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ABSTRACT

Low intensity ultrasound is an emerging technology that can noninvasively modulate
neurons in deep brain regions (over 10 cm through intact skull) with fine spatial (cubic
millimeter) and temporal (millisecond) resolution. It thus holes great promise as a tool probing
brain function and treating brain diseases. Ultrasonic activation of human cortical, sub-cortical
and the related network has been widely reported, along with various clinical trials in various
stages. Importantly, these studies did not find observable side effects, even with chronic
stimulation. Multiple studies have also shown that ultrasonic stimulation of specific neurons or
brain regions can elicit distinct behaviors in animals. These pieces of evidence demonstrate
ultrasound a credible and safe method with great clinically translational potential. However, the
biological mechanism underlying the neuromodulatory effects of ultrasound remains to be
elucidated. This lack of clarity poses a hurdle for future ultrasound-based therapies if they are
to be applied predictably and consistently, with maximal achievable efficacy and minimal side-

effects.

At present, three mechanisms are most widely considered: thermo-effect, cavitation, and
acoustic radiation force (ARF). Literatures have proven negligible heating effect brought by low
intensity ultrasound and a frequency dependency of the neuromodulatory effect under
conditions unfavoring cavitation, leaving ARF as the most conceivable physical mechanism.
Mechanosensitive ion channel thus becomes a plausible candidate as the mediator since it is a
pivotal component for cellular sensation of mechanical disturbance including ARF and it
enables fast ultrasonic neuromodulatory effects as observed. The significantly increased
sensitivity in cells overexpressing one of various such channels further imply that ultrasonic
effect in the mammalian brain could be modulated by endogenous mechanosensitive ion
channels. In this context, Piezol, the most sensitive mechanotransduction ion channel that
responds to force as low as 10 pN and ultrasound sonication as low as 0.1 MPa, stands out. With
its broad expression of Piezol RNA in mouse brain as shown in the Allen Mouse Brain Atlas
database and its protein level expression reported in studies, these lead to a hypothesis that
Piezol is one of the mediators, if not the only, responsible for ultrasonic neuromodulatory effect

in vivo.



With our previous study demonstrating Piezol mediates the ultrasonic neuromodulation
in vitro, this research continues investigating the role of Piezol in living animals. In this study,
Piezol is demonstrated functionally expressed and mediating the ultrasonic neuromodulation ex
vivo and in vivo. It is found that the neuronal activity induced by ultrasound in P1KO (Piezol
conditional knockout) neurons is significantly reduced comparing with the control ones in ex
vivo brain slice experiment. Similarly, P1KO neurons displayed lower sensitivity to ultrasound
stimuli in vivo revealed by the reduced limb movement, muscle electromyography amplitude,
local neuronal calcium signaling response and c-Fos expression. Higher sensitivity to ultrasound
stimuli is also found in CEA (central amygdala), one of the brain areas found highly expressing
Piezol. From the loss-of-function and gain-of-function-like investigation, followed by the
exclusion of auditory confound, the prominent role Piezol plays in ultrasonic neuromodulation

can be confirmed.

Interestingly, in this study, Piezol is found specially located in certain brain areas
including the bed nucleus of the stria terminalis (BNST), central amygdala (CEA), Edinger-
Westphal nucleus (EW), Red nucleus (RN) and paraventricular nucleus of hypothalamus (PVH)
which are all stress regulating area. With the well response of CEA neurons to ultrasound stimuli,

ultrasound is a promising tool for studying and treating psychiatric disease.

To conclude, Piezol is demonstrated a mechanism of ultrasonic neuromodulation in vivo
and thus displayed an outstanding application probability in both neuroscience research and

brain disease treatment.

Keywords: Ultrasonic brain stimulation, mechanosensitive ion channels, Piezol, psychiatric

diseases
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Chapter 1. Introduction

1.1 Ultrasound as an emerging technology for neuromodulation

Breakthrough in neuroscience can always be traced to the emerging of new technologies.
Distinct from histology and molecular technology, direct modulation of neurons or neuron
circuits in a healthy, free moving animal provides much more information on different neuron
sets’ role in the complex brain. Thereby, technologies modulating neuronal activity are widely
recognized as centrally important tools for investigating brain functions and treating

neurological diseases.

Generally, neuromodulation approaches rely on chemical, electrical, photonic, magnetic,
or ultrasonic stimuli to influence neuronal activity, brain function, and behavior. For example,
DREADDs (Designer Receptors Exclusively Activated by Designer Drugs), a group of widely
adopted chemical stimulation tools activate or inhibit targeted neurons with injection of
pharmacologically inert chemical clozapine-N-oxide (CNO). Based on the response of
naturally-expressed GPCRs (G-protein coupled receptors) to inner ligand, followed by

activation or inactivation of neurons, modified GPCRs including Gi, Gg, Gs and {3-arrestin are

designed to respond to CNO that leads to the same GPCR signaling pathways and further neuron
activation or inhibition (Urban, D. J., & Roth, B. L., 2015; Muir J., et al, 2019). This method
showed good neuron selectivity and helped answer many neuroscience questions such as
learning and memory (Robinson S., et al., 2014; Yau, J. O. Y., & McNally, G. P., 2015) and
mood disorders (Teissier A., et al., 2015; Urban D. J., et al., 2016). However, it suffers from
poor temporal resolution, ranging from minutes to hours, in controlling neuronal activity and
mice behavior (Roth, B. L., 2016; Luan, S., et al., 2014).

Electrical stimulation has made great contribution to both neuroscience research and
clinical application since its appearance. One typical example in clinic is DBS (Deep brain
stimulation), a marvelous treatment for Parkinson, essential tremor, spinal cord injury, and
depression (Miocinovic S., et al., 2013). Yet it requires temporary or chronic implantation of
electrodes, both being invasive. Meanwhile, this approach targets a certain brain area without
selectivity on neuron sub-types which their roles are considered differentiated in brain diseases.

Therefore, although implantation of electrodes remains a preferred choice within major clinical



environment these days, new tool is expected to overcome the drawbacks of invasiveness and

non-selectivity in neuron stimulation.

To non-invasively stimulate neurons in clinics, approaches such as transcranial current
stimulation (tCS) and transcranial magnetic stimulation (TMS) has been developed. They have
shown their utility and clinical efficacy in treating neurological and psychological disorders.
Along with lack of neuron selectivity, they also failed to provide good spatial resolution with
tCS being undetectable and TMS at cm scale. They are also unable to penetrate deep brain region
without unwanted affecting surrounding tissues (Polan®, R., et al., 2018). Furthermore,
application of TMS is incompatible with functional magnetic resonance imaging (fMRI) which
is a primary brain area mapping and directing tool (Ulmer, S., & Jansen, O. 2010; Peterchev, A.
V., etal., 2012).

Optical neuron stimulation overcame major problems of other neuron stimulation
approaches including neuron selectivity (electric stimulation), spatial resolution (magnetic
stimulation; DREADDs) and temporal resolution (DREADDS), and thus became one of the most
widely used strategy in interrogating neurons and dissecting neuronal circuit function. In brief,
the light-gated ion channels Channelrhodopsins (ChRs) allow sodium or chloride ions to
permeate through the membrane under stimulation of specific wavelengths of light and thus
induces depolarization or hyperpolarization in neurons. Such response can be triggered within
milliseconds and be specified to neuron sub-types through genetic editing method (Deisseroth,
K., 2011; Boyden, E. S., et al., 2015; Hausser, M., et al., 2014). However, optical neuron
stimulation still shares the same drawback of invasiveness, owing to the limited penetration of
light thus the need of fiber implantation. However, even with the fiber implant, other
fundamental problems for local brain stimulation exists. Such as phototoxicity that accompanies
with repeated stimulation (Gorostiza, P., & Isacoff, E., 2007) or need of multiple implants when
studying neural circuit dynamics on a brain-wide scale in animals. Intrinsic requirement of
genetic modification adds to the list of reasons hindering optogenetic neuron stimulation from

translating to clinical application.

In summary, the ideal brain stimulation technology in our expectation should avoid
implantation of devices, achieving non-invasive modulation of neuronal circuits’ activity with

high spatial and temporal resolution.



» Deep brain penetration

(None-invasiveness)

% Neuron modulation » Fine spatial & temporal resolution
(Excitatory & inhibitory) (mm? & ms)

» On-line & off-line effect » Compatible with fMRI

(Immediate & long-lasting) (Clinical useful)

Figure 1.1 Advantages of ultrasound application in neuromodulation.

Transcranial focus ultrasound could possibly meet all these expectations (Figl.1). It has
been repetitively demonstrated targeting both cortical and deep brain regions (deeper than 10cm
through intact skull) (Rezayat, E., & Toostani, I. G., 2016) with exceptional spatial resolution
(at cubic millimeters scale) (Rezayat, E., & Toostani, I. G., 2016; Mechic¢., E., et al., 2014;
Robertson, J. L., et al., 2017) and find temporal resolution (at milliseconds scale) (Yoo, S. S., et
al., 2011; Legon, W., et al., 2018a) noninvasively. In addition, the size of ultrasound focal spot
can be adjusted through careful piezoelectric element design and various focusing techniques.
The ultrasound thus can be designed to target to a small area, a larger one or even a dynamically

multiple area in a brain that meets different neuroscience research aims.

With its unprecedently physical property and the bio-effect on neurons, ultrasound has

aroused much interest for the investigation and application of in neuroscience research.

The foundation of ultrasonic neuromodulation can date back to early 20" century when
Harvey (1929) found sound waves can stimulate neuronal tissue. Despite more evidence
demonstrated ultrasound’s effects on the nervous system later on (Fry, F. J., et al., 1958;
TAKAGI, S. F., etal., 1960; Lele, P. P., 1963; Gavrilov, L. R., et al., 1996), ultrasound was not
recognized as a tool for non-invasive neuromodulation until early 21 century, when it was
shown that ultrasound opened voltage gated Na* and Ca?* channels in hippocampal slice
cultures (Tyler, W. J., et al., 2008) along with later finding that ultrasound induced motor



responses when targeted to motor cortex in mice (Tufail, Y., et al., 2010), marking the outset of

renaissance period for ultrasound brain simulations.

Followed with Tyler’s study, massive research has further demonstrated ultrasound’s
ability altering neuron circuits and its corresponding behaviors in animals and humans (Kim, H.,
etal., 2012; Kim, H., et al.,2014; Younan, H., et al., 2013; King, R. L., et al., 2013; King, R. L.,
et al.,2014; Tufail, Y., et al., 2010; Aurup, C., et al., 2021). Its bidirectional effect on neurons,
although remains mysterious, provide its potential usage in neuroscience studies. Its on-line and
off-line effect are also its charming characteristic that indicates its potential application treating
neurological and psychiatric disorders. In fact, Basic clinical trials have found improvement in
certain behavioral outcomes, such as mood (Sanguinetti, J. L., et al., 2020; Reznik, S. J., et al.,
2020) and increase in responsiveness of patients with chronic disorder of consciousness (Cain,
J. A, etal., 2021).

However, with the mechanism unclear, the ultrasonic neuromodulatory outcome is
sometimes hard to be predicted and even showed contradiction in some studies, which lies
hidden dangers for appropriate applications in humans. Therefore, understanding the
mechanism of how ultrasound modulates neurons in a brain is the key to take advantages of
ultrasonic neuromodulation thoroughly without unpredicted side effects.



1.2 In vitro study

At cell level, electrophysiological events were found modulated by ultrasound. Action
potential in Cornu Ammonis 1 (CA1) pyramidal neuron was found directly induced by
ultrasound under five ultrasound pulses as short as 22.7us (Tyler, W. J., et al.., 2008). Firing
rates of action potentials (APs) in primary hippocampal neuron was also found increased upon
ultrasound stimulation (Khraiche, M. L., et al., 2008). Interestingly, along with inducing neuron
excitability, bidirectionally ultrasonic neuromodulation is also observed in local field potential
measurement. (Bachtold, M. R, et al., 1998, Rinaldi, P. C., et al., 1991).

Subcellular responses including several ionic currents were also be reported. VVoltage-gated
sodium and calcium channels are the ion channels first be reported triggered by ultrasound
(Tyler, W. J., etal.., 2008). Although there are disagreeing reports that sodium blocker TTX did
not affect the ultrasound induced depolarization in crayfish axons, suggesting sodium channels
might not play a key role (Lin, J. W., et al., 2019), the ultrasound induced sodium transient and
the substantial excitation may be explained by calcium-dependent sodium channels activation
since ultrasound was shown to induce calcium accumulation through mechanosensitive ion
channels including Piezol, TRPP1/2 and TRPCL1 (Qiu, Z., etal., 2019; Yoo, S., etal., 2022; Oh,
S.J, etal., 2020).

It might be easy to be predicted that neurotransmitter release was also found to be induced
by ultrasound stimuli since it is the basic that neurons communicate after the onset of action
potential. In the early article reporting voltage-gated sodium and calcium channels being
triggered by ultrasound, the SNARE-mediated exocytosis and synaptic transmission in
hippocampal circuits were reported (Tyler, W. J.,, et al.., 2008). Secretion of other
neurotransmitters such as dopamine and serotine were also found induced by ultrasound stimuli
in vivo (Min, B. K., et al., 2011). These thus indicate ultrasound a tool wiring neuron circuits,

tabulating brain network and even treating neurological diseases.

Other molecular such as brain-derived neurotrophic factor (BDNF), the most prevalent
neurotrophic in the central nervous system (CNS) (Nagahara, A. H., & Tuszynski, M. H., 2011;
Lu, B., etal., 2013), was also reported enhanced by ultrasound in vitro (Yang, F. Y., etal., 2015)
and in vivo (Lin, W. T., et al., 2015) which has indicated the ultrasound a neuronal protective

effect.



Using in vitro methods studying ultrasonic effect on neurons shows its pros and cons. On
one hand, it excludes the auditory confound (Guo, H., et al., 2018) in animal studies which has
been taken into serious consideration recently. In vitro study also provides approaches more
directly observing neurons response to ultrasound with imaging tools and different gene
manipulation for different mechanism studies. On the other hand, isolates samples in an external
environment are much different from that in vivo which may make the overall outcome of
ultrasound stimulations defected. More importantly, with the nature of ultrasound, the acoustic
field applied may be affected by acoustically reflective surfaces including coverslips, patch

pipettes and air interfaces thus may not accurately reflect the ultrasonic neuromodulation in vivo.

Nevertheless, the effect of ultrasound has been widely studied in cultured cells, primary
neurons, brain slices and even one isolated brain (Tyler, W. J., et al., 2008). Although the
mechanism remains elusive, the accumulated knowledge provides guidance for further animal

studies in vivo.



1.3 Transcranial animal study

Along with in vitro studies, massive number of studies on animals in vivo have been
conducted. For example, stimulation targeted to motor cortex in mice (King, R. L., et al., 2013;
King, R. L., et al., 2014; Tufail, Y., et al., 2010; Aurup, C., et al., 2021), rats (Kim, H., et al.,
2012; Kim, H., et al., 2014; Younan, H., et al., 2013) and rabbits (Yoo, S. S., et al., 2011a) has
been found inducing reproducible paw, limb, tail, or whisker movements under low levels of
anesthesia. It was also reported stimulation targeting ovine sensorimotor cortex elicited
electromyography signal in contralateral hindlimb (Lee, W., et al., 2016). In Kim’s (King, R. L.,
et al., 2014) and Konofagou’s lab (Kamimura, H. A., et al., 2016; Aurup, C., et al., 2021)
researchers were even able to map the responding brain area in mice although not perfectly
consistent with the anatomical sensorimotor cortex to our knowledge. The relatively large size
of the ultrasound focal spot comparing with the rodent brain, far field of ultrasound effects, and
distortions by the skull may explain this off-target phenomenon (Tufail, Y., etal., 2010; Younan,
H., etal., 2013; Aurup, C., et al., 2021).

Considering this confound of ultrasound delivery, use of larger animals might be
advantageous in validating region-specific ultrasound brain stimulation, since larger cranial
volume may decrease acoustic reverberations and standing waves formation which are believed
to deter precise targeting through small rodent skulls (Younan, H., et al., 2013; Tang, S. C., &
Clement, G. T., 2009). For example, targeted to the sensorimotor cortex in a sheep is reported
to elicited electromyography signal in contralateral hindlimb but bot both side limbs which is

more common in mouse study (Lee, W., et al., 2016).

