 1 kHz PRF, interval 3s). n = 8 trials, 5 mice in EYFP group, n = 7 trials, 5 mice in MscL
group. * P> 0.05, unpaired 2-tailed t-tests. Data are shown as mean + SEM. (D) Latency
between US stimulation (0.05 — 0.2 MPa pressure) and detection of an above-threshold. n =
5 mice in MscL group. One-way ANOVA with post-hoc Tukey test. Data are shown as
mean = SEM. (E) Calcium traces of a EYFP mice and MscL mice undergo repeated ultrasound

stimulation. Green rectangle shows the timing of ultrasound stimulation.

4.2.3 Enhanced evocation of locomotor activity by MscL-mediated

ultrasound stimulation of dorsal striatum

Next, to evaluate whether our MscL-mediated sonication method was effective
and specific enough to trigger motor responses in awake and freely mice. AAVs under
a human synapsin (hSyn) promoter were utilized to express EYFP alone or MscL-EYFP

in the right dorsal striata of mice (Fig. 29A), which is related to motor behavior [31-
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33], as mentioned above. Three weeks later, an ultrasound adaptor was assembled on
the mouse’s head, and the mouse was allowed to recover for one week. Before
performing behavioral recording, brain slices were used to confirm the effect of viral
expression and examine whether the virus expressed in the correct area. Confocal
images confirmed that robust EYFP or MscL-EYFP fluorescent signal located in the

dorsal striatum of right side of the mouse brain (Fig.29B).

To prevent the mice from being frightened during the process of transducer
installation, the mice were anaesthetized with isoflurane throughout the transducer
installment process. Placed US gel into the hole of the adaptor, no bubble generated in
the process, and connected the wearable transducer to the adaptor carefully. After the
mouse woke up, placed it in the middle of the square open-field box (Fig. 29A) for
habituation. Then mice were treated with or without ultrasound, and their behaviors
were recorded and analyzed. The result of ultrasound stimulation testing consisted of
three 1 min epochs (pre-stimulation (“Pre”), ultrasound stimulation (“US”), post-
stimulation (“Post”). We did not observe obvious difference locomotion evidence
between EYFP mice and MscL-EYFP mice in the “Pre” period (Mob. Speed EYFP =
58.91 mm/s, MscL = 64.34 mm/s; Distance EYFP = 1871 mm, MscL = 1638 mm) (Fig.
30), indicating the expression of MscL in the dorsal striatum did not affect the mice’s

normal spontaneous movement compared to EYFP mice.
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Figure 29 Ultrasound stimulation plan and preparation for locomotion test in awake, freely
moving mice. (A) Schematic of our experimental scheme. Briefly, mice were injected in the
dorsal striatum on the right side mouse’s brain with hSyn:EYFP or hSyn:MscL-EYFP. Three weeks
later, an ultrasound adaptor was installed and one week after recovery that mice were
stimulated with ultrasound. Mice were placed in a square box and their movement were
recorded before, during and after ultrasound stimulation with a digital camera. The behavior
documented in the video was then analyzed and quantified. (B) Schematic illustration of US
adaptor and the wearable US transducer. This US transducer weighted ~1g. (C) Confocal images
indicate expression of hSyn:EYFP (top panel)or hSyn:MscL-EYFP (below panel) in the dorsal

striatum (dSTR) of the right side of the mouse brain. Caudoputamen (CP), cerebral cortex (CTX).
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Figure 30 Expression of EYFP or MscL-EYFP in mice do not affect spontaneous locomotive
movement. (A) Comparison of mobility average speed of the EYFP and MscL mice before
ultrasound stimulation. n = 6 mice per group. Unpaired two-tailed t-test. Data are shown as
mean = SEM; NS, no significance. (B) Comparison of distance of the EYFP and MscL mice before
ultrasound stimulation. n = 6 mice per group. Unpaired two-tailed t-test. Data are shown as

mean + SEM; NS, no significance.

Then, to test the parameters of low intensity ultrasound on EYFP mice and MscL.
mice, we performed ranges of ultrasound pressure stimulation (0.1 MPa — 0.35 MPa).
We quantified average mobility speed and distance in each epoch (“Pre”, “US”, “Post™.).
If the mouse is activated by ultrasound stimulation, the mice will increase its motor
function, indicating by increasing average mobility speed and increasing distance. At
0.1 MPa, the average mobility speed and distance of both groups did not show any
changes in both groups. At 0.15 MPa, there were no obvious movement changes in
EYFP group response to US stimulation, while MscL group showed a certain degree
increased both in average mobility speed and distance at the same condition (Speed
during US: MscL = 70.61 mm/s, EYFP = 61.43 mm/s; Distance during US: MscL =
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2989 mm, EYFP = 2210 mm). However, mice with MscL expression in the dorsal
striatum were detected a notable increase their locomotor activity during 0.3 MPa
pressure of ultrasound treatment, and returning to their baselines post-US, compared to
only a minor change for EYFP mice (mobility speed during US: MscL = 81.69 mm/s,
EYFP = 65.87 mm/s; distance during US: MscL = 3871 mm, EYFP = 1864 mm) (Fig.
31A, B, D). MscL mice increased their average mobility speeds and distances
movement significantly higher during the periods of 0.3 MPa and 0.35 MPa intensities
of US stimulation than EYFP mice (Fig. 31C, D), and all mice reduced their activity in
the periods between rounds of stimulation (Fig. 31B-E). EYFP mice also shown small
increases in their motor activity during US stimulation, but the magnitude of these
changes was smaller, and not significant compared to the pre-US and post-US
measurements. We suggested that expressing MscL in the dorsal striatum could
significantly enhance the motor function of awake and freely moving mice when

stimulated by low intensity of ultrasound.

