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mechanical stimulation into electrical or chemical signals. These channels have become
potential targets for ultrasonic neuromodulation due to their properties. The good spatial
resolution and focusing effect of ultrasound make it theoretically possible to achieve
non-invasive whole-brain localization. Therefore, ultrasonic neuromodulation is a promising
method for performing physical neuromodulation and treating neurological disorders. To date,
only a few ion channels have been reported to be activated by ultrasound, while recent research
has identified more channels with mechanosensitive properties. Moreover, the opening process
and mechanism of MSCs under ultrasound excitation remain unknown. This review provides an
overview on recent research advances and applications in MSCs, including large conductance
mechanosensitive channels, transient receptor potential channels, degenerated protein/epithelial
sodium channels, two-pore potassium channels, and piezo channels. These findings will

facilitate future studies and applications of ultrasonic neuromodulation.
Keywords: ion channels; neuromodulation; mechanosensitive; ultrasound; neurophysiology
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The schematic diagram of ultrasound neuromodulation based on mechanosensitive channel.
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Figure 2 The structure of representative channels in five types of mechanosensitive channel families!**2*!.

A: The structure of MscL®*!. B: The structure of TRPA1 in TRP family'**. C: The structure of ASICla in
DEGs/ENaCs family®®’. D: The structure of TREK-1 in K2P family®”). E: The structure of Piezol in Piezo
family®®!,
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Figure 3 The mechanism of ultrasonic regulation of neuronal activity by activating MscL.
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Table 1 Ultrasonic parameters and experimental methods of mechanosensitive channels activated by
ultrasound
Channel Ultrasound activation conditions Measurements References
Exposure Frequency Pressure/ Duty cycle and pulse
time (s) (MHz) Intensity repetition frequency
MscL-G22S 10 10 0.095 MPa 25%, 5 Hz In vitro calcium imaging [38]
MscL-1921L 1 29.92 0.45 MPa / Patch clamp [39]
MscL-G228 0.5 0.5 0.45 MPa 40%, 1 kHz In vitro calcium imaging [40]
TRP-4 0.01 2.25 0.9 MPa Continuous waves Fraction of worms with reversal [41]
behaviors in response to ultrasound,
in vivo calcium imaging
TRPC1 3 1.12 / /] In vitro calcium imaging, invitro  [42]
sodium imaging
TRPCI 0.5 0.3 0-15 W/em® Continuous waves In vitro calcium imaging [43]
TRPA1 0.1 7 2.5 MPa Continuous waves In vitro calcium imaging [44]
TRPA1 0.1 0.43 67.3 kPa 50%, 2 kHz In vitro calcium imaging [45]
TRPP1 0.5 0.3 0-15 W/em® Continuous waves In vitro calcium imaging [43]
TRPP2 0.5 0.3 0-15 W/cm® Continuous waves In vitro calcium imaging [43]
TRPM4 0.5 0.3 0-15 W/em® Continuous waves In vitro calcium imaging [43]
TRPM7 / 3 15 W/ecm? 50%, / In vitro calcium imaging [46]
TRPV1 30 1.7 1 MPa 40%, 10 Hz In vitro calcium imaging [47]
MEC-4 0.2 10 1 MPa 50%, 1 kHz Response frequency of reversal [48]
moving, in vivo calcium imaging
MEC-4 0.006 4 27.4 3 MPa / Response frequency of reversal [49]
moving, in vivo calcium imaging
MEC-6 0.006 4 27.4 3 MPa / Response frequency of reversal [49]
moving, in vivo calcium imaging
ASICla 5 1 12 kPa 20%, 1 kHz In vitro calcium imaging [11]
ASIC3 / 1 11.7 kPa 1.5%, 1 kHz In vitro calcium imaging [50]
TREK-1 1 10 0.5-2.0 W/enr® Continuous waves Patch clamp [51]
TREK-2 1 10 0.5-2.0 W/em? Continuous waves Patch clamp [51]
TRAAK 1 10 0.5-2.0 W/enr® Continuous waves Patch clamp [51]
TRAAK 0.01 4.78 0.3-1.2 W/em? Continuous waves Patch clamp [52]
Piezol 60.0 30 1.6 MPa 20%, 2 Hz In vitro calcium imaging [53]
Piezol 0.2 43 250 W/ecm? Continuous waves Patch clamp [54]
Piezol 0.2 0.5 0.3 MPa 40%, 1 kHz In vitro calcium imaging, invivo ~ [55]
calcium imaging
Piezol 180.0 2.25 / 20%, 1 Hz In vitro calcium imaging [56]
Piezol 0.3 2 0.17 MPa 50%, 1 kHz In vitro calcium imaging [57]
Piezol 5.0 2 0.6 MPa 10%, 5 Hz In vitro calcium imaging [14]
Piezol 10.0 1 / / In vitro calcium imaging [58]
Piezo2 0.1 0.08 8.91 W/cm? Continuous waves In vitro calcium imaging [59]

/: This parameter is not mentioned in the article.
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Figure 4 Phylogenetic tree of TRP channel family. The ion channels that have been clearly reported to be
activated by ultrasound are shown in red. The mouse species are represented by mm, the Drosophila species
are represented by dm, and the C. elegans species are represented by ce.
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