Besides the direction induction of neuronal activity, ultrasonic neuromodulation on the
ongoing neuronal activity in animals were also reported. For instance, stimulation targeted to
somatosensory thalamic nuclei in swine were found modulates trigeminal and tibia
somatosensory evoked potentials (SSEPs) (Dallapiazza, R. F., et al., 2017). Similarly, in awake
and behaving primates, application of unilateral single ultrasound burst over the frontal eye field
(FEF) in contralateral hemisphere was reported to increase the latency of voluntary saccades

away from a visual cue (Deffieux, T., et al., 2013)

Apart from involuntary responses, high-level cognition is also found affected by

ultrasonic neuromodulation. For example, ultrasound stimulation on monkey’s frontal eye fields

7



(FEF) was found biased its decision making in a two-alternative choice task (Kubanek, J., et al.,
2020). Studies also showed the ability of monkeys representing and translating cue information
into behavioral choices in a reward-guided decision-making tasks is affected by ultrasound
stimulation on the rostral medial prefrontal cortex (Fouragnan, E. F., et al., 2019; Bongioanni,
A, et al., 2021). Apart from these, stimulation of basal forebrain, though did not change the
decision taken, did alter the timing of the decision in macaques (Khalighinejad, N., et al., 2020).

In addition to the immediate (on-line) effect, long-lasting (off-line) effect of ultrasound
stimulation has also been observed, which could last for minutes to even days. For example, in
several non-human primate studies, ultrasonic effect lasting for 30mins to 1hr has been reported
in the local area, its interconnected regions (Folloni, D., et al., 2019, Verhagen, L., et al., 2019,
Cain, J. A, etal., 2021b) and even in oculomotor and decision-making performance (Fouragnan,
E. F., etal., 2019). Similar effect on human is also reported recently (Zeng, K., et al., 2021).
Indeed, several clinical trials in various stages have been proceeding. For example, improvement
of mood has been reported by stimulating frontotemporal area and right inferior frontal gyrus
(Reznik, S. J., etal., 2020; Sanguinetti, J. L., et al., 2020). The acquirement and maintenance of
ability to recognize different objects was also found improved in post-chronic disorder of

consciousness patients after ultrasound stimulation on thalamus (Cain, J. A., et al., 2021).

With the growing ultrasonic neuron circuits modulation studies in animals, preclinical
studies of ultrasound treatment for specified human disorders are also on the rise. Acute and
recurrent epilepsy was found, almost ubiquitously, improved in mice and monkeys in various
epilepsy models after ultrasound treatment (Min, B. K., et al., 2011a; Hakimova, H., et al., 2015;
Zou, J., et al., 2020). Parkinsonian related activity represented by the mean beta power (13-30
Hz) was also reported reduced in MPTP generated Parkinson’s mouse model after ultrasound
stimulation on subthalamic nucleus (Wang, Z., et al., 2020). Ultrasound also showed a
neuroprotective effect, along with increased BDNF expression level in rat models of vascular
dementia (Huang, S. L., etal., 2017) and aluminum-induced Alzheimer's disease (Lin, W. T., et
al., 2015). Depression- and anxiety-related behavior is also found be improved through the
enhanced BDNF and signaling pathways with chronic ultrasound stimulation on ventromedial
prefrontal cortex (vmPFC) (Legrand, M., et al., 2019, Zhang, J., et al., 2021). Stroke was also
reported benefited from ultrasound stimulation, indicated by the normalized cortical oscillations
and functional asymmetries towards ultrasound stimuli (Baek, H., et al., 2019). In line with these

8



findings, enhanced cognitive functions was also reported in mouse models of dementia after
ultrasound stimulations (Eguchi, K., et al., 2018). Supported by the arousment of isoflurane
anesthetized mice by target to ventral tegmental area (VTA), ultrasound showed its potential
application for treating disorders of consciousness (Bian, T., et al., 2021). Anesthetized mice
with traumatic brain injury required a shorter recovery time with ultrasound stimulation (Bian,
T., et al., 2021). Similarly, ultrasound stimulation targeting thalamus was also reported

accelerating the emergence from anesthesia in rats (Yoo, S. S., etal., 2011b).

With the rising exciting finding of ultrasonic neuromodulatory effect in animal studies,
critics that ultrasonic neuromodulation is in fact, activated through auditory pathway also arouse
recently (Guo, H., et al., 2018, Sato T., et al., 2018; Braun, V., et al., 2020; Qi, X., et al., 2021).
Several articles reminded researchers be extra careful about the auditory confound when
interpreting ultrasound induced behavior outcomes. Yet, even with the presence of auditory
effect, it did not demolish the impact of direct ultrasonic neuromodulation regarding the
behavior changes, such as the asymmetric limb movements induced by unilateral hemisphere
stimulation of ultrasound (Lee, W., et al., 2016; Aurup, C., et al., 2021). Nevertheless,
ultrasound trigged motor response has also been found in deaf mice (Mohammadjavadi, M.,

2019), showing ultrasonic neuromodulation could be achieved through non-auditory pathway.

In summary, transcranial ultrasonic neuromodulation is confirmed at a wild rage of animal
models, although with mechanism elusive and some outcome contradictory, these studies did
enhance our understanding on the brain function connectivity and the base for neurological

disorders treatment. Thus lay the foundation of its application in humans.



1.4 Human research

With the pioneering studies on animal models, it has been suggested that ultrasonic
neuromodulation is a safe method to be applied on human. In fact, tremendous works have been

done on humans

Similar to animal studies, immediate neural responses induced by ultrasound has been
found in humans. For example, EEG potentials can be recorded when ultrasound stimulated
hand region of primary somatosensory cortex (S1) (Lee, W., et al., 2015). Following study
further found that stimulation of secondary somatosensory cortex (S2) or conjunction with S1
induced tactile sensations in the contralateral hand (Lee, W., et al., 2016a), demonstrating the
feasibility of ultrasound stimulating multiple brain areas in a fine spatial resolution which favors
its further usage on probing the role of different brain areas in mediating sensory, motor, or

cognitive functions.

Recently, it was also reported human motor cortical activity can be facilitated through
ultrasonic excitatory effect. Movement-related cortical potentials were found increased at both
EEG sensor and source levels when concurrent transcranial focused ultrasound (tFUS) was
transmitted to the primary leg motor area (Yu, K., et al., 2020). The group also found enhanced
spatiotemporal EEG responses and improved discrimination ability in a sensory discrimination
task conjunction with ultrasound stimulation in S1 (Liu, C., et al., 2021). Along with the local
effect induced by ultrasound stimuli, activation of its network is also reported in human visual
cortex area (Lee, W., et al., 2016b).

In contrast to neuron activation, several studies reported neural activity suppression by
ultrasound stimulation. It is reported that delivering focused ultrasound to human S1 resulted in
suppression on somatosensory evoked potentials (SEP) and cortical oscillations induced by
electric median nerve stimulation (MNS), leading to an improvement of sensory discrimination
in two-pin tactile finger task (Legon, W., etal., 2014). Similarly, when targeted to primary motor
cortex (M1), ultrasound inhibited the amplitude of single-pulse motor evoked potentials (MEPs)
resulting in enhanced motor response performance (Legon, W., et al., 2018a). Yet, the same
group also reported stimulation targeting to the ventroposterolateral (VPL) nucleus of thalamus
that attenuated the P14 SEP component, however decreased participants performance in sensory

discrimination (Legon, W., et al., 2018b). These distinct outcomes demonstrate ultrasound
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region-specific effect which might be understandable considering the complex brain

connectivity.

This bidirectional of ultrasonic effect has been widely reported without an identified
explanation. The above-mentioned region-specific ultrasound effects seems cannot support the
wider observed bidirectional phenomenon based on the distinct outcomes when ultrasound
targeted to the same area. For example, when target to S1, tactile sensations and EEG potential
is found in Lee’s papers which indicates an excitatory effect (Lee, W., et al., 2015, Lee, W.,
2016a), while the suppression on SEP and cortical oscillations induced by MNS is reported in
Legon’s finding (Legon, W., et al., 2014). The similar contradictory outcome can also be found
targeting to the visual cortex. The activation of visual cortex has been found in human (Lee, W.,
et al., 2016b), sheep (Lee, W., et al., 2016c) while suppression in VEP (visual evoked potential)
in cat (Fry, F. J., etal., 1958) and rabbit (Yoo, S. S., et al., 2011a) was also reported.

Although confusing, this bidirectional phenomenon itself provides information though.
Ultrasound seems to be reported activation effect when applied along and be reported
suppressed effect when accompanied with other stimuli including sensory stimulation in
peripheral, light stimuli in the eye and the TMS in the brain. This phenomenon can also be
observed in vitro studies with positive ultrasound effect on action potential amplitude and the
firing rate (Menz, M. D., et al., 2013; Tyler, W. J., et al.., 2008; Khraiche M. L., et al., 2008),
while depression of electrical induced action potential (Rinaldi, P. C., et al., 1991) and reduced
firing rate of epileptic discharges in juvenile mouse hippocampal slices upon ultrasound
stimulation (Zhang, Z., et al., 2019).This seems indicates that the ultrasound leads to stimulating

when neurons at a resting sate but goes inhibiting when neuron at an exciting state.

Recently, using BOLD fMRI signal as a readout, Chen’s group provides more information
for the bidirectional ultrasound effect that may help unveil the mechanism behind (Yang, P. F.,
et al., 2021). In this study, under tactile and focused ultrasound stimulation, neural activities in
area 3a/b along with the tactile related downstream brain area areas 1/2, S2, MCC, VPL, and
insula were found suppressed, while neural activation was found in inter-connected non-tactile
zones. The authors thus proposed dependency of neuron response on brain states: inhibition
(likely via small inhibitory interneurons) on tactile induced, currently activated neurons but

excitation on other neurons (likely via excitatory pyramidal neurons) that in turn leads to the
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activation of interconnected downstream neurons in other off-target brain regions. However,
this hypothesis cannot well explain the finding that the ultrasound induced excitatory off-target
area is spatially segmented from the tactile + FUS situation. It is also worth noticing that this
hypothesis could be partially supported by study of Yu (Yu, K., et al., 2020), since Chen’s PRF
setting lays in the range of this study which ultrasound was claimed to stimulate excitatory
neurons selectively. However, contradictory conclusion was made upon the inhibitory effect,
that Yu stated inhibitory neurons were selectively stimulated under low PRF instead of brain
state. In fact, hypothesis that ultrasound parameters are key factors responsible for the different
ultrasonic neuron effect was also proposed in various studies. (More details about studies on
quantifying the relationship between ultrasonic bio-effect and ultrasound parameters are

presented in Chapter 1.5)

In generally, the overall trend of ultrasonic neuromodulatory effect is mostly reported
excitatory in both animal and human. It may because that the animal model adopted most is the
resting state of rodents. Nerveless, we cannot exclude that the ultrasound parameter may affect
this bidirectional ultrasound effect. And the ultrasound induced in suppression at an excitatory
circuit did not necessary to the stimulation of inhibitory neurons. Conclusions cannot be made
since both these hypotheses cannot explain the finding so far. Even though these hypotheses are
partially right in some circumstances, the reason why this neuron possess this different

responding to ultrasound remains a big question to be answer.

Still, it can be concluded that ultrasound, being an emerging noninvasive
neuromodulation method, has been demonstrated capable to modulate the central nerve system
safely and reversibly through the intact skull in various scales. However, with the mechanism
unclear and seemingly conflicting results being reported, there is an urgent need exploring the
mechanism from both a safety and a precise controlling perspective to develop reliable clinical

applications of ultrasonic neuromodulation.
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1.5 Physic of ultrasound

Ultrasound is a mechanical wave with frequency over 20 kHz. As a mechanical waves,
it could propagate in both longitudinal and transverse waveforms but conventionally in form of
the former. Through design of different piezo transducers and driving patterns, ultrasound of
varying frequency and energy can be delivered into the brain and further induce different

ultrasonic bio-effect.

The ultrasonic parameters primarily include frequency (f), duty cycle (DC), pulse width,
pulse interval, pulse repetition frequency (PRF), burst duration (or simply duration), burst

interval (or simply interval), pressure (P), and intensity (1) (Fig 1.2 & Table 1.1).

[ 1 + Totaltimefor
the experiment

* Burstduration * Burstinterval
. T3 - T4
| S | ——
+  Pulse width e Pulseinterval (1/PRF) * Dutycycle: T1/T2
- Tl - T2

Figure 1.2 Schematic of ultrasound pulse and associated parameters typically used for ultrasonic

neuromodulation
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Table 1.1 List of common ultrasound parameters

Parameter | Abbreviation | Unit
Frequency f MHz
Duty cycle DC -
Pressure P MPa
Intensity: spatial-peak, pulse-averaged IsppA W/cm?
Intensity: spatial-peak, burst-averaged IspeA W/cm?
Intensity: spatial-peak, temporal-averaged Ispta mW/cm?

[ = 1(7p2 max(P,)?

=7).

where T = period to be accounted for; P; = instantancous pressure; p = tissue density;
¢ = speed of sound in tissue

Ultrasound intensity presents the amount of energy delivered to tissue per time per area
(Eq. 1). Common metrics include the spatial-peak pulse-averaged intensity (ISPPA), which is
the measurement of the average intensity over a single ultrasound pulse at the location of peak
pressure within the ultrasound focus; and the spatial peak time averaged intensity (ISPTA),
which refers to the average intensity over the complete sonication interval at the location of peak
pressure within the ultrasound focus. Intensity and pressure are correlated by the propagation
speed of sound in the targeted tissue and the tissue density. For example, the speed of sound in
human brain tissue is approximately 1500m/s and its density is approximately 1.06g/cm3.

Frequency is the acoustic wave cycles per second, it generally depends on the alternating
current driving the transducer. Generally, frequencies in the range of 1-20 MHz are adopted for
diagnostic imaging, frequencies ranging from 0.7 to 3 MHz are used for therapeutic use, and
20-200 kHz are utilized in industry (Ahmadi, F., et al., 2012). The frequency determines the
penetration property and spatial resolution. Theoretically, higher frequency enables a tighter and
deeper focus, resulting in higher spatial resolution. However, higher frequency increases the
attenuation by skull which hinders its penetration through the intact skull. Meanwhile, at this

frequency, the energy is easily converted to heat which could destroy local tissue (Legon, W.,

etal., 2018a). To compromise the property of penetration through intact skull and thermo effect,
the frequency adopted for neuromodulation should lie in an appropriate range. It has been found
that, ranging from 0.25 MHz to 0.6 MHz, stimulation efficiency increases with lower frequency

14



(King, R. L., et al., 2013), while ranging from 0.3 MHz to 2.9 MHz, the higher the frequency,
the higher the spatial peak intensity required to maintain equal efficiency (Ye, P. P., etal., 2016).
Therefore, a relatively lower frequency is suggested for optimizing the neural modulatory effect.

Besides, numerous studies focused on the motor cortex in rodents (Kamimura, H. A., et al.,
2016; Kim, H., et al., 2014; King, R. L., et al., 2013; King, R. L., et al., 2014; Mehi¢, E., et al.,
2014, Ye, P.P., etal., 2016; Yoo, S. S., etal., 2011b; Younan, H., et al., 2013) provide messages
on how parameters affect the ultrasonic bio-effect. One key finding is frequency dependency
that intensity required to produce an EMG spike increases with ultrasound frequency from 0.25
to 0.5 MHz (Tufail, Y., et al. 2010). Similarly, lower intensity is required at frequency of 0.35
MHz compared to 0.65 MHz (Kim, H., et al. 2014). Besides, an increase in successful rate of
inducing EMG spikes is observed at lower frequencies for a fixed intensity between 0.25 and
0.6 MHz (King, R. L., et al. 2013) and even a wider frequency band of 0.3 to 2.9 MHz (Ye P.
P., etal., 2015). Two hypotheses were raised to explain the frequency dependency: a cavitation-
based mechanism as the cavitation threshold increases with frequency, or as the result of reduced
focal spot sizes with increased frequency, that summation of local activity within the volume of

activated tissue dominants the overall motor outcome instead of individual activity.