Taken together with the data shown earlier, our findings suggest that dSTR neurons
expressing MscL can much better mediate effects of low-intensity US, responding to
the pulses by greatly increased Ca*' influx and neuronal activation and increased

locomotor behavior.
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Figure 31 Ultrasound stimulation evoked significant increase in locomotor behavior in mice
with MscL expression in the dorsal striatum. (A) Representative trajectories recorded from
mice stimulated in the dorsal striatum pre-US, during US, and post-US with 0.3 MPa ultrasound
application (each trace 1 min long). (B) Comparison of mobility average speed of the EYFP and
MscL mice, with (0.3 MPa) and without ultrasound stimulation. n = 6 mice EYFP group and n =
6 mice MscL group. Data are shown as mean + SEM; Unpaired two-tailed t-test. (C) Summary of
mobility average speed of EYFP and Mscl-expression mice with ultrasound stimulation of
different ultrasonic intensities from 0.1 — 0.35 MPa pressure. Green bars indicate the timing of
ultrasonic stimuli. n = 6 mice EYFP group and n = 6 mice MscL group. Data are shown as mean +
SEM; Two-tailed unpaired t-test. (D) Comparison of distance of the EYFP and MscL mice, with
(0.3 MPa pressure) and without ultrasound stimulation. n = 6 mice EYFP group and n = 6 mice
MscL group. Data are shown as mean = SEM; Unpaired two-tailed t-test. (E) Summary of
distance of EYFP and MscL-expression mice with ultrasound stimulation of different ultrasonic
intensities from 0.1 — 0.35 MPa pressure. Green bars indicate the timing of ultrasonic stimuli. n
= 6 mice EYFP group and n = 6 mice MscL group. Data are shown as mean + SEM; Two-tailed

unpaired t-test.

4.2.4 Benchmark with optogenetics

Furthermore, to identify whether the outcome of this sonogenetics method was
reliable. We used the effective and common method, optogenetic, to verify our concern.
We transduced the opsin virus with the same hSyn-promoter (hSyn:ChR2-mCherry)
into the dorsal striatum in the mouse brain, and followed by an optical fiber insertion.

The viruses were allowed to express for four weeks before performing experiment (Fig.
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Figure 32 Light stimulation plan and preparation for locomotion test in awake and freely
moving mice. (A) Schematic of optogenetic experimental steps. Briefly, mice were injected in
their dorsal striatum of the right side of the brain with hSyn:ChR2-mCherry, followed with
optical fiber inserting at the same region. Four weeks later, a light adaptor attached to the
optical fiber and delivered appropriate light into the mouse brain. Mice were placed in a square
box and their movement were recorded before, during and after light stimulation. (B) Confocal

images indicating ChR2-mCherry in the dorsal striatum (dSTR).

32A). Before we conducted the light stimulation experiment, we used confocal images
confirmed that strong ChR2-mCherry fluorescent signal located in the dorsal striatum

of right side of mouse brain (Fig. 32B).
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Figure 33 Optogenetic stimulation evoked significant increase in locomotor behavior in mice
with ChR2 expression in the dorsal striatum. (A) Representative trajectories recorded from
mice stimulated in the dorsal striatum pre-light, during light stimulation (50%, 10 ms, 15 Hz)
periods, post-light (each trace 1 min long). (B) Summary of mobility average speed of
hSyn:ChR2-mCherry mice, with (20% / 50% / 100% power, 10 ms, 15 Hz) and without light
stimulation. n = 3 mice each group. Data are shown as mean + SEM; *p < 0.05, Unpaired two-
tailed t-test. NS indicates light off. (C) Summary of distance of hSyn:ChR2-mCherry mice,
with (20% / 50% / 100%, 10 ms, 15 Hz) and without light stimulation. n = 3 mice each group.

Data are shown as mean + SEM; *p < 0.05, Unpaired two-tailed t-test

Four-week post-injection, mice were performed the same experimental procedures

as in above ultrasonic ultrasound mice, except these mice were treated with light
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stimulation instead of ultrasound stimulation. Mice with ChR2 expression in dorsal

striatum obviously increased their locomotor activity during light treatment, and
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Figure 34 The increasing locomotor behavior evokes by optogenetic and sonogenetic is
similar. (A) Comparison of mobility average speed of hSyn:ChR2-mCherry mice, with (100%, 10
ms, 15 Hz) light stimulation and of hSyn:MscL-EYFP mice with 0.3 MPa ultrasound stimulation.
n = 3 mice in optogenetic experiment, n = 6 mice in the sonogenetics experiment. Data are
shown as mean + SEM; *p < 0.05, **<0.01, Two-tailed unpaired t-test. (B) Summary of distance
in hSyn:ChR2-mCherry mice, with (100%, 10 ms, 15 Hz) light stimulation and of hSyn:MscL-EYFP
mice with 0.3 MPa ultrasound stimulation. n = 3 mice in optogenetic experiment, n = 6 mice in
the sonogenetics experiment. Data are shown as mean + SEM; *p < 0.05, ***P < 0.001, Two-

tailed unpaired t-test.

returning to their baselines post-light, (10 ms, 15 Hz, 100% power intensity of light
treatment pre-light speed = 60.43 mm/s, speed during light speed = 82.52 mm/s;
distance during light = 3585 mm, EYFP = 1902 mm; Fig. 33A-C). This data indicated

that light successfully induced locomotive response in ChR2 expression mice.
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Next, we made a comparison of locomotion induced by optogenetic method and
songenetic method, identifying the efficiency of sonogenetics method. We observed
that, both, optogenetics and sonogenetics method could enhance the motor activity in
freely moving mice. The increasing of the mobility average speed and distance response
to light or ultrasound was almost the same (10 ms, 15 Hz, 100% power intensity of light
treatment, speed during light speed = 82.52 mm/s; distance during light = 3585 mm;
speed during US: MscL speed = 81.69 mm/s, distance during US: MscL = 3871 mm)
(Fig. 34A-B). Therefore, we suggested that our sonogenetics strategies successfully

