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ABSTRACT OF THE DISSERTATION

Sonogenetics: Developing Tools for Ultrasound Mediated Neuromodulation

by

Uri Magaram

Doctor of Philosophy in Neurosciences
University of California San Diego, 2022

Sreekanth Chalasani, Chair

Neuromodulatory tools are important for understanding how the brain functions in health
and disease and for treating disorders whose pathology is primarily neurological. Clinical
techniques such as deep brain stimulation (DBS), transcranial magnetic stimulation (TMS), and

pharmacological interventions have all been used thus far to neuromodulate various pathologies.



Each has benefits and drawbacks—TMS is minimally invasive but DBS gives more precise
targeting, while pharmacology is non-invasive but hard to control temporally. Genetic techniques
such as optogenetics and chemogenetics offer more targeted control, but are not yet used clinically,
and optogenetics will likely require implantation of a fiber optic cannula to deliver light to target
tissue. To overcome these limitations, ultrasound-based neuromodulation is being explored to non-
invasively control specific populations of neurons in a spatially and temporally precise way.
Ultrasound transducers can be focused to millimeter resolution, and research in several animal
models including human studies have shown neuromodulatory effects of transcranial ultrasound
stimulation. While these studies are promising, they do not account for the heterogeneity of
neuronal subtypes in the brain. Additionally, the mechanisms of ultrasound-based
neuromodulation are speculated but not fully understood—these include thermal effects, cavitation
effects, membrane permeabilization, and mechanosensitive protein channel-mediated effects.

To make ultrasound a more reliable and useful neuromodulatory tool, a sonogenetics
approach is proposed to sensitize ultrasound-insensitive neurons by expressing mechanosensitive
proteins in populations of interest and targeting them with ultrasound. This approach requires a
biological component, the candidate mechanosensitive protein channels, and a technological
component, the ultrasound transducers capable of delivering the neuromodulatory stimulus. Each
of these components is explored in this dissertation: Chapter 1 focuses on ultrasound
mechanosensitivity in the nematode C. elegans, elucidating novel findings about multiple
ultrasound-sensitive pathways and their underlying protein channels. Chapter 2 explores the
development of a novel transducer that is small enough to be worn by an awake, freely moving

mouse yet powerful enough to trigger endogenous neuronal activity measured by fiber photometry.

Xi



Together, these findings advance the quest to build a single-component sonogenetics
toolbox capable of dissecting neural circuitry and ultimately treating neurological disorders by

precisely controlling neuronal activity with ultrasound.
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INTRODUCTION

Organisms must maintain internal homeostasis in the face of ever-changing environmental
stimuli to survive. In almost all multicellular organisms, a nervous system coordinates this
response to external environmental factors by receiving sensory inputs and coordinating motor
actions in communication with the rest of the body. The nerve cells that transmit these signals are
one of the most ancient specialized cell types, having evolved approximately 600 million years
ago from maotile pro- and eukaryotic action potentials [1].

Although they vary in size across phyla from hundreds to billions of cells [2], nervous
systems comprise neurons which organize themselves into a network and communicate via
ionochemical electrical signals to process relevant ethological information. Neuroscientists seek
to understand how these systems work in health and disease on genetic, molecular, cellular, circuit
and systems levels using a variety of tools and techniques.

Recording or observing neuronal activity using electrical, optical, or other techniques
provides valuable insights into how the neural code can or should look in a functional system.
However, conclusions made from recording neural activity during different physiological states
can only be correlative, since other hidden variables could be facilitating both observations. In
order to make causal conclusions about the function of a particular neuron or its components, one
must be able to precisely manipulate and change neural activity using neuromodulatory tools.

Neuromodulation has two principle uses, depending on context: (i) Endogenously,
neuromodulation occurs when molecules other than canonical neurotransmitters modify the
electrical properties of neuronal circuits [3], and (ii) Neuromodulation describes the manipulation

of nervous system activity using an external tool. The latter definition is the one referred to herein.



At the intersection of biology and technology, neuromodulatory tools come in different
flavors — electrical, magnetic, optical, thermal, mechanical — with corresponding benefits and
drawbacks regarding their ability to modify neuronal activity with varying spatial and temporal
control, as well as considerations about their levels of invasiveness and ability to overcome the
heterogeneous nature of neuronal subtypes in the brain. For ultrasound to become a widely used
part of this neuromodulatory toolkit would both expand understanding of mechanobiology and

facilitate new methods of dissecting neural circuitry in a minimally invasive way.

|I. CONSIDERATIONS OF NEUROMODULATION

Temporal Specificity

External stimuli are received, processed, and integrated within the brain on widely varying
timescales [4-7]. Thus, to perturb circuitry and probe the function of brain regions, researchers
need methods that are capable of disrupting neuronal activity anywhere from milliseconds to
hours.