DC, pulse width, pulse interval, PRF, duration, and interval are basically different time
scales used for the ultrasound description. Pulse width or T1 is time of individual pulses of the
ultrasound wave. The repetitions of these pulses in 1 second is defined as pulse repetition
frequency (PRF), which T2 is the time for one repetition to complete (1/PRF). The duty cycle
is defined as T1/T2 and generally be considered a way to reduce the risk of thermo-effect
induced by ultrasound. This serial pules of ultrasound are usually the smallest unit that adopted
for the bio-effect study, that the time it takes as a single stimulus is announced as duration or

T3. In most cases different intervals are adopted in different studies.

It has been reported that PRF might as well be a pivot factor that affects the bio-effect. It
was shown that increasing PRF in the range of 100-3000 Hz resulted in greater responses (King,
R. L., etal., 2013). Similar finding was also reported that 1500 Hz PRF displayed higher calcium
changes in the mouse brain slice compared to 300 Hz PRF (Manuel, T. J. et al., 2020). Regular
spiking neurons in the somatosensory cortex in mice also displayed an increasing spiking rate
with increasing PRF ranging from 30 Hz to 4500 Hz. All these indicate lower PRF a more

effective approach when applying ultrasonic neuron stimulation.
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The ultrasound parameters adopted in animals varies, with the frequency of approximately
0.25-8 MHz, mostly under 1 MHz, 100-3000 Hz PRF, 10-500 ms duration mostly, and pressure
amplitudes around 0.1-0.6 MPa. Studies on cortices including M1, S1 and V1, which can be
both excited and inhibited regarding different intrinsic state aroused by different experimental
setup, though uncovered a certain trend, showed inconsistency in different works. Meanwhile,
studies seem to provide contradictory findings over several points arising from the mechanism
underlying ultrasound neuromodulatory effect. For example, Kim. H. et al. (2014) claimed that
pulsed ultrasound the most effective paradigm producing motor responses in mice, while King,
R. L., etal. (2013) suggested the continuous ones; the role of ISPTA in EMG response amplitude
or success rate also varies with the correlation found to be negative (Tufail, Y., et al., 2010), flat
with all-or-nothing responses (King, R. L., et al. 2013), or positive (Kamimura, H, A., et al.,
2016, Mehi¢, E., et al., 2014). Such inconsistency is likely due to the different experimental
setup, anatomic variations, and intrinsic states of the animals that the inhibitory and excitatory

neurons contributed differently to the overall neuron networks output in studies.
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1.6 Latest understanding of mechanism

Understanding the mechanisms how ultrasound modulates neurons is critical for both
basic neuroscience research and clinical therapeutic applications. At present, three mechanisms
are most widely considered: cavitation, thermo-effect, and ARF. In parallel, there is also opinion
stating that with different parameters selected and experimental subject, these mechanisms may
mingle (Darmani, G., et al., 2021).

Cavitation

Cavitation was suggested a mechanism of ultrasonic neuromodulation in some studies
(Plaksin, M., et al., 2014; Ye, P. P., et al. 2015). Acoustic cavitation is generated by voids or
bubbles within the tissue when acoustic wave exceeding a threshold at the tensile phase (Plesset,
M. S., & Prosperetti, A., 1977) After that, the cavity oscillates resulting in physical effects such
as streaming flow which finally induce bio-effects (Coussios, C. C., & Roy, R. A., 2008).
Interpreted by the equation below, the likelihood for acoustic cavitation depends on the peak
negative pressure and frequency, which high pressure and low frequency favors the occurrence
(Leighton, T. G., 2007).

_ max(P,)

MI =
JF

where P, = peak negative pressure; f = frequency

Although it is possible such cavities forming inside the cell membrane cause capacitance
changes or fracture of the cell membrane leading to neuromodulation effect, under the
commonly applied ultrasound parameter, the likelihood of cavitation is proposed very low (Yoo,
S., et al., 2022; Blackmore, J., et al., 2019). Especially, a finding that micron-scale tissue
displacements consistent with ultrasound induced spiking activity remained unchanged to a
broad acoustic frequency range (0.5-43 MHz) suggests ARF rather than cavitation is the
dominant physical mechanism (Menz, M. D., et al., 2019). mechanism, it is the situation we

may want to avoid for further ultrasound adoption for neuromodulation.
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Thermo-effect

Ultrasound can be broadly classified into high intensity or low intensity (Ter Haar, G.,
2007). Under high intensity, heating would be the dominant bio-effect. In fact, high intensity
ultrasound (lspta > 1000 W/cm?) has been widely adopted in different neurological diseases’

therapy including essential tremor (lorio-Morin, C., et al., 2021), Parkinson's disease (Sinai, A.,

et al., 2021) and obsessive-compulsive disorder (Germann, J., et al., 2021). However, majority
of studies adopted low-intensity ultrasound (Ispra < 500 mW/cm?) to modulate neurons without
cell damages. Under this ultrasound protocol, heat induced by ultrasound is detected minor
(<0.1°C) (Dinno, M. A, et al., 1989; Dalecki, D., 2004; O’Brien Jr, W. D., 2007; Ter Haar, G.,
2007; Kim, H., et al., 2014; Tyler, W. J., et al.., 2018). Further evidence that knocking out
thermosensitive ion channels in mutants C. elegans showed no impact on neuronal response to

ultrasound stimulation (Kubanek, J., etal., 2018), indicates presence of non-thermal mechanism.

In controversy, slightly higher temperature (0.1-0.8 °C) induced by ultrasound has been
reported by (Darrow, D. P., et al. 2019), who claimed a neuron inhibition effect based on
ultrasound thermo-effect. Although some thermosensitive ion channel (e.g., potassium channels
TREK1/2 and TRAAK) are found moderately sensitive to ultrasound stimulation, some
hypothesize the thermo-mechanism may be delusion that increase in potassium channels
conductance in turn reduces resting membrane potential and neuronal firing (Kubanek, J., et al.,
2016; Prieto, M. L., et al., 2020). However, these neurons displayed both thermos-sensitivity
and mechanical sensitivity, along with the coincidence of thermal rise with other mechanical
factors during ultrasound exposure, the role of thermal effects in ultrasonic neuromodulation

seems ambiguous.
ARF

More recently, attention has been shifted to the mechanical mechanism which states that
the mechanical deformation of the cell membrane may leads channel kinetics or membrane

capacitance changes and results in altered excitability.

Converting the mechanical stimulations into the electrical or biochemical signal in cells,
also termed mechanotransduction, is involved in various biological processes, including cell
development, pain sensation, and red blood cell volume regulation (Lee, D. A., et al., 2011;

Chighizola, M., et al., 2019; Costigan, M., et al., 2009). In the field of neuroscience, however,
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for a long period of time did not raise much attention. Neuroscientist focuses on the electrical
and biochemical studies considering that the brain is floating in the cerebrospinal fluid and
isolated from the outer mechanical cues. Nevertheless, the brain is a mechanically sensitive
organ, which can sense different mechanical cues to regulate its activities. For example, the
action potentials in axon are found accompanied by propagating membrane deformations (Hill,
D. K., 1950; Tasaki, I., et al., 1989). The mechanical impulses were also recorded at axon
terminals during action potential firing and vesicle fusion (Kim, G. H., et al., 2007). The
mechanical actions of enlarged dendritic-spine on its presynaptic exocytosis has also been
reported recently (Ucar, H., et al., 2021). The physical forces that influence the brain in human
and rodent is also widely studied (Budday, S., et al., 2015). The ability of neuron detecting local
mechanical signals that influence cell division, gene expression, cell migration, morphogenesis,
cell adhesion, fluid homeostasis, ion channel gating and vesicular transport has also been
reported (Tyler, W. J., 2012; Suter et al., 2011; Pfister et al., 2004). Growing evidence have
demonstrated the mechanical forces integrate within the neuron system and mechanical
responsive components includes the plasma membrane, ion channels, cytoskeletal proteins has
also been recognized (Tyler, W. J., 2012; Mueller, J. K., & Tyler, W. J., 2014).

Physical displacement of the membrane has been found can be induced by ultrasound in
synthetic bilipid membranes, and more directly in plated retinal slices (Rohr and Rooney, 1978;
Prieto, M. L., et al., 2013; Menz, M. D., et al., 2019). These thus leads to a conclusion that
radiation force is responsible for ultrasound excitation. Among all the components sensing this
mechanical force, mechanical sensitive ion channel has drawn much attention regarding the
observed milli-second timescale of ultrasound's stimulation effects (Bystritsky, A., et al., 2011,
Fomenko, A., et al., 2018, Tyler, W. J., et al, 2018). Through gain-of-function or loss-of-
function mutation of mechanical sensitive ion cannel in different models including single sells
(Kubanek, J., et al., 2016; Qiu, Z., et al., 2019; Sorum, B., et al., 2021), simple nerve system
(Kubanek, J., et al., 2018) and rodents (Qiu, Z., et al., 2020), mechanosensitive ion channel has
been demonstrated response to ultrasound stimulus. For example, several two-pore-domain
potassium family (K2P) channels including TREK-1, TREK-2, and TRAAK are found response
to ultrasound overexpressing in the xenopus oocyte system (Kubanek, J., et al., 2016). More
recently, TRAAK response to low intensity ultrasound is further be confirmed in both xenopus
oocyte system and mouse brain slice. (Sorum, B., et al., 2021). Interestingly, in this study they
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find thermal effects hinder instead of explaining the ultrasonic neuromodulatory effects. Piezol,
a newly found mechanosensitive ion channel is also found response to ultrasound stimulation in
primary neurons (Qiu, Z., et al., 2019). Deletion of the MEC-4, a DEG/ENaC ion channel
sensing touch in C. elegans, leads to its abolishment of mechanical response under ultrasound
stimuli (Kubanek, J., et al., 2018). Overexpressing a mutation of mechanosensitive channel of
large conductance (MscL), MscL-G22S, neurons in mouse brain exhibited higher ultrasound
respondents (Qiu, Z., et al., 2020).

These thus demonstrated mechanosensitive ion channel can respond to ultrasound
although with little understanding of how mechanical force alters this channel Kkinetics.
Generally, it is assumed that various ion channels regulate ultrasonic neuromodulation through
mechanical disruption of its membrane. Since channel composition is likely varies in different
cell type, their ultrasonic response may various as well. While the mechanosensitive channels
discussed above have also been identified thermosensitive (except for Piezol, which is the long-
sought pure mechanical sensitive ion channel) ultrasound is likely to activate these channels
independent of the thermal changes.

Although mechanosensitive ion channel is indeed response to ultrasound stimulation,
whether it is the reason responding for the ultrasonic neuromodulation in vivo requires further
investigation. A mechanosensitive ion channel that endogenously expressed and functioned in
central nerve system, one that is sensitive enough responding to ultrasound stimulus in an intact
brain environment within the so-far studied ultrasound intensity and leading to the observed
ultrasound brain stimulation outcomes may be the answer for the ultrasonic neuromodulation in

Vivo.
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1.7 Piezol as a promising candidate for ultrasound neuromodulation

Probing the ultrasonic neuromodulation, the mechanosensitive ion channels offered a
plausible explanation given the observed timescale of ultrasound's stimulation effects
(Bystritsky, A., et al., 2011, Fomenko, A., et al., 2018, Tyler, W. J., et al, 2018) and several
mechanosensitive ion channels including MEC-4 and MscL that demonstrate response to
ultrasound stimulus (Kubanek, J., et al., 2016; Qiu, Z., et al., 2019; Qiu, Z., et al., 2020).
Although these studies used the non-mammal ion channels, its responses to ultrasound did

indicate mechanosensitive channels underlie physiological responses to ultrasound.
Several endogenous mechanosensitive ion channels are then taking into investigations.

Voltage-gated sodium channels and voltage-gated calcium are the first channels that
reported triggered by ultrasound, followed with the SNARE-mediated exocytosis and synaptic
transmission in hippocampal circuits (Tyler, W. J., et al.., 2008). Earlier work has been found
that these channels possess mechanosensitive properties despite its relatively low sensitivity
(Morris, C. E., & Juranka, P. F., 2007), and supporting from the findings that the ultrasound
increases channel conductance when heterologous expressed in Xenopus oocytes (Kubanek, J.,
et al., 2016). These have aroused much interest to neuromodulation researchers and has been
cited as a potential mechanism of ultrasound induced neuronal excitation (Tufail, Y., et al., 2010;
Kubanek, J., et al., 2018). However, later evidence showed disagreement considering that the
sodium blocker TTX did not affect the ultrasound induced depolarization in crayfish axons (Lin,
W.T., etal., 2019).

Two-pore potassium channel (K2P), a family of potassium-permeable leak channels has
also raised much interest due to its property of highly mechanosensitive. Subtypes TRAAK,
TREK-1 and TREK-2 are widely expressed in the CNS and displayed increased conductance in
response to changes in membrane tension induced by sub atmospheric pressure and laminar
stress (Enyedi, P., & Czirj&, G., 2010). Increased conductance of these channel subtypes is also
be found when expressed in Xenopus oocytes (Kubanek, J., et al., 2016). These has led to an
implication that K2P may induce hyperpolarizes in neurons and thus leading to the ultrasonic
neuron inhibition. More recent study found that ultrasound activates the TRAAK with

submillisecond kinetics to an extent comparable to transcranial mechanical activation. Although
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not leading to hyperpolarization, the TRAAK did attenuate ultrasound induced action potentials
in neuron (Sorum, B., etal., 2021).

A Subtype of acid-sensing ion channels, ASIC1la, is recently reported the molecular
determinant in the mechano-signaling of low-intensity ultrasound that modulates neural
activation in mouse brain. The ASICla is found mediated the immediate response of ERK
phosphorylation and further neurogenesis under the ultrasound stimulus (Lim, J., et al., 2021).
In this study, ASICs displayed an ultrasound inducible neuronal excitation, and although its
immediate ultrasonic effect is demonstrated in in vitro experiment, it is still a possible the

mediator we are seeking that response for ultrasonic neuromodulation in vivo.

Another mechanosensitive ion channel, a subtype of the transient receptor potential family,
TRPAL, in astrocyte in mouse brain is found mediate the ultrasound induced motor response

through a glia-neuron interaction way (Oh, S. J., et al., 2019).

Different experiment has suggested different candidate of mechanosensitive channels
(Table 1.2) underlie the physiological responses to ultrasound. However, | propose Piezol as a
more promising candidate base on 3 facts: its nature of high sensitivity to various forces (Coste,
B., etal. 2010), especially that it is the highest sensitive one found response to force as low as10
pN; its finding that response to ultrasound as low as 0.1 MPa in vitro study (Prieto, M. L., et al.,
2018; Qiu, Z., et al., 2019); and its expression be found in mice and rat brain (Velasco-Estevez,
M., et al., 2018; Velasco-Estevez, M., et al., 2020).

Table 1.2 Mechanosensitive ion channels that expressed in mammalian brain and response to the

ultrasound stimulus

Channel family Channel Ultrasound Response Expressed in mammalian brain
TRP channels TRPAL Oh, etal., 2019 Vennekens et al., 2012
TRPC1 Burks, et al., 2019; Yoo, S., | Riccio, A., etal., 2002
etal., 2022
TRPV1 Yang, et al., 2021 Mezey, E, et al., 2000
TRPP1/2 Yoo, S., etal., 2022 NC
K*channels K* channel Lin, Z., etal., 2019 Tabarean, I. V., & Morris, C. E.
(2002).
Calcium activated K | Juffermans, L. J., et al., 2008 | Niu, X, et al.,2004
(BK)
TREK1/2 Lengyel, M., et al., 2021; Maingret, F., et al., 1999b
Kubanek, J, et al., 2016

22



TRAAK Kubanek, J, et al., 2016; Maingret, F., et al., 1999a;
Sorum, B., et al., 2021 Brohawn, et al., 2012
Na* channels Nav 1.5 Kubanek, J, et al., 2016 Morris, C. E., & Juranka, P. F.,
2007; Beyder, A., et al., 2010
Ca?* channels N-Type calcium Tyler, W. J., et al., 2018 Calabrese, B., et al., 2002;
channel (Indication) Etzion, Y., et al.,2000
DEG/ENaC ASICla Lim, J., et al., 2021 Wemmie, J. A., et al., 2002
family
Piezo family Piezol Prieto, M. L., etal., 2018; Velasco-Estevez, M., et al.,
QIU, Z., etal., 2019 2018; Velasco-Estevez, M., et
al., 2020.
Piezo2 Li, J., etal., 2021; Hoffman, | Shin, S. M., et al., 2021; Wang,
B. U, etal., 2022 J., & Hamill, O. P, 2021

The first finding that Piezol response to ultrasound is 2018, when ultrasound is found
increased the conductance of Piezol in cultured mammalian neurons (Prieto, M. L., et al., 2018).
Nevertheless, in this study, the ultrasound used is 43 MHz which is not generally used in animals
and humans. Because of the inherent tradeoff of penetration and the optimal focal size of
ultrasound, the advice acoustic frequencies are less 700 kHz in human (Sun, J., & Hynynen, K.,
1998; Clement, G. T., & Hynynen, K., 2002; White, P. J., et al., 2006).