modulate freely moving animal’s motor movement.
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CHAPTER 5 Modulating mesolimbic circuit by MscL-

mediated ultrasound stimulation

In addition to the various behavioral indicators, we tested whether US stimulation
of a relatively - deep region of the mouse brain could stimulate the secretion of the
neurotransmitter dopamine. It has been proposed that technological advances enabling
circuit manipulation may open the door to probe neuronal activities that lead to behavior
changes [159]. To establish the circuit manipulation, we targeted the mesolimbic circuit,
which the dopaminergic projection from the VTA to NAc. VTA (about 4.5 mm deep
below the skull surface), a midbrain region where dopaminergic circuits to several other
influential regions originate, plays an important functions in various vital dopamine
circuits (reward and aversion [160-162]) and is implicated in diverse conditions and
diseases [5]. We reasoned that since US stimulation of the upon MscL channel induces
a robust calcium influx into neurons, it should also be able to enable dopamine secretion
by neurons. Beyond the simple secretion of dopamine in neurons projecting from the
VTA, we next evaluated whether we could efficiently stimulate the VTA to induce

downstream behavioral changes using sonnongenetic method.

5.1 Materials and methods
5.1.1 Animal subjects
The animal subjects used in this part are the same as described section 2.2.1.
5.1.2 stereotactic injection

Adult C57BL/6 mice were anesthetized with ketamine and xylazine. Viral vectors

were micro-injected into the targeted areas on the right side of the mouse brain by
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standard stereotaxic procedures. AAV vectors were injected at the rate of 0.05 ul per
minute through a microinjection pump with a 45-gauge syringe. The syringe was

paused in the injected area for 10 min before withdrawal.

a) For the fiber photometry experiments of dopamine release, a
volume of 300 nl AAV-hSyn-EYFP or AAV-hSyn-Mscl-G22S-EYFP were
micro-injected into the ventral tegmental area applying these coordinates:
DV: -4.5 mm, AP: - 2.9 mm, ML: -0.5 mm. 1 pl hSyn-DA2m then were
injected into the nucleus accumbens on the same side using the following
coordinates: AP: 1 mm, DV: -4.1 mm, ML: -1.1 mm. Optical fibers were

inserted in the NAc region after AAV injection.

b) For reward-related experiments (targeted excitatory neurons in
VTA), 300 nl either AAV-CamKII-EYFP or AAV-CamKII-Mscl G22S-
EYFP was injected into the ventral tegmental area at DV -4.2 mm, and AP -
2.9 mm, ML -0.5 mm; and. After 3 weeks of viral vectors expression,

ultrasound adaptors were installed above the injected VTA regions.

C) For the real time place preference experiments (Targeted
dopaminergic neurons in VTA), a volume of 300 nl AAV-hSyn-EYFP or
AAV-hSyn-Mscl-G22S-EYFP mixed with pAAV-TH-Cre-WPRE-hGHpA
(1:1) were micro-injected into VTA on the right side of mouse brain using
these coordinates: AP: - 2.9 mm, ML: -0.5 mm; DV: -4.5 mm. Three-week

post-injection, an ultrasound adaptor was installed above the targeted region.

Mice were placed to their original housing areas for recovery.

5.1.3 Fiber photometry recording of ultrasonic induced dopamine release in
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anesthesia mice

4 weeks later performed fiber photometry experiment recording. Appropriate
ultrasound gel was applied to the head which was shaved to promote acoustic coupling.
A 0.5 MHz ultrasound transducer with a water tank was placed on the VTA on the right
side of the brain. The DA activity recording in the NAc was conducted by a 488 nm
laser at 40 uW for DA2m. Before recording, the mice were allowed rest for 2 — 5 min.
Before applying ultrasound, using fiber photometry recorded the spontaneous
dopamine activity of mice for 1-2 min. Then, mice were treated with two trials (0.1
MPa and 0.3 MPa) ultrasound stimulation separately. Each trial consisted of 5-15 times
stimulation, there would be 3 s interval between each stimulation. And mice were
allowed to rest for 45 s — 60 s between different trials of stimulation. Calcium
fluorescence was capture with a fiber photometry system. Data were analyzed using

custom MATLAB scripts.

5.1.4 Real time place preference assay [84]

After three-week virus expression, mice were installed with ultrasound adaptor
and placed the original cages for recover a week. Then, mice were placed to the
procedure area and habituated for at least 30 min. Appropriate US gel was placed into
the US adaptor for coupling the 0.9 MHz US transducer. After the installment of

ultrasound transducer, put the mice into the non-stimulation side of arena(50 cm length
x 30 cm width X 30 cm height). Mice were allowed to explore freely two-chambered

arenas for 5-10 min. One randomly assigned one side as the US-stimulation side, the
other side as non-stimulation side. Once the animal across to the US-stimulation side,
the ultrasound wave was delivered until the animal across into the non-stimulation side.

Before the test was completed, difference ultrasound power pressures were allocated
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every day. The movements of the mice were monitored by a digital camera. The
percentage of time spent in both sides (US-stimulated and non-stimulated) was
measured. Any mouse with a high initial preference or avoidance for left or right side

was discarded [163].

5.1.5 Immunohistochemical fluorescent staining

The process of staining as mentioned above. Coronal brain slices were collected
from brain -2.6 mm to 3.3 mm for VTA region and + 0.7 mm to -1.3 mm for NAc region
based on the coordinates. Slices were incubated in blocking buffer for 2 h at room
temperature. Then, brain slices were incubated in primary antibody (Tyrosine
hydroxylase [MAB318, Millipore, 1:500] solution diluted in the blocking buffer
overnight. After slices were washed with PBS, bathed with goat anti-rabbit secondary
antibodies which was diluted in PBS buffer for two hours at room temperature. Slices
were washed, and placed brain slices on glass slide. Samples were captured with the

confocal microscope.