Depending on their ion channel composition and function, different neurons can discharge
action potentials at different rates. Fast-spiking interneurons in cortical areas can spike as fast as
~600 Hz, with individual action potentials lasting only milliseconds [8]. As the understanding of
the neural code produced by neurons expands, so will the need to be able to generate an individual
action potential in an individual neuron. Long term potentiation (LTP), which strengthens
connections between neurons and is one of the principal proposed mechanisms underlying learning
and memory [9], can be evoked in the hippocampus by electrical pulses that last only a few seconds
but result in more efficient synaptic transmission and increased neuronal excitability that can last

minutes, hours or more [10]. Furthermore, the precise timing between a presynaptic input and



postsynaptic action potential, which can vary by just milliseconds, can determine whether that
synapse is strengthened by LTP or weakened by long term depression (LTD) [9].

On longer timescales, neuromodulatory treatment of neurological disorders may require
tools that alter brain activity for periods ranging from months to years to minimize the frequency
of therapeutic surgery or medical evaluation. To diagnose and follow progression of brain
disorders, medical professionals often rely on electroencephalography (EEG) and
magnetoencephalography (MEG) to survey electrical and magnetic activity patterns throughout
the brain, respectively [11]. Slowed or otherwise abnormal EEG/MEG recordings are classic
hallmarks of many diseases including Parkinson’s and Alzheimer’s diseases, autism, and epilepsy
[12-14]. Thus, treatments for these diseases may involve techniques that permanently return
neuronal firing to healthy baseline levels.

Patients with schizophrenia also report disruptions in regular sleep-wake cycles and are at
increased risk of insomnia [15]. Treatment of these complications may require permanent
modulation of the suprachiasmatic nucleus or circadian timekeeping genes such as CLOCK,
CRY1, and PER2 [16].

Because of the variable timescales of brain activity and long-term nature of many
neurological conditions, neuromodulatory tools must be adapted to activate or inhibit neuronal
firing anywhere from single millisecond-long transients to the minutes- or hours-long timing

necessary for perception and cognition.

Spatial Specificity
Combined with variable timescales of activity, the brain is also spatially complex with

components whose structures span orders of magnitude in size. The approximate volume of the



average human brain is on the order of ~1300 cm? [17]; axons such as the sciatic nerve can be a
few microns in diameter and project over a meter [18]. Though the number of “brain regions” is
constantly evolving as new research uncovers sub-structures of existing ones, smaller regions such
as the locus coeruleus, the brain’s primary norepinephrine source, span about 15 mm [19] while
cerebral cortex makes up roughly 80% of all the mass of the brain and ~20% of its neurons [20].

Individual neurons also vary in size, with soma ranging from 5 to 100 um in diameter, and
although the number of neurons (as well as their glial counterparts) per volume can vary, one cubic
centimeter of human brain can have 1.5 x 108 neurons and 10,000 times as many synapses [21].
Synaptic clefts where pre- and post-synaptic neurons exchange chemical and electrical information
are even smaller, ranging from 20-30 nm in central nervous system and 50 nm at the neuromuscular
junction [22].

Neuromodulatory tools may seek to change the neuronal activity of large brain volumes,
such as electrical stimulation targeted to change the oscillation patterns in loci of epileptic seizures
[23]. However, tools used to dissect neurocircuitry on a more refined level would need to be able
to distinguish between even individual synapses. These spatial ranges present challenges for

designing versatile neuromodulatory tools.

Heterogeneity of cell types

In the late 1800s Ramon y Cajal pioneered neuroanatomical illustration of the variety of
neurons in the nervous system and their exquisite arborizations [24]. Since that time,
neuroscientists have been classifying neurons by their locations, connections, structures, and
functions. Decades after Cajal’s work, neurotransmitters such as glutamate [25] and GABA [26]

were identified and extensively studied for their generally excitatory and inhibitory functions,



respectively, in the brain. Immunoreactivity to particular molecules revealed that neurons are not
all identical and can express a variety of proteins and molecules, suggesting that morphological
identification is insufficient to characterize and classify neurons [27].

Examining just a small portion of cortical tissue reveals many different neuronal cell types
within a small volume organized into layers, from excitatory pyramidal neurons to local inhibitory
interneurons [28]. These classifications can change over time as improved technologies such as
single-cell RNA sequencing reveals more refined differences between cells and their functions
[29] on a genetic level.

Powerful neuromodulatory tools would be able to distinguish between such dense and
immense heterogeneity in neuronal structure and function, and likely would require a genetic

component paired with an activating modality.