In our lab, we demonstrate that Piezol is indeed the medicator in ultrasonic
neuromodulation in vitro in an optimized ultrasound circumstance. We found that ultrasound
alone could activate heterologous Piezol, initiating calcium influx in an acoustic pressure
dependent manner (Fig 1.3 A). Similarly, the endogenous in primary neurons also displayed an
acoustic pressure dependent neuronal activity and this effect can be eliminated by pre-treated
with Piezol blocker GsMTx4 (Fig 1.3 B). The immediate early gene c-Fos further confirmed
this finding (Fig 1.3 C). The expression of the important proteins phospho-CaMKII, phospho-
CREB, and c-Fos are also found be increased with the increasement of ultrasound intensity in a
cell line (Fig 1.3 D). But with the Piezol be knockdown, this effect is significantly reduced (Fig
1.3 E). These finding demonstrate Piezol’s role on gain-of-function mutation and loss-of-
function mutation cells, testing the ultrasonic response in immediate effect through the calcium
signaling and lasting effect through molecular changes in vitro. It thus paves the way for further

study of Piezo1’s role in vivo (Qiu, Z., et al., 2019).
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Figure 1.3 Piezol mediate the ultrasonic neuromodulation in vitro (modified from Qiu, Z., et al., 2019).
A. mPiezol transfected HEK293T cells is activated by ultrasound. Left: a representative time course of
Ca*" image in Piezo1 transfected HEK293T cells and its control different intensity ultrasound stimulus;
Right: Summarized calcium AF/F result from individual experiments. ***p < 0.0001 with two-tailed
unpaired t test with Holm-Sidak correction. B. Calcium influx in primary neurons is activated in a Piezol
dependent Manner. Left: a representative time course of Ca?" image in primary neurons response to
4.45MPa ultrasound with or without pre-treatment of GSMTx-4. Right: Summarized calcium AF/F result
from individual neuron treated with ultrasound 0.1-0.45 MPa. *p < 0.05, **p < 0.01, ***p < 0.001, one-
way ANOVA with post-hoc Tukey test. C. c-Fos expression in primary neurons is activated in a Piezol
dependent Manner. Left: representative of c-Fos staining in primary neuron untreated, treated with 0.3
MPa ultrasound, or with 20 uM GsMTx-4 followed by ultrasound. Right: Summarized c-Fos number in
these 3 groups. *p < 0.05, **p < 0.01, one-way ANOVA with post-hoc Tukey test. D. Ultrasonic
intensity dependent calcium signaling pathway induced in CLU199. *p < 0.05, unpaired two-tailed t test.
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E Piezol dependent calcium signaling pathway induced by ultrasound. *p < 0.05, unpaired two-way
ANOVA with post-hoc Tukey test.

Although Piezol is reported relatively low expressed in the central nervous systems in mice
(Wang, J., & Hamill, O. P., 2021) (Fig 1.4 B), Allen mouse brain Atlas and The Human Protein
Atlas data base did show a broad expression of Piezol RNA in both the human and mouse brain
(Fig 1.4 A). Most importantly, its protein level and function in central nerve system has also
been reported.

The indication of the correlation of Piezol and the nerves system was first recognized
when Piezol is reported expressed along the axons and growth cones of Xenopus retinal
ganglion cells (RGCs) which is a part of the CNS and determined the axon growth and
regeneration (Koser, D. E., et al., 2016). The Piezol was later reported located in myelinated
axonal pathways including the corpus callosum and cerebellar arbor vitae, particularly in
neurons of the frontal cortex in the mouse and rat brain. Interestingly, the Piezol is found
expressed in astrocyte in aging and peripheral infection mice but not the normal astrocytes or
the mature oligodendrocytes (Velasco-Estevez, M., et al., 2020, Velasco-Estevez, M., et al.,
2018).

Piezol’s function is also implied through several in vitro studies. For example, it is found
direct the lineage choice of neural stem cells towards a neuronal or astrocytic phenotype in
human neural stem cells. The activation of Piezol induced by traction forces was found directed
the lineage choice of neural stem cells towards a neuronal phenotype, while the inhibition or
knockdown of Piezol enhanced astrogenesis instead (Pathak, M. M., et al., 2014). Piezo1’s role
in astrocyte-neuron interactions was also be proposed based on the finding that the neuronal
sensitivity to nanoroughness can be blocked by GsMTx4 which is the Piezol antagonist
(Blumenthal, N. R., et al., 2014).

From the expression and function perspective, this evidence indicate Piezol is
functioned in the CNS. Together with the finding that Piezol mediate ultrasonic
neuromodulation in vitro, we may expect that Piezol as a plausible candidate for ultrasonic

neuromodulation in vivo.

26



A P

Z ]
" v (S
i O
B
Molecules/cell Molecules/cell MoLecules{fell

i
i

Piezo1 | Piezo2 PPib

WWMW’MNMmumw”uv”u”

cAlPyrint | 1

http://linnarssonlab.org/cortex/

Figure 1.4 RNA data base of Piezol in mouse brain. A. The broad expression of Piezol RNA in the
mouse brain by in situ hybridization in 56 days male C57BL/6J mice (https://mouse.brain-map.org). B.
Quantitative single cell RNA-sequencing i(scRNA-seq) of single neurons in the S1 and the hippocampal
CA1-2 regions of mice (CD-1) between 21 and 31 postnatal days and including both sexes. The vertical
axis means the genetically identified interneuron and pyramidal neuron types in S1 and CA1-2 area. The
horizontal axismans the single RNA transcript counts of Piezol, Piezo2 and the housekeeper gene Ppib
(Peptidylprolyl cis-trans isomerase B) (Wang, J., & Hamill, O. P., 2021).
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1.8 Piezol protein

As pivotal mechanism of the mechanotransduction, mechanosensitive ion channels have
been widely studied in organisms from bacteria to mammals (Blount, P., et al., 1999; Morris,
C.E., 1990). In eukaryotic cells, mechanosensitive ion channels such as transient receptor
potential (TRP) channels, voltage-gated Na*, K* and Ca?* channels are widely found distribution
in different tissue and responsible for several genetic diseases (Lamand€ S. R., et al., 2011; Gu,
Y., & Gu, C., 2014). However, these ion channels are not purely mechanosensitive. For example,
the TRP channel can be activated by mechanical stimuli and chemicals, temperature, osmolality,
and heat (> 27-34 °C) (GUer, A. D., et al., 2002).

Until 2010, Coste, B., et al. revealed a novel family of mechanically activated cation
channels in eukaryotes, piezo families, through siRNA-based screening. The piezo which
consists of Piezol and Piezo2, is believed to be the long-sought-after mechanosensitive ion

channels in mammals and has opened a new area for the probing of mechanobiology.

During the past 10 years, studies have indicated the Piezol channel is mainly expressed in
non-sensory tissues such as the lung, bladder, and skin; by contrast, the Piezo2 is predominantly
expressed in sensory tissues including dorsal root ganglia (DRG) sensory neurons and Merkel
cells (Coste, B., et al., 2020).

Piezo1 channels allow Ca?* influx in response to different types of external forces, such as
fluid flow (Retailleau, K., et al., 2015), pulling (Gaub, B. M., & Muller, D. J., 2017), and
ultrasonic forces (Qiu, Z., et al.,, 2019). The pivotal role of Piezol channels in
mechanotransduction under physiological conditions including the erythrocyte volume
regulation (Cahalan, S. M., et al., 2015), cell division (Gudipaty, S. A., et al., 2017), and innate
immunity (Solis, A. G., etal., 2019) is also be found. Global knockout of Piezol is found lethal
in mice (Li, J., et al., 2014). In human, gain-of-function mutations causes congenital lymphatic
dysplasia while gain-of-function mutations are associated with dehydrated hereditary
xerocytosis (Alper, S. L., 2017).
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Molecular structures of piezol protein

Piezol was first reported with predicted lengths of 2100-4700 aa and contain 24-36
transmembrane (TM) domains which makes Piezo the largest plasma membrane ion channel
complex identified thus far. Benefit from the development of cryo-electron microscopy (cryo-
EM), the mouse Piezol (mPiezol) structure was resolved at as high resolution as 3.8 A
(Saotome, K., et al., 2018) and 3.97 A (Zhao, Q., et al., 2018). mPiezo1 is now found to consist
of 2547 aa and 38 TMSs. The cryo-EM studies also revealed that mPiezol exhibits a “nanobow]”
configuration which deform lipid bilayers locally into a dome shape (Jiang, Y., et al., 2021;
Zhao, Q. et al., 2018). Overall, the mPiezol protein has a three-bladed, propeller-shaped
homotrimeric architecture (Fig 2.2 A) composing a unique 38-TM-helix topology in each
subunit. Together these subunits assemble the structure of a central cap, three peripheral blade-
like structures on the extracellular side, three long beams on the intracellular side that bridge the
blades to the cap, and a TM region between these features (Fig 2.2 B) (Fang, X. Z., et al., 2021;
Zhao, Q., et al., 2018; Saotome, K., et al., 2018; Guo, Y. R, etal., 2017; Ge, J., et al., 2015).

The first 36 TM helix formed into a highly curved blade-like clockwise structure with nine
repeated transmembrane helical units (THU) which consist of four transmembrane helices
(36TM =4TM X 9THU). The large extracellular blade domains can curve the plasma membrane
while the three blades are assembled into functional trimers (Syeda, R., et al., 2016). Functional
studies showed that residues 1-2190 of the mechanotransduction modulus confer
mechanosensitivity to trimeric channel pores (Coste, et al., 2015). The structure of the

mechanotransduction modulus is essential for Piezol mechanical activation (Alper, S. L., 2017).

The last two TM regions (TM37 and TM38) which are designated as the inner helix (IH)
and outer helix (OH), enclose a hydrophobic central pore module which is found locates in
residues 2210 to 2457. Since it followed the last TM region from the C-terminus it also termed
C-terminal extracellular domain (CED). These three pore moduli assemble the extracellular Cap
structure. It determines the fundamental pore properties, including unitary conductance, ion
selectivity, and pore blockage (Geng, J., et al., 2017; Wang, F., et al., 2017; Zhao, Q., et al.,
2016).
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There is a hairpin structure, also termed anchor, connecting the OH-CED-IH to c-terminal
domain (CTD) plane, moves the OH-CED-IH-containing region into the neighboring subunit in

a clockwise direction and remains the integrity of the channel.

On the intracellular surface, Piezol contains three beam-like structures supporting and
bridging the blade into the central pore module via the interfaces of the C-terminal domain, the
anchor-resembling domain, and the outer helix (Zhao, Q., et al., 2018). Based on this unique
topological feature, a lever-like mechanotransduction mechanism was proposed (Ge, J., et al.,
2015; Blount, P., et al., 1999). The curved blades act as a mechanosensor, while the beam
structure, with the residues L11342 and LI11345 act as a pivot. Because the pivot of the lever is
located closer to the central pore than to the distal blades, the force can be amplified through
this lever-like apparatus. The large conformational change in the distal blades is converted into

a relatively slight opening of the central pore, allowing cation-selective permeation.

Another mechanotransduction mechanism, the membrane dome model, is also proposed
based on the finding that changes in the projection area of Piezol from closed to open are
essential for their mechano-sensitivity (Guo, Y. R., & MacKinnon, R., 2017). In short, the three-
bladed, propeller-shaped trimeric architecture of Piezol locally deform lipid membranes into a
dome-like shape (Zhao, Q., et al., 2018), and this shape acts as a potential energy source for MS
gating in their closed conformation (Guo, Y. R., & MacKinnon, R., 2017; Lin, Y., et al., 2019).
Lateral membrane tension flattens the Piezo dome, which increases the energy of the membrane-
channel system in proportion to the expansion of the projected area of the dome. And this
relative energy difference opens Piezo and leads to the cation-selective pore opening with highly

sensitive.
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Figure 1.5 Structure of Piezol and its proposed mechanotransduction mechanism. A. Structure of
mPiezol from the extracellular view, side view and intracellular view. Overall, the mPiezol protein
displayed as a three-bladed, propeller-shaped homotrimeric architecture (Zhao, Q., et al., 2018); B.
Repetitive THUs of the 38-TM topology model of piezol. B. A 38-TM topology model in Piezol. The
first 36 TM helix formed into a highly curved blade-like clockwise structure and function as a
mechanotransduction modulus. The TM37 (OH)-CED-TM38 (IH)-CTD formed the trimeric channel
pores and allowed cation-selective permeation upon stimulus (Zhao, Q., et al., 2018); C. A lever-like
mechano-gating model of Piezol. The curved blades act as a mechanosensor, the residues LI11342 and
L11345 act as a pivot supporting the beam structure (Ge, J., et al., 2015) D. A Membrane dome model of
Piezol (Lin, Y., et al., 2019). Changes in membrane curvature leads to a gating force applied to the

Piezol channel.
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Kinetics properties of Piezol protein

The kinetics of piezol can be defined as three states: open, closed, and inactivated. These

states emerged collectedly and act as an important mechanism of piezol function.

The Piezol is proposed to be activated by the mechanism of a lever-like
mechanotransduction model and membrane doming mechanism. Piezol can be triggered by
various types of mechanical stimulation and sequentially elicit an MA current with a rapid decay,
even in the presence of continued stimulation, due to rapid inactivation (Coste, B., et al., 2010).
This inactivation kinetics is also displayed voltage-dependent manner. In short, it inactivates

fast at rather negative membrane potentials and slow at rather positive membrane potentials.

It is implied that, the pore region which contains the OH, IH, ECD and CTD region,
determines the kinetics of inactivation by the gain-of-function mutation studies (Okubo, M., et
al., 2015; Wu, J., et al., 2017; Zheng, W., et al., 2019). Zoom in the cap region, 3 small
subdomains in extracellular cap were shown to be individually confer Piezo channel inactivation
(Lewis, A. H., & Grandl, J., 2020). These results demonstrate that the ion-conducting pore

region of Piezol channels determines its inactivation properties.

Interestingly, a slow inactivating MS current is also be found in mouse embryonic stem
cells (mESc). However, heterologous expression of Piezol cDNA from mES cells exhibited a
fast inactivation kinetics which indicates another regulatory mechanism rather than the amino
acid sequence determined inactivation kinetics of the Piezol channel in mES cells (Del M&amol,
J. 1., etal., 2018). Indeed, several modulators has been revealed regulate the Piezol inactivation
kinetics. For instance, the SMPD3 is proposed responsible for the sustained PIEZOL1 activation
induced by fluid flow (Shi, J., et al. 2020). TMEMZ150C prolongs the duration of MA in several
mechano-gated ion channels including the Piezol (Anderson, E. O., et al., et al., 2018).
TMEM150c and Piezo1-ASIC1 Chimera are also reported enhance endogenous Piezol activity
(Dubin, A. E., etal. 2017; Zhao, Q., et al., 2017). In addition to the positive influence of Piezol
activity, inhibition of Piezol by TRPV1 is also be reported.

Moreover, Piezol also regulate other channels Kinetics. For instant, Piezol opening is
found upregulate the TREK/TRAAK mechanical activation and delayed its kinetics (Glogowska,
E., etal., 2021). An elegant cooperation of piezol and RRPV1 in fluid stress is also reported.
The activation of Piezol initiates a calcium signal that causes TRPV4 opening, which in turn
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response for the sustained phase calcium elevation. Thus, deleterious effects of shear stress are
initiated by Piezol but require TRPV4 (Swain, S. M., & Liddle, R. A., 2021).