5.1.6 Statistical analysis.

Data were shown as the mean + SEM. Statistical analyses were processed by the

software of GraphPad Prism.

5.2 Results and discussion

5.2.1 Efficient sonogenetically-enabled dopamine release in the NAc by

modulating the mesolimbic pathway

To measure the levels of dopamine in the brain upon sonication, we chose to use

green, fluorescent GRABpa sensors. This novel genetically encoded fluorescent DA2m
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sensors could be used to specific, real-time detecting of endogenous dopamine dynamic
in vitro and in vivo [164]. Neurons in the ipsilateral VTA were induced by hSyn-
promoted EYFP or MscL AAVs, while AAVs for the fluorescent dopamine sensor
DA2m under a hSyn promoter were introduced into the NAc (Fig. 35A). An optical
fiber was then inserted into NAc to monitor the fluorescence changes of sensors. Four-
week post-injection, brain slices were used to assess the efficient of virus expression to
determine whether further experiment could be carried out. We can observe robust
expression of DA2m signal in the NAc (Fig. 35B), and strong EYFP or MscL signal

successfully expressed in dopaminergic neurons in the VTA (Fig. 35C, D).
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Figure 35 An experimental setup for dopamine signal recording in vivo. (A) Schematic
showing the hSyn-DA2m, hSyn-EYFP and hSyn-MscL-EYFP virus delivery, fiber implantation
and ultrasound stimulation in the mouse brain. Mice were injected AAV-hSyn-DA2m in the
NAc of the right brain and hSyn-EYFP or hSyn-MscL-EYFP in the VTA at the same hemisphere.
After virus injection, an optical fiber was inserted into NAc for detecting DA signals. 4-week
later, mice were stimulated with ultrasound stimulation and detect DA signals
simultaneously. (B) Confocal images of NAc region expressing DA2m (green) with DAPI (blue)
in EYFP and MscL-expressing brain. (C) Confocal images of low magnificence of depicting
DAPI (blue), TH (red), and EYFP neurons (green)in the VTA. (D) Confocal images of high
magnificence of representing DAPI (blue), TH (red), EYFP (green) neurons in the VTA. White

arrows indicated example EYFP+/TH+ neurons.

Next, we monitored the effect of MscL-mediated ultrasound stimulation of the
mesolimbic pathway on the dynamic of dopamine. An ultrasound transducer was
attached to the head above the injected VTA region and glue it with appropriate US gel.
We collected the spontaneous DA dynamic before applying any ultrasound stimulation.
The spontaneous DA signals were stable and consistent in both EYFP group and MscL
group (Fig. 36A). Upon stimulation of the VTA with pulses of 0.3 MPa pressure of
ultrasound, we found rapid synchronous increases in DA2m fluorescence in the NAc
of the MscL + US condition but not with EYFP + US (Peak AF/Fo, EYFP = 0.23%,
MscL = 0.52%) (Fig. 36B). NUS and EYFP+US conditions at both the tested US
intensities were found to show very little fluorescence change, and the MscL + US
conditions were much larger in magnitude at both 0.1 MPa (Peak AF/Fo, EYFP=0.18%,
MscL = 0.42%) and 0.3 MPa, although only the 0.3 MPa condition was statistically

significant (Fig. 36). These results suggested that low pressure sonication could
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efficacious activate VTA neurons with MscL-expression and induce an obvious DA

increasing in nucleus accumbens in vivo.

We then tested whether the ultrasound stimulation can repeatedly evoke neural
activity in the VTA neurons which expressed MscL in mice, leading to dopamine release
in NAc. Five times of ultrasound pulses, each with 3 s interval, were delivered to the
US transducer above the VTA region in vivo. We observed stable and synchronous
increasing DA fluorescence in response to each US stimulation trial in MscL expressing
mice, while EYFP mice did not (Fig. 36D). Thus, we suggested that stimulating the
MscL-expressing VTA of mice could successfully and specifically induce DA secretion

in neurons projected to the NAc in vivo.
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Figure 36 Sonogenetic stimulation of VTA neurons evokes DA release in NAc in vivo. (A)
Averaged DA2m fluorescence signal without ultrasound stimulation in the NAc of the
anesthetized EYFP- mice and MscL-expressing mice. n = 6 trials, 4 mice in EYFP group. n =
6 trials, 5 mice in the MscL group. (B) Average DA2m fluorescence signal response to
ultrasound stimulation in the NAc of the anesthetized EYFP- mice and MscL-expressing
mice. n = 6 trials, 4 mice in EYFP group. n = 6 trials, 5 mice in the MscL group. (C) Average
peak DA2m activity responds to 0.3 MPa ultrasound stimulation in EYFP- mice and MscL-
expressing mice. n = 6 trials, 4 mice in EYFP- group. n = 6 trials, 5 mice in the MscL-
expressing group. * P < 0.05, ** P < 0.01, Unpaired two-tailed t-tests. Data are shown as
mean + SEM. (D) DA2m fluorescence traces in the NAc of EYFP and MscL mice undergone
repeated ultrasound stimulation (0.3 MPa). The blue and red examples represent the EYFP
group and MscL group, respectively. Light green rectangular shows the timing of

ultrasound stimulation.
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5.2.2 Inducing appetition preference by MscL-mediated ultrasound

stimulation in excitatory neurons of VTA

Data above showed that MscL-mediated ultrasound could modulate the
mesolimbic circuit, resulting in DA release in NAc. We next examined whether these
changes were sufficient to influence animal’s behavior. VTA plays a vital role in
reward and aversion [160, 161]. Dopaminergic neurons [79, 165] and Glutamatergic
neurons [166] in VTA have been reported participating in the reward process. First, to
test whether transcranial MscL-mediated ultrasound stimulation in excitatory neurons
of VTA could particularly control appetitive conditioning, we performed real-time place
preference test. The VTAs of mice were transduced with EYFP or MscLL AAVs under a
CaMKII promoter to induce their expression in excitatory neurons. After a 4-week span
for virus expression in the brain, mice were examined with behavioral test (place
preference test, Fig. 37A, B). Confocal images indicated that CamKII-EYFP and
CamKII-MscL-EYFP successful expressed in VTA region, and some of EYFP / MscL
— EYFP signal expressed in dopaminergic neurons (TH antibody is a marker of

