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Abstract

Ultrasonic brain stimulation is well recognized as an encouraging method for probing
brain function and treating brain disorders with the advantages of non-invasiveness, fine
spatial control, and deeper tissue penetration. The focal spot can be steered dynamically
in brain wide with high spatiotemporal resolution. Recently, various studies have shown
that ultrasound can be utilized to modulate neuronal activity and signaling in animal and
human brain effectively without damaging brain tissues. However, the mechanism is
unclear. In addition, the minimum focal spot of a low frequency ultrasound beam is still
much larger than a single neuron or a specific small set of neurons, so it is difficult to
probe the complex neural circuits entangled with interdependent different neurons. The
stimulation outcome of current approach is not easy to be predicted and even controversial.
Therefore, understand the mechanism of ultrasound brain stimulation and engineering the
ability to stimulate a selected subset of neurons is a key issue for precise ultrasound neuro-

modulation for future application and translation.

Ultrasound is a mechanical wave which can insert various mechanical perturbations
onto the tissue. Recently, mechanical perception of the cells has gain momentum with the
discovery of various mechanosensitive ion channels with wide spectrum of
mechanosensing properties. It has been hypothesized that ultrasound could activate
mechanosensitive ion channels. It is emergent to test in mammalian cells. In addition,
inspired by optogenetics, to achieve targeted ultrasound stimulation, one can rely on
altering neuronal sensitivity by inserting artificial ultrasonic sensitive ion channels to
chosen neurons. The targeting ability of such ultrasonic sensitivity could be achieved
either by genetic approach or biochemical targeting technology. The discovery of the
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underlying mechanism will make it possible to develop a analogue strategy to
optogenetics, for selective neural activation and inhibition in deep brain regions non-
invasively. The selectivity of such method relies on altering neuronal ultrasound
sensitivity by inserting mechanosensitive proteins which will transduce ultrasonic energy
into electrochemical signaling and induce neural activity and subsequent downstream
intracellular signaling to chosen neurons using genetic modification method. To achieve,
it is emergent to discover the effective ion channels for initiate ultrasound neuron
stimulation and obtain solid knowledge about the biophysical mechanism. In addition,
toolkits should be validated in vivo and its application should be developed and well-

characterized.

The present thesis explored the mechanism of ultrasound brain stimulation and the
way to develop toolkits for achieving selective ultrasound stimulation in in vivo rodent
model. This thesis is a summary of the past three-years exploration in ultrasound brain
stimulation. The output of these thesis provides a critical approach for selective brain
stimulation with a non-invasive, deep brain targeted and selective stimulation technique,
with or without genetic modification and invasive procedure. | also envision that the
outcome of this thesis could provide an invaluable tool for screening mechanosensitive

proteins as well.

Keywords: Ultrasound brain stimulation, mechanosensitive ion channels, selective

brain stimulation, neuroscience, brain diseases, optogenetics, sonogenetics, acoustic

mechanogenetics
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Figure 20 Additional data from mice. A. (Left) Representative images of M1 areas of

mouse brains in the sham group, with and without ultrasound, stained for c-Fos. (Right)
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Chapter 1: Towards precise manipulation of neuron activity by ultrasound via modulating

ion channels to beyond

Ultrasound neuromodulation methodology could enable possible way of
stimulation of specific brain region for inhibition or excitation while treating
neurodegenerative disease. Although the impact of this temporal versatility has been
greater for clinical research due to its non-invasive advantage, it is however, lacks
understanding on how it works. In addition, it is natural to ask its accuracy for treating
disease and whether it can be a tool for precise probing the dynamic patterns of neural
circuit activity to revealing causal information of brain function. Here, we consider the
landscape of ideas related to precise control of neuron activity by using ultrasound.
Specifically, we highlight the possible mechanism including interaction of ultrasound
with ion channels, and the chemo-, electrical, and thermal- cues. Finally, we discuss the

strategies towards precise neuron stimulation based on these possible mechanisms.



1. Introduction

In the brain, billions of neurons work together as an intricately organized,
interconnected circuit, supporting the vast diversity of animal behavior, up to advanced
functions like consciousness, cognition, and emotion (1-4). These neural circuits are both
extremely complex and exquisitely specific, and the connectivity motifs used to build
these circuits vary widely across the whole brain (5, 6). Understanding the brain function
requires testing hypotheses with precise control of the circuits operation to determine the
behaviorally relevant dynamics circuits (7, 8). Achieve precise stimulation of specific
types or sub-types of neurons involved in each circuit to identify its role in the brain

function as well as to modulate brain dysfunctions are major goal in neuroscience (9, 10).
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Figure 1 Ultrasound brain stimulation. Ultrasound at lower frequency can penetrate
through the skull and be focused into a small region to modulate the neurons. The
interaction of ultrasound waves with neurons is still unclear. Several mechanisms have

been proposed but without strong evidence to support.

The development of non-invasive, precise stimulation modality with high
spatiotemporal resolution is an open challenge in the scientific society(4, 6). Based on the
neuron sensitivity (Fig. 2) to different physical factors, varied stimulation strategies for
neuromodulation and brain stimulation have been proposed and developed. Last decade
has witness rapid advances of understanding brain function with the development of novel

brain stimulation toolkits, for example optogenetics, which can selectively label and



stimulate given neuron types (11-25). More and more neural circuits for advanced brain
functions, such as cognition, social behavior and learning and memory etc., are being
discovered (23, 26-32). Optogenetics are based on artificial inserted well-characterized
light sensitive proteins (e.g. opsins) to the chosen neurons, which are enabled to respond
to light stimulation, while leaving other cells silent with the same dose of light stimulation
(12, 14, 15, 18, 20, 23). However, the limited penetration depth of light in brain tissue
makes it invasive and the stimulation are constrained in a small region. The stimulation
thus is mechanically invasive which could cause severer side-effects and it is possible to
miss the circuits in deep brain with long range projection (15, 19, 21). The invasiveness

nature of optogenetics makes it challenge to be translated into clinical application.

On the other hand, there are some other stimulation modalities with less
invasiveness or non-invasiveness, such as transcranial magnetic stimulation (TMS),
transcranial direct current stimulation (tDCS) etc., that have been utilized to treat brain
disease and dysfunction (33-35) in clinical conditions. They showed various advantages
and have great values in clinical practice, but lack spatiotemporal resolution, nor can they
pinpoint to single neurons or neuron types in a small region. In such a complex
environment in brain, the stimulation could be canceled out or even cause undefined side

effects.
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Figure 2 the existed brain stimulation methods are based on the nature of the brain.
Although, brains are considered as electrical and chemical in nature, there are more and
more evidences showing that brains are mechanical, thermal sensitive. There is several
theory pointing out mechanics could be the really nature of an action potential, and there
are mechanical waves accompanying with an action potential which is an electrical wave.
In addition, artificial photosensitivity has been created in CNS neurons in addition to

retinal.

To achieve precise neuro-stimulation with high spatiotemporal resolution
noninvasively, various strategies have been explored to improve the performance of the
existing methods by either extending the penetration depth or improving targeting ability
and spatiotemporal resolution. For example, to extend the penetration of optogenetics,
longer wavelength photosensitive ion channels and up-conversion nanoparticles for
converting longer wave light to blue light have been developed, as longer wavelength

light can penetrate deeper into the brain (19, 36, 37)[15-16] for minimal optogenetics. But



brain tissues are highly scattering, even longer wavelength has limited penetration depth,

and it is difficult to be focused in deep brain tissues while the up—conversion nanoparticles

are suffered from the low efficiency of converting longer wavelength to blue light. With
complicated wave front-shaping techniques, it is possible to generate better focus of
waves, e.g. electromagnetic wave or electrical wave, in deep brain(38-41). Most recently,
a good example is by temporal interfered electrical field to achieve focal stimulation in
deep brain as a great potential for treating brain disease (38). Collectively, great efforts
have been conducted towards the goal of non-invasive, precise stimulation with high
spatiotemporal resolution which could have significant impact on the fundamental
neuroscience research and may become a good tool for probing brain functions and

treating brain diseases (Fig. 3).

Non-invasive/safety

Selectivity Spatial resolution

Temporal resolution

Figure 3 Key concerning for brain stimulation



Among these methods, low intensity low frequency ultrasonic brain stimulation
has made great advances in the last few years. Ultrasound beam can be focused into a
small region in deep brain tissues without any observable damage to the brain tissues. It
has been demonstrated capable of stimulating prefrontal cortex and improving task in
human without side effects (24, 42-56). It has also been shown that ultrasound can be used
to stimulate visual cortex in monkeys (52). Ultrasound stimulation has good
spatiotemporal resolution and neurons could be either activated or suppressed depending
on different ultrasound parameters and different stimulation locations(57) (48, 58, 59).
People are also trying to use ultrasound to treat Parkinson’s disease, epilepsy, as well as
metal diseases like depression (58). Recently, it is found that being incorporated with

circulating microbubbles, ultrasound can treat Alzheimer’s disease(60).

Because of these encouraging results, it is considered as one of the most promising
techniques for neuroscience research and clinical translation. Currently, great efforts are
being spent on technology development and mechanism understanding for the
improvement in stimulation accuracy and outcome predictability (55-57, 59, 61).
Remarkably, it is feasible to combine ultrasound stimulation with MRI techniques for
probing brain function(62). However, there are technical and practical challenges in the
following aspects: first, governed by diffraction limit of acoustic wave, ultrasound at
current applied frequencies can only be focused into a millimeter size spot(45, 48, 54).
By using novel beam focusing and image-guided technology, it can compensate the
heterogeneity of brain tissue to form sub-diffraction pattern(53, 62), but the focal spot is
still too large for single neuron or neuron type stimulation. On the other hand, the
underlying mechanism of ultrasound neuro-stimulation is still unclear, thus it is hard to
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make it controllable and optimize the stimulation outcome. It lacks enough selectivity to

pinpoint to a specific target to stimulate the chosen neurons involved in specific circuits.

The effectiveness of ultrasound neuromodulation and brain stimulation has been
explored and demonstrated intensively recently (48, 49, 61, 63-71). In this session, the
diverse physical effects of ultrasound were summarized. In addition, the mechanisms of
ultrasound neuromodulation and brain stimulation were discussed. Based on these
understanding, | am going to discuss various possible strategies towards selective

ultrasound brain stimulation.

2. Basics of ultrasonic physical effects

Ultrasound, generated by piezoelectric effects, is a mechanical pressure wave
beyond the auditable range with frequency above 20 KHz. Ultrasound imaging make use
of low intensity output with controlled safety margin, has provided incredible wealth of
deep tissue structural and functional knowledge in medicine(72-79). Recently, more and
more evidence shown that there are abundant bio-effects in the low-level range(80-88),
suggesting a new possibility and utilities of ultrasound for cancer treatment, bone hilling,
gene and drug delivery, and neuromodulation. In this session, we revisit the physical
effects of ultrasound along with its parameter relationship and physical conditions. Table.
1, listed the representative ultrasound physical effects such as radiation force, particle
displacement, thermal effects, microstreaming, cavitation, and sonochemistry. The
propagation of ultrasound was accompanied by various mechanical, thermal, and
chemical effects. First, in ultrasound field, the particles in the media are oscillated driven

by the ultrasound wave. The particle displacement can up to ~10 nm which could induce



elastic forces on cellular compartment. In addition, the propagation of ultrasound can
induce radiation force which could be generated at acoustic pressure gradient by standing
wave, absorption, and tissue acoustic properties gradient, introducing a non-zero average
net force to the media [8]. Moreover, for the low frequency ultrasound, there could be
other effects like cavitation, and the consequent streaming and sonochemistry [9]. There
is no clear boundary of the parameters to generate each of those effects suggesting that it

is difficult to control the effects by using different parameters.



Table 1 Ultrasonic physical effects. The relationship with different parameters and the

physical conditions are summarized. The scales of these effects are estimated.

Frequency
Physical condition Scale  Ref
dependency
Particle displacement Propagation of 2
’Bm(x'zy); s ~10nm  [11]
(W ultrasound pef !
Acoustic pressure
gradient; non-zero
b
Radiation force average net force; M pN-nN [12]
C
absorption; Standing
wave
High intensity, e.g. 1.9 PNP PNP
Cavitation ; MI: \ [13]
MPa/MHz%® / VF
Acoustic
Fluid
streaming/Microstream \ \ [14]
environment/cavitation
ing
Cavitation, ultrasound
Sonochemistry \ ROS [10]
sensitive compound
. . aoT
Heat Tissue absorption pCa— = 2afP?I(x,y) 0.1°C [30]

L=
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Acoustic Bessel Beam Electrical stimulation

Figure 4 Wave-front shaping for (a) engineering the spatial pattern [5], (b) unique
acoustic field generated by 3D printed masks [7], and (c) engineered electrical wave for

deep brain stimulation [11].
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On the other hand, as a pressure wave, its propagation can be engineered to
generate different focal patterns (Fig. 4). By modulating the phase of the driving function,
ultrasound beam can be shaped. The phased transducer array, which can be incorporated
into MRI system, can generate and direct ultrasound accessing to deep brain region neuron
stimulation. Interestingly, complex 3D pattern can be generated cost-effectively by using
3D printed phase mask. As outstanding examples, it can produce a bird like focal pattern

and a Bessel beam with 3D printed phase mask (89-93).

Figure 5 Different ultrasound transducers: (a) various ultrasound transducers; (b)
focused ultrasound field and (c) Fresnel ultrasound beam generated by the Fresnel lens-
based transducer in (a)

In my studies, | have included various ultrasound transducers as demonstrated in
Fig. 4 (a) and the unique ultrasound field in Fig. 5 (a) and (b) In addition to the spatial
flexibility, the frequency of the ultrasound inserted force can also be modulated. For
example, the superposition of two ultrasound beam with different high frequency
ultrasound can generate low beat frequency. The development of transient interference

electrical brain stimulation has gain lots of attention and inspiring for ultrasound brain
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stimulation. The potential of temporal interference of ultrasound in ultrasound stimulation
remains to be demonstrated. These wave-front shaping, however, is diffraction limited
that is at millimeter range for the typical frequency used in vivo (~MHz). Thus, it is
emergent to develop cell type selective modalities which should be based on a better
understanding of ultrasound neuron stimulation. In the following sessions, we will
summarize the recent advances of the understanding and the possible strategies for

developing selective ultrasound brain stimulation methods.

3. Mechanism of ultrasound neuron stimulation: theories, evidences and

controversies

Currently, the effective ultrasound parameters being utilized in different labs are
varied, and the models tested on were also different. It is not surprisingly that the results
reported weren’t convergent to a certain mechanism or even controversial, as the physical
effects of ultrasound is diverse and strongly depends on the parameters being utilized. As
very example, Prieto et.al, using model lipid membrane to test the ultrasound effects on
the electrical activity suggesting a radiation force-based mechanism(94). While the in vivo
experiments shown that the mechanism could be cavitation or particle displacement
related (57). In the following sessions, we summarized the recent advances in

understanding the ultrasound neuron stimulation.

However, the bio-effects induced by ultrasound are diverse, thus the mechanism
is still unclear. One major hypothesis of LILFUS ultrasound neural stimulation is that
ultrasonic wave activates mechanosensitive ion channels located on cell membrane (55,

95-100). To confirm this hypothesis, various experiments have been conducted from cells

13



and C. elegans. It was shown that higher frequency ultrasound (10MHz, 43 MHz, 200
MHZz) can activate mechanosensitive ion channels such as MEC-4 and Piezol, while
microbubbles were required to facilitate the activation of mechanosensitive ion channels
(Piezol, TRP-4) in lower frequency range (1 MHz, 2MHz)(55, 101-104). Similarly, Zhou
et al demonstrated the activation of ASH neuron in C. elegans by a surface acoustic wave
device at 26MHz (105). In addition, the surface acoustic wave device was also shown able
to activate MscL to generate neural activity (99). However, whether ultrasound can
activate neurons in vivo directly at low frequency hasn’t been approved yet. The protocol
used in studies are not clinical relevant because higher frequency ultrasound is unable to
access to deep brain regions or incorporated with different physical mechanisms, therefore
lead us to wonder whether lower frequency ultrasound at 1 MHz or below without the
presence of microbubble can activate neurons in vivo, that may be more likely to be

translated to clinic.

1.1 Ultrasound effects on ion channels

As demonstrated in Table. 1, mechanical effects of ultrasound, including radiation
forces, streaming, particle displacement and stable cavitation are the profound
phenomenon. Recently, growing evidence shown that cellular activity and signaling are
well regulated by mechanosensitive ion channels which is a machinery that link the
cellular epigenetics and its microenvironment (106). For these reasons, it could induce
rich mechanical effects which could act on neurons(107). It is rational to hypotheses that

ultrasound can induce neuron activity through interacting with mechanosensitive ion
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channels in the brains. Neurons reserved some mechanosensitive nature from revolution
(107). The forces for activation of these mechanosensing compartment is at tens of Pico
Newton level. Recently, lots of efforts have been spent on testing the ultrasound effects
on mechanosensitive ion channels. S Ibsen, et al, (108)demonstrated that ultrasound can
induce neuron activity and behavior change of Caenorhabdities elegans mediated by TRP-
4 in the presence of microbubbles. The use of microbubbles is deviated from the
ultrasound neuron stimulation and the mechanism could be different. Zhou et. al., (105)
utilized surface acoustic chip to activate mechanosening neuron in C elegans. However,
they have not ruled out which mechanosensitive ion channels involved, and the
experimental scheme is hard to translate to in vivo application. Direct evidence
demonstrated by Kubanek et al. (55) by using different ion channels overexpressed
Xenopus Oocyte cell model for testing ultrasound effects by measuring ion current. It is
demonstrated that ultrasound can modulate K+ currents of K2P channels and Na+ currents
of NaV1.5. However, the cell model is typical, and the effects are moderate, whether it is
physiological relevant or not is unclear. These data in Fig. 6 support the idea that
ultrasound can gate mechanosensitive ion channels but there still lacks direct evidence in
mammalian cells and in vivo systems. The detailed biophysical mechanism of how
mechanosensitive ion channels are gated by ultrasound is still unclear as ion channels are
in nanometer scale which is much smaller than ultrasound wavelength in KHz to MHz

range.