Since the kinetics of Piezol is found regulate several other ion channel and other
component, and in turn be regulated by these factors, we may expect that the function of Piezol
various in different context. The outcome of the modulation this protein may be various in

different tissue, animal, and the physiological state.

Pharmacological modulators of Piezo channels

Despite the relatively recent discovery of Piezo channels, the small-molecule modulators
of Piezol have been reported. Yodal and Jedil/2 are able to open Piezol ion channels without
the mechanical stimulation. The specific inhibitors of Piezol are in their infancy with the RR
and GsMTx4 be used the most currently.

Yodal is the first Piezol activator be identified by the high-throughput fluorescence
imaging plate reader (FLIPR) screening through approximately 3.25 million compounds (Syeda,
R., et al., 2015). It is be found activates both mPiezol and hPiezol with an apparent EC50 of
about 17 uM and 27 uM. It is also be reported bind to the putative mechanosensory domain and
acts as a molecular wedge, facilitating force-induced conformational changes, effectively

lowering the channel’s mechanical threshold for activation (Botello-Smith, W. M, et al., 2019).

Jedil and Jedi2 is a novel hydrophilic activator identified by FLIPR and GCaMP6s through
around 3,000 compounds. They are be found specifically activated Piezol with an EC50 of
about 200 uM and 158 uM, respectively. It is also be reported acts its function through the
peripheral blades and utilizes a peripheral lever-like apparatus consisting of the blades and a

beam to gate the central ion-conducting pore (Wang, Y., et al., 2018).

Gadolinium (Gd*") and ruthenium red (RR) are nonspecific inhibitors of the ion pore in
stretch-activated ion channels including TRP channel and Piezo channels. They block the

mPiezol channels with 1Csg values of approximately 5 mM (Coste, B., et al., 2012).

The commonly used blocker is an amphipathic peptide toxin which inhibit the
mechanosensitive channels including the Piezolchannel (Bae, C., et al., 2011; Suchyna, T. M.,
2017). It reversibly blocks Piezol with a Kd of approximately 155 nM or 2 uM when tested

under outside-out or whole-cell recording configurations, respectively (Bae, C., et al., 2011).
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Consideration may be required using this drug since it might not bind Piezol directly, rather
acting via modulating local membrane tension near the channel (Zheng, W., et al., 2019).
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1.9 Conclusion and hypothesis

Ultrasound is an emerging technology that can noninvasively modulate neurons in deep
brain regions area with fine spatial and temporal resolution thus provides a promising tool for
both probing brain function and brain diseases. Massive evidence that demonstrates ultrasound
modulate neurons has been reported in rodents (Tufail, Y., etal., 2010; Yoo, S. S., et al., 2011b;
Kim, H., etal., 2012; King, R. L., etal., 2013, 2014; Ye, P. P., et al., 2016; Yu, K., et al., 2021),
sheep (Lee, W., et al., 2016¢) and monkeys (Deffieux, T., et al., 2013; Wattiez, N., et al., 2017)
where neurons and brain circuits are directly stimulated and the related behavior such as
visuomotor behavior or motor response are observed. Activation of human cortical, sub-cortical
and the related network has also been widely detected (Lee, W., et al., 2015; Lee, W., et al.,
2016b; Legon, W., et al., 2014; Legon, W., et al., 2018a; Legon, W., et al., 2018b). Importantly,
these effects did not show observable side effects, even with chronic stimulation. Based on this,
clinical trials including the mood improvement (Sanguinetti, J. L., et al., 2020; Reznik, S. J., et
al., 2020), and chronic disorder of consciousness treatment (Cain, J. A., et al., 2021).

All this evidence indicate ultrasound a credible, safe, and clinical translational technics for
both neuroscience research and treating brain diseases. However, with the mechanism unknown,
many phenomena are hard to explain along with the bidirectional effect of the ultrasonic
neuromodulation. Whether that a serial set of ultrasound parameter, the neuronal state, the
neuronal subtype, or the intrinsic neuronal connectivity mattes, are all in an elusive state. The
stimulation outcome of current approach is thus not easy to be predicted and even contradictory

in some cases which has lied a hidden danger for appropriate applications in humans.

Therefore, understand the mechanism of how ultrasound modulate the neurons in a brain
is the key to take the advantage of the ultrasonic neuromodulation thoroughly, accurately and
avoiding the unpredictable side effects. Especially with the growing clinical trials for diseases
treatment in various stages including neuropsychiatric disease (Tsai, S. J., 2015), depression
(Reznik, S. J., et al., 2020; Sanguinetti, J. L., et al., 2020), it has become an urgent exploring the

mechanism of ultrasonic neuromodulation.

Regarding the physical property of ultrasound, various mechanisms including the
mechanical force, thermo-effect and cavitation are proposed in different labs. (Tyler, W. J., 2011,
Tyler, W. J,, et al.., 2012; Fomenko, A., et al., 2018; Kamimura, H. A., et al., 2020). The
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mechanical force has stand out itself as the most promising one based on the increasing evidence
from ultrasound physics perspective and biological effect found in neurons (Kim, H., et al., 2014;
Tyler, W. J., et al.., 2018; Kubanek, J., et al., 2018; Menz, M. D., et al., 2019).

While there are several mechanical responsive components sensing the mechanical force,
mechanosensitive ion channel has drawn much attention because of the millisecond timescale
of ultrasound induced bio-effect. (Bystritsky, A., et al., 2011, Fomenko, A., et al., 2018, Tyler,
W. J., et al.., 2018). The finding that multiple mechanosensitive ion channel response to
ultrasound (Kubanek, J., et al., 2016; Kubanek, J., et al., 2018; Qiu, Z., et al., 2019 Qiu, Z., et
al., 2020; Sorum, B., et al., 2021) further indicate the probability ultrasound neuromodulation
in mammal brain may be mediated by the endogenous expression of mechanosensitive ion

channel.

In this case, a mechanosensitive ion channel that endogenous expressed and functioned in
central nerve system, one that is sensitive enough responding to ultrasound stimulus in an intact
brain environment within the so-far studied ultrasound intensity and leading to the observed
ultrasound brain stimulation outcomes may be the answer for the ultrasonic neuromodulation in

Vivo.

Piezol displayed a plausible mechanism for ultrasonic neuromodulation from both
experimentally and theoretically perspective. Piezol, the most sensitive mechanotransdcution
ion channel, is found response to force as low as 10 pN (Coste, B., et al., 2010; Wu, J., et al.,
2016) and ultrasound sonication as low as 0.1 MPa (Qiu, Z., et al., 2019). Together with the
report that Piezol is expressed in both RNA (Allen mouse brain atlas), Protein and functional
level in mouse brain (Velasco-Estevez, M., et al., 2020, Velasco-Estevez, M., et al., 2018), it is
thus indicated the high possibility of Piezol’s role mediating the ultrasonic neuromodulation in

Vivo.
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Chapter 2. Piezol1’s role in ultrasonic neuromodulation

2.1 Material and method

Animal preparation

Mice used in this study includes C57 BL6/J (JAX# 000664) and Piezol™21Arat (JAX#
029231). Mice were housed under standard housing condition with 12-hour light/dark cycle
food and water available ad libitum. Animal use and care were performed following the
guideline of the Department of Health - Animals (Control of Experiments) of the Hong Kong

S.A.R. government.
Immunohistochemically fluorescent staining

The expression of Piezol in mice is the foundation of this study thus the
immunohistochemically fluorescent staining is firstly performed to test if it is expressed in
mouse brain in protein level. Mice were deeply anesthetized by 100 mg/ml ketamine and 10
mg/ml xylazine in PBS and then perfused with PBS, followed by 4% paraformaldehyde (PFA)
(cat. no. P1110, Solarbio). After dissection, brains were post-fixed overnight in 4% PFA and
then rinsed in PBS. Around 30 continuous coronal brain slices with the interval of 135 pm were
collected. Slices were blocked using 10% normal goat serum + 1% BSA for 90 mins and
incubated in Piezol (ab128245, Abcam, 1:50) and MAP2 (PA1-16751, Invitrogen, 1:500)
antibody solution diluted in 10% normal goat serum + 1% BSA for 3 days. Slices were then
washed and incubated with goat anti-rabbit 1gG (H+L) Alexa Fluor 488 (A-11008, Invitrogen,
1:1000) and goat anti-mouse IgY (H+L) Alexa Fluor 633 (A-21103, Invitrogen, 1:1000). diluted
in PBS for 90 mins at room temperature. Slices were then washed, sticked to glass slides, dried,
and mounted on coverslips using small drops of Prolong Diamond Antifade Mountant with
DAPI and allowed to cure in the dark overnight. Coverslip edges were sealed using transparent
nail enamel and imaged using a confocal laser scanning microscope (TCS SP8, Leica). The
same method is also adopted confirming if Piezol was conditionally knockout in PLKO neurons.
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Ex vivo electrophysiology

To test if the Piezol found in mouse brain is functional, patch clamp in acute brain slice
was performed. The inward incurrent in neurons induced by Piezol agonist Yodal(Cat. No.
5586, Tocris Biosciences) (20 M) with or without the broad mechanosensitive ion channel
blocker Ruthenium Red (RR, 30 M) was measured.

Brain slice prepared (details in below) was placed on the hold chamber and perfused
with oxygenated rACSF. Borosilicate glass-made patch pipettes (Vitrex, Modulohm A/S,
Herlev, Denmark), were pulled with micropipette puller (P-97, Sutter Instrument Co., USA) to
a resistance of 2 to 5 Mohm before being filled with KCI pipette solution (in mM): KCI 138,
NaCl 10, MgCl> 1 and HEPES 10 with D-manitol compensated for 290 osm. Membrane
potential was recorded with a data acquisition system (DigiData 1322A, HEKA Instruments),
When the whole-cell Giga seal was formed and the capacitance of cell was measured, set holding
voltage at -60 mv. Afterwards, the inward currents can be measured by voltage clamp gap free

recording mode.
Calcium image in acute brain slice

To confirm the functional Piezol’s expression in mouse brain and the successfulness of
Piezol conditional knockout (P1KO) in neurons, calcium image which reveals neuronal

response to different stimulus in acute brain slice was performed.

Brain slice pre-expressed GCaMP6s proteins were prepared (details in below) and
placed on the hold chamber and perfused with oxygenated rACSF. A customized calcium
imaging was utilized with the excitation light of 488. The fluorescence signals were collected
and captured by a SCMOS camera (ORCAFlash4.0 LT Plus C114400-42U30, Hamamatsu). To
minimize phototoxic effects, the LEDs were triggered at 1 Hz and synchronized with SCMOS
time-lapse imaging. The calcium signal changes were measured by AF/F in each neuron. The
changes below 1% is excluded. Piezol agonist Yodal(Cat. No. 5586, Tocris Biosciences) (20
M) and blocker ruthenium red (RR, 30 M) were adopted testing Piezo1’s function in neurons
and P1KO neurons. This same method was also adopted testing Piezo1’s function in ultrasonic

neuromodulation in neurons ex vivo.

38



Stereotaxic surgery

To test the Piezol’s role in ultrasonic neuromodulation ex vivo and in vivo, loss-of-
function strategy built by Cre-LoxP system was adopted. With the Cre recombinase expression
in neurons whose DNA is flanked with two LoxP site, the certain DNA stains can be deleted. In
this study, the Cre recombinant is promoted by Syn which guided it to expressed in neurons.
The mice used were Piezo1™21A0at (JAX# 029231), whose Exons 20-23 of mouse Piezol gene
are flanked by LoxP sites. Injection of Cre virus thus caused excision of the flanked region

resulting a conditional knockout neuron in mice.

Male, 4 weeks Piezo1™24P mice were deeply anesthetized by 100 mg/ml ketamine and
10 mg/ml xylazine in 0.9% NaCl and positioned in a stereotaxic injection frame (RWD Ltd,
China). 400 nL of virus was delivered to 3 locations respectively by a microinjection system
(Nanoliter 2010, WPI Ltd) through a craniotomy (<1 mm?). The injection was performed
unilaterally to the right motor cortex (at mm): AP: 0.0 ML: -1.0, AP: +0.5 ML: -1.0, AP: +0.5
ML: -1.5 with DV: 1. The final titer of all viruses was 5 x 102 VG/ml. 3-4 weeks is required
for the virus expression. Mice that injected with AAV2/9-Syn-mCherry + AAV2/9-Syn-
GCaMP6s and AAV2/9-Syn-Cre-mCherry + AAV2/9-Syn-GCaMP6s are Ctrl group and P1KO
group respectively, prepared for calcium image experiment.

Genotyping and tissue isolation

The successfulness of conditional knockout was determined by several methods including
immunohistochemically fluorescent staining which tests its protein expression, the calcium
image which tests its function and PCR analysis which tests its direct DNA excision outcome.
PCR analysis was performed on the DNA extracted from brain tissue where the virus was
injected. Using the following primers: P1LF: GCC TAG ATT CACCTGGCT TC; R: GCTCTT
AAC CAT TGA GCC ATC T; PIKO F: CTT GAC CTG TCC CCT TCC CCA TCA AG; R:
AGG TTG CAG GGT GGC ATG GCT CTT TTT and Phire Il polymerase (Thermo scientific
#F-170S). PCR was run following the cycling conditions: initial denaturation 98 <C for 5 mins,
followed by 98 <C for 5 s, then 10 cycles of 65 °C (-0.5 °C/cycle) for 5 s, 68°C for 20 s, followed
by 30 cycles of 98 T for 5, 60 T for 5's, 72 <T for 20 s, followed by a final hold of 72 <C for
1 min. Reactions were separated on 2% agarose gels (TAE buffer, 100V) yielding the following
band sizes: WT: 188 bp, P1: 380 bp, P1KO: 230 bp.
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Ultrasound setup:

Transducer placed in a handmade tube controlling the stimulation area 4 mm? were
adjusted underneath the rACSF confocal dish. Ultrasound stimuli (0.35 MPa) were administered

with the 500 s tone of burst, 300 ms duration and 10 s intervals.

Acute brain slice preparation

The mice under the age of 6 weeks old were deciphered on the ice. The brain is extracted
immediately and be moved into the ice-cold treatment ACSF (tACSF) containing (in mM): NaCl
124, KCI 3, NaH2P0O4 1.25, MgSOQ4 2, CaCl, 2, NaHCO3 26, Glucose 10. Coronal brain sections
of 300-400 pm thickness were cut with a vibratome (Leica, VT1000S) in ice-cold tACSF. Slices
were then recovered at 35 °C tACSF for at least for 1 hour. The slice was then transferred to the
recording ACSF (rACSF) perfusing confocal dish for the calcium image or patch clamp. The
rACSF contains (in mM): 124 NaCl, 3 KClI, 1.25 NaH2PO4, 1 MgSQg, 2 CaCl,, 26 NaHCOs, 10
Glucose.

The mice over the age of 8 weeks old were deeply anesthetized by intraperitoneal injection
of Ketamine/Xylazine mixture (100 mg/kg and 10 mg/kg body weight) and transcranial perfused
with NMDG ACSF containing (in mM): 92 NMDG, 2.5 KCI, 1.25 NaH2PQO4, 20 NaHCOs3, 10
HEPES, 25 Glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl, 4H.O and 10
MgSO4 7H20 and 12 NAC. Titrate pH to 7.3-7.4 with concentrated hydrochloric acid. Coronal
brain sections of 300-400 jm thickness were cut with a vibratome (Leica, VT1000S) in ice-cold
NMDG ACSF. Slices were shortly recovered for 10-12 mins in 32 °C NMDG ACSF. After that,
slices were recovered in HEPES ACSF containing (in mM): 92 NaCl, 2.5 KCI, 1.25 NaH2POa,
30 NaHCOg3, 20 HEPES, 25 Glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 2 CaCl, 4H>0
and 2 MgSO4 7H20 at room temperature for at least 1 hr. The slice was then transferred to the
rACSF perfusing confocal dish for the calcium image. The rACSF contains (in mM): 126 NacCl,
1.6 KClI, 1.2 NaH2POg4, 1.2 MgCly, 2.4 CaCl,, 18 NaHCO3, 11 Glucoses.