dopaminergic neurons) (Fig. 37C).
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Figure 37 Ultrasound stimulation plan and setup for the place preference test in awake and
freely moving mice. (A) Schematic of our experimental scheme. Briefly, mice were injected
into their right ventral tegmental area with CamKII:EYFP or CamKIl:MscL-EYFP. Three weeks
later, an ultrasound adaptor was installed and one week after recovery that mice were
stimulated with ultrasound. Mice were put in a rectangle arena and were recorded their
trajectories with a camera. The behavior documented in the video was then analyzed and
quantified. (B) An illustration of the real time place preference apparatus. Our RPP apparatus
consists of a chamber divides into two equal side, one side with vertical stripes walls and the
other side with horizontal stripes walls. Mouse movement in the two sides during each
preference test detected by a digital camera. An US indicated light indicates the start and end
of ultrasound. (C) Confocal images indicating expression of CamKII:EYFP (Top) or CamKIl:MscL-
EYFP (Below) in the VTA. DAPI (blue), TH (red), EYFP (green) neurons, and in the VTA. White

arrows showed representative EYFP+/TH+ neurons.

Next, in real time place preference assay, the animal is placed in a rectangular
open field with two distinct halves. One of these sides is paired with ultrasound
stimulation. It can be classified as rewarding or aversive stimulation for mice, by
depending on whether this stimulation is activating or suppressing. If the mice spend
more time in the side where stimulation is activated, this activation is defined as
rewarding. Instead, if the animal spends less time on the side where stimulation is on,
this suppression is considered as aversion. In this studies, EYFP mice and MscL mice
were placed in one side of chambers. After finishing videos recording, we calculated

the time proportion in the stimulation side, average mobility speed, and distance.

As shown in our results, in the absent of ultrasound stimulation, no obvious

difference in the spent time proportion in the stimulation side between EYFP mice and
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MscL mice can be detected. However, MscL + US mice were found to spend
significantly more time in the US stimulation side than pre-US stimulation, or compared
to pre- and post-US EYFP mice (time in US stimulation side, EYFP + US = 35.20%,
MscL + US = 60.36%; Fig. 38A, B). In addition, MscL + US mice also covered
significantly higher distances during their recorded time inside the box, indicating that
they had greater motivation to move around and explore in this condition (distance in
US stimulation side, EYFP + US = 9122 mm, MscL + US = 17300 mm; Fig. 38C).
However, the various groups of mice showed little difference in their average mobile
speed, indicating that the MscL + US group’s increased movement was not due to any
changes in their ability to move compared to other groups (Fig. 38D). Hence, we found
that US stimulation of mice VTAs expressing MscL could successfully and specifically

affect the activity of excitatory neurons and induce appetitive conditioning behavior.
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Figure 38 Deep MscL-mediated ultrasound stimulation can induce appetitive conditioning.
(A) Examples path-trajectories of a mouse with CamKII:EYFP or CamKII:MscL-EYFP expression
during the appetition test. Red rectangle showed the US-stimulation side. (B) Percentage of
time spent on the US stimulation side at 0.05 MPa pressure ultrasound in EYFP (control, gray)
and MscL mice (orange) (n = 4 mice in EYFP- mice; n = 4 mice in MscL-expressing mice,
Repeated two rounds. * P < 0.05, two-tailed unpair t-test. Data are shown as mean + SEM.
(C) Average distance during 0.05 MPa sonication epoch on the US stimulation side was
noticeable higher than the non-stimulation side in MscL group, and showed significantly
different than the EYFP-US. (n = 4 mice in EYFP mice; n = 4 mice in MsclL-expressing mice, * P
< 0.05, two-tailed unpair t-test. Data are shown as mean + SEM. (D)Average mobility velocity
during sonication epoch on the stimulation side was not obvious changes than the non-
stimulation side in EYFP and MscL group. * P < 0.05, ** P < 0.01, one-way ANOVA with post-

hoc Tukey test. Data are shown as mean + SEM.

In addition, we examined the effects of higher intensities of ultrasound stimulation
in transduced mice. Different intensities of ultrasound stimulation were stochastically
distributed each daily trial until the end of examination (Fig. 39A). We observed that in
EYFP mice, the proportion of time spent on the US stimulation side decreased as the
ultrasound pressure increased. The mobility speed in these two groups did not show
obvious difference (Fig. 39C). At the 0.25 MPa ultrasound stimulation, EYFP mice
showed the aversion response that spent notably smaller time in the stimulation side
compare the Non-US stimulation day, which consistent with the results of Niu et al.
[167]. They showed that applying sonication on NAc led to a notable avoidance

behavior. At 0.1-0.25 MPa, certain degree of avoidance response could be observed in
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MscL group. However, in the MscL-mice, the time percentages spent on the
stimulation side (0.1 MPa and 0.25 MPa) were notably higher than EYFP mice (Fig.
39B). We suggested that the outcome of MscL-mediated ultrasound stimulation on VTA

was to rescue of aversive conditioning which caused by ultrasound itself.
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Figure 39 MscL-mediated ultrasound stimulation activates the excitatory neurons in VTA. (A)
The workflow of appetition test with ultrasound stimulus. (B) Percentage of time spent on the
US stimulation side at difference pressures of ultrasound stimulation in EYFP and MscL mice.
n =4 mice in EYFP- mice; n = 4 mice in MscL-expressing mice, Repeated two rounds. * P <
0.05, unpair two-tailed t-test. Data are shown as mean = SEM. (C) Average mobility velocity
during different pressure sonication epoch on the stimulation side was not obviously different
than the non-stimulation side in EYFP and MscL group. n = 4 mice in EYFP mice; n = 4 mice in
Mscl-expressing mice. * P < 0.05, ** P < 0.01, one-way ANOVA with post-hoc Tukey test. Data

are shown as mean = SEM.