Ultrasonic thermal effect is also well-known and has been explored as a cancer
treatment modality in the past several decades. The tissue heating by ultrasound are
attributed to absorption of the energy. Afterwards, the energy is diffusively transfer to the
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surrounding tissue. It has been proposed that thermal perturbations can induce neuron
firing by opening thermos sensitive ion channels like TRPV1 or by changing the
capacitance of the membrane(109). Some results on C. elegans shown that thermal effects

in not necessary but obviously, it can easily get involved.
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Figure 6 Evidences showing ultrasound modulation on mechanosensitive ion

channels [31]

1.2 Mediate neuron activity by piezoelectrical effects
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The generation and detection of ultrasound is based on piezoelectric effects. One
elegant theory proposed a piezoelectric mechanism that converse ultrasound oscillation
into electrical perturbation. Intramembrane cavitation defined as off-phase oscillations of
the lipid bilayers which was proposed as a mechanism for mediating ultrasound bio-
effects(110) . Consider cell membrane which is a bilayer lipid membrane with changeable
capacitance when its thickness or total area were changed by stretching or compressing
as a tunable capacitor, Plaksin et.al, extended this concept in ultrasound neuron
stimulation coupling with Hodgkin-huxley model as shown in Fig. 7. (111, 112). This
model for transducing mechanical vibrations into electrical signal and then triggering the
action potential. This mechanism is success to interpret ultrasound neuron activation and
suppression supported by some in vivo experiments. But it still lacks direct evidence to
support. It is important to come up with testable predictions to validate this mechanism.
Also, it is noted that intramembrane cavitation also predicted a ~10 mN/m membrane
tension (T) under ultrasound irradiation which means even this mechanism is true, the

mechanosensitive ion channels could also be activated simultaneously.
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Figure 7 Intramembrane cavitation coupling with H&H model as mechanism of

ultrasound neurons stimulation [15].

1.3 Subthreshold mechanical and sonochemical perturbation

Despite electrical firing, neurons can also undergo Neurons are polarized cell with
long axons(113-115). The axon transportation and signaling are rely on the well-
functioning cytoskeletons and its related motor proteins. It is known that cytoskeleton can
transfer mechanical induced ECM signaling into nucleus(116, 117) Theories have been
proposed that cytoskeleton can resonance at 3.5 MHz with evidence on cell line model
showing that ultrasound could induce cytoskeleton rearrangement and effects on the
cellular signaling [11-13]. On the other hand, there are lots of interaction between ion
channels and cytoskeleton(118). Cytoskeletons are act as a preventer for ion channel

opening(119). There are evidence from the osteoblast stem cells that ultrasound can
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modulate the cytoskeletons. But ultrasound has unique morphology with extremely long
axon. The cytoskeleton is critical for maintaining the axon functions. It has been shown
that ultrasound can modulate cytoskeleton functions in OA cells but there still lacks for
key and detailed evidences to support the cytoskeleton hypothesis in ultrasound neuron

stimulation.

The reactive oxygen species (ROS) are important intracellular signaling molecules
(120). Sonochemical effects can generate ROS (121) which can be utilized to Kill cells as
a cancer treatment modality (122, 123). Some drugs can sensitizer targeted cells for
generating large amount of ROS which is name sonodynamic therapy. Although the
mechanism is unclear, it is widely accepted that during the sonodynamic process, there
are ROS generated. On the other hand, the low intensity ultrasound can induce the ROS

generation in cells.

4. Strategies towards selective ultrasound brain stimulation

The key to achieve precise and selective stimulation is to inscribe ultrasound
sensitivity into targeted neurons (Fig. 8). Afterwards, low level ultrasound could activate
those targeted neurons while leave the untargeted neurons silent. The mechanism of
ultrasound stimulation is unclear, and it is believed to be diverse. The development and
verification of toolkits that based on each specific proposed mechanism would separate

those diverse factors providing us an opportunity to test those mechanism one by one.
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Figure 8 Strategies towards selective ultrasound neuron stimulation. A) Ultrasound
pressure/intensity lower down to which act on untargeted neuron no obvious effects can
be observed while B) ultrasound sensitive ion channel overexpressed neurons, C)
ultrasonic mechanogenetics; D) Piezoelectric nanoparticle mediated ultrasound brain

stimulation

1.4 Sonogenetics

Based on the evidence discussed in Session 3.1, sonogenetics has been proposed
(108). It is simple analogous to optogenetics while the activation is achieved by ultrasound
with deep penetration. The implementation includes: 1) make the targeted neurons
overexpress with mechanosensitive ion channels by genetic modification. Well-

established gene delivery technologies are available even with minimal invasiveness or
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non-invasiveness. After the expression of the mechanosensitive ion channels, ultrasound
from 2) dedicate ultrasound beam for activate these ion channels are administrated into
the brain region non-invasively through the skull. However, due to the unclear mechanism
the effectiveness is hard to optimize. It is emergent to screen ultrasound sensitive ion
channels and engineer the ion channels to be more sensitive to ultrasound. Moreover, it is
remained to be validate in rodent model in vivo. mechanosensitive in channels, screening
effective optimal ion channels, in addition, is the ultrasound induced current are able to
initiate cellular activity and signal is remains testing, toolkits for delivery
mechanosensitive ion channels and ultrasound for free moving animal are under

developing;

Alternatively, we proposed to use ultrasound responsive protein holly nano
structure (124) to amplify and localize the acoustic energy as a targeting brain stimulation
strategy. Since Bubbles are highly ultrasound responsive which is widely used as contrast
agent (125, 126). However, the convention bubbles used as contrast agent are in micro-
size. It is unable to go through the blood vessel. Nano-size bubbles are being developed
but those nano-bubbles are not stable. Recently, nano-gas vesicles are demonstrated with
unique acoustic properties. It is considered as NGV, gene encoded, was considered as

GFP for ultrasound; generating enough force for probing cellular mechanics.

1.5 Ultrasound thermal genetics

Ultrasound can heat up the tissue easily in a controllable way (127). The thermal

effects have been utilized to treat various diseases and its heat transfer process could be

21



controlled by shifting the pulse width and duty circles. As Magneto-thermal genetics have
been reported feasible in vivo mouse model (128). The results demonstrated that the
elevation of 6 degree by alternating magnetic field is sufficient to initiate neuron activity.
Thus, it is also rational to proposed ultrasonic thermal genetics. As shown in Fig. 8 (B),
the targeted neuron can be overexpressed with thermal sensitive ion channels like TRPV1.
Once the region of focus being heated with 2 degrees, those neurons can be activated. The
concern is that the thermal diffusion could be slow. Thus, the temporal resolution of this
methods should be well characterized. Assuming the thermal diffusion is quite slow, it

can still benefit some research like learning and memory.

1.6 Piezoelectric transducer as electrical stimulation.

The intramembrane cavitation mechanism suggested a ‘piezoelectrical’ model that
to convert acoustic pressure into electricity to stimulate neurons in an electrical
stimulation manner. It acts as an electric stimulation. It is suggested that selective
stimulation on neuron types with distinct expression level of voltage gated ion channels
could be with different acoustic wave front suggesting a mechanism that ultrasound field
into electric current for stimulation (129). It is not easier to achieve selective neuron
stimulation by changing the expression level of ion channels, because the voltage gated
ion channels are explicit involved in neuron activity, manipulation of voltage gated ion
channels for alternating the ultrasound sensitivity could alter the neuron circuits without

the control of ultrasound.
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Alternatively, using nanomaterials to convert ultrasound energy into electricity for
generating local microcurrent for electrical stimulation on neurons is proposed shown in
Fig. 8D. This strategy has been tested under different conditions recent years. Elegant
review [22] has summarized the development of this methods. Briefly, these methods
have been tested on neuron like cell lines. Further experiments are needed to characterize
different materials (Table 2) and clarify the mechanism. In addition, its feasibility in
neurons and in vivo model remains validation. The challenges are how to deliver the
nanoparticles into the specific brain region and targeted to specific neurons as well as

improving efficiency to generating micro-current.

1.7 Ultrasound induced drug uncaging and chemogenetics.

In addition to control the electrical activity of given neurons directly, it is also
desired to modulate neural activity and signaling by chemical drugs as brains are also
chemical in nature. In this aspect, ultrasonic drug control release has been widely studied
in cancer treatment and there are varied strategies to control mostly based on ultrasonic
contrast agents. As an example, chemogenetics (130), expressing specific ligand in chosen
neurons followed by systematic administration of small molecules to activate or inhibit
targeted neurons, has been widely used to probing brain functions which are limited by
its poor temporal resolution. The ultrasonic drug uncaging will allow us to control the

release molecules to improving the temporal resolution of such application(131).

On the other hand, for some large molecules, it is hardly to access to neurons as

there were blood brain barrier in mammalian CNS. Transiently open the BBB to deliver
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the large molecules and even virus to the CNS neuron could have lots of application (132,
133). As an example, it is demonstrated that by using ultrasound BBB opening to deliver
rAAV virus to CNS make neurons expressing designer receptors can eliminate the viral

injection process making chemogenetics a purely non-invasive modality.

1.8 Subthreshold modulation

The cytoskeleton has its own intrinsic oscillation frequency. Its oscillation is
depending on many factors like the orientation, length, etc. The external stimulus at
resonance frequency could insert specific force on the chosen cytoskeleton. As mentioned
above, after identifying the resonance frequency of cytoskeleton can be used to selective
perturbation on the structure and thus induce force stimulation to the cell even transduce
directly into cytoplasm. During neuron development and functioning, stem cell
differentiation, migration and each neuron extends an axon, which is the dominant cell
process, and several fiber, branched dendrites. Accumulative evidence showed that
Generally, the mechanosensitive ion channels, the extracellular matrix, the cellular
cytoskeleton and its associated proteins like acto-myosin which plays important role in
neuron development, and nuclear are the major compartments for neuronal

mechanosensing (134).

On the other hand, considering the ROS signaling, we can use low intensity
ultrasound sensitized with sonosensitizer to generate low level ROS for triggering cascade

signaling. Varied sonosensitizer with different cell targeting capability and subcellular
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localization are available for the application. The selectivity can achieve by the selective

accumulation of sonosensitizer.

5. Challenge and future perspectives

As shown here that the effects of ultrasound are diverse and thus the possible
mechanism is also complex. It is emergent to test the hypothesis mentioned above. The
testing of the selective neuron stimulation strategy will not only provide a useful tool but
also give us insight into the possible mechanisms. The diversity of bioeffects of ultrasound
make it challenge to separate and quantify biophysical mechanism and come up testable
biophysical models of the interactions between ultrasound and cellular/subcellular
compartment. On the other hand, it also provides us an opportunity to multiplex the

stimulation which could be a useful feature for future development.

Recent years have witnessed the dramatic advances in basic neuroscience
understanding of brain function by optogenetics and clinical application by non-invasive
brain stimulation. In terms of the development of the tools for application. Efforts should
be spent on the developing of novel ultrasonic stimulation system for free moving and
circuits level stimulation. Advanced wave-front control and beam shaping like Bessel
Beam, or other types of ultrasound beams could also very useful for improving the
performance. On the other hand, it is notable that the non-invasive delivery of ultrasonic

sensitive proteins, nano-particles are also important to the development of the tools.
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6. Summary

Ultrasound brains stimulation is a promising technology for clinical and basic
neuroscience. In summary, the mechanism of ultrasound neurons stimulation remains
elusive as the ultrasonic bio-effects are diverse. Various possible mechanisms of
ultrasound brain stimulation have been proposed and discussed. One of the most possible
mechanisms are gating mechanosensitive ion channels. In the following sessions, session,
we are going to test this mechanism and develop precise brain stimulation toolkits. The
efforts of the development of precise ultrasound neuron stimulation will not only provide
us a non-invasive, safe, capable of high spatiotemporal control of neuron activity across

26



the whole brain, but also give us insight into the mechanisms of ultrasound neuron

stimulation.
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Chapter 2: Proof-of concept:

Brain stimulation via ultrasonic activation of Piezol

As aforementioned, one of the possible mechanisms for ultrasound brain
stimulation is gating mechanosensitive ion channels. Mechanosensitive ion channels can
sense various mechanical perturbations and induce physiological changes to adapt its
microenvironment. Understanding brain functions and treating brain disorders requires
modulating the activity of well-defined neuronal populations with high spatiotemporal
resolution. Here we demonstrate control of neural activity and signaling by opening the
piezo-type mechanosensitive ion channel component 1 (Piezol) using non-invasive
ultrasonic stimulation. Our results show that Piezol, when triggered by ultrasound, was
activated to induce reversible neural activity in the form of calcium influx and elicit
significant modifications in calcium signaling pathways, including the levels of the
proteins p-CREB, p-CaMKII and c-Fos. Ultrasonic stimulation in the primary motor
cortex (M1) of mouse brains induced activity of targeted neurons, resulting in increased
movement in both anesthetized and free-moving mice. Thus, we demonstrate a proof-of-
concept for targeting ultrasound into deep brain structures non-invasively, allowing

selective neuronal control.
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1. Introduction

Understanding brain function has been a perennial goal of scientists, and efforts
to this end over the past few decades have led to a trove of knowledge in this area(135-
137). The primary factor behind this is the growing number of modalities that can probe
brain activity both inside a living brain as well as in ex vivo settings. Billions of neurons
form interconnected circuits across the brain and make possible the diversity of complex
animal behavior, from cognition, to learning to emotion (138, 139). New technologies can
stimulate neuronal activity, with varying degrees of spatiotemporal resolution, so that

downstream effects may be studied at any level from the genetic to the behavioral (137).

Optogenetics is one such influential technology, which relies on making some
neurons express light-sensitive ion channels (opsins) and then stimulating them with light
(137). This approach is being used to study disparate complex phenomena in animal
models, such as the neural circuitry of fear (140) and how this may be turned off or on at
will (141), the relationship between sexual behavior and violence (142, 143) and
psychiatric disease in rodents (144). However, this technique is limited by the inability of
light to penetrate tissue even using longer-wavelength light (145-147), requiring
significant surgical invasion, and the limited area and depth in which such stimulation can
be achieved (148). Transcranial magnetic stimulation (TMS) (149) and transcranial direct
current stimulation (tDCS) are alternative methods that have been applied therapeutically
in the brain (150). These methods have direct clinical application but lack spatiotemporal
resolution and cannot target a small region or specific cell types in the brain, which could

dilute the treatment’s effects or even lead to side-effects.
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Ultrasound-based brain stimulation is another choice which is being actively
studied, and it offers some advantages compared to the abovementioned techniques.
Ultrasound beams can be focused on small region in deep brain tissues without any
observable damage to the surrounding region (151). It has been demonstrated to stimulate
the prefrontal cortex and improving task in human without side effects (53) and to
stimulate visual cortex in monkeys (152). Ultrasound stimulation has good spatiotemporal
resolution and neurons can be either activated or suppressed depending on different
ultrasound parameters and different stimulation locations (153, 154). Attempts have also
been made to use ultrasound therapeutically for conditions like Parkinson’s disease,
epilepsy and depression (155). It was recently reported that scanning ultrasound in the
brain, combined with administration of microbubbles, were able to open the blood-brain-
barrier and relieve symptoms of Alzheimer’s disease in a mouse model (60), although the

mechanism for this is as yet unclear.

Indeed, the mechanism for ultrasound is still unclear, and this make it more
difficult to control and optimize treatments or target them to only desired cell types.
Understanding the molecular machinery that mediates the effect of ultrasound would be
asignificant aid in improving therapeutic procedures. Insofar as the response to ultrasound
treatment is purely due to mechanical effects (and not owing to any consequent thermal
effects) “mechanosensitive” ion channels, a component of the cellular force-sensation
machinery, likely play an important role. These are ion channels whose opening is
controlled by disparate signals and phenomena like sound, pressure, shear forces,
membrane stretch, cell volume, gravitropism, proprioception, and touch/pain sensation.,

which effectively “translates” physical force into chemical messages (156).
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Among the better-known mammalian mechanosensitive ion channels are members
of the TREK family (157), the TRP family (158), and the Piezo family (159). Of these,
Piezol and Piezo2 were most recently discovered to be mechanosensitive cation-selective
channels (160), capable of conferring mechanosenesitivity to cells in heterologous
expression systems. These are very large proteins composed of around 2500 amino acids
which form 25- 40 transmembrane domains. Piezol is among the mechanosensitive
proteins most sensitive to physical force (160), responding quickly and dynamically (161)
to forces estimated to be as low as 10 pN (161, 162). While it allows cations to permeate
cells in general, it is reported to exhibit a preference for calcium ions (Ca2+) (162). These
properties of Piezol makes it the potential candidate of ultrasonic sensitive ion channels

regarding the sensitivity and temporal responses to external forces.
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2. Results and discussion

In the present study, we demonstrate that low-frequency can open the Piezol
channel and initiate Ca2+ influx. for the first time the non-invasive stimulation of cells
with ultrasound, by specifically opening the Piezol channel to allow Ca2+ into the cell.
Ultrasound caused significant Piezol-mediated changes in calcium-regulated signaling,

and a marker of neuronal activation.

We first overexpressed Piezol in 293T cells, known to have minimal expression
of Piezol (163) by transfecting a plasmid encoding a Piezol-EGFP fusion protein (as
described in (163)). The expression of Piezol in 293T cells was verified by Western blot

and gPCR (Fig. 10).
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Figure 10 Functional validation of Piezol expression in 293T cells. Yodal, a Piezol
agonist, induces significantly higher calcium influx in 293T cells overexpressing Piezol

than in control cells.
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Using our in vitro setup (Fig. 15), we treated cells with 500 kHz ultrasound of 200
cycles, at 1 kHz pulse repetition frequency (PRF) with 200 tone bursts at 0.1, 0.2, and 0.3
MPa, respectively. We applied ultrasound at acoustic pressures corresponding to a range
previously reported to have elicited responses (95, 164). A fluorescent calcium indicator
was used to measure intracellular Ca2+. In response to US, dose-dependent Ca2+ influx
was seen in cells treated with the Piezol plasmid, but not with the control plasmid.
Significant Ca2+ increase was observed in response to 0.3 MPa ultrasound (Fig. 11C), as
well as to Yodal (Fig. 11), a chemical agonist of Piezo1(165). Ultrasound stimulation can,
therefore, specifically activate Piezol. On the other hand, we tested the ultrasound effects
by using patch clamping techniques. It is shown that upon ultrasound stimulation, inward
current can be observed on the 293T cells expressing Piezol while no effects were found
on the 293T cells transfected by control plasmids (Fig. 11 D). These results set solid
foundation that expression of mechanosensitive ion channels can gain ultrasound

sensitivity in 293T cells for cellular activity control.