All ACSF solutions were newly prepared and be saturated with carbogen (95% 02 /5%
CO2) prior to use to ensure stable pH buffering and adequate oxygenation.
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2.2 Piezol is functional expressed in neurons in mouse brain

To test the role of Piezol in ultrasonic neuromodulation in mice, its endogenous functional
expression in mouse brain was first confirmed. Although Piezol’s expression in mouse brain on
RNA (see https://mouse.brain-map.org/experiment/show/68443399) and protein (Velasco-
Estevez, M., etal., 2018; Velasco-Estevez, M., et al., 2020) levels have previously been reported,
its functional expression level lacks experimental confirmation. Here, by immunofluorescent
staining, it was found that Piezo1l is broadly expressed in the mouse brain including the cortex
(Fig 2.1 A, Fig 3.6 J). In light of Piezo1l studies on primary neurons harvested from cortical area
(Qiu, Z., et al., 2019, Yoo, S., et al., 2022), and plentiful reports of ultrasound stimulation
induced motor response on motor cortex in animals (King, R. L., et al., 2013, 2014; Ye et al.,

2016; Tufail, Y., et al., 2010), cortex area was focused on this study.

Using patch clamp (Fig 2.1 B), neuron activation through Piezol agonist Yodal
introduction was captured (Fig 2.1 C, bottom). Total 3 neurons were record with inward current
(in pA) of 825, 50 and 0. The same neurons were then washed and incubated with broad
mechanosensitive ion channel blocker Ruthenium Red (Syeda, R., et al., 2016), no inward
current could be observed following Yodal addition (Fig 2.1 C, top). Together, functional
expression of Piezol is suggested.

Although patch clamp offers fine electrophysiological details of individual neurons, with
varying Piezol expression level between neurons, detecting neuronal activities collectively
might as well be necessary. Calcium imaging on acute brain slice, which allows observation on
multiple neurons simultaneously was thus performed (Fig 2.1 D). By expressing Ca?* indicator
GCaMP6s, neuronal activities can be quantified in form of fluorescence. Similar to the results
from patch clamp, Yodal induced neuronal activity could be observed (64.07% +42.89%) but
not on samples pre-treated with RR (1.608% = 0.2875%) (Fig 2.1 E, F), further proving

functional expression of Piezol.

Taken together, through molecular detection and functional examination, functional

expression of Piezol in neuron was confirmed.
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Figure 2.1 Piezol is functionally expressed in mouse brain. (A) Immunostaining of Piezol and MAP2
in mouse brain cortex. Green: Piezol; Red: MAP2; Blue: DAPI; Scale bar: 40 m. (B) Demonstration
of patch clamp recording on cortex neuron under microscope. Brain slices were collected from neonatal
mice (P3). (C) Representative patch clamp recording of inward current induced by Yodal on cortex
neurons with or without RR pre-incubation. Yodal applied was 60 pM. RR incubation (30 pM, if
applicable) was 10 mins. (D) Schematic of calcium imaging on acute brain slice under Yodal treatment,
with or without RR pre-incubation. Brain slices were collected 3-4 weeks after virus (Syn-GCaMP6s)
injection. Yodal applied was 20 pM. RR incubation (30 M, if applicable) was 10 mins. (E)
Representative calcium signaling of neurons in the acute brain slice before (upper row) and after (lower
row) Yodal addition. Left column: Yodal group; Right column: RR-pretreated group; Scale bar: 50 pm.
(F) Summarized AF/F result from individual calcium signaling experiments. Left: 130 neurons from 2
mice; Right: 31 neurons from 2 mice. Dot plots represents mean xSD, ****p < 0.0001 by two-tailed t

test.

43



2.3 Generation of Piezol conditional knockout models

To further test Piezol’s role in ultrasonic neuromodulation, mice with Piezol conditional
knockout (P1KO) neurons in motor cortex was generated through Cre-LoxP system. Cre
recombinase was delivered to target neurons by local injection of AAV virus with Syn promoter.
By expressing Cre in the neurons in Piezo1"" mice, the exon 22-23 would be deleted (Fig 2.2
A). To validate the conditional knockout, expressions of Piezol on DNA and protein levels were
tested through genotyping and immunostaining respectively. To further confirm these results,
the function of Piezol represented by its’s response to Yodal was then examined through
calcium imaging in acute brain slices. KCI was applied randomly in some P1KO slices after the

functional testing to exclude neuronal death confound.

Genotyping results show the presence of LoxP site in all Piezo1"" mice samples including
P17 Ctrl and P1KO mice, while wild type (WT) mice displayed shorter band due to the lack of
LoxP (Fig 2.2 C, left); since Cre recombinase was targeted to neurons, the exon 22-23 and
flanking LoxP site would be retained in surrounding non-neuron cells of P1LKO samples, giving
rise to the band in P1KO mice as well. Regarding primer designed (P1, P3), since the sequence
without knockout is too long (3080 bp) to be amplified in PCR, i.e., genotyping test, only P1KO
samples detected the band at 230 bp (Fig 2.2 C, right).

Immunostaining results showed expression of Piezol (Green) in Ctrl (Red) mouse brain
slice but unobservable of Piezol fluorescent signaling (Green) in PAKO (Red) mice (Fig 2.2 D),
indicating successful virus transfection and the knockout of Piezolprotein at the site. Thus, the

conditional knockout was determined successful in DNA and protein expression perspectives.

Function in P1KO neurons was then tested by calcium imaging on acute brain slices.
Calcium influx was found induced by Yodal in Ctrl neurons (44.68% =*37.71%) but much less
in P1KO neurons (6.631% =7.465%) or RR-pretreated Ctrl neurons (6.559% =+8.205%) (Fig
2.2 E, F), which indicates the loss of functions of Piezol in P1KO neurons. The neuron viability
was also confirmed through KCI treatment and the response was observed (73.19% =£40.63%)

excluding confound of cell death in P1LKO group.

Taken together, from molecular and functional perspective, the generation of PLKO model

was confirmed successful.
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Figure 2.2 Piezol conditional knockout by Cre-LoxP system was successful. (A) Schematic of Piezol
conditional knockout by Cre-LoxP system (modified from Cahalan., S. M., et al., 2015). P17 represents
mouse line with exons 20-23 of Piezol flanked by LoxP sites. With the Cre recombinase recognizing
the LoxP sites, exons (floxed site) would be deleted. (B) Schematic of Piezol conditional knockout in
neurons in mouse brain by Cre-LoxP system. Mice injected with Syn-mCherry or Syn-Cre-mCherry are
Ctrl and P1KO mice prepared for molecular test i.e., genotyping and immunostaining. Mice injected with
Syn-mCherry + Syn-GCaMP6s or Syn-Cre-mCherry + Syn-GCaMP6s, classified as Ctrl and P1LKO mice
respectively, were prepared for functional experiment i.e., calcium imaging. (C) Left: genotyping results
with LoxP-spanning PCR primers. The expected products are 380 bp in Piezo1" mice and 188 bp in wild
type mice. Right: genotyping results with deletion-spanning PCR primers. The PCR product size after
deletion was expected to be 230 bp. PCR product in mice without the deletion was not expected because
the sequence is too long to be amplified (3080 bp). (D) Representative immunostaining results of Piezol
in Ctrl and P1KO mouse brains. Green: Piezol; Red: mCherry; Scale bar: 20 um. (E) Representative
neuron calcium signaling with Yodal or KCI treatment. Upper row: before Yodal or KCI treatment;
Bottom row: after Yodal or KCI treatment; (from left) First column: Ctrl neurons receiving Yodal;
Second column: RR-pretreated Ctrl neurons receiving Yodal; Third column: PLKO neurons receiving
Yodal; Last column: post-Yodal P1KO neurons receiving KCI. (F) Summarized AF/F result from
individual calcium signaling experiments. (From left) First column: 44 neurons from 2 Ctrl mice; Second
column: 27 neurons from 2 Ctrl mice; Third column: 99 neurons from 2 P1KO mice. Right column: 70
neurons from 2 P1KO mice. Dot plot represents the mean =SD, ****p < 0.0001 by two-way ANOVA.
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2.4 Piezol contributes to the ultrasonic neuron stimulation ex vivo

With the confirmation of Piezol functional expression in neurons and the success of P1KO
neuron preparation, we furthered the experiments on investigating Piezol’s role in ultrasonic
neuromodulation. Through co-expression of Cre-mCherry or mCherry with GCaMP6s, the
calcium signaling in P1KO or Ctrl neurons was quantified (Fig 2.3 A). Acute brain slices were
collected four weeks after virus injection and treated with ultrasound, in a setup using a 0.5 MHz
plane transducer with three 300 ms pulses of ultrasound (US) at 0.35 MPa (low-intensity), 10 s
apart (Fig 2.3 B). Consistent with the Yodal pattern, Ctrl neurons showed significantly stronger
calcium response to sonication (61.05% +26.69%) than RR pre-treated ones or P1KO neurons
did, and the latter twos showed similar level of response (Ctrl:RR: 1.371% +0.4211%, KO:
6.456% +6.444%; Fig 2.3 C).

Taken together, Piezol was found functionally expressed in neurons in the brains of mice,
with expression level high enough that if Piezol were knocked out, neurons showed much
diminished responses to ultrasound. These also imply that Piezol is an important component for
neurons’ mechano-sensitivity, as the responses from P1KO neurons were very similar to those
of non-specific mechanosensitive ion channel blocker RR pre-treated Ctrl neurons. In short,

Piezol was demonstrated indeed a significant mediator of ultrasonic neuromodulation in ex vivo

brain slices.
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Figure 2.3 Piezol mediates ultrasonic neuromodulation ex vivo. (A) Schematic of calcium imaging
guantification of ultrasonic neuron response in P1KO and Ctrl mice. Left: Virus injection protocol, either
Syn-mCherry + Syn-GCaMP6s or Syn-Cre-mCherry + Syn-GCaMP6s was injected in Piezo1"" mice’s
motor cortices. 3-4 weeks later, acute brain slices were collected for calcium imaging. RR incubation
(30 M, if applicable) was 10mins. (B) Schematic of ultrasound stimulation applied. Left: parameters of
the ultrasound stimuli. Frequency: 0.5 MHz, spatial-peak temporal-peak pressure: 0.35 MPa, Duty cycle:
50%, Duration: 300 ms, Interval: 10 s, 3 cycles; Right: Acoustic profile of the ultrasound field generated
by the ultrasound system. For our calcium image system, the brain slices should experience
approximately 0.35 MPa. (C) Representative neuron calcium signaling towards ultrasound stimulation.
Upper row: before ultrasound stimulation; Bottom row: after ultrasound stimulation; Left column: Ctrl
neurons; Middle column: Ctrl neurons pre-treated with RR; Right column: P1KO neurons. (D)
Summarized AF/F result from individual calcium signaling experiments. Left column: 107 neurons from
2 Ctrl mice; Middle column: 9 neurons from 1 Ctrl mouse; Right column: 34 neurons from 2 P1KO mice.
Dot plot represents the mean £SD, ****p < 0.0001 by one-way ANOVA.
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2.5 Discussion

In this chapter, expression of Piezol in mouse brain was first demonstrated, which has been
previously reported locating in neurons of myelinated axonal pathways including the corpus
callosum and cerebellar arbor vitae, and particularly in neurons of the frontal cortex in mouse
and rat brains (Velasco - Estevez, M., et al., 2020). On top of that, in this chapter, Piezol was

detected in neurons broadly distributed in mouse brain including the whole cortex.

Piezol in CNS has been indicated, for example, directing the lineage choice of neural stem
cells (Pathak, M. M, et al., 2014), and negatively correlated with the myelination in neurons
(Velasco-Estevez, M., et al., 2020), however, direct evidence of function of Pieozl in neurons
in mouse brain has not been reported. In this chapter, through the calcium response to its agonist
Yodal, Piezol function in neurons is confirmed, which thus provides premise studying the role

of Piezol in ultrasonic neuromodulation.

Loss-of-function and gain-of-function mutations are two classic ways probing a protein’s
function. Gain-of-function mutation of Piezolwas found hard to achieve, maybe because of the
protein’s large size and complexity (Coste, B., et al., 2010, Coste, B., et al., 2015; Jiang et al.,
2021), loss-of-function mutation was thus taken into consideration. Since global knockout of
Piezol in mouse is embryonic lethal (Li, J., et al., 2014), conditional knockout was adopted by
local expression of Cre recombinase in Piezol™ mice. The successfulness of conditional
knockout of Piezol (P1KO) neurons generation was further confirmed with molecular tests
including the DNA and protein tests, and functional test by adopting Piezol agonist Yodal.

With the success of generating P1KO neurons, Piezol’s role in ultrasonic neuromodulation
was then investigated. P1KO neurons were found displaying lower neuronal activity responding
to ultrasound ex vivo which supports the hypothesis that Piezol mediates ultrasonic
neuromodulation. This finding is consistent with our previous findings that Piezo 1 mediates
ultrasonic neuromodulation in vitro (Qiu, Z., et al., 2019) and paves the way for further

investigation of Piezo1’s role in vivo.
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Chapter 3. The role of Piezol in the ultrasonic neuromodulation in vivo

3.1 Material and method

Animal preparation

Mice used in this chapter were mainly Piezo1™?1Arat (JAX# 029231) for PIKO mice
generation and measuring ultrasonic brain stimulation effect including behavioral,
electromyography, calcium signaling and c-Fos expression in vivo. C57 BL6/J (JAX# 000664)
were also used for immunostaining and fiber photometry experiment. Mice were housed under
standard housing condition with 12-hour light/dark cycle, food and water available ad libitum.
Animal use and care were performed following the guideline of the Department of Health -

Animals (Control of Experiments) of the Hong Kong S.A.R. government.
Stereotaxic surgery

P1KO mice were generated through injection of Syn-Cre-mCherry virus in
Piezo1"™M21A%t mice in motor cortex in right hemisphere which results in Piezol conditional
knockout in neurons in unilaterally motor cortex in mice. Ctrl mice were prepared with the same
protocols but the Syn-mCherry virus. As for fiber photometry experiment, additional Syn-
GCaMP6s is added all virus used.