5.2.3 Inducing appetition preference by MscL-mediated ultrasound

stimulation in dopaminergic neurons of VTA

To test the circuit-level functionality in nervous system, above MscL-mediated
ultrasound stimulation experiment have used general promoter (hSyn promoter) or
excitatory neuron specific (CamKII-promoter) promoter. In this session, to test whether
MscL could be targeted into the specific neuron type (dopaminergic neurons) of VTA
in wildtype mouse, we used two viral vectors to carry it out: one vector carried Cre
recombinase under the modulation of a tyrosine hydroxylase promoter (TH-promoter)
[168, 169], the other viral vector was responsible for delivering a Cre-recombinase-
dependent EYFP or MscL-EYFP fragment (Fig. 40A). AAV-TH-cre viral vectors were
mixed with AAV- EFla::DIO-EYFP or AAV-EF1a::DIO-MscL-EYFP together and
injected into the VTA. Viruses were allowed to express for 4 -5 weeks. Brain slices

were used to staining with TH antibody (a marker of dopaminergic neurons). The low
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magnification of confocal images showed the EYFP / MscL -EYFP fluorescence was
successfully transfected into VTA region (Fig. 40 B). Moreover, the high magnification

pictures demonstrated highly specific EYFP or MscL expression in dopaminergic

neurons (Fig. 40C).
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Figure 40 Ultrasound stimulation plan and setup for the real time place preference assay in
TH-cre mice. (A) Schematic of our experimental scheme. Briefly, mice were injected into their
right ventral tegmental area were co-injected with AAV-TH-cre mix with AAV- EFl1a::DIO-EYFP
or AAV-EF1a::DIO-mscl-EYFP. Three weeks later, an ultrasound adaptor was installed, and one
week after recovery that mice were stimulated with ultrasound. Mice were put in a rectangle
chamber and were monitored their trajectories. The behavior documented in the video was
then analyzed and quantified. (B) Low magnification of confocal images indicating expression
of TH:EYFP or TH:MscL-EYFP in the VTA. DAPI (blue), EYFP neurons (green), and TH (red) in the
VTA. (C) High magnification of images showing TH:EYFP (Top) or TH:MscL-EYFP (Below) in the

VTA. White arrows indicate example EYFP+/TH+ neurons.

After confirming the virus expression was successful, we also tested whether
MscL mediated ultrasound stimulation could specifically modulate appetitive
conditioning. It has been reported that appropriate ultrasonic stimuli could induce
aversion in wild-type mice [167]. Our study also indicated that EYFP mice showed a
little aversion response while mice were received 0.1 MPa ultrasound stimulation. A

larger aversion response can be observed while the mice were stimulated with 0.3 MPa

sonication in EYFP mice (Fig. 41B). In contrast, MscL-expressing mice spent a higher
proportion of time in the 0.1 MPa stimulation-paired chamber compared to the non-
stimulation chamber. In addition, Mscl mice showed spent obviously more time on the
stimulation side with 0.1 MPa and 0.15 MPa pressure compared to EYFP group
(Fig.41A, B). In summary, we found that US stimulation of mouse of MscL-expressing

dopaminergic neurons in the VTA could successfully and specifically induce appetitive

100



conditioning behavior, while mice without MscL showed obvious aversive responses.

No stim. US stim. No stim. US stim.
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Figure 41 Selective targeted dopaminergic neurons in VTA by MscL-mediated ultrasound
stimulation enable change mice’s appetitive conditioning. (A) Examples path-tracing of a
mouse with TH-cre-EYFP or TH-cre-MscL-EYFP expression during the appetition test (0.1
MPa ultrasound stimulation). A Red bar indicates the stimulation side. A White bar indicates
the non-stimulation side. (B) Percentage of time spent on the stimulation side at NUS, 0.1
MPa, 0.15 MPa pressure of ultrasound in EYFP and MscL mice. n = 5 mice in EYFP mice; n =

5 mice in MsclL-expressing mice. ** P < 0.01, unpair two-tailed t-test. Data are

mean + SEM.
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Thus, the MscL channels’ expression could successfully mediate ultrasound stimuli to

enable neuronal activation and repressing the aversive response.
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CHAPTER 6 Conclusions and future work

In summary, based on the results described above, we elicited neuronal activity in
vivo and, more importantly, demonstrated four significant behavioral outcomes using

the MscL-mediated ultrasound stimulation of four well-defined neuronal circuits.

First, in anesthetized mice, we found that the effect of MscL-mediated ultrasound
stimulation of the motor cortex could evoke strong muscular contractions. Second, in
awake and head-restrained mice, low-intensity sonication activated MscL-expressing
excitatory neurons in the barrel cortex in vivo, inducing high-level changes of the
whisker movement angle by activating the whisker-to-barrel cortex pathway. Third, in
freely-moving mice, we targeted dorsal striatum neurons that expressed MscL and
enhanced motor function using low-intensity ultrasound stimulation. Fourth, using this
method, we successfully evoked endogenous DA release in the NAc by modulating the
mesolimbic pathway in mice. Moreover, we specifically targeted dopaminergic neurons
in the VTA and affected appetitive conditioning through MscL-mediated ultrasound
stimulation. In conclusion, our sonogenetics approach could modulate the neuronal
activity of specific cell types and selectively alter related behaviors in animals in a non-
invasive manner with high spatial precision.