We next tested the effects of ultrasound on primary cortical neurons harvested
from embryonic mouse brains to test the feasibility of stimulating live neurons with
ultrasound. Primary neurons at day in vitro (DIV) 10 were seen to express Piezol
endogenously and accumulated intracellular Ca?* in response to ultrasound in a dose-
dependent manner. Acoustic pressures of 0.2 and 0.3 MPa elicited significant responses,
comparable to that produced by Yodal (Fig. 11). When blocked by GsTMx-4 a Piezol
blocker, primary neurons showed an decreased level of Ca2+ influx compared to control
neurons (Fig. 11E), revealing that the US-induced Ca2+ response is through activation of
Piezol. In addition, we also tested c-Fos expression after ultrasound stimulation as shown
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in Fig. 1F, the ultrasound can activate c-fos expression while the GsMTx-4 treated group

can reduce the c-Fos expression significantly.

Piezol- Piezol-EGFP

A B Mock GFP D E
Transducer - <\
Piezol - 300 kDa, .
B-actin G P
v
v G -
R Ultrasound Piezo1-IRES-GFP expression
i e—— C fuw
ca _° °* ° g3
o 52 e g "
S L R —
ARMARSY h ! ! ¢ 300
VYR Y Y YV Y ()} KYY' Y X 5
E 4
] g s
¢ L o ." 5 2
° i I== : \
& Mock pCeDNA31-Piszo1 &
JRES-GFP
before US after US
H I J G
250 o ok
- 27 250 b \
2 L1s0 03
< 2100 2 = 150 —_— 200+
8 ; g & [] Control -
G = ] piezol ‘é
o) 100 200 %0 0 50 ;\?100 <~ 1504
Time(s) e -
g g
250 % 50 g 100-
- 200 03 o
s Fiso 02 504
F 2100 o
& B & 01 02 03 5
0 ultrasound (MPa) =
100 200 300 400 500 s
» Fhoati Ctrl  Piezo1

Figure 11 Ultrasound induces intracellular calcium influx by Piezol activation. (A)
The experimental scheme for this study. Cells are sensitized to ultrasound stimulation by
inducing the expression of mechanosensitive ion channels, such as Piezol. Treatment by
ultrasound can hence open Piezol, allowing Ca?* into the cell and setting into motion
calcium-related signaling. (B) Piezol overexpression in 293T cells transfected with the
Piezol-containing plasmid, as evaluated by Western blot and RT-qPCR. Graphs show
mean £ SEM from three independent experiments, * P < 0.05, unpaired t-test. (C)
Ultrasound induces dose-dependent calcium influx in 293T cells overexpressing Piezol.
Ultrasound stimulating mode: each stimulus contained 200 tone bursts of 500 kHz
ultrasound at 1 kHz RPF, 200 cycles, and 0.1 MPa, 0.2 MPa, and 0.3 MPa. *** P < 0.001,
unpaired t-test. (D) Ultrasound induces dose-dependent calcium influx in primary

cortical neurons through Piezol. Piezol expression in primary cortical neurons was
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confirmed by immunocytochemical staining; Green: Piezol; Red: MAP2; DAPI: Blue.
Ultrasound stimulation induced significant increase of intracellular calcium of the neuron,
comparable to the effect of Yodal, a chemical agonist of Piezol. * P < 0.05, *** P <
0.001, one-way ANOVA with post-hoc Tukey test. (E) Primary neurons made to
overexpress Piezol by plasmid transfection accumulate more intracellular calcium when

treated with ultrasound than do neurons treated with a control plasmid.

We next tested the effects of ultrasound on primary cortical neurons harvested
from embryonic mice to test the feasibility of stimulating live neurons with ultrasound.
Immunofluorescent staining revealed that primary neurons at day in vitro (DIV) 10
expressed Piezol endogenously (Figure 12A). Treating these cells with 10 uM Yodal
stimulated Ca2+ influx, while pre-treatment with 40 uM GsMTx-4 significantly reduced
it (Figure 12B). The inhibitory effect of GsMTx-4 upon Yodal-induced Ca2+ influx was
consistent with the known mechanism of its action as a Piezol gating modifier (166-171).
Thus, primary neurons at DIV 10 were expressed functional Piezol, and we proceeded to

evaluate the effects of ultrasound on these cells.

Ultrasound stimulation resulted in dose-dependent Ca2+ influx into the neurons,
and this influx was abrogated when the cells were pre-treated with 40 uM GsMTx-4
(Figure 12C). Ultrasound of 0.3 MPa and above was able to induce significant Ca2+ influx,
so we evaluated the effects of ultrasound on neuron activation by immunofluorescent
staining of c-Fos, a well-established molecular marker of neuronal activation that is
responsive to Ca2+ influx (172). Untreated cells, cells treated with 0.3 MPa ultrasound
for 20 minutes inside a standard cell culture incubator (setup illustrated in Figure 12D),

and cells pre-treated with 20 uM GsMTx-4 before ultrasound were compared. We found
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that c-Fos expression in the nuclei of neurons (identified by MAP2 staining) significantly
increased upon US treatment compared to the untreated control and reduced significantly
when GsMTx-4 pre-treatment was applied (Figure 12E). Hence, ultrasound could trigger
Ca2+ influx intro primary neurons and activate them, in a manner dependent on Piezol’s

activation.
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Figure 12 Ultrasound regulates the activity of calcium-related signaling and
downstream gene expression profile. (A) The expression of Piezol in mouse primary
cortical neurons was examined in two ways. Left: Representative images of Piezol and
MAP2 immunocytochemical staining of primary neurons at DIV 10. Right: (B) Ca2+

imaging of primary neurons stimulated with Piezol agonist Yodal, including cells pre-



treated with Piezol blocker GsMTx-4. Top: Representative Ca2+ imaging time-course
for cells treated with either 10 UM Yodal alone, or pre-treated with 40 uM GsMTx-4
respectively. Bar charts show the mean + SEM of 3 independent experiments. n = 15, ***
P < 0.001, unpaired two-tailed t-test. (C) Ca2+ imaging of primary neurons stimulated
with ultrasound, including cells pre-treated with GsMTx-4. Top: Representative Ca2+
imaging time-course of primary neurons treated with 0.45 MPa ultrasound, or pre-treated
with 40 uM GsMTx-4 and then with ultrasound. Bottom: Bar chart represents mean +
SEM of 3 independent experiments treating primary neurons with varying intensities of
ultrasound and GsMTx-4.n =9, * P <0.05, ** P <0.01, *** P < 0.001, one-way ANOVA
with post-hoc Tukey test. (D) An illustration of the ultrasound setup used to treat cells
placed inside a cell culture incubator for immunofluorescence or Western blots. The
ultrasound was illuminated from the bottom and there a coupling waveguide between the
ultrasound transducer and dish. (E) Left: Representative IF images of c-Fos and MAP2
staining, in cells that were untreated, treated with 0.3 MPa ultrasound, or with 20 pM
GsMTx-4 followed by ultrasound. Right: Bar chart represents the mean + SEM of 3
independent experiments. n = 3, * P < 0.05, ** P < 0.01, one-way ANOVA with post-hoc

Tukey test.

We were interested in exploring the signaling implications of Piezol-mediated
ultrasound effects on neurons in greater depth. For this we chose the mouse hippocampal
cell line mHippoE-18 (CLU199) as an in vitro representation of normal neuronal cells
that could help elucidate the possible downstream effects of Ca2+ influx through
ultrasound-activated Piezol channels. Expression of Piezol in CLU199 cells was

confirmed through semi-quantitative RT-PCR, with HeLa cells as a positive control (173)
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and Western blot (Figure 13A). To evaluate the treatment’s effects on downstream cell
signaling, we looked for the phosphorylated (activated) forms of the Ca2+/calmodulin-
dependent protein kinase type Il (p-CaMKII), and the transcription factor CREB (p-
CREB), both of which are crucial players in Ca2+ signaling. CaMKII and is directly
regulated by calmodulin, a good indicator of the level of Ca2+ inside the cell, and both it
and CREB are involved in critical neuronal functions like neurotransmitter secretion,
plasticity, transcription regulation, learning and memory (174, 175). We observed the
levels of these activated proteins along with c-Fos using Western blots, to gauge whether
ultrasound may affect aspects of neuronal function downstream from Ca2+ influx.
Ultrasound treatment (performed using the setup shown in Figure 12E) increased the
levels of p-CaMKII, p-CREB and c-Fos in a dose-dependent manner, with 0.3 and 0.5
MPa inducing significant increases (Figure 13B). We then evaluated Piezol’s
contribution to these effects by knocking it down using sSiRNA. We were able to achieve
over 50% knockdown of Piezol and found that this significantly reduced the 1 UM Yodal-
induced Ca2+ influx compared to cells treated with non-targeting siRNA (Figure 13C).
CLU199 cells with Piezol knockdown also displayed significantly reduced upregulation
of p-CaMKI|I, p-CREB and c-Fos than the control when treated with 0.3 MPa ultrasound
compared to (Figure 13D). Thus, we determined that ultrasound stimulation significantly
affects the levels of important proteins in CLU199 neuronal cells, and these effects were

dependent upon Piezol.
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Figure 13 Ultrasound induces mouse body movement in vivo mediated by Piezol (A)

The levels of Piezol in a mouse neuronal cell line, CLU199, evaluated in two ways. Left:

PCR results of Piezol expression in multiple samples of CLU199 cells, with HeLa cells

for comparison. Right: Western blot of Piezol expression in multiple samples of CLU199.
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(B) Western blot for expression levels of p-CaMKII, p-CREB and c-Fos, in CLU199 cells
treated with varying ultrasound intensities. Left: Representative Western blot images.
Right: Bar charts show the levels of each protein as a fold change compared to the
untreated control. Results are mean + SEM of 3 independent experiments. n =3, * P <
0.05, unpaired two-tailed t-test. (C) Piezol was knocked down in CLU199 cell using non-
targeting (‘Ctrl’) or Piezol siRNA (‘Piezol KD’). Left: gRT-PCR was performed for
Piezol, normalized to f-actin and expressed as a fold change. Bar charts represent mean
+ SEM of 3 independent experiments. n = 3, ** P < 0.01, unpaired two-tailed t-test.. Also
shown are representative IF images of Piezol staining in CLU199 cells. Middle:
Representative Ca2+ imaging time-course for Ctrl and Piezol KD cells treated with
Yodal. Right: Bar chart shows the mean £ SEM of 3 independent Ca2+ imaging
experiments. n =9, *** P < 0.001, unpaired two-tailed t-test with Holm-Sidak correction.
(D) Western blot for levels of p-CaMKI|I, p-CREB and c-Fos in CLU199 cells treated with
siRNA and ultrasound. Left: Representative Western blot images. Right: Bar charts show
the levels of each protein as a fold change compared to the untreated control. Results are
mean £ SEM of 3 independent experiments. n = 3, * P < 0.05, unpaired two-way ANOVA

with post-hoc Tukey test.

Lastly, we applied our scheme in vivo to further confirm whether Piezol could
increase neuron sensitization to ultrasound (Fig. 14A, top). With well-characterized
projections, like muscle in tail, paw and neck, the primary motor cortex (M1) is an
established region in which to demonstrate the effects of a new neural control modality.

Piezol or control plasmids were injected into M1, and 3 days later this region was checked
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for Piezol expression (Fig. 14A, bottom), showing higher Piezol expression in Piezol-
transfected mice. The anesthetized mice were exposed to ultrasound in a range of 0.1 —
0.6 MPa, and the motor r(49)esponses were recorded and quantified with the number of
tail flicks per ultrasound stimulus. Motor responses were found to be affected by the
acoustic pressure of the ultrasound and were increased in the Piezol-transfected mice
compared to the control mice. At 0.3 MPa, tail flicks increased from 11% to 39% between
the control and Piezol-transfected mice, and this pattern increased to 36% vs 73%
respectively at 0.6 MPa (Fig. 14B). These results are consistent with those reported
previously (49). At 0.3 MPa the tail flick rate by Piezol-transfected mice was more than
double that of the control mice, and we chose this condition to treat free-moving, plasmid-
transfected mice. We quantified the ultrasound-induced head movements per stimulus
when the mice were stationary. The Piezol-transfected free-moving mice exhibited a
significantly higher head movement rate than the control mice (51% vs 31%) upon
ultrasound (Fig. 14C). Additionally, ultrasound stimulation in the M1 region urged Piezol
transfected mice to run around with no such effects on control mice. We also examined
neural excitation using c-Fos expression as an indicator. Neural activity triggered by
ultrasound in M1 was significantly higher in Piezol-transfected mice, with 13.4% c-Fos-
positive cells, compared to only 5.6% in control mice (Fig. 14D). In this way, upregulating
Piezol in mouse brains enabled us to increase neuronal sensitivity to the excitatory effects

of ultrasound stimulation.
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Figure 14 Selective brain stimulation via activation of Piezol in vivo. Top: The in vivo

experimental scheme for this study. Mouse brains were made to overexpress Piezol by

injecting plasmid locally into the M1 region. 3 days later mice were treated with

ultrasound, in either an anesthetized or free-moving state; Bottom: Piezol was

successfully expressed in M1 of mouse brains, 3 days after plasmid injection. (B) A higher

rate of tail flicks is induced by ultrasound stimulation (0.1 - 0.6 MPa) in Piezol-

transfected mice than that of control mice under anesthesia. No significance found by a
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two-tailed unpaired t-test, n = 3. (C) Ultrasound (0.3 MPa) induces a higher rate of head
movement in Piezol-transfected mice than in control mice when moving freely, n was
labelled in the columns, *P < 0.05, two-tailed unpaired t-test. (D) c-Fos expression after
ultrasound stimulation is significantly higher in Piezol-transfected mice than in control

mice. *P < 0.05, two-tailed unpaired t-test, n = 3.

Taken together, the present study elucidates the feasibility of using Piezol as an
effective mediator of neural activity and signaling when treated with ultrasound. By
manipulating Piezol expression in the 293T cells, CLU199 cells, and neurons, we
demonstrate a new approach for selective, non-invasive brain stimulation. The various
consequent effects of this strategy, regulating genes with functions from transcription
control to neurotransmitter production, cast ultrasound as a modality with wide-ranging
effects that could be applied therapeutically to a variety of different conditions. We
believe that such an approach can be utilized for probing brain functions and treating
disorders, which could be identified through more in-depth research about the treatment’s

effect on behavior.

We found that primary neurons express Piezol, which is known to play an
important role in neural development and differentiation (176). This endogenous
expression is a complicating factor in this study, as it could have reduced the precision
with which neurons were targeted. This may be remedied to an extent by utilizing methods
that upregulate Piezol to an even greater degree in vivo, such as viral infection. This can
be expected to reduce the ultrasound dose required to activate the desired cells, thereby
leaving others mostly unaffected and increasing the specificity of the intervention. On the

other hand, while alternatives do exist, given that Piezol is one of the most sensitive
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mechanosensitive channels, choosing alternatives would likely involve a trade-off in the
sensitivity of the cells to ultrasound. Thus, future research should aim to identify
ultrasound mediators or methods that sacrifice neither cell-type/circuit-element specificity
nor sensitivity to ultrasound. This might involve inducing the expression of exogenous or
artificially engineered proteins, or an approach that uses targeted microbubbles to achieve

this end.

In this study, we demonstrated that ultrasound can activate Piezol. Martin and his
colleagues also demonstrated that higher frequency ultrasound at 43 MHz can activate
Piezol by microstreaming induced by radiation force, while Pan et al. showed that
ultrasound at 2 MHz can activate Piezol in the presence of microbubbles. Either case is
not closely relevant in in vivo neural stimulation. Our studies fulfilled the frequency space
at the in vivo condition. However, in our study, we cannot confirm which biophysical
mechanism involved for open Piezol, which needs to be addressed in near future. It is
suggested that radiation force or particle displacement could plays important roles in
initiating neural activates with evidence from retina stimulation by higher frequency

ultrasound (104). But whether it is true still need to be tested.

Piezol plays key roles in physiological and developmental stages that involve
mechanosenesitivity, including touch, breathing, vascular development and more. It has
unusual dome shape causing deformation of synthetic membrane vesicles. The curvature
of the arms could induce deformation of the cell membrane which sense the changes
membrane tension and on channel opening. As shown in Fig. 13, simulation results

demonstrate that ultrasound can induce membrane curvature in a frequency dependent
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manner. It is interesting to test whether ultrasound can induce membrane curvature which

open the Piezol.

Besides Piezol, which increases neural activity, mechanosensitive potassium or
chloride channels may also serve as potential mediators with inhibitory effects, making it
possible to reduce neural activity as well. Moreover, the ultrasonic paradigm may be
expanded to trigger mechanosensitive ion channels endogenously expressed in various
tissues, such as the peripheral or enteric nervous system, which could have therapeutic
implications. Such non-invasive control of neurons in deep tissue, whether in the brain or
elsewhere, whose inaccessibility currently poses substantial challenges to biomedicine
could be a way to address diseases or neurological conditions of many varieties in the

future.
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3. Materials and Methods:

1. Cell culture

293T cells were purchased from ATCC. The embryonic mouse hippocampal cell line
MHIppoE-18 (referred to in the text as “CLU199”) was purchased from Cedarlane
Laboratories. 293T and CLU199 cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) (high glucose and no sodium pyruvate), supplemented with 10% fetal
bovine serum, 100 units/mL penicillin and 100 pg/mL streptomycin (all from Gibco),
inside a humidified incubator 37°C with 5% CO>. For experiments requiring transfected
cells, cells were seeded in 35 mm dishes or collagen-I-coated (Corning) glass coverslips
(5 pg/cm?), at 1.5 x 10° cells per dish, allowed to grow overnight, and treated with

ultrasound the next day.
2. Primary cortical neuron harvest

Primary cortical neurons from embryonic mice brains were harvested as described
previously (1) with slight modifications. Briefly, pregnant mice were sacrificed at E16.5-
E17, and brains from the embryonic mice were collected. They were then dissected under
a microscope to separate the cortex from the other brain mass. Cortical cells were
dispersed and seeded into culture dishes or collagen-coated glass coverslips (4 pg/cm?).