Invasiveness

In the context of in vivo application, the invasiveness of a neuromodulatory technique will
depend on the modality of activation as well as the distance from which a neuron or brain region
can be targeted. Tools that produce large electric fields such as those used in transcranial electrical
stimulation can reach neurons in the brain without the need for lesions of any kind [30]. Similarly,
the magnetic fields produced by transcranial magnetic stimulation coils seem capable of reaching
neurons centimeters deep in the brain through intact skull as measured by fMRI studies [31]. As
related to temporal, special, and neuronal heterogeneity these techniques trade specificity for
minimal invasiveness. Chemical neuromodulatory technigues such as pharmacological agents are
also considered non-invasive since they do not produce lesion-like tissue damage, but they cannot

be turned on and off on a millisecond timescale once in the body.



Deep brain stimulation (DBS) has shown efficacy in treating Parkinson’s symptoms by
targeting specific brain regions with electrical stimulation that can be tuned by the patient and
overseeing doctor, but requires cranial surgery for electrode implantation [32]. Optogenetics, a
light-based neuromodulation tool, offers high spatial and temporal specificity but for those proteins
activated by light in the visible spectrum, fiber optic cannula are required to deliver light to deeper
brain regions due to the absorption of light by biological tissue [33]. Despite electrodes and fibers
decreasing in size, tissue damage around the implantation persists. And, although deeper brain
structures in mice have been targeted with optogenetics tools using infrared-shifted light, more

advances would be required to target the significantly larger human brain.

1. ESTABLISHED NEUROMODULATORY TECHNIQUES

Deep Brain Stimulation

Some neuromodulatory tools affect neuronal electrical activity without first changing their
molecular composition. Since the principal signaling mechanism of neurons involves rapid,
biochemical electrical signals, any electromagnetic interference in their vicinity should have an
effect on their activity. Deep brain stimulation (DBS), first approved for human use by the Food
and Drug Administration (FDA) in 1997, relies on electrode implants into the brain to send
electrical pulses to modify the activity of the surrounding neurons [34]. Diseases such as
Parkinson’s, dystonia, obsessive-compulsive disorder, and epilepsy have all been treated using
DBS with varying degrees of efficacy [34].

For Parkinson’s treatment, the most established application thus far, a thin lead with
multiple electrodes is implanted into either the subthalamic nucleus (STN) or internal segment of

the globus pallidus (GPi), two regions linked to Parkinson’s tremors by lesion studies [35].



Although the success rates of GPi-DBS in alleviating dyskinesia has been reported as high as 89%
[36], variability in the substructures of the GPi targeted [37] can contribute to off-target effects,
such as tonic muscle contractions, dysphagia, and mood changes [37]. While the stimulation
protocol can be tuned to achieve best results for the patient both in frequency (120-180 Hz) and
amplitude (1-5 V) [38], these parameters are generally determined by trial and error, indicating
that the underlying problem is that the mechanism of DBS is unknown. Ideas vary between the
“inhibition hypothesis” (elements proximal to the electrode are inhibited by depolarization block,
inactivation of voltage-gated currents, inhibitory afferent activation), “excitation hypothesis”
(local elements and afferent axons are excited by stimulation) and even “disruption hypothesis”
(information flow, including aberrant information, is blocked through the GPi) [39] suggesting the
need for a unified mechanistic understanding of DBS.

This disputed mechanistic understanding could contribute to the spatial and temporal
variability between the application and effects of DBS in both human patients and animal models.
Electrophysiology studies reveal that 3 V pulses can target neurons as far away as 1.5 mm [40],
but the heterogeneity of neuronal subtypes in the targeted area makes it difficult to isolate and
exploit desired neuromodulatory effects. This, combined with the invasive nature of the procedure,

motivates the search for more precise and less invasive neuromodulatory tools.

Transcranial Magnetic Stimulation

Transcranial magnetic stimulation (TMS) is a noninvasive form of neuromodulation
which, similarly to DBS, exploits the electrical properties of neurons without modifying their
molecular components, but by using electromagnetic induction rather than direct electrical

stimulation. An electric current is applied to a magnetic coil, and the resulting magnetic field



generated around the coil is placed over the patient’s scalp to induce inverted electric charge in the
adjacent brain region. Varying results have been reported on the efficacy of TMS in both
psychiatric applications such as anxiety, obsessive-compulsive, and post-traumatic stress disorders
as well as neurological conditions like Alzheimer’s disease and epilepsy [41].

Limitations in the intensity of the magnetic field capable of being generated by the TMS
coil restricts its targeting to mostly cortical regions in humans, with significant reductions in
magnetic induction at distances greater than 5 cm from the coil, and safety problems after 6 cm
[42]. Novel coil technologies suggest it may be possible to stimulate deeper brain regions without
increasing the intensity of stimulation to unsafe levels [43, 44], an important consideration given
that TMS recipients may experience auditory threshold changes, facial twitching, and, albeit
rarely, seizures during TMS treatment [45]. These adverse effects suggest that TMS is indeed
capable of modulating neural activity, although the nature of these effects is under debate,
including both long-term potentiation and long-term depression [46]. Some studies have shown
that lower frequencies (< 1 Hz) have inhibitory while higher ones (5-25 Hz) have excitatory effects
in cortex [47].