Male, 4-6 weeks Piezo1™214P mice were deeply anesthetized by 100 mg/ml ketamine
and 10 mg/ml xylazine in 0.9% NaCl and positioned in a stereotaxic injection frame (RWD Ltd,
China). 400 nL of virus was delivered to 3 locations respectively by a microinjection system
(Nanoliter 2010, WPI Ltd) through a craniotomy (<1 mm?). The injection was performed
unilaterally to the right motor cortex (at mm): AP: 0.0, ML: -1.0; AP: +0.5 ML.: -1.0; AP: +0.5
ML.: -1.5, with DV: 1. For the behavioral, electromyography, and c-Fos experiment, Ctrl mice
were generated by injection of AAV2/9-Syn-mCherry and P1KO mice were prepared with
injection of AAV2/9-Syn-Cre-mCherry. Mice that injected with AAV2/9-Syn-mCherry + Syn-
GCaMP6s and AAV2/9-Syn-Cre-mCherry + AAV2/9-Syn-GCaMP6s were Ctrl group and
P1KO group respectively, prepared for calcium image experiment i.e., fiber photometry. The
final titer of all viruses was 5 x 102 VG/ml.
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Ultrasound stimulation and behavior recording

After 4-6 weeks of viral injection. Mice were given 10-15 mins isoflurane inhaling to
reach to an appropriate anesthesia plane. Mice hair was shaved, and the lithium niobate
ultrasound transducer (0.5MHz, Harisonic 17-0012-P, Olympus) was coupled to the skull using
ultrasound gel (Parker Aquasonic 100). Ultrasound stimuli (0.35, 0.45 MPa) were administered
with the 500 s tone of burst, 50% duty cycle, 50, 250, 500 ms and 5 s intervals, 4-6 times
repetition in each duration groups. The forelimb and hindlimb movements induced by
ultrasound stimuli were recorded by camera. The distance of forelimb and hindlimb movements

is analyzed by an open source DeepLabCut.
EMG experiments

EMG experiments were conducted after 4-6 weeks of viral injection. Under isoflurane/
O2 anesthesia, the mice hair was shaved, and the lithium niobate ultrasound transducer (0.5MHz,
Harisonic 17-0012-P, Olympus) was coupled to the skull using ultrasound gel (Parker Aquasonic
100). Ultrasound stimuli (0.3, 0.35, 0.4, 0.45 MPa) were administered with the 500 s tone of
burst, 50% duty cycle, 500 ms duration and 15 s intervals. EMG data were collected from the
left gastrocnemius muscle through fine needle electrodes connected to a Meduda (Bio-Signal
Technology). Data were recorded at 1000 Hz, pre-amplified and digitized. Using MATLAB
(Mathworks, USA), digitized waveforms were filtered by 50 Hz notch filter and 300 Hz high-
pass filter. RMS envelope of the filtered waveforms were extracted for EMG identification and
feature extraction. After smoothing the envelope, mean amplitude of ‘quiet period’ prior any
ultrasound stimulation was taken as baseline. If any peak rises above 4 times the baseline within
1 s window after US stimulation onset, which the waveform remains lower than 2 times the
baseline within 300 ms window prior that stimulation onset, the peak is considered a successful

US induced EMG response and the amplitude is extracted.
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Fiber Photometry

3 weeks after virus injection, an optical fiber (Thinker Tech Nanjing Bioscience Inc)
which was placed in a ceramic ferrule and inserted to the cortex. The ceramic ferrule was
supported with dental acrylic. Mice were recovered for at least 1 week before recording the data
by a fiber photometry system (QAXK-FPS-DC-LED, Thinker Tech Nanjing Bioscience Inc).
An optical fiber (230 mm O.D., NA 0.37; Thinker Tech Nanjing Bioscience Inc) guided the
480-nm laser between the recording system and the implanted optical fiber. The laser power
was adjusted around 40 mW. Ultrasound stimuli (0.02, 0.06, 0.12 MPa) were administered with
the 500 s tone of burst, 50% duty cycle, 300 ms and 5 s intervals, 4-6 times repetition in each
duration groups targeted to the cortex area. Ultrasound stimuli of 0.01, 0.02, 0.0.3 MPa were
administered when targeted the CEA area. The relative change in fluorescence, dF/F = (F-F0)/FO,
was calculated by taking FO to be the baseline of the fluorescence signal averaged over 1 s before

ultrasound in each session.
Immunohistochemical fluorescent staining

For the c-Fos detection, mice were deeply anesthetized by 100 mg/ml ketamine and 10
mg/ml xylazine in PBS. The transducer is couple to the area above the motor cortex. Ultrasound
stimuli (0.5 MHz, 0.45 MPa) were administered with the 500 s tone of burst, 50% duty cycle,
300 ms duration and 10 s intervals for 50 mins. 90 mins later, mice were perfused with PBS,
followed by 4% paraformaldehyde (PFA) (cat. no. P1110, Solarbio). After dissection, brains
were post-fixed overnight in 4% PFA and then rinsed in PBS. Around 30 continuous coronal
brain slices with the interval of 135 pm were collected. Slices were blocked using 10% normal
goat serum + 1% BSA for 90 mins and incubated in c-Fos (2250, CST, dilution 1:500), antibody
solution diluted in 10% normal goat serum + 1% BSA for overnight. Slices were then washed
and incubated with goat anti-rabbit IgG (H+L) Alexa Fluor 488 (A-11008, Invitrogen) diluted
in PBS for 90 mins at room temperature. Slices were then washed, sticked to glass slides, dried,
and mounted on coverslips using small drops of Prolong Diamond Antifade Mountant with
DAPI and allowed to cure in the dark overnight. Coverslip edges were sealed using transparent

nail enamel and imaged using a confocal laser scanning microscope (TCS SP8, Leica).
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3.2 Piezol mediates the ultrasound induced motor activity in mice

Ultrasound stimulating neurons in motor cortex would induce relevant motor behaviors in
rodents (King, R. L., et al., 2013; King, R. L., et al., 2014; Ye, P. P., et al., 2016; Tufail, Y., et al.,
2010) has been frequently reported, providing robust, solid evidence that ultrasound stimulates

motor circuits and thus, motor activity was adopted as a reporter in this study.

P1KO and Ctrl mice were first generated by expressing Cre-mCherry and m-Cherry
proteins in right motor cortex in Piezol”". Ultrasound stimulation was delivered on the right
hemisphere and movements of the left forelimb and hindlimb were captured by a camera (Fig
3.1 A). In both Ctrl and P1IKO mice, forelimb movement was found increased with the
ultrasound pulse duration under 0.35 MPa and 0.45 MPa. However, smaller range of forelimb
movement in P1IKO mice were found compared to Ctrl mice especially under 0.35 MPa
ultrasound stimuli at 250 ms and 500 ms duration (Fig 3.1 B left); under 0.45 MPa, the difference
becomes minor (Fig 3.1 B right), this may be because the ultrasound stimulation has passed a
certain threshold that movement response was becoming saturated. To induce hindlimb
movement, on the other hand, seems to require a higher ultrasound intensity. No hindlimb
movement in all mice was induced by 0.35 MPa ultrasound (Fig 3.1 C left); hindlimb movement
in mice was found only when the ultrasound reached 0.45 MPa, at 500 ms duration (Fig 3.1 C
right). Although P1KO mice hindlimb movement could be triggered under this condition, the
range of movement is much smaller than that of Ctrl mice. Expression of Cre in neurons was
also confirmed though the co-localization of mCherry and stained NeuN, a neuron maker (Fig

3.1 D).

Together this group of data indicates that Piezol contributes to ultrasound induced motor
response in mice. Considering the slight muscle response that might be missed by this method,
especially hindlimb responses at lower ultrasound amplitude, electromyography (EMG) was

performed to characterize the ultrasonic brain stimulation in P1KO and Ctrl mice.
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Figure 3.1 Deletion of Piezol in neurons in motor cortex reduce its motor response to ultrasound
stimulus. (A) Schematic of capturing motor response of mice under ultrasound stimulation. PLKO and
Ctrl mice were generated by virus (Syn-Cre-mCherry and Syn-mCherry respectively) injection in right
motor cortex. Experiments were carried out 4 weeks after the virus injection. The mice were kept under
a light anesthesia state by isoflurane. The ultrasound was applied from above the motor cortex area on
the right hemisphere. The ultrasound was applied from above the motor cortex area on the right
hemisphere. The ultrasound applied was: 0.5 MHz frequency, 0.35/ 0.45 MPa peak pressure, 50% duty
cycle (500 ps), 50/ 250/ 500 duration, 5 s intervals, 4-6 repetitions in each experiment set. (B)
Summarized forelimb movement induced by ultrasound stimulation at different ultrasound intensity and
duration. n =5 Ctrl mice and 3 P1KO mice. Bar charts represent the mean =SEM, *p < 0.05, **p < 0.01,
***p < 0.005 by two-way ANOVA followed by Holm-Sidak’s multiple comparison test. (C)
Summarized hindlimb movement induced by ultrasound stimulation at different ultrasound intensity and
duration. n = 5 Ctrl mice and 4 P1KO mice. Bar charts represent the mean =SEM, *p < 0.05 by two-
way ANOVA followed by Holm-Sidak’s multiple comparison test. (C) Immunostaining of NeuN in
cortex in PLKO mice. Red: mCherry; Green: NeuN; Blue: DAPI. Scale bar: 20 pm.
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3.3 Piezol affect ultrasound induced electromyography in mice

To further confirm the Piezol’s role in ultrasonic neuromodulation under mouse motor
response circumstance, EMG recording at the gastrocnemius was measured and quantitatively
analyzed (Fig 3.2 A, B). Consistent with other studies, pressure of ultrasound required for

triggering motor response and detectable EMG is around 0.35-0.7 MPa in mice.

In both Ctrl and P1KO mice, the EMG signaling was found enhanced with the ultrasound
intensity increasement. Nevertheless, the signaling in P1KO mice was found smaller compared
to that of Ctrl mice under every ultrasound intensity especially 0.4 and 0.45 MPa where
significant difference was observed (5.20 £2.02 vs. 16.10 *=8.27 at 0.4 MPa; 9.40 £1.33 vs.
28.64 =11.80 at 0.45MPa) (Fig 3.2 C, D). It thus adding support that Piezol contributes to
ultrasound eliciting motor response in mice and therefore indicated Piezol an important

mediator in ultrasonic neuromodulation in vivo.
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Figure 3.2 Deletion of Piezol reduce the ultrasound induced electromyography in mice. (A) Schematic
of gastrocnemius EMG recording in the mice under ultrasound stimulation. P1LKO mice generation: virus
(Syn-Cre-mCherry) injection in right motor cortex; Ctrl mice generation: virus (Syn-mCherry) injection
in right motor cortex. Experiments were carried out 4 weeks after the virus injection. The mice were kept
under a light anesthesia state by isoflurane. The ultrasound was applied from above the motor cortex area
on the right hemisphere. The ultrasound applied was: 0.5 MHz frequency, 0.3/ 0.35/ 0.4/ 0.45 MPa peak
pressure, 50% duty cycle (500 k), 500 ms duration, 15 s intervals, 4-6 repetitions in each experiment
set. (B) Representative fluorescence image of mCherry (Ctrl) and Cre-mCherry (P1KO) expression in
motor cortex in mice. Scale bar: 400 pm. (C) Representative recording of EMG induced by ultrasound
in Ctrl (top) and P1KO (bottom) mice. (D) Summarized EMG result from 9 Ctrl and 9 P1KO mice. Line
charts represent the mean =SEM, *p < 0.05, **p < 0.01 and ***p < 0.05 by two-way ANOVA followed
by Holm-Sidak’s multiple comparisons test.
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3.4 Piezol dependent calcium signaling induced by ultrasound in mice

To more directly measure the neuronal activity induced by ultrasound, calcium signaling
was recorded by fiber photometry (Fig 3.3 A). Ultrasound at acoustic pressures between 0.02 -
0.12 MPa were used to stimulate the brains. Strong co-expression of mCherry and GCaMP6s in
neurons of the targeted motor cortex can be observed (Fig 3.3 B).

Unlike the motor test, the calcium signaling was found easier to be induced by ultrasound
at pressure as low as 0.06 MPa. This may be because observable motor changes require higher
neuron complex corporation that higher level of neuron perturbation is needed. The ultrasound
induced calcium signaling could also be an indication supporting previous finding that
ultrasound could induce neuron plasticity and provide long-term effect in vivo (Baek, H., et al.,

2018; Huang, X, et al., 2019; Folloni, D., et al., 2019; Verhagen, L., et al,.2019).

It is found that ultrasound rapidly and transiently activated neurons, as revealed by
GCaMP6s fluorescence change. Such response is also found to increase with acoustic pressure
under all tested values, and responses from P1KO mice were significantly lower than that from
Ctrl mice. (Fig 3.3 C, D) These thus give additional evidence, from direct, immediate neuronal
activity perspective, supporting the previous chapter’s finding that Piezol mediates ultrasonic

neuromodulation in vivo.
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Figure 3.3 Depletion of Piezol reduces ultrasound induced calcium singling in mice (A) Schematic of
fiber photometry test on Ctrl and PLKO mice under ultrasound stimulus. PLKO mice generation: virus
(Syn-Cre-mCherry + Syn-GCaMP6s) injection in motor cortex; Ctrl mice generation: virus (Syn-
mCherry + Syn-GCaMP6s) injection in motor cortex; Experiment was carried out 4 weeks after the virus
injection. The mice were kept under a deep anesthesia state by isoflurane. Ultrasound was applied
adjacent to the ceramic ferrule. The ultrasound applied was: 0.5MHz frequency, 0.02/ 0.06/ 0.12 MPa
peak pressure, 50% duty cycle (500 s), 300 ms duration, 5 s intervals, 4-6 repetitions in each experiment
set. (B) Representative fluorescence image of Cre-mCherry or mCherry co-expressed with GCaMP®6s in
motor cortex in mice. Red: mCherry; Green: GCaMP®6s; Blue: DAPI; Scale bar: 1 mm or 50 pm. (C)
Representative calcium signaling induced in Ctrl and P1KO mice under 0.02 (top), 0.06 (middle), and
0.12 MPa (bottom) ultrasound stimulation. (D) Summarized AF/F from 2 individual experiments in 3
Ctrl mice and 4 P1KO mice. Bar charts represent the mean £SEM, *p < 0.05, **p < 0.01 and ***p <
0.05 by two-way ANOVA followed by Tukey—Kramer post-hoc analysis.
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3.5 Immediate early gene revealed Pieozl’s role

c-Fos is one of the most studied immediate early genes whose induction has been shown
to be activity-dependent in neurons (Morgan, J. I., & Curran, T., 1988). Expression of c-Fos was
thus adopted as a post-stimulation measurement of neuronal activity. After 0.45 MPa ultrasound
stimulation for 50 mins and 90 mins for c-Fos expression, neuronal activity in response to
ultrasound was measured through immunofluorescent staining of c-Fos (Fig 3.4 A, B). Level of
c-Fos expression in PLKO mouse brain slices was found much lower (4.68 £3.62) compared to
that of Ctrl mice (53.04 £20.79) (Fig 3.4 C).

In short, from molecular perspective, Piezol is also found participating in ultrasonic

neuromodulation in vivo.
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Figure 3.4 Depletion of Piezol reduces ultrasound induced c-Fos expression in mouse brain. (A)
Immunostaining of c-Fos in cortex after ultrasound stimulation (10>). Upper row: Ctrl mice; Bottom
row: Ctrl mice Green: c-Fos; Red: mCherry; Blue: DAPI; Scale bar: 200 pm. (B) Immunostaining of c-
Fos in cortex in Ctrl and P1KO mice after the ultrasound stimulation. Green: c-Fos; Red: mCherry; Blue:
DAPI; Scale bar: 20 . The ultrasound applied was: 0.5 MHz frequency, 0.45 MPa peak pressure, 50%
duty cycle (500 1s), 500 ms duration, 5 s intervals, total 50 mins. (C) Summarized c-Fos expression of
27 slices from 3 Ctrl mice, 19 slices from 2 PLKO mice. Bar charts represent the mean 2SEM, ****p <
0.0001 by unpaired t test.
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3.6 Exclusion of auditory confound

Auditory confound has recently become a debate in ultrasonic neuromodulation in vivo
(Guo, H., et al., 2018; Sato, T., et al., 2018). Although the fact that only contralateral behavior
movement and EMG signal could be observed by delivering ultrasound stimulation locally to
one hemisphere serves as evidence excluding auditory confound, c-Fos expression in auditory
cortex in both P1IKO and Ctrl mice was checked for further confirmation. No significant
difference was found in c-Fos expression between P1KO and Ctrl groups, nor between left and
right hemisphere in either group. This strengthens that auditory confound was not present in this
study. (Fig 3.5 A, B).

Moreover, motor response was found triggered by ultrasound in Kanamycin/Furosemide-
deafened mice which further demonstrates ultrasonic stimulation of motor circuits was not
dependent on the auditory pathway. This is consistent with an earlier study demonstrating that
elimination of auditory pathways did not affect the ultrasound-elicited motor responses
(Mohammadjavadi M., et al. 2019). Based on this, it is convinced that direct stimulation of

neuronal circuits is the main reason for the ultrasound induced motor behavior in this study.

A Ctrl KO

Piezol Piezol
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Figure 3.5 Piezol mediates ultrasonic neuromodulation independent from the auditory pathway. (A)
Immunostaining of c-Fos in auditory cortex in left and right hemisphere after the ultrasound stimulation.
Green: c-Fos. Scale bar: Imm or 50 pm. The ultrasound applied was: 0.5 MHz frequency, 0.45 MPa
peak pressure, 50% duty cycle (500 ps), 500 ms duration, 5 s intervals, total 50 mins, targeted to motor
cortex. (B) Summarized c-Fos number of 19 slices from 2 P1KO mice and 27 slices from 3 Ctrl mice in

both the ultrasound stimulation side and the contralateral side. Dot plots represent the mean =SEM, p >

0.5 by two-way ANOVA followed by Holm-Sidak’s multiple comparisons test.
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3.7 Regions with high Piezol expression

Having found that endogenous Piezol is a significant mediator of ultrasonic
neuromodulation in motor cortex, it was wondered whether other brain regions, possibly
expressing greater levels of Piezol, may also serve as effective targets of ultrasound. With
immunofluorescent staining of WT mouse brains, several brain areas including stria terminalis
(BNST), central amygdala (CEA), paraventricular nucleus of hypothalamus (PVN), Edinger-
Westphal nucleus (EW) and red nucleus (RN) (Fig 3.6 J, K) were found having strong Piezol
expressions. Out of these, CEA was chosen for further investigation due to it being a classic and
well-established target of neuroscientific experiments, and its easily recognizable symmetrical
anatomy feature (Fig 3.6 A). Consistent with the findings in cortex, Piezol was found co-stained
with MAP2 which indicates its expression in neurons (Figure 3.6 B). Inward current was also
recorded in 6 randomly selected neurons from this brain area, which this effect could be
eliminated by pre-treatment with RR (Fig 3.6 D, E). Together, these demonstrate the function
of Piezol in neurons in CEA area.