At DIV 10, the cells were used for further experiments.
3. Plasmid transfection and siRNA reverse-transfection

pcDNAS3.1 plasmids, both the control plasmid and the one containing Piezol-EGFP, were
provided by Dr. Ardem Patapoutian (Scripps Institute). Transfections on 293T cells were

performed using 1 pL of Lipofectamine™ LTX Reagent with PLUS™ Reagent
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(Invitrogen) with 500 ng of plasmid DNA in Opti-MEM (Gibco) per 35 mm dish or 6-
well plate. The media was changed to DMEM + FBS after 24 hours. Transfected cells
were used for imaging and ultrasound stimulation 48 hours after transfection. Primary
cortical neurons were transfected on DIV 7 following the same protocol as for 293T cells.
Transfected primary neurons were used for imaging and ultrasound stimulation 72 hours

after transfection.

SMARTpool ON-TARGETplus Piezol siRNA (L-061455-00-0005) and ON-
TARGETplus Non-Targeting Pool (D-001810-10) siRNA were obtained from
Dharmacon. Transfection complexes were prepared by incubating SiRNA with
Lipofectamine RNAIMAX (Invitrogen) in Opti-MEM for 5 minutes at room temperature.
300 pl of complexes added per 35 mm dish or collagen-coated coverslips (5 pg/cm?). 1.5
x 10° cells were added per dish in fully-supplemented DMEM such that the final sSiRNA
concentration was 125 nM. Cells were incubated for 48 hours post-transfection, and then

used for further experiments.
4. Calcium imaging

Cells were loaded with the fluorescent calcium indicator Cal590 (AAT Bioquest),
according to the manufacturer’s instructions. A customized calcium imaging and
ultrasound stimulation system (Fig. S1) was utilized for the study. The calcium imaging
system consisted of a modified upright epifluorescence microscope. The excitation light
was generated by a dual-color LED, filtered by excitation filters and delivered to the
sample for illuminating the calcium sensor. The fluorescence signals from the cells were
collected by a water immersion objective (UMPIlanFLN, Olympus), filtered by a filter
wheel with green (525 nm) or red (633 nm) channels and captured by a SCMOS camera
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(ORCA- Flash4.0 LT Plus C114400-42U30, Hamamatsu). To minimize phototoxic
effects, the LEDs were triggered at 1 Hz and synchronized with sSCMOS time-lapse
imaging. The ultrasound stimulation system consisted of a commercial transducer (17-
0012-P-SU, Olympus), two function generators, and a power amplifier (Electronics and
Innovation, A075) to produce 200 tone burst pulses at a center frequency of 500 kHz and
a repetition frequency of 1 kHz with a duty cycle of 40%. The output intensity was limited
to 0.1 - 0.6 MPa. These parameters are similar to which has been reported to effectively
evoke behavior responses (3). To deliver ultrasound, a triangle waveguide was attached
to the ultrasound transducer and placed under the culture dish at a 45-degree angle to the
horizontal axis. The other site of the waveguide was mounted with an acoustic absorber
to minimize acoustic reverberation. During calcium imaging, the cells were placed in a
buffer solution with 130 mM NaCl, 2 mM MgClz, 4.5 mM KCI, 10 mM Glucose, 20 mM

HEPES, and 2 mM CaCly, pH 7.4.

49



sCMOS Controller

Tubelens <~ > BPF

Objective

Sample holder

Ultrasound Transducer

absorber

PA FG

Figure 15 In vitro experimental system. This setup combines a calcium imaging

system and an ultrasound stimulation system.

5. Ultrasound treatment of cells

CLU199 cells or primary cortical neurons at DIV 10 were treated with ultrasound at
acoustic pressures of 0.1, 0.3 or 0.5 MPa for 20 minutes with 20s interval inside a humified
incubator, 37°C, 5% CO.. The ultrasonic stimulation system and treatment parameters are
the same as those described in section 4. Yodal (Tocris Bioscience) was used as a Piezol

agonist with a concentration of 1 uM, while GsMTx-4 (Abcam) was used as a Piezol
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blocker at a concentration of 10 uM. Yodal was added to culture media, followed by a
20-minute incubation or immediate ultrasound treatment. GSMTx-4 was added to culture
media, allowed for 30 minutes incubation, and followed by a further 20-minute incubation

or ultrasound treatment.

6. Western blotting

Cells were lysed with RIPA buffer (EMD Millipore), supplemented with 1X Halt™
Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific) on ice,
centrifuged to clear the lysate, and protein concentrations measured using the Bio-Rad
protein assay. 30 or 50 ug total protein per well was loaded on 10% SDS-PAGE gels,
electrophoresed, and transferred to methanol-activated PVDF membranes. Membranes
were blocked with 3% BSA in Tris-buffered-saline + 0.05% Tween-20 (TBST).
Membranes were incubated in primary antibody diluted in 5% BSA in TBST overnight,
washed with TBST and incubated in secondary antibody solutions, diluted in blocking
buffer, for 1 hour at room temperature. Membranes were then washed, signals developed
with SuperSignal™ West Pico (cat. no. 34078) or Pierce ECL (cat. no. 32106)
chemiluminescent substrates according to the manufacturer’s instructions, and imaged

using the Bio-Rad ChemiDoc MP system.

Primary antibodies used were phospho-CREB (cat. no. 9198), CREB (cat. no. 9197),
phospho-CaMKII (cat. no. 12716) and CaMKII-pan (cat. no. 4436) all from Cell
Signaling Technology and diluted at 1:500 and B-actin (A1978, Sigma-Aldrich) at 1:

2,000 was the loading control. Secondary antibodies used were goat-anti-rabbit 1gG (H+L)

51



HRP (cat. no. 31460) and goat-anti-mouse IgG (H+L) HRP (cat. no. 31430) from Thermo

Fisher Scientific, diluted at 1: 5,000 in blocking buffer.

Protein levels were quantified through image densitometry using ImageJ. Protein levels
were expressed as a fold change compared to the untreated control, an average £ SEM of
at least three independent experiments, except in Fig. 2E. Statistical significance was
calculated using a two-tailed unpaired student’s t-test and P values below 0.05 were

considered significant.

7. RNA extraction and reverse-transcription

Cells were lysed with RNAiso Plus (Takara) and RNA was extracted from these lysates
using RNA Direct-zol columns (Zymo Research) according to the manufacturer’s
instructions, including a DNAse incubation step to eliminate genomic DNA from the final
product. RNA was quantified using a NanoVue spectrophotometer (GE Healthcare Life
Sciences), and 1 pg of total RNA was reverse-transcribed using the Transcriptor First

Strand cDNA Synthesis Kit (Roche).

8. Semi-quantitative PCR and real-time gPCR

1 ul cDNA from CLU199 cells was mixed with 2X PCR Premix Ex Taq (Takara) (final
concentration 1X), forward and reverse primers (mouse Piezol and [-actin, final
concentration 200 nM) and H20 to a final reaction volume of 20 pul. PCR was performed
on a Bio-Rad DNA Engine thermal cyler, for 25 cycles, T2 56°C. PCR product was loaded
on a 2% agarose gel, electrophoresed, visualized in an Alphalmager HP (ProteinSimple)
UV Transilluminator. The resulting bands were quantified using image densitometry in

ImageJ.
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For real-time qPCR, 1 pl ¢cDNA from plasmid-transfected 293T or siRNA-transfected
CLU199 cells was mixed with appropriate forward and reverse primers (final
concentration 250 nM), 2X SYBR Green Premix Ex Taq (Takara) and H20 to a final
volume of 10 pl. PCR was performed on Applied Biosystem 7500 Fast Real-Time PCR
system (Thermo Fisher Scientific). Results are expressed as a fold change compared to
the appropriate control, mean £ SD of 3 independent experiments. Primer sequences were

as follow:

Mouse B-actin: F - AGG GTG TGA TGG TGG GAA TG, R - TGG CGT GAG GGA
GAG CAT AG, 402 bp; human B-actin: F - GTG GGG CGC CCC AGG CAC CA, R -
CTCCTT AAT GTC ACG CAC GAT TTC, 539 bp; mouse Piezol: F - GCA GTG GCA
GTG AGG AGATT, R—GAT ATG CAG GCG CCT ATC CA, 143 bp ; human Piezol:
F — ATCGCCATCATCTGGTTCCC, R — TGGTGAACAGCGGCTCATAG, 124 hp;
mouse GAPDH: F - AAC GAC CCC TTC ATT GAC, R - TCC ACG ACA TAC TCA

GCA C, 190 bp.
9. gPCR array

CLU199 cells seeded in 35 mm dishes were treated with ultrasound, Yodal or GsSMTx-4
as appropriate. Total RNA was collected as described in section 7, and the concentration
measured on NanoDrop™ One (Thermo Fisher Scientific). Samples with 260/280 > 1.8
and 260/230 > 2.0 were run on a 1% agarose gel containing bleach to check for RNA
integrity (2). Samples with good integrity were reverse-transcribed using the RT? First
Strand Kit (Qiagen), using 1 pg total RNA, according to the manufacturer’s instructions.
RT product was diluted as described in the manufacturer’s protocol, and mixed with RT?
SYBR® Green qPCR Mastermix (Qiagen). This solution was then loaded into appropriate
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wells of the RT? Profiler™ PCR Array Mouse cAMP / Calcium Signaling PathwayFinder
(cat. no. PAMM-066Z), centrifuged and cycled according to the manufacturer’s
instructions on the QuantStudio ™ 7 Flex Real-Time PCR System (Life Technologies).
Ct values were calculated using the Quantstudio™ software, exported into a spreadsheet
and uploaded to SABiosciences’ online array data analysis software (accessible at:

http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php). Results were

normalized to three housekeeping genes (Gapdh, Gusb and Hsp90abl). Resulting
clustergrams and a spreadsheet containing the analyzed results were obtained from this
software. The number of genes that were upregulated (fold change > 1.00) or
downregulated (fold change < 0.50) compared to the untreated control were calculated,
and the list of genes whose expression was altered by ultrasound treatment by more than
2 times was collected. The results were categorized according to the nature of the gene’s
regulation and the function of the encoded protein, according to information provided in

the PCR array’s product literature (4) and in a paper, that also used this array (5).
10. Immunocytochemical fluorescent staining

CLU199 cells and primary neurons at DIV 10, including treated with (+) or without (-)
ultrasound, were fixed using 4% paraformaldehyde + PBS and permeabilized using 0.1%
Triton X-100 + PBS. Cells were blocked using 3% normal goat serum + 3% BSA in PBST,
and incubated overnight in primary antibodies diluted in 5% BSA + 0.05% sodium azide.
Secondary antibody incubation was performed the next day, diluted in 3% BSA in PBST
for one hour at room temperature. Cells were washed, coverslips dried, and mounted on
glass slides using small drops of Prolong Diamond Antifade Mountant with DAPI (Life

Technologies), and allowed to cure in the dark at room temperature overnight. All wash
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steps were performed using PBS. Coverslip edges were then sealed using transparent nail
enamel, and imaged using a confocal laser scanning microscope (TCS SP8, Leica). The
number of c-Fos™ cells were determined by counting the number of DAPI and c-Fos
signals co-located with DAPI from 10 FOVs photographed per condition. Results were
expressed as a percentage of c-Fos versus DAPI signals, and were subjected to a one-way
ANOVA followed by a post-hoc Tukey test. P values below 0.05 were considered

significant.

Primary antibodies, used at a dilution of 1:200, were phospho-CREB, phospho-CaMKII
and c-Fos (cat. no. 2250) all from Cell Signaling Technology, Piezol (15939-1-AP,
Proteintech Group), and MAP2 (MAB3417, EMD-Millipore). Secondary antibodies, used
at a dilution of 1:1,000, were goat anti-rabbit IgG (H+L), Alexa Fluor 488 (A-11008) and

goat anti-mouse 1gG (H+L), Alexa Fluor 555 (A-21422) from Invitrogen.
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11. Animal care

Male, 8-week old, C57BL/6J mice, were used for ultrasound stimulation with 6 in an
anesthetized group and 6 in a free-moving group. Mice were housed under standard
housing condition with 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.

12. Plasmid injection and ultrasound transducer mounting

Mice were anaesthetized by intraperitoneal injection of Ketamine and Xylazine
(100mg/kg and 10mg/kg respectively) followed by removing the skin above M1 area.
Using the stereotaxic apparatus, a hole was drilled to allow pipette injection (AP=1.34,
ML=1.50, DV=0.75). 1 ug plasmid mixed with in vivo-jetPEI® (Polyplus Transfection)
was injected at a rate of 0.5 pl/min, and followed by a 10-minute pause. The pipette was
then retracted slowly, including a 5-minute pause at the halfway point. To stimulate
anesthetized mice, a transducer (17-0012-P-SU, Olympus) was placed above the mouse
head and directed to M1 region coupled by ultrasound gel. To stimulate free-moving mice,
a holder for a customized wearable ultrasound transducer was mounted to the mouse brain
(Movies S1, S2, and S3). After 3 days recovery, an ultrasound transducer at a center
frequency of 775 kHz was clicked to the pre-mounted holder and locked tightly with

preloaded ultrasound gel for stimulation.

13. Ultrasound stimulation and behavior recording

Anesthetized mice, were given 10-15 min to reach to an appropriate anesthesia plane. The

mice were treated with 500 kHz ultrasound of 200 tone burst pulses and a repetition
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frequency of 1 kHz with 40% duty cycle and 0.1 - 0.6 MPa acoustic pressure. The number
of tail flicks versus the number of ultrasound stimuli were recorded. The results were
analyzed with an unpaired two-tailed t-test, and P-values below 0.05 were considered

significant.

For the free-moving experiment, mice were given 4 minutes to calm down and their motor
responses following ultrasound stimulus at 0.3 MPa were recorded with a camera.
Ultrasound stimuli were performed in batches of 10 each, each referred to as 1 “trial” in
the text, and mice were allowed one minute of rest between trials. The number of head
swings following every ultrasound stimulus was counted per trial. The number of head
movements versus the number of ultrasound stimuli per trial were then analyzed with a

two-tailed unpaired t-test, and P values below 0.05 were considered significant.

14. Immunohistochemical fluorescent staining

Mice were sacrificed 90 minutes after ultrasound treatment and perfused with PBS,
followed by 4% paraformaldehyde (PFA) (cat. no. P1110, Solarbio) in PBS. After
dissection, brains were post-fixed overnight in 4% PFA and then dehydrated in 15%, 20%
and 30% sucrose diluted in PBS for the following 3 days. Starting from the injection plane,
60 continuous coronal brain slices at a thickness of 30 um were collected. Slices were
blocked using 1% normal goat serum + 5% BSA + PBS, and incubated overnight in
primary antibody solution diluted in 5% BSA + 0.05% sodium azide. Slices were then
washed, and incubated with secondary antibodies diluted in PBS for 1 hour at room
temperature. Slices were then washed, coverslips dried, and mounted on glass slides using
small drops of Prolong Diamond Antifade Mountant with DAPI, and allowed to cure in
the dark at room temperature overnight. Coverslip edges were sealed using transparent
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nail enamel, and imaged using a confocal laser scanning microscope (TCS SP8, Leica). 3
ROIs were chosen from a slice and the number of cells showing blue (DAPI) and red (c-
Fos) signals were counted using ImageJ, and the number of c-Fos signals were expressed
as a percentage of the number of DAPI signals. The number of c-Fos positive cell vs DAPI
positive cell were analysis by unpaired two-tailed t-test and P values lower than 0.05 were

considered significant.

Primary antibodies used were c-Fos (2250, CST, dilution 1:50), Piezol (15939-1-AP,
Proteintech Group, dilution 1:50), and MAP2 (PA1-16751, Invitrogen, dilution 1:100).
Secondary antibodies, used at a dilution of 1:500, were goat anti-rabbit 19G (H+L), Alexa
Fluor 488 (A-11008, Invitrogen) and goat anti-mouse IgY (H+L), Alexa Fluor 633 (A-

21103, Invitrogen).
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Chapter 3: Toolkit for non-invasive brain stimulation by

ultrasound

Sonogenetics enabled by MscL

Ultrasound can activate mechanosensitive ion channels which is a foundation to
achieve selective brain stimulation facilitating understanding brain functions and treating
brain disorders. Here we demonstrate a selective neural excitation strategy via activation
of mechanosensitive ion channels MscL by non-invasive ultrasound. Our results showed
that MscL, when triggered by ultrasound, was activated to induce reversible neural
activity as measured by calcium imaging and patch clamping techniques in vitro and ex
vivo. Ultrasonic stimulation in the primary motor cortex (M1) of mouse brains induced
activity of neurons expressing MscL, resulting in elevated c-fos expression correlated to
increased movement in both anesthetized and free-moving mice. Thus, we demonstrate a
novel tool for targeting ultrasound into intact brain structures non-invasively, allowing

selective neuronal control.
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1. Introduction

Controlling local or global neural activity and signaling by physical intervention
is a powerful way to gain causal insight into brain functionsl and treat brain disorders
(Fig. 16). To achieve this, diverse modalities have been developed in the past few decades,
including deep brain stimulation (DBS), transcranial direct current stimulation (tDCS),
transcranial magnetic stimulation (TMS), transcranial ultrasound brain stimulation8,
chemogenetics and optogenetics (13, 35, 177). This has resulted in the rapid accumulation
of knowledge about brain functions as well as treatment strategies for brain diseases(13,
35). These findings have also, however, highlighted the need for stimulation techniques
that possess cell-type or circuit-element specificity, high spatiotemporal resolution, brain-
wide accessibility for local or global stimulation, and non-invasiveness for repeated
implementation, all of which are crucial for fundamental research and clinical translation
(35, 177). These requirements being currently unmet, there is a strong impetus for new

research techniques to be developed that can fulfill these goals.