Our sonogenetic method has high spatial precision. The deepest target region we
selected was the VTA, which is located approximately 4.5 mm below the skull. To
control the diameter of the omnidirectional ultrasonic wave delivered into the brain, we
use a plastic tube/ultrasound adaptor. Both the diameter of the surface contact between
the mouse brain and of the plastic tube/ultrasound adaptor were around 5 mm. We
observed that the 5-mm omnidirectional ultrasonic wave generated by the ultrasound

system could selectively activate a 1.5-mm diameter region of MscL-expression but not
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the surrounding areas. A key merit of sonogenetics over traditional ultrasound
stimulation is that sonogenetics selectively emits omnidirectional acoustic waves and
activates only MscL-expressing regions, affirming the high spatial precision of our
technique. Next, we plan to investigate whether a smaller target area can be activated
using the same ultrasound modality.

Several researchers have debated whether the motor response caused by
ultrasound stimulation arises from direct activation of the target regions or from indirect
sensory effects (auditory effects) [126, 127]. To address this concern, all of the
experiments of this project were conducted on an EYFP (control group) and MscL
group. Both groups were subjected to the same procedures and ultrasound stimulation,
with the only difference being the type of viral vectors (EYFP or MscL-EYFP) that was
injected. If the auditory circuit is indeed involved in mediating the response, we might
expect to detect similar Ca®* fluorescence responses or behavioral responses in both the
EYFP and MscL mice. However, as shown by our data, there was a notable difference
between the responses of the EYFP and MscL groups to low-intensity ultrasound,
verifying that the responses in the MscL mice were not mediated by indirect acoustic
effects. We also designed a simple sham treatment for the awake whisker movement
experiment and observed that the mice did not produce whisker movements without
ultrasound gel to guide the sound wave. In addition, although we detected neuronal
activation of the auditory cortex in both the wild-type + ultrasound and deaf +
ultrasound groups, the c-Fos expression level was not obviously different between the
two groups. Collectively, these data showed that MscL-mediated ultrasound stimulation
generates direct neuronal stimulation in vivo with sharp spatiotemporal resolution and
the auditory circuit does not play major role on the process of sonogenetics.

A meaningful understanding of brain function and disease treatment requires the

development of non-invasive neuromodulation technology for the causal modulate of
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specific neuron types without the requirement for fiber implantation. Ultrasound is a
promising neuromodulation modality that can potentially modulate brain activities in a
non-invasive manner. By combining the properties of different MS ion channels,
ultrasound can selectively and non-invasively manipulate neuronal activity in both
surface and deep brain regions. This project showed that MscL-mediated ultrasound
stimulation can affect the primary motor cortex, somatosensory cortex, dorsal striatum,
and VTA and alter related behaviors in mice by modulating specific neural circuits.
Sonogenetics might therefore facilitate our understanding of fundamental and
pathological brain neural circuits, which might contribute to make pathway
abnormalities the basis of diagnostics and the normalization of pathway functions as a
goal of future interventions. Although a variety of studies have proposed the potential
mechanisms by which ultrasound stimulation exerts its influences on the brain, the main
principle of ultrasound stimulation has not yet been elucidated. Further experiments are
required to outline these mechanisms before sonogenetics can be more extensively

adopted by neuroscientists and translated to clinical practice.

6.1 Optimization of ultrasound parameters

In this study, we combined ultrasound stimulation with advanced fiber photometry
and used genetically encoded Ca®" indicators to detect the real-time Ca®" dynamics
induced by MscL-mediated ultrasound stimulation in vivo. Low-intensity ultrasound
stimulation successfully modulated the MscL-expressing neurons in the barrel cortex
and dorsal striatum in anesthetized mice, resulting in a robust and rapid increase in Ca**
spikes; the EYFP mice showed no or little response to ultrasound stimulation. As the
intensity of ultrasound increased, so did the Ca®" peak amplitudes of the neurons, which

was consistent with previous in vitro reports [112]. In addition, the response latencies

of the MscL group were markedly shorter than those of the EYFP group. The latencies
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of both groups were 200—300 ms, which corresponded with the findings reported by
Shapiro et al. [112]. Interestingly, in the whisker-barrel cortex experiment, the EFYP
group showed some response to ultrasound stimulation both in terms of Ca?* dynamics
and whisker movement. We found that the EYFP group also responded to relatively
high-intensity ultrasound stimulation, indicating the presence of some endogenous MS
ion channels (such as Piezol [170], TRPV1[171], TRPP1/2[172]) in the brain, which
is consistent with our previous in vitro data. Hence, low-intensity ultrasound or a short
pulse width/stimulation duration could limit the ultrasound influences to the targeted

cells and regions.

The physical effects of ultrasound depend on several factors, such as central
frequency, pulse width, pulse interval, stimulation duration, and stimulation interval.
Ultrasound parameters above a certain range might generate heat, which has been
demonstrated to decrease the firing rates of neurons and, in turn, change an animal’s
behavior [173]. Ultrasound-induced heat generation can be controlled by the
appropriate choice of US parameters. Previous studies have indicated that low acoustic
intensity, low frequency, and short duration do not produce any heat effects [87, 96,
110] . Based on current results, we carefully consider the ultrasound parameters to
prevent heat generation. In our protocol, the pulse width was set at 400 - 500 ps, the
stimulation duration was set at 300 ms, and the interval was either 3 s or 10 s. It has
been shown that diverse neuronal types respond differently to different PRFs of
ultrasound stimulation [174]. To more thoroughly understand the effects of ultrasound
stimulation, further parameter-dependent studies are required. In addition, there are
several factors that could minimize ultrasound wave delivery. More efficient expression
of MS ion channels is necessary to further characterize the effects of ultrasound
stimulation. It has been shown that channelrhosopsin-2 (ChR2) is expressed well within
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approximately 2 weeks of injection, whereas inhibitory opsins such as halorhodopsin
(eNpHR3.0) need 68 weeks for sufficient expression and photocurrent development
[175]. To further optimize the toolkit, we plan to perform detailed experiments that will

allow us to determine the optimal virus injection volume and expression time.