Neuronal activity responding to ultrasound was then investigated through fiber photometry.
Interestingly, ultrasound as low as 0.03 MPa could induce the calcium influx with good
synchronization (Fig 3.6 F) which indicates the higher sensitivity of neurons in CEA to
ultrasound compared to neurons in cortex (both Ctrl and P1LKO neurons). The higher ultrasound
intensity had higher success rate and greater induced calcium influx (Fig 3.6 G, H). Time locked
peaks of AF/F in response to ultrasound stimulation were extracted and quantified. The peak of
the responses as the function of acoustic pressure were then fitted with a linear equation. It was
found that the slope of the AF/F peak-pressure relation in CEA neurons (k=102.7) is steeper
than that of cortex (k=12.29) (Fig 3.6 1). These results further confirm that Piezo1 is an important

factor mediating the ultrasonic neuromodulation in vivo.

In summary, from the gain-of-function perspective, Piezol is found a prominent factor that

is responsible to ultrasonic neuromodulation in vivo.
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Figure 3.6 Neurons displayed greater ultrasound response in Piezol higher expression area. (A)
Immuno-staining of Piezol in a whole mouse brain slice. Green: Piezol; Arrow: CEA area; Scale bar: 1
mm or 100 pm. (B) Co-immuno-staining of Piezol and MAP2 in the CEA area. Green: Piezol, Red:
MAP2, Blue: DAPI. Scale bar: 200 um or 20 pm. (C) Demonstration of a neuron in CEA being patched.
Left: a neuron being patched by pipette; Right: neuron’s location in CEA area. (D) Representative
recording of inward current induced by Yodal (60 |iM) with or without RR pre-treatment (30 jum) from
2 individual neurons. (E) Summarized inward current under Yodal with or without pre-treated with RR.
Left column: 5 neurons from 2 mice; Right column: 3 neurons from 2 mice. Dot plots represent mean £
SEM, *p < 0.05 by Mann-Whitney test. (F) Representative calcium signaling induced by ultrasound
stimulation with intervals of 1.5 s, 3 s, and 5 s in the CEA area. Gray bar: ultrasound tag. Scale bar: 2%.
(G) Success rate of calcium signaling induced by 0.01/ 0.02/ 0.03 MPa ultrasound from 2 individual
experiments in 4 mice. Bar charts represent mean =SEM, *p < 0.05, **p < 0.01 by one-way ANOVA
followed by Tukey—Kramer post-hoc analysis. (H) Summarized AF/F induced by 0.01/ 0.02/ 0.03 MPa
ultrasound from 2 individual experiments in 4 mice. Bar charts represent mean =SEM, *p < 0.05, ***p
< 0.005 by one-way ANOVA followed by Tukey—Kramer post-hoc analysis. (I) Regression of calcium
signal induced by ultrasound in cortex and CEA area from 4 and 3 mice respectively. CEA: y=102.7x +
0.5278, p<0.0001; Cortex: y=12.29x + 0.3140, p<0.0001. (J) Piezol is highly expressed in stress-
processing brain areas. Left column: anatomy of brain areas location in coronal brain section view;
Middle and right columns: immunostaining of Piezol in mouse brain, respectively the areas of cortex,
BNST, CEA, PVN, EW, RN. Green: Piezol, Scale bar: 100 pm. (K) Summarized relative light intensity
of Piezol positive neurons to the cortex neuron. P****<0.0001 by one-way ANOVA followed with

Dunnett's multiple comparisons test (each compared with cortex group).
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3.8 Discussion

Consistent with the ex vivo study, Piezol is found mediating ultrasonic neuromodulation
in vivo. Neurons in motor cortex have been found triggering the contralateral limb movement
by light or ultrasound (Ayling, O. G., et al., 2009; Kamimura, H. A., et al., 2016; Aurup, C., et
al., 2021). In this study, similar response was observed that left hindlimb was triggered by the
right-hemisphere brain stimulation, which was harder to be induced for the P1KO mice, that
higher acoustic pressure or longer ultrasound duration was required. The EMG test further
confirms this finding quantitatively, demonstrating a reduced neuronal response to ultrasound
without the function of Piezol. Reduced neuronal activity indicating by the lower calcium
signaling in P1KO mice further demonstrates Piezol’s participation in ultrasonic
neuromodulation in vivo. Supporting this finding, decreased c-Fos expression after ultrasound
stimulation in PLKO mouse brain slices was observed. Taken together, it is found that Piezol
mediates ultrasound stimulated neuronal circuits activity and its corresponding behavior

changes and thus is a prominent factor that mediates ultrasonic neuromodulation in vivo.

Importantly, this mediating effect was not dependent on the auditory pathways based on
the findings that no difference in c-Fos expression in auditory cortex between P1KO and Citrl

mice and that the motor response can as well be elicited by ultrasound in deaf mice.

When studying a protein, the gain-of-function and loss-of-function mutations are widely
adopted. In this study, loss-of-function was achieved through conditional knockout by Cre-LoxP
system. However, gain-of-function was found hard to be achieved because of the difficulties
overexpressing Piezol. This may be due to Piezo1’s extremely large size and complexity (Coste,
B., et al., 2010; Coste, B., 2015; Jiang, Y., et al., 2021). The finding that the CEA neurons
express higher level of Piezol offers an alternative to gain-of-function study. It is found that the
CEA neuronal activity displayed a higher ultrasound intensity dependency compared to those
of cortex where Piezol is found lowlier expressed. In short, neurons with higher Piezol
expression displayed a higher ultrasound sensitivity while the low expression or KO ones,
showed lower sensitivity which indicates a prominent role of Piezol in ultrasonic
neuromodulation. Taken together, Piezol is demonstrated mediating ultrasonic

neuromodulation in vivo from the gain-of-function and loss-of-function perspective.
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Interestingly, Piezol is found specifically highly expressed in bed nucleus of the stria
terminalis (BNST), central amygdala (CEA), paraventricular nucleus of hypothalamus (PVN),
edinger-westphal nucleus (EW) and red nucleus (RN) in mouse brain (Fig 3.7). Having found
that Piezol mediates ultrasonic neuromodulation in vivo, the lower threshold of acoustic
pressure required for inducing calcium signaling in CEA may in turn demonstrate its higher
expression of Piezol.

Regarding that Piezo1l is highly expressed in stress-regulating brain area, it seems to be
a possible target studying and treating psychiatric diseases. For example, amygdala is a classic
emotion and motivation associated brain area (Janak, P. H., & Tye, K. M., 2015) and thus is
considered a good target for various psychiatric diseases. In fact, ultrasound treatment for
depression, anxiety disorders, bipolar depression and PTSD is under progression. Evidence that
ultrasound treatment altered functional activity in macaques brain is also reported (Folloni, D.,
et al., 2019). Although whether Piezol participated in this treatment requires further
confirmation, this study suggest such possibility and provide more targeting brain areas
including BNST, PVN, EW and RN for treating related psychiatric diseases.
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Figure 3.7 Specific distribution of Piezol in mouse brain. Piezol highly expressing brain areas interact
with each other, controlling mouse’s social, emotional, or motivational salience. BNST: a center of
integration for limbic information and valence monitoring, has emerged as a key to psychiatric disorders.
From the function perspective, it mediates the sustained fear states, and social behaviors, which include
aggression, mating, offspring, and parenting (M. A., & Chen, A., 2016). From the anatomy perspective,
along with its connectivity with other area and receptor subpopulations, it possesses dense connections
with PVN; PVN: the node of the hypothalamic—pituitary—adrenal (HPA) axis that initiates cortisol
responses and integrates stress response (Avery, S. N., et al., 2016); CeA: a brain area orchestrating
various adaptive behaviors such as defensive and appetitive responses (Davis, M., & Whalen, P. J., 2001;
Everitt, B. J., et al., 2003), it also has the capacity to modify the HPA axis through PVN with or without
BNST (Herman, J. P., & Cullinan, W. E., 1997; Lebow, M. A., & Chen, A., 2016; de Guglielmo, G., et
al., 2019); EW: The study of EW in emotion related behavior has not come into a conclusion, but
evidence is increasing implying that it may underlie sex-dependent differences in stress response and
may play a unique integrating stress- and reward-related processes (Kozicz, T., et al., 2011). Anatomical
finding that PVN projects slightly to EW (Geerling, J., et al., 2010) may also be an indication that it
participates in some psychiatric diseases’ processing; RN: a large subcortical structure locating in the
ventral midbrain, also be implied mediating antinociceptive responses to pain stimulation in a few studies
(Basile, G.A,, etal., 2021)
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Chapter 4. Conclusions and perspective

In this study, Piezol was demonstrated a prominent factor that mediates the ultrasonic
neuromodulatory effect in regulating animal motor behaviors in vivo. Piezol was first
demonstrated broadly expressed in neurons in mouse brain through immunofluorescent staining.
And its function in the cortex area was confirmed by the endorsement of patch clamp and
calcium image. Applying Cre-LoxP system, PLKO model was generated. This thus provided a
loss-of-function model for studying Piezol’s role in the ultrasonic neuromodulation. P1KO
neurons displayed a lower sensitivity to ultrasound evidenced by the reduced calcium signaling
responding to ultrasound in acute brain slices. Similarly, reduced neuronal activity responding
to ultrasound was also found in vivo through ultrasonic motor response, EMG signaling, calcium
changes and c-Fos expression, which were compared to that of Ctrl neurons. In contrast, neurons
in CEA were found highly expressed in Piezol in this study, displayed a higher ultrasound
sensitivity indicated by a higher acoustic pressure dependency of calcium signaling. The
possible contribution of auditory pathway was also excluded through adopting normal and
deafened mice. Thus, Piezol is demonstrated a major mediator of ultrasonic neuromodulation

in vivo.

Since the discovery of Piezol, it has been widely studied in various tissue in various models
(Fang X. Z., et al., 2021). However, its study in brain is limited, it may because of its relatively
low expression detected (Wang, J., & Hamill, O. P., 2021). Nevertheless, its expression in
central nerve system has been reported in several studies. It is reported earlier that Piezol locates
in myelinated axonal pathways including the corpus callosum and cerebellar arbor vitae, and
particularly in neurons of the frontal cortex in mouse and rat brains (Velasco - Estevez, M., et
al., 2020). In this study, a wider expression of Piezol in neurons is found including cortex and
specifically BNST, CEA, PVT, EW and RN areas. Along with its protein level expression, its
function in CNS has also been implied including directing the lineage choice of neuronal stem
cells (Pathak, M. M, et al., 2014), and negatively correlated with the myelination in neurons
(Velasco-Estevez, M., et al., 2020). However, direct evidence of function of Pieozl in neurons
in mouse brain has not been reported. In this study, through the calcium response to Piezol
agonist Yodal, function of Piezolin neurons is confirmed. With the finding that Piezol mediates

ultrasonic neuromodulatory effects, through P1KO and Ctrl models, the difference between
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response of neurons in different brain areas (CEA vs. Cortex) in turn indicates that the Piezol

detection through immuno-staining and calcium imaging is trustworthy.

Although the high sensitivity of Piezol to force may explain its ability modulating
neurons despite its low expression in mouse brain (RNA be detected in single cell RNA-
sequencing) (Wang, J., & Hamill, O. P., 2021), it is suspected that this effect is indeed a
cooperation of Piezol and other components. For example, Piezol may act as a lead opening
other ion channel based on the finding that Piezo1 is the upstream of TRPV4 when sensing fluid
shear stress, where TRPV4 in turn prolongs its inactivation (Swain, S. M., & Liddle, R. A., 2021)
which may enhance the entire outcome of ultrasound bio-effect. Another finding that
endogenous Piezol interfering the TMEM150c or Piezol-ASIC1 Chimera also indicates the
pivotal function of Piezol in force sensing (Dubin, A. E., etal., 2017). The finding that SMPD3,
TMEM150c or Piezol-ASIC1 enhances endogenous Piezol activity (Shi, J., et al. 2020;
Anderson, E. O., etal., et al., 2018; Dubin, A. E., et al., 2017) further indicates that Piezol may
response to ultrasound with a magnifying effect cooperating with other factors. However, there
is no direct evidence demonstrating this hypothesis yet. Further studies that focus on Piezol
cooperation with other components under ultrasound stimulation may provide more information
in mechanism investigation.

In addition to the mechanism study, Piezol cooperation with other components also
exhibits its high potential in application perspective. For instance, the SMPD3 and TMEM150C,
which are found sustaining Piezol activation (Shi, J., et al. 2020; Anderson, E. O, et al., 2018)
may be applied for enhancing the ultrasonic neuromodulation for brain search. The finding that
Piezol opening upregulates the TREK/TRAAK mechanical activation and delays its kinetics
(Glogowska, E., et al., 2021) suggests that Piezol could serve as a tool for neuron inhibition
under ultrasound stimulus. In short, taking the advantage of endogenous expression of Piezol,
with co-expression of its appropriate assistant protein, Piezol may serve as a tool both activating
and inhibiting neurons under ultrasound stimulation in vivo. Nerveless, further investigation
should be taken to confirm the feasibility.

Meanwhile, in this study, response to ultrasound in P1KO model was significantly
reduced but not eliminated which may indicate parallel functioned mechanisms. For example,
TRPAL in astrocyte was previously reported mediating ultrasound induced motor response (Oh,

S.J, etal.,, 2019). ASIC1la was found responsible for ultrasound induced neurogenesis in mice
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(Lim, J., etal., 2021), although the immediate ultrasonic neuron activation in the study was

demonstrated in vitro, with ASICl1a’s expression in mouse brain, it may also play a role in
ultrasonic brain stimulation. Other ion channels such as the TRP family and calcium voltage-
gated channels (VGCs) which were reported expressed in the central nerves system (Arnaddtir,
J., & Chalfie, M. 2010; Tyler, W. J., 2012), may also contribute to the ultrasound induced
neuronal activity in PLKO mice. Nevertheless, considering Piezol requires much lower
pressure/force to be activated than other ion channels, reducing the ultrasound stimulation power
may help avoiding other ion channels’ response to ultrasound stimuli which may further
improve the performance in neuroscience research.

A recent work reported Piezol gives minor contribution in ultrasonic neuromodulation
based on the finding that minor and no changes of ultrasonic response with Piezol blocked and
knockout respectively (Yoo, S., et al., 2022). Nevertheless, Piezol’s function in their setting
might be already saturated, since activation threshold for detectable calcium signaling induced
by ultrasound, revealed in this study, was as low as 0.03 MPa, which is much lower than the
applied ultrasound intensity in their setting. In this situation, other ion channels that require
higher ultrasound intensity may take over the role mediating ultrasonic neuromodulation. It is
also worth noticing, as the authors concerned, the knockout efficiency by CRISPER method
might not be satisfactory, yet no tests on Piezo1’s function after knockout was performed.

Interestingly, Piezol is found specifically highly expressed in bed nucleus of the stria
terminalis (BNST), central amygdala (CEA), paraventricular nucleus of hypothalamus (PVN),
edinger-westphal nucleus (EW) and red nucleus (RN) which are all corticotropin releasing
factor (CRF) expressing areas that regulate stress processing in animals (Smith, S. M., & Vale,
W. W., 2022; Henckens, M. J., et al., 2016). CRF is a 41 amino acid peptide which is relatively
large compared to other neural transmitters. Neurons might experience a more mechanical
process transporting and secreting this peptide hormone (Tyler, W. J, 2012) when processing
stress in animals. However, there is no direct evidence supporting this yet. Nevertheless, with
the specific expression of mechanosensitive ion channel Piezol, ultrasound provides a way to
modulate these neurons thus to study relevant neuroscience question or even treat brain diseases.

Taken together, in this study, Piezol is demonstrated a pivotal factor mediating
ultrasonic neuromodulatory effect in vivo and thus displays an outstanding application potential

in both neuroscience research and brain disease treatment.
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