Figure 16 Strategies for probing brain function. To dissect the neural circuits, it is
required established a behavior model and then detect the structural, functional changes
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correlated to the behavior. However, to get causal information, it still needs an external
stimulation modality to excite or inhibit neural activity. This stimulation modality can

also translate as a treatment technique.

Ultrasound-based brain stimulation is a promising candidate because it can
potentially access deep brain structures non-invasively through the intact skull and be
steered to millimeter-sized dynamic focal spots in deep brain regions (178). However, the
treatment is currently not able to target a desired population of neurons by cell-type, which
could result in the dilution of its effects, or even side-effects, depending on the application.
Selectivity for cell-types could be achieved through a strategy that confers ultrasonic
sensitivity to targeted neurons, analogous to the optogenetic approach, could grant precise
control of mammalian neurons and animal behavior upon ultrasonic stimulation. Such a
key could lie with “mechanosensitive” ion channels, a crucial component of the cellular
force-sensing machinery. The opening of these ion channels is controlled by diverse
mechanical stimuli such as touch, hearing, crowding, stretch and cell volume, which can
convert physical force into cellular signaling. Cellular mechanosensation through ion

channels could thus be a mechanism utilized for ultrasonic stimulation of neurons.

There are multiple known mechanisms through which ultrasound exerts effects on
cells and progressing towards clinical application would require understanding and
controlling them. At high acoustic intensities, ultrasound exerts its therapeutic influence
primarily through thermal or cavitation effects, but such intensities have been found
inappropriate for projecting ultrasound safely through the cranium. Since lower intensities
will be needed for brain stimulation, these mechanisms are unlikely to play major roles in
the process. Ultrasound has been shown to can generate nano-newton level radiation force
and micrometer displacement in soft tissues (56), which could lead to the opening of
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mechanosensitive ion channels. Low-intensity ultrasound has been shown to activate non-
endogenous mechanosensitive ion channels in various cell-based systems, in a C. elegans
model and in primary neurons. However, the role of mechanosensitive ion channel
activation by ultrasound in vivo remains to be demonstrated. Therefore, it is compelling
to examine whether low-intensity ultrasound alone can directly act on such channels under
physiological conditions and induce activity and signaling in targeted neurons in

mammalian brains in vivo.

In the present study, we demonstrate a non-invasive and selective ultrasound brain
stimulation method through manipulating the activity of a mechanosensitive ion channel,
MscL-G22S, both in vitro and in vivo, illustrated schematically in Fig. 17A. The MscL-
G22S channel is a mutant version of the well-established bacterial mechanosensitive
channel with a lower threshold for gating which has been shown to respond to ultrasound.
We used this channel to sensitize 293T cells and primary neurons to ultrasound and found
that ultrasound could consistently induce Ca2+ influx into cells at significantly lower
intensities in cells expressing MscL-G22S. We also stimulated mouse brains with
ultrasound and found that mice expressing MscL-G22S in their M1 areas showed
significantly higher activation and motor responses at low intensities than those without.
We thus show for the first time a feasible method to selectively sensitize neurons in vivo

to low-intensity ultrasound by inducing the expression of a mechanosensitive ion channel.

We first confirmed that heterologously-expressed MscL-G22S could sensitize
cells to ultrasound in our system. We first tested this in 293T cells, known to have minimal
endogenous expression of mechanosensitive ion channels25,26, and transfected a plasmid

encoding a MscL-G22S-EGFP fusion protein (desiged by Cox et al.27). The expression
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of MscL-G22S in 293T cells was verified by gPCR and fluorescence imaging compared
to a mock transfection control (Fig. 17B). To measure any inward current upon ultrasound
stimulation, we used a patch clamp setup combined with an ultrasound stimulation system
(asin Fig. 17C). We treated cells with 0.5-1 MHz ultrasound of 200 cycles, at 1 kHz pulse
repetition frequency (PRF) with 200 tone bursts at from 0.025 — 0.15 MPa. Ultrasound at
0.05 MPa induced significantly higher inward current in the cells expressing MscL-G22S
compared to the control, which showed a minimal response (Fig. 17D). A ratiometric
fluorescent calcium indicator (Fura-2) was used to observe and measure the movement of
calcium ions Ca2+) into the cells. Cells expressing MscL-G22S were found to show
significantly higher Ca2+ influx in response to ultrasound than the control, and the
response also varied depending on the ultrasound intensity (Figure 17E and F). In addition,
the ratiometric Ca2+ dye used enabled us to ascertain that the increase in fluorescence
seen was not an artifact of the ultrasound setup. We thus found that ultrasound stimulation

could activate MscL-G22S when expressed heterologously in 293T cells.
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Figure 17 Ultrasound induces intracellular calcium influx by MscL activation in

293T cells. (A). Schematic representation of our experimental plan. Briefly, this involves

sensitizing cells to ultrasound by heterologously expressing a mechanosensitive ion

channel,

MscL-G22S, in their cell membranes. Thereafter, these channels will react to

ultrasound stimulation by opening, and allow the entry of cations such as Ca?*. (B) The

expression of MscL-G22S in transfected cells was assessed by gRT-PCR and microscopy,

in comparison with a mock-transfection control. Left: The bar chart of gPCR results

represents mean £ SEM of three independent experiments, n = 3, *** P < 0.001. Right:
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Representative images of GFP fluorescence and phase contrast are shown. (C) An
illustration of our patch clamp recording setup. The ultrasound stimulation system is
composed of a needle transducer incorporated into a patch clamping system. (D) Left:
Current clamp recording of inward-flowing current in cells stimulated by 0.05 MPa
ultrasound (US). Right: t voltage clamp experiments, n = 4 * P < 0.05, unpaired two-
tailed t-test. (E) A schematic illustration of the combined ultrasound stimulation and
calcium imaging system used. (F) Left: A representative time-course of ratiometric Ca2+
imaging comparing ultrasound stimulation of Control and MscL-transfected cells at 0.15
MPa. Right: The bar chart shows the mean + SEM of 3 independent Ca2+ imaging
experiments. n =9, * P <0.05, *** P < 0.001, two-tailed unpaired t-test with Holm-Sidak

correction.

We next tested the effects of ultrasound on primary cortical neurons harvested
from embryonic mouse brains (E16) to test the feasibility of selectively stimulating live
neurons with ultrasound. To induce MscL-G22S expression in neurons, we used AAV-
based viruses with a human synapsin (hSyn) promoter, which preferentially infects
neurons over other cell types. Primary neurons at day in vitro (DIV) 7 were transduced
with rAAV/9-hSyn-MscL-G22S-EYFP -pA or rAAV/9-hSyn-EYFP-pA viruses. At DIV
12 these neurons were found to show EYFP fluorescence co-located with the expression
of the neuron marker MAP2 (Fig. 18A), thus confirming the neuron specificity of the
viruses. Neurons treated with the MscL-containing virus showed increased firing of action
potentials and greater spike amplitude in response to 0.05 MPa ultrasound, compared to

the control (Fig. 18).
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Figure 18 Ultrasound regulates the neural activity of calcium signaling and

electrophysiology. (A) Representative immunocytochemical staining of primary neurons

transducted with rAAV/9-hSyn-EYFP-pA and rAAV/9-hSyn-MscL-G22S-EYFP-pA

66



viruses at DIV 12. Cells were imaged for MAP2 (red) staining and EYFP fluorescence
(green) to confirm the virus’ ability to preferentially transduct neurons. (B) (Upper)
Voltage clamp recordings of virus-transducted primary neurons treated stimulated with
0.05 MPa ultrasound. (Lower) Bar charts show the mean + SEM spike frequencies and
amplitudes of 3 independent experiments. * P < 0.05. *** P < 0.001, unpaired two-tailed
t-tests. (C) (Left) Representative Ca2+ imaging result of primary neurons transducted
with rAAV/9-hSyn-GCaMP6S-pA and rAAV/9-hSyn-MscL-G22S-GCaMP6S-pA viruses
and stimulated with 0.15 MPa ultrasound at DIV 12. (Middle) Representative time-course
of Ca2+ imaging of transducted neurons stimulated with ultrasound. (Right) Bar charts
represent mean £ SEM of neurons stimulated with ultrasound at varying intensities from
3 independent experiments. N = 6, *** P < 0.001, unpaired 2-tailed t-tests with Holm-

Sidak correction.

Alternatively, neurons at DIV 7 were treated with either rAAV/9-hSyn-MscL-
G22S::GCaMP6S or rAAV/9-hSyn::GCaMP6S, where GCaMP6S is a fluorescent
calcium indicator protein, and calcium imaging was performed at DIV 12. Neurons
expressing MscL-G22S accumulated significantly more intracellular Ca2+ in response to
ultrasound compared to the control (Fig. 18C). The Ca2+ influx responses showed some
degree of dose-dependence, with increasing acoustic pressure inducing greater Ca®* influx.
We thus see that introducing MscL-G22S into primary neurons could successfully
sensitize them to ultrasound, an effect reflected in the significantly lowered intensities at
which neurons were able to respond to ultrasound. At 0.05 MPa neurons expression
MscL-G22S showed significant Ca2+ influx as well as fired action potentials, whereas

the control showed little to no change. The control cells showed significantly lower Ca2+
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influx than the MscL-G22S-expressing cells, up to 0.45 MPa, at which intensity the
endogenously-expressed mechanosensitive channels appeared to be activated. Both
groups of cells showed no difference in resting membrane potential, which we measured
as an indication of cell health (Fig. 19). We hence concluded that MscL-G22S could
successfully sensitize neurons to and mediate the effects of ultrasound, when expressed

in primary neurons.
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Figure 19 Resting membrane potentials of transducted primary neurons. Resting
membrane potentials of primary neurons transducted with Ctrl-EYFP or MscL-EYFP
viruses. Bar chart represents mean £ SEM of at least 3 independent experiments, n for
Ctrl = 4, n for MscL = 6. Differences are non-significant according to an unpaired 2-

tailed t-test.
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Finally, to test the ultimate feasibility of our setup, we sensitized neurons in vivo
by injecting the control and MscL-G22S viruses into the primary motor cortices of mice.
Eight-week-old mice were injected with viruses, and five weeks later they were subjected
to ultrasound stimulation for 40 minutes under anesthesia (illustrated in Fig. 20A) using
a mounted transducer setup. We tested the neuronal activation in our mice subjects by
staining for the important activation marker c-Fos which is known to respond to calcium
influx29,30. Mice injected with the control and MscL-G22S viruses were treated with 0.3
MPa ultrasound, and the regions of viral expression as judged by EYFP expression were
stained for c-Fos expression. The M1 regions of mice untreated with ultrasound were also
stained in the same manner. We found ultrasound treatment induced significantly higher
expression of c-Fos in both virus groups, but the magnitude of the effects was much higher
in the Mscl-G22S group. Ultrasound stimulation increased the c-Fos levels in the control
mice to 1.96 times the untreated condition, but it increased c-Fos in the MscL-G22S group
20.8 times compared to the untreated condition (Fig. 20B). A similar comparison of mice
with sham injections showed no significant difference in c-Fos expression between the
M1 areas of mice treated or untreated with ultrasound (Figure 21) and the treated mice
showed no obvious health effects as judged by body weight. We thus see that the
application of ultrasound to mouse brains can induce neuronal activity, but the induced
MscL expression made this effect many times stronger. Furthermore, the spatial extent of
neural activation was largely co-located with MscL expression in the M1 area. Therefore,
MscL-G22S could successfully mediate and increase neural activation in mice brains by

ultrasound stimulation.
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Figure 20 Additional data from mice. A. (Left) Representative images of M1 areas of
mouse brains in the sham group, with and without ultrasound, stained for c-Fos. (Right)
Bar charts represent mean + SEM, n = 3. Differences are non-significant according to an
unpaired 2-tailed t-test. B. Body weight measurements of mice with sham transduction,
and transducted with the Ctrl-EYFP and MscL-EYFP viruses. Scatter plot shows body
weights of different mice and mean + SD are shown. Differences are non-significant

according to one-way ANOVA with post-hoc Tukey test.
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We also studied whether the MscL-G22S mediated neural activation in the brain
could evoke behavior changes using an assay to measure the number of motor responses
upon ultrasound stimuli. Mice injected with viruses were anesthetized slightly and
exposed to ultrasound in the range of 0.3 - 0.6 MPa. Motor responses were recorded and
quantified as success rate with the number of body movements per ultrasound stimulus
(illustrated in Fig. 21C). Motor responses induced by ultrasound stimulation were found
to increase in the MscL-G22S transfected mice compared to the control mice up to a point.
At 0.3 MPa, the success rate of body movements upon ultrasound stimulation were 7.8%
for the control and 57.7% for the MscL-G22S mice, and this pattern increased to 23.3%
and 77.3% respectively at 0.5 MPa, and these differences were significant (Fig. 21D).
However, at 0.6 MPa the success rate of body movement increased to 62.3% and 65.0%
for the control and MscL-G22S mice respectively (Fig. 21D). This pattern is like that seen
in primary neurons and could also be explained by the activation of endogenous
mechanosensation in the mice brains. However, at lower intensities the motor responses
to ultrasound are minimal in the control group, while being significantly higher in the
MscL-G22S group. Thus, our behavior assay also demonstrated that MscL-G22S can
significantly sensitize neurons to ultrasound stimulation at lower intensities, and that our

approach is functional at the behavioral level.
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Figure 21 Ultrasound induces c-fos expression in MscL expressing neurons. (A)
Schematic illustration of our in vivo neuron sensitization and ultrasound stimulation plan.
Mice at 8 weeks were injected with viruses in their M1 regions and were treated with
ultrasound 5 weeks later. The mice were tested for motor responses to ultrasound and
their M1 regions stained for c-Fos expression. (B) (Left) Representative images of

transducted M1 regions stained for c-Fos and EYFP expression, with or without 0.3 MPa
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ultrasound. Bars represent 100 um. (Right) Bar charts represent mean + SEM of c-Fos+
cells per stained slice. n for Ctrl groups = 3 and n for MscL groups = 6. * P > 0.05, **
P > 0.01, unpaired 2-tailed t-test with Holm-Sidak correction. (C) Schematic illustration
of the motor response assay used. The mice were stimulated with ultrasound and various
intensities, and the movement considered a ‘response’ is shown here. The ratio of
responses per ultrasound stimulus was recorded as a ‘success rate’. (D) Success rates of
motor response per ultrasound stimulus at varying ultrasound intensities. Results are

mean = SEM, n = 3, * P > 0.05, unpaired 2-tailed t-test with Holm-Sidak correction.

Taken together, the present study elucidates the feasibility of using MscL as an
effective mediator of neural activity and signaling when treated with ultrasound. By
manipulating MscL expression in the desired neurons, we demonstrate a new approach
for selective, non-invasive brain stimulation. The various consequent effects of this
strategy, regulating genes with functions from transcription control to neurotransmitter
production, cast ultrasound as a modality with wide-ranging effects that could be applied
therapeutically to a variety of different conditions. We believe that such an approach can
be utilized for probing brain functions and treating disorders, which could be identified

through more in-depth research about the treatment’s effect on behavior.

In all, our results constitute a proof-of-concept that mechanosensitive ion channel-
mediated ultrasound stimulation can work specifically at lower frequency and low
intensities. We were able to induce neuron-specific activity in both primary neurons as
well as in the M1 regions of mice, using ultrasound applied non-invasively. Our approach

also showed significant sensitization of neurons to ultrasound, with lower intensities being
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enough to activate neurons in MscL-expressing cells. The non-invasiveness of this
approach makes it is promising for eventual clinical translation, while the cell-type
selectivity could facilitate the elucidation and management of neural circuits involved in
specific behaviors or disorders. Such a combination of these two features would be
immensely helpful to target areas in the deep brain in conditions where treatments require
non-invasiveness and repeatability e.g. targeting the substantia nigra in Parkinson’s
disease. Furthermore, the spatial specificity of neural activation targeted by MscL-G22S
can be further increased by using focused ultrasound, which is compatible with other
imaging modalities such as MRI and optical imaging, to achieve dynamic and precise
focus in desired brain regions. This could enable a new way to understand brain functions,

targeting precise areas of the brain and observing the outcomes of their stimulation.

Our results also brought out an interesting aspect of stimulating neurons with
ultrasound, which is that neurons express some level of mechanosensitive ion channels
endogenously. Both in vivo and in vitro, we found that increasing the ultrasound intensity
also resulted in stimulation of the control group of cells. We consistently found that
expression of MscL-G22S significantly reduced the intensity of ultrasound needed to
stimulate neuronal activity and motor responses, while higher intensities were able to
stimulate the control groups as well. These results highlight the importance of
understanding the inherent mechanosensitive properties of the brain and neurons, which
are now widely understood to have some ability to sense physical forces (179). At the
lower limit of ultrasound intensities, we applied, we found that MscL-G22S-expressing
cells were able to respond to ultrasound with minimal response in the control group. c-

Fos activation of neurons was also limited to the area of EYFP expression (i.e. the area
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successfully transducted by the viruses). Our approach thus was able to successfully
sensitize cells to ultrasound, and ultrasound stimulation was limited to the desired area of
influence. Hence, keeping the ultrasound intensity low could be a way of limiting the
ultrasound effects to only the desired cell-types and the desired area. Such specificity is
crucial in the eventual development of ultrasound-based treatments and could be useful

in minimizing side-effects.