6.2 Potential applications of MscL-mediated ultrasound stimulation

in neurological disorders

For detecting the dopamine dynamic changes in real time, we used a genetically
encoded fluorescent DA sensor that is faster and more sensitive than conventional DA-
detection methods [164]. Using this sensor, we detected the real-time effects of MscL-
mediated ultrasound stimulation on DA dynamics in vivo. Our sonogenetic technique
induced DA release in the mesolimbic pathway and affected the animal’s behavior
without the need for surgical interventions. DA is an important neurotransmitter that is
corelated to a wide range of complicated processes, such as reward signals [176],
learning [177], and motor control [178]. Impaired dopamine transmission in the human
brain can cause neuro-psychiatric disorders, such as PD [179, 180], schizophrenia [181],

depression [182].

Levodopa (L-DOPA) has been widely utilized to treat patients with PD and
alleviate their motor and cognitive symptoms by increasing the DA level. However, a
principle shortcoming of this drug is the lack of selectivity and the occurrence of side
effects, such as dyskinesia (levodopa-induced dyskinesia [LID]) [183], that can arise
due to overdose or long-term use [184]. Although the drug can help correct DA levels
in seriously depleted brain regions, it might also have unwanted effects on other brain
regions. By regulating the level of DA in target physiological regions, one can not only

treat diseases but also prevent adverse effects. In addition to regulating DA levels,

107



sonogenetics may have a regulatory effect on other neurotransmitters, such as glutamate
and GABA, by manipulating related neuron types, such as glutamatergic and
GABAergic neurons, respectively. Therefore, we propose sonogenetics as a potential

novel alternative method to the therapy of neurological and psychiatric diseases [185].

6.3 Optimizing the MS ion channel and exploring its mechanisms

The development of remote neuromodulation and neurostimulation methods is of
considerable interest for the therapy of many neurological diseases. Ultrasound is a
candidate with immense potential, as it can elicit neural activity non-invasively and at
large depths of penetration. To enhance the sensitivity of neurons to ultrasound and
control the safety limits, a variety of studies have investigated the combination of
ultrasound stimulation with nanobubbles [186] or microbubbles [187-189]. Genetically
encoded MS ion channels such as Piezol [139], TRPC1 [112], Prestin [134], MscL[136,
140] have also been studied in this context. In this project, we used MscL as our
ultrasound mediator. It is a non-selective ion channel that opens to a width of 3 nm upon
activation [190, 191]. During our experiments, we did not detect any serious adverse
effects of MscL expression, as tested by immune responses, cell death, physiological
neuronal properties, and spontaneous activity. However, more detail studies are
required to test the possible potential of such a clinical treatment. This is particularly
important because the MscL gene was isolated from Escherichia coli and has a large
pore-size (> 30 A) [192], making it an exogenous substance in other species. We
previously observed a little increase in the c-Fos expression level in target areas such
as the DMS, which expressed MscL, indicating some background influences of this
channel [136]. It is crucial to confirm whether the expression of MscL in cells causes
significant adverse short-term and long-term effects. Thus far, most studies on MS ion

channels have investigated the activation of neurons. Efforts should be made to develop
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inhibitory MS ion channels (K", CI) that can enhance responses to ultrasound and
suppress neuronal activity, similar to the halorhodopsin (NpHR) channel used in
optogenetics. To truly understand brain function using sonogenetics, it is vital to
achieve functional activation and inhibition in central and peripheral nervous systems.

In addition, mechanisms by which ultrasound stimulation elicits neuronal activity
remain unclear. It is important to identify the kinetics and dynamics of this process. We
used fiber photometry to demonstrate the effects of MscL-mediated sonication on Ca**
dynamics, but the dynamics of other ions such as sodium and chloride still need to
examine. The best way to determine this would be to use electrophysiological
recordings. However, a major challenge of using electrophysiological methods in
combination with ultrasound is that the vibration generated by ultrasound could vibrate
the recording electrode and cause the cell to rupture. A new electrophysiological
method compatible with the ultrasound system would help elucidate the functions of
MscL and better understand the biophysical and cellular mechanisms of ultrasound
neuromodulation. Additionally, as the MscL protein is extracted from Escherichia coli
[192], further studies should focus on characterizing the interactions of the MscL
protein with neuronal tissue, which could inform long-term applications of the
technique. In parallel, this MS ion channel should be functionally refined to control the
pore size, thereby restricting ion influx and establishing a selective ion channel.
Developing new channel candidates derived from mammalian proteins might also help

alleviate any long-term unpredictable side effects.

6.4 Combining existing technologies to eliminate the need for

surgical disruption

Overall, we selectively modulated neuronal activity and altered behaviors in a non-

invasive manner using MscL-mediated low-intensity ultrasound stimulation. In this
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technique, there is no requirement for the insertion of fibers or electrodes into the brain
tissue, as the ultrasound wave can pass through the brain efficiently. However, we did
have to transduce the AAV through stereoscopic positioning injection, which was a
minimal surgical intervention. In future studies, we can engineer the MS ion channel
into the AAV-PHP.eB viral vector, which can reportedly cross the BBB[193, 194]. This
would allow AAV-PHP.eB-MscL to be transfected into mice via retro-orbital injection.
By utilizing the Cre-Lox system, we can then specifically and selectively overexpress
the MS ion channel in the target neurons of desired regions. Moreover, AAV-PHP.eB
not only can transfect the central nervous system, it also can selectively target specific
organs or the peripheral nervous system of Cre transgenic mice. These regions cannot
be easily transfected by conventional AAV vectors or traditional virus injection methods.
AAV-PHP.eB therefore provides an opportunity for peripheral sonogenetic modulation
and treatment. By harnessing the advantages of such advanced techniques, in future we
will explore the development of a non-invasive and selective neuromodulatory

approach with high spatiotemporal precision that is suitable for use in humans.
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