We did not observe obvious side effects of MscL-G22S expression as indicated
by behavior, mice body weight, resting membrane potential, etc., but further and more
pointed experiments are needed to test the possible artifacts of such a treatment. The G22S
mutant of MscL is reported not to be spontaneously active(180), which could plausibly
explain the lack of these indicators; nevertheless, it remains crucial to reduce the
possibility of adverse effects as much as possible. MscL is a non-selective ion channel
and has a large pore-size (over 30A, according to Cruickshank and colleagues (180)) it
conducts ions other than Ca2+ and even small proteins, which could complicate the profile
of activation effects, and it will require specific experiments to tease out the effects of

individual factors from the others.

The performance of this approach can be further improved by utilizing other
ultrasonic sensitive ion channels or engineering novel MscL mutants. On the other hand,
mechanosensitive potassium or chloride channels may also serve as potential mediators
with inhibitory effects, making it possible to reduce neural activity as well (181, 182).
Moreover, the ultrasonic paradigm may be expanded to trigger mechanosensitive ion
channels endogenously expressed in various tissues, such as the peripheral or enteric

nervous system, which could have therapeutic implications. Such non-invasive control of
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neurons in deep tissue, whether in the brain or elsewhere, whose inaccessibility currently
poses substantial challenges to biomedicine could be a way to address diseases and

neurological conditions of many varieties in the future.

While the experiments detailed in the present study involve a minimally-invasive
procedure to induce the expression of MscL-G22S, the availability of newer methods
could potentially eliminate this need. Recently, the novel rAAV/PHP.eB (183) which can
infect neurons in the brain through a simple tail-vein injection34 showed potentially
noninvasive gene delivery to specific neurons. With further development such technology
could reduce the severity of the invasion even further, thus making it easier to implement

a system like ours.

2. Materials and Methods:
15. Cell culture

293T cells were purchased from ATCC and were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) (high glucose and no sodium pyruvate), supplemented
with 10% fetal bovine serum, 100 units/mL penicillin and 100 pg/mL streptomycin (all

from Gibco), inside a humidified incubator 37°C with 5% CO2.

16. Plasmid transfection

293T cells were seeded into 35 mm culture dishes at 1 x 106 cells per dish. The
next day, the cells were transfected using the Lipofectamine 3000 kit (Invitrogen). 2.5 pg
plasmid (replaced with water for the mock condition), 5 pl of P3000 and 5 ul of

Lipofectamine 3000 were complexated according to the manufacturer’s instructions, and
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added to the cells. 24 hours later, the transfected cells were trypsinised and reseeded,
partially into glass-bottomed confocal dishes (SPL Life Sciences) at 1/8 cell density, and
partially back into the original dish. Live cells were photographed using a Nikon Eclipse

TS100-F microscope 24 hours later, and were then used for further experiments.

17. Primary cortical neuron harvest

Primary cultures of the cortices of mouse embryos at embryonic day 16 were
obtained as previously described35. Briefly, cortices were dissected in ice-cold
Neurobasal medium (Gibco) and incubated in 0.25% trypsin-EDTA (Gibco) for 15
minutes. The cells were then centrifuged and washed in Neurobasal medium containing
10% FBS, 0.25% L-Glutamine and 1% Penicillin-Streptomycin (all from Gibco) and
centrifuged again. The cells were resuspended in medium and gently mechanically
triturated with a pipette, and then allowed to stand for 15 minutes. The resultant
supernatant was discarded, and the cells were resuspended in the abovementioned
medium further supplemented with 2% B27 serum-free supplement (Gibco). The cells
were plated at 5 x 105 cells in 35 mm dishes containing PLL-coated coverslips, or at 1 x
105 cells into confocal dishes. After 24 hours, the medium was changed to Neurobasal +
2% B27 + 0.25% L-Glutamine + 1% Penicillin-Streptomycin. The medium was half-

changed every 72 hours.

18. Viral transduction

Viruses were packaged by BrainVTA (Wuhan) Co. Ltd. (China), and all viral

aliquots were placed at -80°C prior to use. We used a rAAV-9 vector, with a human
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synapsin (hSyn) promoter, which enabled the viruses to preferentially transduct neurons.
The MscL-G22S sequence was fused with either the fluorescent reporter EYFP or the
Ca2+ sensor protein GCaMP6S, and a polyA tag at the end of the sequence. In addition
to the MscL-containing viruses, we also used vector controls. The viruses used in this
study were rAAV/9-hSyn-EYSP-pA, rAAV/9-hSyn-MscL-G22S-EYFP-pA, rAAV/9-

hSyn-MscL-G22S-GCaMP6S-pA and rAAV/9-hSyn-GCaMP6S-pA.

Primary neurons were transducted with at DIV 7 using viruses diluted 1/10 in PBS
at RT. For every 5 x 105 primary neurons seeded, 109 genome copies (GC) of the CTRL
virus and 1010 GC of the MscL-G22S virus were added directly into the cell medium.
The plates were gently shaken and placed in the incubator. Cells were allowed to incubate
for between 4-5 days while being monitored for fluorescence and cell condition, after

which they were used for further experiments.
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19. Patch clamping

Patch clamp recording for transducted primary neurons was done on DIV 12, and
48 hours post-transfection with 293T cells. Only cells with visible fluorescence were
selected for patch clamping. Borosilicate glass-made patch pipettes (Vitrex, Modulohm
AJ/S, Herlev, Denmark), were pulled with a micropipette puller (P-97, Sutter Instrument
Co., USA) to a resistance of 5-7MQ after being filled with pipette solution. Voltage clamp
and current clamp was used for recording current in 293T cells and membrane potential
in primary neurons respectively. Digidata 1440B (Axon instruments) and amplifier
(Axopatch-700A, Axon Instruments, USA) were applied for data recording with pClamp
Version 9 software. The data were analyzed with Clampfit 10.0. Cells were bathed in the
following solution: 130 mM NaCl, 5 mM KCI, 1 mM MgCI2, 2.5 mM CaCl2, 20 mM
HEPES (pH 7.4). Pipettes were filled with the following solution: 138 mM KCI, 10 mM
NaCl, 1 mM MgClI2, 10 mM Glucose and 10 mM HEPES, with D-mannitol compensated

for osm 290 (pH7.2).

20. Calcium imaging

Cells loaded with the fluorescent calcium indicator Fura-2 (F1200, Invitrogen)
according to the manufacturer’s instructions, or primary neurons at DIV 11-12 expressing
GCaMP6S, were used. A customized calcium imaging and ultrasound stimulation system
(illustrated in Figure 1D) was utilized. The system consisted of a modified upright
epifluorescence microscope. The excitation light was generated by switchable LED light

source (pE-340fura, CoolLED system), filtered by excitation filters and delivered to the
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sample for illuminating the calcium sensor. The fluorescence signals from the cells were
collected by a water immersion objective (UMPIlanFLN, Olympus), filtered by a filter
wheel with green (525 nm) or red (633 nm) channels and captured by a SCMOS camera
(ORCA- Flash4.0 LT Plus C114400-42U30, Hamamatsu). To minimize phototoxic
effects, the LEDs were triggered at 1 Hz and synchronized with SCMOS time-lapse
imaging. a triangle waveguide was attached to the ultrasound transducer and placed under
the culture dish at a 45-degree angle to the horizontal axis. For Fura-2 imaging, dual
excitation 340nm/380nm lights were inter-switched at 1 Hz, the calcium signaling were
measured as the ratio of the signals at 340 nm and 380 nm. The other site of the waveguide
was mounted with an acoustic absorber to minimize acoustic reverberation. During
calcium imaging, the cells were placed in a buffer solution with 130 mM NaCl, 2 mM

MgCI2, 4.5 mM KCI, 10 mM Glucose, 20 mM HEPES, and 2 mM CaCl2, pH 7.4.

21. RNA extraction and reverse-transcription

RNA was collected from cells using the GeneJET RNA Purification Kit (Thermo
Scientific) according to the manufacturer’s instructions, and RNA concentrations were
measured using a NanoDrop One (Thermo Scientific). 1 ug RNA was reverse-transcribed
using the iScript™ gDNA Clear cDNA Synthesis Kit (Bio-Rad), according to the
manufacturer’s instructions (including a gDNA digestion step), using a C1000 Touch

thermal cycler (Bio-Rad).
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22. Real-time qPCR

1 ul cDNA from plasmid-transfected 293T or virus-transducted primary neurons
at DIV 12 was mixed with appropriate forward and reverse primers (final concentration
250 nM), 2X SYBR Green Premix Ex Taq (Takara) and H20O to a final volume of 10 pl.
PCR was performed on Applied Biosystem 7500 Fast Real-Time PCR system (Thermo
Fisher Scientific). Results are expressed as a fold change compared to the appropriate

control, mean + SD of 3 independent experiments. Primer sequences were as follow:

Mouse B-actin: F - AGG GTG TGA TGG TGG GAA TG, R - TGG CGT GAG
GGA GAG CAT AG, 402 bp; human B-actin: F - GTG GGG CGC CCC AGG CAC CA,
R - CTC CTT AAT GTC ACG CAC GAT TTC, 539 bp; MscL-G22S: F —

GTCTCTTCACTGGTTGCCGA, R - TGCATCACAACAGCAGGGAT, 125 hp.

23. Immunocytochemical fluorescent staining

Primary neurons transducted with viruses were fixed at DIV 12 using 4%
paraformaldehyde + PBS and permeabilized using 0.1% Triton X-100 + PBS. Cells were
blocked using 5% normal goat serum in TBST and incubated overnight in primary
antibodies diluted in 5% BSA + TBST. Secondary antibody incubation was performed
the next day, diluted in 3% BSA in PBST for one hour at room temperature. Cells were
washed, coverslips dried, and mounted on glass slides using small drops of Prolong Glass
Antifade Mountant with NucBlue (Life Technologies) and allowed to cure overnight at
room temperature. All steps from the secondary antibody incubation onwards were
performed in the dark. Coverslip edges were then sealed using transparent nail enamel
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and imaged using a confocal laser scanning microscope (TCS SP8, Leica), at the
University Research Facility in Life Sciences (ULS), The Hong Kong Polytechnic

University.

MAP2 primary antibody (PA1-10005, Invitrogen) and goat anti-chicken IgY

(H+L) Alexa Fluor 633 (A-21103, Invitrogen) were used at a dilution of 1:1000.

24. Animal care

Male, 8-week old, C57BL/6J mice, were used for ultrasound stimulation. Mice
were housed under standard housing condition with 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.

25. Stereotaxic injection

C57BL/6 mice were anesthetized with Ketamine and Xylazine (100mg/kg and
10mg/kg respectively) followed by removing the skin above M1 area. Using the
stereotaxic apparatus, a hole was drilled to allow pipette injection. The coordinates used
for the primary motor cortex injection were AP 0.25 mm, ML-1.50mm, DV 1.00 mm.
This injection side received lul of rAAV/9-hSyn-MscL-G22S-EYFP-pA or rAAV/9-
hSyn-EYFP-pA virus (2-3 x 1012 GC/ml) viral particles with 0.1 pl/min injection rate,
followed by a ten-minute pause. The pipette was then retracted slowly, including a five-
minute pause at the halfway point. The puncture site was then disinfected and sutured,

and the mice were returned to their housing areas.
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26. Ultrasound stimuli in primary motor cortex

Five weeks post-injection, the mice were anesthetized by intraperitoneal injection
of ketamine (100mg/kg) and xylazine (10mg/kg). Body weights were measured, the
mice's heads were shaved and ultrasound gel was applied to the head to promote acoustic
coupling. The transducer was placed on top of the M1 area (right forebrain). Mice were
stimulated with ultrasound (Fig. 20) (500 kHz ultrasound of 200 tone burst pulses and a
repetition frequency of 1 kHz with 40% duty cycle and 0.3 MPa) for 40 minutes with a
10 second stimulation interval. After stimulation, the mice were returned to their original

cage.

27. Immunohistochemical fluorescent staining

90 minutes after ultrasound treatment, mice were perfused with PBS, followed by
4% paraformaldehyde (PFA) (cat. no. P1110, Solarbio) in PBS. After dissection, brains
were post-fixed overnight in 4% PFA. Starting from the injection plane, coronal brain
slices at a thickness of 40 um were collected. Slices were blocked using and incubated
overnight in primary antibody solution diluted in 1% normal goat serum + 5% BSA +
PBS + 0.3% Triton. Slices were then washed with PBS, incubated with secondary
antibodies diluted in PBS for two hours at room temperature. Slices were then washed,
coverslips dried, and mounted on glass slides using small drops of Prolong Diamond
Antifade Mountant with DAPI. Imaged using a confocal laser scanning microscope (TCS
SP8, Leica). Primary antibodies used were c-Fos (2250, CST, dilution 1:500). Secondary

antibodies, used at a dilution of 1:1000, were goat anti-rabbit IgG (H+L), Alexa Fluor 555
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(A214428, Life Technologies corporation). 3 ROIs were chosen from a slice and the
number of cells showing blue (DAPI) and red (c-Fos) signals were counted using ImageJ,
and the number of c-Fos signals per slice was calculated. These results were statistically
analyzed by an unpaired t-test with a Holm-Sidak correction, and P values below 0.05

were considered significant.

28. Assessment of ultrasound stimulation-evoked motor response

Four weeks after viral injection, mice were anesthetized with isoflurane mixed
with oxygen for two minutes in an isoflurane cage. Following the initial induction of
anesthesia, the animals were positioned in a stereotaxic apparatus and an anesthesia tube
connected to the nose (Figure 3C). The mice were given a low concentration of isoflurane
(1.5/4 isoflurane /oxygen) through the tube for two minutes. The ultrasound transducer
was directed to the M1 region coupled by ultrasound gel. Mice were under slight
anesthesia throughout the process of recording, with a slight reduction of the
concentration of the anesthetic plane (0.5/ 4 isoflurane/ oxygen). The ultrasound
stimulation period was recorded using a video camera. The mice were repeatedly
stimulated by ultrasound 10 times at acoustic pressures of 0.3, 0.5, 0.6 MPa respectively
with 1 second interval. The mice were allowed to rest for 1 minute after each round of
ultrasound stimulation. Motor responses were quantified as a success rate of body
movement (muscle contraction) per ultrasound stimulus. The results were analyzed using

an unpaired t-test with a Holm-Sidak correction, and P values below 0.05 were considered
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significant.

Figure 22 Ultrasound stimulation of anesthetized mice
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Chapter 4: Toolkit for non-invasive brain stimulation by

ultrasound

Biogenetic acoustic actuator for mediating neuronal activity

Physical tools for modulating cellular behavior are promising for both
fundamental and clinical applications. In previous sessions, we addressed these issues by
showing ultrasonic neuromodulation with genetic targeting to the specific neurons
allowing us to control neural activity by using non-invasive ultrasound. However, the
requirement of using genetic modifications would be a safety concern in certain
conditions. In addition, the expression of ion channels in CNS by rAAV virus needs time
to allow the expression. Here explored an alternative strategy which are genetic free for
targeting cellular surface receptors cellular by ultrasound. We revealed that the presence
nano- gas vesicles can mediate well-controllable neural stimulation. To evaluate how gas
vesicles, mediate neural activity by ultrasound, we utilized calcium imaging on different
cell lines and with different solutions. We show that these neuronal activations are through

activating mechanosensitive ion channels and release the intracellular calcium store.
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1. Introduction

The use of new tools to non-invasively manipulate the brain will continue to
advance our understanding of how the human brain gives rise to thought and action (184-
186). Recently, ultrasonic brain stimulation, as one of the most promising techniques, has
gain significant attention since it can be non-invasively delivered to deep brain tissue
through the skull (186-189). The study of ultrasound stimulation on human brain has
shown clinical effectiveness, without damaging brain tissues (187, 190). In the previous
sessions, we showed that ultrasound is not only a promising method for stimulating
specific brain region with high spatial resolution, but also a non-invasive modality with
cell type selectivity. However, despite these exciting developments, the major challenge
lies in the genetic modifications to the specific neurons which would face some challenge
in some conditions for example neural developmental questions and difficult to translate

to clinical use.

The key to achieve selective stimulation requires confining the ultrasonic
stimulation to specific neurons, as the ultrasound intensity cannot be localized in an area
as small as an individual cell. Selectively enhancing neuronal sensitivity to ultrasound
stimulation is the key issue to achieve precise neuron stimulation. Inspired by
optogenetics(191), sonogenetics were developed, in which mechano-sensitive ion
proteins were engineered to overexpress in chosen neurons. We will further develop this

method to be a widely used tool.

Alternatively, nano-medicine based approaches for enhancing neuron sensitivity

are gaining momentum for selective stimulation (192-197). The fundamental principles
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for these approaches are using targeted nanoparticles to convert external field (light,
electromagnetic, or ultrasound) into localized bio-effect to trigger the chosen neuronal
activity. Based on this, we hypothesize that the inscription of ultrasonic sensitivity to
specific neurons may be achieved by targeted nanoparticles, which can intensify and
localize the ultrasound field. Outstanding examples are nano-particles assisted
photothermal neural stimulation (194), magnetothermal stimulation (198),
mechanogenetics (102), and upconversion nanoparticle enabled NIR optogenetics(199,
200). From these pioneer studies, the possible candidates could be the ultrasound contrast

agent (201, 202).

Bubbles with large differences in the acoustic properties of the surrounding
medium and the gas core are highly responsive to ultrasound (202). Recently,
microbubbles have been utilized to stimulate immune cells through activating Piezol
(102). It has also been utilized to stimulate neurons in C. elegans to initiate neural activates
and behavior change (203). However, traditional micron-sized bubbles are constrained in
blood vessels and they are extremely unstable (204, 205). The microbubbles-based
stimulation could also be disruptive as the oscillating are in micron size level (206, 207).
Microbubble mediated ultrasonic bio-effects have been widely explored and been utilized
to open cell membranes and blood brain barrier (208-213). Currently, stable biogenic
nano-sized bubbles have been extracted from cyanobacteria and demonstrated significant
contrast enhancement showing great potential for molecular imaging (124, 214, 215). In
our lab, it is also showed good permeability to targeted tissues due to is nano-size (216).
Hence, the nano-bubble could be an excellent candidate nanoparticle to enable selective

stimulation of neurons by ultrasound.
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2. Results and discussion

To advance ultrasonic brain stimulation, specifically to manipulate chosen
neurons with high selectivity, we inscribed ultrasonic sensitivity to neurons by the nano-
bubbles. Biogenic nano-bubbles will be prepared as previously described (217), which
have been successfully achieved as shown in Fig. 23. Oscillating NGVs will insert
mechanical perturbations on the cell membranes and induce ion influx to give rise to
cellular activities. As shown in our results, the simple mix of NGVs and primary cultured
neurons expressing GCaMP6s can be visualized directly under a fluorescent microscope.
After ultrasound stimulation, the intensity of GCaMP6s were increased significantly. In
addition, the temporal resolution of the stimulation was also characterized by the
fluorescence imaging. Upon ultrasound stimulation, the GCaMP6s fluorescence will be
lighten up immediately. These effects are repeatable with good synchronization with
ultrasound onset time manner. These results demonstrated that NGVs can mediate

ultrasound stimulation on neurons with high temporal resolution.
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Figure 23 GVs mediated ultrasound neural stimulation (A) scheme of nano-bubbles
mediated neuron stimulation by interacting with membrane surface proteins upon
ultrasound illuminating; (B) calcium imaging of neurons with and without GVs before
and ultrasound stimulation. There is no difference between GCaMP6s fluorescence
imaging with and without GVs before ultrasound stimulation while GVs group shows
significant higher GCaMP6s fluorescence after ultrasound stimulation; (C) temporal
profile of ultrasound induced calcium change with and without GV. Upon ultrasound
stimulation, there is a fast activation of GCaMP6s at 30; D) time-resolved stimulation
induced calcium responses. Neurons were stimulated with different interval time, and
induced precise calcium responses from 60s, 30s, 20s, 10s, 5s, to 3s. The subsecond

stimulation were characterized with a fast dopamine sensor as indicated in other sessions.

To investigate the mechanisms underlying, we utilized a neural cell line CLU199
which are homogeneous expressing various neural markers. As shown in (Fig. 24 (A) and
(B)) in the presence of GVs, ultrasound stimulation can induce a dramatic calcium
response in CLU199s. The fluorescence change of calcium sensitive dye Fluo4 were
summarized in Fig. 24 (C). It is clearly showed that ultrasound can also mediate calcium
signaling in CLU199. In addition, to facilitate the further experiments, we characterize
the dose dependence of calcium responses on GVs concentration. As shown in Fig. 24
(D), without GVs, there are rare fluorescence changes while in the presence of GVs, there
were clear fluorescence changes depending on the concentration. We chose a 0.4 nM for
further experiments to eliminate the possible toxic effects while remaining a good

phenotype.
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Figure 24 Characterization of ultrasound effects on CLU199 neural cell line. Calcium
imaging of CLU199 before (A); and after (B) ultrasound stimulation; (C) the statistics of
fluorescence differences before and after ultrasound stimulation; (D)The dependence of

calcium responses as a function of the concentration of GVs;

As oscillating NGVs could induce mechanical perturbations to the cells nearby,
we hypothesis that ultrasound can activate mechanosensitive ion channels facilitating the
calcium influx pathways. To validate, we first utilized a wide spectrum calcium channel

blocker Ruthenium Red (RR) to test whether there is any mechanosensitive ion channel
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mediated calcium influx. In addition to CLU199, CHO cells with minimal expression of
Piezol were also included in this experiments as a compare. As shown in Fig. 25 (A) and
(B), the fluorescence changes of Fluo4 for CLU199 is much higher than CHO cells in
normal artificial cerebral fluids. The difference suggest that the effects is not caused by
the membrane disruption. We then subject the cells in the calcium free artificial cerebral
fluids and observed a significant reduced fluorescence but there is still fluorescence
changes after calcium ion replacement in the extracellular solution suggesting there are
also intracellular release. To further confirm, we release the calcium instore prior to
ultrasound stimulation by incubator TG. After TG treatment, the calcium responses also
reduced significantly. TG treated groups are representing calcium influx and calcium free
condition suggests intracellular release. There sum-up value (dashed line) are similar to
the normal artificial cerebral fluids condition. These results suggest that intracellular Ca?*
elevation may be induced by two different pathways: (i) through calcium influx; (ii)

through the calcium release from the intracellular calcium restore.

The molecular expression of mechanosensitive membrane ion channels, such as
Piezol were described in previous sessions. we added 100 uM RR to the Ca?* solution to
evaluate the effect of mechanosensitive ion channels on GVs-US elicited Ca®* response.
Under the same US parameters, where there was no detectable membrane poration, the
Ca?* response was reduced significantly. This result suggests that the opening of
mechanosensitive ion channels allowing extracellular calcium influx is the dominated
pathway. Based on these results we proposed a working mechanism for the neural
activation mediated by NGVs. The transient Ca?* signal inside the cytosol may spread

out via the CICR mechanism through ER that has been well established in the biology
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literature. Therefore, we used 7.5 uM thapsigargin (Thaps) to discharge intracellular Ca?*
stores before the GVs-US treatment by inhibiting ER Ca2+-ATPases, which, in turn, will
reduce the Ca?" release from the ER during GVs-US treatment. The Ca?* response was
found to be suppressed in Ca?* free solution, compared with the regular Ca?* solution.

Overall, Thaps, RR, and Ca?* free media were found to affect the Ca?* response.
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Figure 25 intracellular release and calcium influx induced by ultrasound in: A) CHO
cells and B) CLU199 cells. The most significant responses were observed in the normal
condition with calcium ions that are like physiological conditions. Movement of calcium
ions in extracellular solution reduced the effects dramatically, indicating there were
intracellular calcium release as confirmed by using TG to chelate the intracellular
calcium store. On the other hand, blockage of mechanosensitive ion channels by RR also
reduced the calcium responses. In these conditions, the calcium responses are
significantly different with the control group which without any GVs. Comparing the CHO
and CLU199 Cells, it is found that the CLU199 has much larger responses as there are

more mechanosensitive ion channels expression.

We tested the NGV mediated ultrasound stimulation on different cell including
MCF7, 293T, their dynamics are compared in Fig. 26. It is shown that both these cells are
responses to the stimulation although the aptitude is different each to each. It requires

further experiments to clarify the exact mechanism. On the other hand, these results
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suggested NGV mediated ultrasound stimulation is a robust tool for probing the
mechanosenesitivity of cells noninvasively. Compare with the existed method like AFM,
patterned subtracts, and cavitation-based strategies, it has higher spatiotemporal
resolution and it do not damage the cells showing a very good repeatability in the same

experiments.
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Figure 26 Temporal calcium responses upon ultrasound stimulation for different cell

types. Different cell lines are utilized in this case studies. The amplitude of the responses
was normalized. The calcium response shows great synchronizations with ultrasound
stimulation.

The data presented are based on free NGVs that are not targeted to a specific cell
compartment and marker. In some cases, it is still not achieved in our final goal. There
are various functional groups on the NGVs surface which are easy to be functionalized
with antibodies, ligand et.al. The targeting properties are important to the selectivity of
ultrasound stimulation. Therefore, the bio-effects of oscillating nano-bubbles on neurons
need to be determined to understand the mechanism and to precisely control the
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stimulation results. On the other hand, the binding process could alternate the acoustic
properties of NGVs, which requires further characterization. Then, the functionalized
nano-bubbles will be delivered via a theta capillary tube pulled to approximately 20 um
tip diameter on a Flaming/Brown pipette puller. One side of the theta capillary will be
filled with the nano-bubble solution while the other half will be filled with bath solution
for washing. Each side of the tube will be connected to independently-controlled
pressurized air. After binding antibodies, functionalized nano-bubbles will be incubated
with neurons. During different incubation time, the neurons will be continuously washed
with PBS solution at every 30 min. The binding efficiency and the distribution of nano-
bubbles with subcellular resolution will be examined by confocal fluorescence
microscope and the phase contrast mode. The concentration of nano-bubbles and

incubation time will be optimized to ensure sufficient binding.

In addition, to understand how oscillating nano-bubbles interact with neurons,
physical effects of oscillating nano-bubbles need to be examined. With well characterized
properties of the functionalized nano-bubbles achieved, the nano-bubbles will expand and
contract under ultrasound sonication and generate acoustic radiation force and
microstreaming around the bubbles. The flow velocity near the oscillating nano-bubbles
attached to a neuron will be traced by using micro-particle image velocimetry (mPIV),
with 0.5 mm diameter polystyrene particles. The resulting shear stress on the cell will also
be calculated. In the presence of polystyrene, different pressure and frequencies (typically
05,1, 2,4, 10, and 20 MHz) of ultrasound will be irradiated to nano-bubble targeted and
non-targeted neurons. A region of interest near an oscillating bubble will be recorded
continuously with microscope. After obtaining the displacement of the polystyrene
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particles, the streaming velocity will be determined. The shear stress exerted by
microstreaming of the medium will be calculated using t= u*dp/dy, where p is the medium
viscosity, du is the flow velocity difference between the bubble equator plane and the cell

membrane, and dy is the same as the bubble radius.

After successfully loading the nano-bubbles on neurons and with well
characterized properties, selective ultrasound stimulation to neurons targeted to different
mechano-sensitive proteins and the underlying mechanism can be investigated. A system
to deliver ultrasound stimulation and record corresponding physiological effects will be
instrumented. In this system, the ultrasound intensity, frequency, and pulse duration and
duty circle will be adjustable. The electrophysiology and intracellular ion influx in

response to ultrasound will be studied.

The physiological changes of nano-bubble targeted neurons in response to
ultrasound stimulation will be studied using a customized system. The system will be
composed of stimulation components, including an ultrasound transducer, a function
generator and a power amplifier to produce ultrasonic waves with different acoustic
parameters. In addition, ultrasound absorption material will be arranged at the opposite
side of the culture dish to avoid multiple reflections. The ultrasonic wave distribution with
the petri dish setup will be mapped with a hydrophone. The stimulation components will
be incorporated with a patch-clamp system under voltage-clamp to monitor the action
potential triggered by ultrasound. When the giga-seal is achieved, a whole-cell patch
clamp configuration will be reached by applying a pulse of negative pressure inside the

pipette. The expected series resistance at that point will be constrained to less than three
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times of the initial pipette resistance before touching the neuron. The amplifier mode will
be changed to current clamp and the cell sensitivity to ultrasound will be tested with 1
millisecond current injection pulses of increasing amplitudes. The output membrane

voltage will be filtered at 5 kHz and digitized at 20 kHz.

Membrane poration has been previously shown to play an important role in the
initiation of intracellular Ca?* response produced by cavitation bubbles, yet a detailed
understanding of the process is limited. We therefore carried out a systematic analysis of
the PI uptake for individual cells treated with GVs-US. In general, the intensity of the
Ca?* response showed a clear US intensity independency without Pl uptake, suggesting

that the effects are unlikely induced by ultrasound poration.

Previous studies have showed that ultrasound as a mechanical pressure wave can
exert mechanical stimulus to activate mechanosensitive ion channels to give rise to the
neural activity in the presence of microbubbles at low frequency or at higher frequency in
C. elegans. However, these conditions are not clinically relevant as microbubbles cannot
penetration thought the blood vessels and are extremely unstable while high frequency
ultrasound cannot penetrate through the skull in rodent. Furthermore, the physical
mechanism of ultrasound acting on biological samples are varied depending on the
frequency and parameters used, thus the conclusions may not be able to transfer to low
frequency ultrasound condition. Our results have fulfilled the need of using particles to

go beyond the blood vessels to activate neurons in vivo.
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On the other hand, there are other possible mechanism in addition to radiation
force hypothesis. However, there are other possible mechanisms, we utilized an unbiased
strategy to assay the possible bioeffects. It is shown that while neurons in the head and
body can be activated by ultrasound, the profound effects on neurons observed in the gut
(data not shown). Most of the worms with neurons activated in the gut will exhibit reversal
responses (19 out of 20 trials), while the worms without neural activation has less reversal
responses (10 out of 14 trials). The relevant neuron in the head and tail would respond to
ultrasound stimulation and their mechanosensitive protein would be activated. There are
about 65.51% shock worm responded to ultrasound stimulation with calcium responses
in the gut. As there are mechanosensing neurons in the gut, which agree well with the
hypothesis that ultrasound can activate the mechanosensing neurons. This fact can lead to

novel application of ultrasound stimulation on the neural activity in human gut-brain axial.

The development of light responsive proteins and nano-particles such as
fluorescent proteins and photosensitive ion channels (ChR2) and varied nanoparticles
enables molecular and functional imaging and modulation, facilitating in situ causal
investigation of specific biological questions with high spatiotemporal resolution. Recent
years it witnesses rapid advances in nearly all the biological systems from in vitro to in
vivo. The very example is the application of neuronal activity imaging by fluorescent
proteins and optogenetics to dissecting complex neural circuits for understanding and
treating brain functions. However, due to limited penetration depth of light, it is challenge

to access to deep tissue in vivo.

98



Recent years, great efforts have been made to extend the imaging and stimulation
depth by adopting different modalities such as ultrasound and magnetics energy.
Ultrasound as one of the most promising strategies is known to be able to access to deep
tissue in vivo for imaging and stimulation of excitable cells. However, as the wavelength
of ultrasonic wave is longer then biological specific proteins, its contrast and stimulation
lack molecular specificity and cellular selectivity. To date, microbubbles oscillating under
ultrasound filed can generate strong ultrasound contrast which has been utilized to as
ultrasound contrast agent for ultrasonic function imaging. On the other hand, it has also
been explored to assert forces to activate mechanosensitive ion channels for controlling
cellular activity by generating radiation force and acoustic streaming driven by ultrasound.
However, these microbubbles are not stable, and it is unable to penetrate through the blood

vessel as it is in micrometer diameter.

Gas vesicle (GV), a naturally formed nano size protein shell with gas and water
inside are promising to address all these concerns. It produces satisfied ultrasound and
magnetic contrasts in response to ultrasound field, which is promising reporters for
specific genes, molecules and cellular activities. It has several advantages comparing to
traditional ultrasound contrast agent, GVs generated from Ana and stable despite their
nanometre size. Besides, clinical imaging of the blood pool and related physiology and
have recently been proposed as potential cell-internalized labels. GVs have unique
acoustic properties and it can oscillate and generates mechanical perturbation in
responsive ultrasound stimulation. It is possible to generate mechanical stimuli to cells
nearby. It is rational to test whether GVs can mediated cellular activities driven by
ultrasound.
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3. Materials and methods

1. Cell culture

293T cells were purchased from ATCC. The embryonic mouse hippocampal cell line
MHIppoE-18 (referred to in the text as “CLU199”) was purchased from Cedarlane
Laboratories. 293T and CLU199 cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) (high glucose and no sodium pyruvate), supplemented with 10% fetal
bovine serum, 100 units/mL penicillin and 100 pg/mL streptomycin (all from Gibco),
inside a humidified incubator 37°C with 5% CO>. For experiments requiring transfected
cells, cells were seeded in 35 mm dishes or collagen-I-coated (Corning) glass coverslips
(5 pg/cm?), at 1.5 x 10° cells per dish, allowed to grow overnight, and treated with

ultrasound the next day.
2. Chemicals and consumables

Glucose, NaCl, HEPES, MgCI2, CaCl2, PLL, DMSO and are purchased from Sigma-
Aldrich (St. Louis, MO, USA). Dulbecco's Modified Eagle Medium (DMEM), Fetal
bovine serum (FBS), trypsin-EDTA solution and Penicillin-streptomycin solution were
purchased from Gibco (Life Technologies, Carlsbad, CA, USA). Hoechst33342,
Propidium lodide (PI), 3-(4,5-dimethylthiazol-2-diphenyl-tetrazolium) bromide (MTT)
and Fluo-4 AM were purchased from Invitrogen (Carlsbad, CA, USA). The distilled water

was generated by the MilliQ Plus System (Millipore Corporation, Bedford, USA).
3. Gas vesicle preparation
Anabaena flos-aquae was cultured in sterile BG-11 medium at 25 °C under fluorescence

lighting with 14 hours/10 hours light/dark cycle. GVs were isolated by hypertonic lysis to
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release GVs with quickly adding sucrose solution to a final concentration of 25%. GVs
were isolated by centrifugation at 400 x g for 3 hours after hypertonic lysis. To purify the
GVs solution, it was washed by the same centrifugation process 3 times and stored in PBS
at 4 °C. GVs solution concentration was measured by optical density at 500 nm (OD500)

by UV-Visible spectrophotometer.

4. Ultrasound stimulation setup and characterization

Transducer (from Oplympus) with a center frequency of 1.0 MHz was employed in this
study. Function generator and power amplifier are responsible for generating ultrasonic
pulse. For the ultrasound stimulation procedure, a planar transducer with a diameter of
1.0 cm was fixed so that the transducer was facing downward. Cells were grown on glass
cover slips that overcome ultrasonic standing wave. Coverslip is held 1.0 cm away from
transducer coupled by plastic wrap encase degas deionized water at 25 °C. Acoustic

intensity and field were characterized by hydrophone.

5. Cell Culture and Handling.

CLU199 cells were routinely maintained in DMEM culture medium, CHO cells were
maintained in F12k culture medium supplemented with 10% FBS in a cell culture
incubator at 37 °C with 5% CO2. Cells were trypsinized and resuspended into prewarmed
(37 °C) culture medium before being injected into the coverslips. The introduced cells
were incubated in the coverslips at 37 °C for 24 h to allow adhesion onto the PLL-coated
coverslips. Thereafter, the culture medium was replaced with Fluo-4 AM working
solution [5 uM in Ca2+ solution (pH 7.4)], and the cells were incubated at 37 °C in the

dark for 30 min. Subsequently, Ca2+ solution was used to flush out unloaded Fluo-4 AM
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solution before ultrasound stimulation. In mechanistic studies, several different media
were used. For example, in order to remove extracellular Ca2+, the coverslip was covered
with Ca2+ free solution with 0.5 mM EGTA to ensure that residual Ca2+ was completely
chelated. To monitor concurrent cell membrane sonoporation during Ca2+ response
measurement, the coverslip was perfused with PI solution (100 pg/mL in Ca2+ solution).
The molecular expression of mechanosensitive membrane ion channels, such as PIEZO 1
has been reported in CLU199 cells whose function can be blocked by Ruthenium Red
(RR). Therefore, we added RR solution (100 uM RR in Ca2+ solution) into the culture
medium to evaluate the effect of mechanosensitive ion channels on GVs-US elicited Ca2+

response.

6. GVs mediated US stimulation and Optical Imaging.

As shown schematically in Fig. 1b, the coverslip with Fluo-4AM-loaded cells was fixed
on an inverted microscope. We drop GVs onto the cover slip and then cells were exposed
to ultrasound. A camera was used to record the intracellular Fluo-4 images with defined
time intervals from a function generator at excitation wavelengths of 488 nm for Fluo-4
AM. A BF image was taken to register the morphology of the cell immediately before and
after the GVs mediated US stimulation. We used software to communicate and coordinate

the operation sequence between the microscope and monochromator.

7. Effect of GVs mediated US stimulation-Induced Cell Death

The MTT assay was used to evaluate cytotoxicity 1, 2, 4 and 8 hrs after GVs mediated
US stimulation in the treated CLU199 and CHO cells. Briefly, the GVs were added to the

microwell plates under ultrasound with a series of acoustic pressure (0-0.71 MPa)
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stimulation, in which the CLU199 and CHO cells were seeded a density of 1 x 104
cells/well and then incubated for 24 h. Subsequently, 200 uL of 0.5 mg/mL MTT solution
was added into each well and incubated for another 4 h, and finally 100 pL of DMSO was
added and incubated for another 15 min. The absorbance of the solutions was measured

at 570 nm on a microplate spctrophotometer (Bio Tek Instrument Inc., USA).

8. Sonoporation detection

Infrared temperature sensor can be employed to detect temperature change during US
stimulation. Cavitation events were measured by passive cavitation detection method in
solution with and without GVs. Scattered ultrasonic signal from examples was received
by transducer and the corresponding power spectra are shown in S4. Pl is a 668.4 Da
marker molecule often used for sonoporation studies because its fluorescence spectrum is
shifted and significantly enhanced when it enters the cell and binds with intracellular
nucleic acids. In this study, microscope was employed to detect PI fluorescence change

during US stimulation.
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Chapter 5: Conclusion and outlook

Ultrasound brains stimulation is a promising technology for clinical and basic
neuroscience. In summary, the mechanism of ultrasound neurons stimulation remains
elusive as the ultrasonic bio-effects are diverse. Various possible mechanisms of
ultrasound brain stimulation have been proposed and discussed intensively. It is showed
that ultrasound can activate mechanosensitive ion channels, Piezol and MscL-G22s.
Based on this foundation, | have developed a non-invasive brain stimulation toolkit by
which can targeting specific neurons expressing exogenous mechanosensitive ion
channels followed by ultrasound stimulation. Thus, ultrasound-based tool is added to the
selective brain stimulation list. The advantages of ultrasound-based toolkit are that

ultrasound is non-invasive which has great potential for future application both in clinical

104



and fundamental research. An alternative strategy to achieve selective neural stimulation

has also been proposed as shown in Fig. 27. Which will be further developed.
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Figure 27 Ultrasound is a non-invasive and selective brain stimulation modality.
There are various selective neuromodulation technologies from DREAD, optogenetics, to
other analogical modalities. However, there isn’t any method that can targeted neural

stimulation non-invasively. Now, we add ultrasound stimulation to this list.

The selectivity of ultrasound brain stimulation Ultrasound brains stimulation is a
promising technology for clinical and basic neuroscience. In summary, the mechanism of
ultrasound neurons stimulation remains elusive as the ultrasonic bio-effects are diverse.
Various possible mechanisms of ultrasound brain stimulation have been proposed and
discussed intensively. It is showed that ultrasound can activate mechanosensitive ion

channels, Piezol and MscL-G22s. Based on this foundation, 1 have developed a non-
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invasive brain stimulation toolkit by which can targeting specific neurons expressing

exogenous mechanosensitive (Fig. 28).
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Figure 28 summary of the different strategies include in this thesis; A) sonogentics
enabled by MscL-G22s; B) acoustic mechanogenetics mediated by biogenic gas
vesicles. The first strategy is a genetics-based technology which requires genetic
modifications in CNS. This procedure could raise the safety concern. The second

strategy with NGV mediated

In the first session, it is shown that primary neurons express Piezol, which is
known to play an important role in neural development and differentiation (168-178). In
addition, this endogenous expression is a complicating factor in this study, as it could
have reduced the precision with which neurons were targeted. This may be remedied to

an extent by utilizing methods that upregulate Piezol to an even greater degree in vivo,
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such as viral infection. This can be expected to reduce the ultrasound dose required to
activate the desired cells, thereby leaving others mostly unaffected and increasing the
specificity of the intervention. On the other hand, while alternatives do exist, given that
Piezol is one of the most sensitive mechanosensitive channels, choosing alternatives
would likely involve a trade-off in the sensitivity of the cells to ultrasound. Thus, future
research should aim to identify ultrasound mediators or methods that sacrifice neither cell-
type/circuit-element specificity nor sensitivity to ultrasound. This might involve inducing
the expression of exogenous or artificially engineered proteins, or an approach that uses

targeted microbubbles to achieve this end.

Besides Piezol, which increases neural activity, mechanosensitive potassium or
chloride channels may also serve as potential mediators with inhibitory effects, making it
possible to reduce neural activity as well. Moreover, the ultrasonic paradigm may be
expanded to trigger mechanosensitive ion channels endogenously expressed in various
tissues, such as the peripheral or enteric nervous system, which could have therapeutic
implications. Such non-invasive control of neurons in deep tissue, whether in the brain or
elsewhere, whose inaccessibility currently poses substantial challenges to biomedicine
could be a way to address diseases or neurological conditions of many varieties in the

future.
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Figure 29 the road to biophysical mechanisms. A) Cell membranes are lipid bilayer
which can be stretched, bended under different conditions. There were varied ion
channels embedded in cell membranes. Upon ion channels opening, the cell membrane
will be polarized or depolarized to give rise to neural activates. The wavelength of
ultrasound at mm range are much longer than the size of an ion channel protein. Thus,
the biophysical mechanism is underlying the interaction among ultrasound, cell

membranes, and ion channels: B) Membrane dynamics under ultrasound stimulation

Although the ultrasonic responsive proteins and selective brain stimulation
strategies have been developed. However, the detailed biophysical mechanisms of how
ultrasound interacts with proteins are still unclear. The key point is that there is significant
mismatch with ultrasound wavelength in millimeter range and the scale of a protein in
nanometer range. One possibility is that the ultrasound can interact with cell membrane
and the resulting mechanical impact gating the mechanosensitive ion channel
subsequently. As shown in Fig. 29 (A), it is emergent to understand how ultrasound, cell
membrane and ion channels interact with each other and results in action potentials. As

shown in Fig. 29 (B), the finite element simulation demonstrated that ultrasound can
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induce cell membrane oscillations with 20 nm amplitude. The oscillations agree well with
the particle displacement hypothesis. Interestingly, the displacement is at the range of

piezol shape which has been resolved recently.

1. Applications

With these toolkits in hand, one of the future applications is to apply the tools to
addressing clinical challenges. Recent years, tremendous efforts have been conducting to
develop new technologies such as interporal interfered electrical stimulation, optogenetic,
transcranial magnetic stimulation, and ultrasound brain stimulation etc. to understand and
treat brain diseases (35). Among which, ultrasound brain stimulation is considered as one
of the most promising technology for clinical translation since ultrasound can be focused
into a millimeter spot through the skull non-invasively (49). It has been demonstrated to
be able to stimulate prefrontal cortex improving task in human without causing any biased
effects. It is also shown that ultrasound can be used to stimulate visual cortex in monkeys
(218-220). Ultrasound stimulation shows good spatiotemporal resolution and neurons can
be activated or suppressed depending on different ultrasound parameters and stimulation
locations. People have also tried to use ultrasound to treat brain diseases, like epilepsy, as
well as other metal diseases like depression etc. Recently, it is also found that incorporated
with circulating microbubbles, ultrasound can treat Alzheimer’s disease (60). In this
regard, ultrasound brain stimulation could be a good alternative strategy to existing

electrical based stimulation (e.g. DBS) for treating Parkinson’s disease.
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Meanwhile, recent years witnessed significant advances in understanding the
mechanism of treating PD by physical interventions with the development of optogenetics
with neuronal type selectivity and high spatiotemporal resolution. Optogenetics gained a
lot of attention as it shed light in many neural circuit fundamentals of the DBS treatment
of Parkinson's disease. Especially, in contrast to clinical practice and animal experiments
by DBS demonstrating that the subthalamic nucleus plays a major role in the regulation
of autonomous basal ganglia (221), selective stimulation of the subthalamic nucleus by
optogenetics does not improve mobility deficits in Parkinson's mice model, but is
stimulated by M1 brain regions projections of nerve fiber bundles projecting into the
subthalamic nucleus can play a similar role as DBS (222, 223). This indicates that the
projection from M1 to the subthalamic nucleus plays an important role in autonomous
motor control and Parkinson's disease emphasizing the importance of cellular selectivity
of the stimulation technology. More and more evidence showed that brain stimulation
with cellular selectivity have superior effects on the treatment of neural degeneration

disease as it can target to specific neurons in animal models.

However, due to the limited penetration of light in the skull and brain tissue, it
requires using fibers to deliver light into deep brain regions, making it invasive and a
limited illumination area. Different strategies are explored to extent the penetration of
light to achieve goal by developing red photo-responsive proteins and up-conversion
nanoparticles to convert near infrared light, which is less scattering, into blue light to
activate the ion channels. But they are still invasive or lacks satisfied penetration depth.
In our lab, we are exploring another strategy for accessing deep brain structure with

alternative energy to activate neurons. Specifically, we are conducting fundamental
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investigation on ultrasound-based brain stimulation and developing a novel non-invasive
and selective brain stimulation technology with great translational potential for treating
brain disease. Our preliminary data showed that ultrasound can open mechanosensitive

ion channels, which can be utilized to achieve cellular selectivity.

In addition, the timing of the release of dopaminergic neurons is important in the
input of striatum-integrated motor cortical neural networks (224-226). New discoveries
showed that dopamine plays important role in initiating movement other than sustaining
an ongoing movement (227). This led us to realize that there may be important temporal
and spatial couplings in the microcircuits that are clustered together, reflecting the need
for temporal resolution of stimulation and treatment. This is aligned with the accumulated
evidences showing that close-loop brain stimulation technology is superior to open-loop
method for treating PD (228). In this aspect, our finding showed that stimulation on
hypothalamic nucleus can induce theta band oscillations in cortical area, which can be
utilized as a hallmark of effectiveness of treating PD in real time. These studies also
highlight the requirement of incorporating electrophysiological monitoring during the
treatment as a dosimetry monitoring guidance for precise treatment. In principle,
ultrasound can be incorporated with other modalities as functional guidance and adaptive

adjustment during the treatment for precise and targeted treatment.

Taking together, ultrasound brain stimulation holds great potential to break the
fundamental challenges for treating PD as it is a non-invasive and compactable strategy
with neuronal selectivity for targeting neural circuits of PD. To this end, future project
addresses the major clinical issues and technical bottlenecks in Parkinson's disease

treatment is emergent. Based on our previous studies | believe there are several future
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directions can be done: 1) Develop a spatiotemporal precise ultrasound brain stimulation
system; 2) Characterize the effects of the ultrasound-based methods for treating PD
models; 3) Develop an electrophysiology guided and adaptive close-loop methods for

treating PD (Fig. 30); 4) validate the effects of the proposed methods for treating PD in

preclinical.
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Figure 30 one of the possible future development of ultrasound based closed loop

stimulation system for targeting Dopaminergic neurons.

2. Challenges

For the MscL based ultrasonic brain stimulation toolkit, it is possible to make it a
pure non-invasive brain stimulation strategy by three different strategies: a) using

different serum type of the virus, as reported by a research group in Caltech, rAAV/PhP.eb
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can go across the BBB and infect neurons effectively, making possible to eliminate the
viral infection in the brain; b) transiently open BBB by using microbubble facilitated
ultrasound pulsation; c¢) using Cre dependent MscL transgenic mice which can be a great
mice model for investigate nice questions. In addtion, the clinical translation still need to
be evaluated by three aspects: the ultrasound energy delivery, the viral carrier such as
rAAV/PhP.eb, and the effects of expression of MscL. Ultrasound has been utilized an
imaging modality for a long history and recently some clinical trials have been carried out
demonstrating the safety for treating AD in human patient. rAAV virus also been widely
studied for gene therapy, showing great potential for translating. The key challenge is the
safety issue of MscL. It is a large pore opening ion channels. The possible toxic effects
need to be carefully examined. Preliminary data showed that Fig. 27, the expression of
MscL with 6 weeks dose not influence the body weight of the mice with the viral infection
and MscL expression giving a rough test of the biosafety of MscL expression. But future

work needs to be carried out to conclude this issue (Fig. 31).
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Figure 31 Road map to clinical translation

Another major challenge is to develop novel ultrasound beam control method to
achieve better spatial control. However, the ultrasound focusing is diffraction limited
which results in millimeter range focusing to achieve transcranial neural stimulation. The
acoustic properties of human skull are heterogeneity to achieve well controlled acoustic
focusing, it not only needs pre-knowledge about the structure of the skull and brain
structure but also needs to map the acoustic properties simultaneously or using
complicated real time feed-back strategy. Moreover, in millimeter range area, there could
be many neurons inside, firing with different temporal patterns even within the same
neural type. This problem seems to be unsolvable for ultrasound-based brain stimulation.
One possible way is to increase the frequency of ultrasound by sacrificing penetration
depth. As shown in Fig. 32, with a 100 MHz transducer, it can achieve 15 micrometer
focal spot facilitating single neuron stimulation in cell cultures. It doesn’t require

exogenous introducing of any particles and proteins and purely compatible with optical
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imaging systems, making it a good tool for studying neural functions in small animals
such as zebrafish, Drosophila, and C elegans. On the other hand, to achieve better
resolution, a possible way is to utilize the non-linear effects. In the previous sessions, we
demonstrate the ultrasound stimulation with the help of GVs, which has unique non-linear

ultrasound properties which with worth of investigate in the future.
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Figure 32 Single neuron activation by high frequency ultrasound
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3. Philosophy

Life is like an ocean. There are always waves pushing you up and then knocking you
down. These waves, however, are surprisingly amazing, without which life could be
boring. There are mechanical waves producing sound and electromagnetic waves
colouring our world. Fortunately, enough, I have been dealing with light waves and
acoustic waves, which probably the sources make our universe fascinating in the past few

years not only in the laboratory but also in daily life.

With a certain amount of physics knowledge accumulated during my undergraduate
studies, | know that the wave- particle duality is probability the basic nature of our
universe in fact. With long period of thinking in sleepless night, 1 am convinced at least
by myself that what | am doing is all about the wave. There are three reasons as following:
First, waves are everywhere in different forms surrounding us. It is so common that
making it less interesting in our daily life. One may be familiar with water waves, sound
waves, electromagnetic wave like light and heat, and others which you may not be familiar
with such as brain electrical waves, gravitation waves. They are amazingly and useful for
biological systems. One of the magic waves is music, a typical form of modulated sound
wave. It can be produced by human and some birds, which can express and interference
with our complex feelings in our mind. It is just in a simple way by modulating the sound
wave amplitude and frequency. We said interference, interestingly, which can be
engineered with the wave-front shaping techniques to generate designed interference
pattern, for controlling the propagation of the wave to access specific locations in specific
space and time. It has been one of the hottest topics in ultrasound and optical imaging.

Second, assume that one factors of our university can be describe by a typical function,
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one could be appreciated that this function describing our universe can be written as a
Fourier transform of various wave functions which include different frequency. These two
reasons grant my thought that waves are very important and should be well studied if our

aim is to understand our world.

On the other hand, humans are always learning skills from our nature to develop tools
to make new discoveries. As we, if correctly, our universe made of waves and affecting
our environment and behaviours, people should be able to use ways to invent waves to
manipulate things need to be control. Imaging that there are soils, including small golds,
kicking by water waves on the beach, randomly. How we can selectively brush the soils
out and leave the gold on the beach to make us rich? This kind of techniques are relied on
our understanding of how water wave interacts with soils and gold differently which

seems a blue-sky curiosity which we can never imaging that could yields money.

There are three key aspects needed to be considered when we are talking about a wave:
its generation, the propagation and its interaction with others which could be waves,
objects, and particles etc. Three things should be considered very carefully when we are

talking about waves: The amplitude, frequency, and the phase. So far, we are talking

about waves like a physicist. How about when we are speaking to a biologist? Can waves
access to genes, proteins, cellular structures, to influence cells, even entire biological
systems and at last human mind? The answer seems a yes. By using fluorescence proteins
and photosensitive ion channels, one can visualize and control the cellular process by
using light which is electromagnetic wave. There are lots of other examples of how we

can use light to control electrical waves as well as chemical waves in biological systems.
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What is the different among electromagnetic wave, acoustic wave, gravitational
waves, and other waves if any? The most significant two parameters are frequency and
phase which represent the unique nature of a wave. The frequency is a determinate of
wavelength of a wave which can then influence the probability of its interaction with other
objects. Only a wave whose wavelength is close to the object acting on could interact with
it. However, if you are thinking of a sand on the beach which are washed by water waves,
you will find that they can be pushed backward to the beach. The sand is much smaller
than the water wave. When | was trying to understand the mechanism of ultrasound-cell
interaction, | will always think of this situation. On the other hand, the phase is also a
magic parameter. In quantum mechanics, a particle or a wave can be described by a
function with amplitude and imaginary phase. It gives us a way to manipulate the wave
propagation by engineering the phase, as aforementioned.

It is hard to tell all the nice things of a wave in a short sentence. In the previous sessions,

a mechanical wave and its nice applications have been demonstrated.
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