These variable effects, combined with the heterogeneous populations of neurons that are
targeted without genetic specificity, could contribute to the mixed results reported in successfully
treating psychiatric and neurological disorders, particularly since the mechanisms of these
disorders themselves are complex and under investigation. As TMS technology and targeting

improves, so too might its success rate and applications.



I1.i. GENETIC TECHNIQUES FOR NEUROMODULATION

The heterogeneity of neuronal subtypes and functions in the brain is vast and dense. As a
result, targeting brain regions rather than circuit components could result, for example, in
excitatory effects when inhibitory ones are desired, vice versa, or both where excitatory neurons
are locally interconnected with inhibitory ones [48, 49]. Genetic techniques address this problem
by genetically expressing molecular “actuators”, usually proteins, on target neurons and then
selectively activating or silencing these neurons with modalities such as light, chemicals, heat,

magnetic induction, or acoustics [50].

Optogenetics

Optogenetics has become almost a ubiquitous neuroscience research tool since its in vitro
validation by Boyden et al. [51]. In particular, optogenetics’ wide adoption was facilitated by the
“single-component” technique; a single gene delivered to target cells or tissues renders them
sensitive to stimulation by light illumination. Researchers expressed Channelrhodopsin-2 (ChR2),
a rapidly activatable cation channel used by the algae Chlamydomonas reinhardtii for phototaxis
in cultured hippocampal neurons. Electrophysiology recordings demonstrated that light-activated
depolarizing transient currents generated action potentials in response to even high frequency
pulses (30 Hz), and consistently reproducible spike trains at lower ones (5 Hz).

Since 2005, the number of publications that have used or studied optogenetics itself has
grown exponentially. Perhaps one of the biggest drivers of this is the speed and temporal precision
with which neurons can be manipulated using optogenetics. Since the first experiments which
peaked at 40 Hz stimulation [51], mutations made to rhodopsin channels have generated

accelerated on-off kinetics, allowing researchers to elicit even 400 Hz spike trains in fast-spiking



parvalbumin interneurons and 100 Hz in hippocampal neurons [52]. These manipulations
demonstrate the temporally precise optogenetic control conferred to target neurons, even if such
high frequencies are above their natural occurring spike rates, up to 200 Hz bursts for fast spiking
interneurons [53] and 60 Hz for hippocampal neurons [54]. Similarly, the fidelity of optogenetic
stimulation — how frequently a light pulse generates extra action potentials or none at all, has also
improved significantly with channels such as ChETA via rational mutagenesis, reducing spike
doublets and eliminating the plateau potential altogether [54].

Combining clever genetic, viral, and light delivery methods also confers high specificity
to optogenetic manipulations. Two-photon illumination, rather than fiber optic placement, has
been used to optogenetically stimulate an individual neuron in cortex to map synaptic connectivity
to its neighbors [55]. Neurons that project to multiple regions can be stimulated at their soma to
evoke their overall contribution to circuits and behaviors, while implanting the fiber optic cannula
and stimulating at specific synaptic terminals reveals nuanced contributions of specific efferent
fibers [56-59].

Inhibitory optogenetics channels have also been discovered and developed.
Archeorhodopsin, a light-activatable proton pump, and halorhodopsin, a light gated chloride
channel, are activatable by red (655 nm) or yellow (570 nm) light, respectively, and hyperpolarize
their constituent neurons [60, 61]. In fact, both inhibitory and excitatory optogenetic manipulations
have been achieved simultaneously in the same neurons by using opsins with non-overlapping
excitation spectra [62]. All of these tools together offer unprecedent levels of control over neurons

and circuits, giving researchers the ability to make causal conclusions about their contributions to

physiology.

10



Whether optogenetics is approved in humans remains to be seen; blue light has been shown
to cause inherent damage/activation in naive nervous tissue [63, 64] and the limitations of light
penetration through tissue means fiber optic implantation will likely remain necessary to target
deeper structures. Additionally, the prevalence of fluorescence based optical imaging techniques
for observing neural physiology introduces challenges when also using fluorescence as a
stimulation tool, suggesting the need for additional modalities to provide orthogonality between
precise neuromodulation and simultaneous recording. Still, the ever-increasing fidelity combined

with wavelength-shifted optogenetic channels make it a powerful and transformative technique.

Chemogenetics
Pharmacological interventions for neuromodulations are intertwined with human history,
beginning with ingestion of naturally occurring compounds (e.g. caffeine, tobacco, alcohol) and
developing into isolated and synthesized molecules [65]. Much of pharmacological history is based
on activating or inactivating proteins native to neurons and their components (morphine, SSRI,
amphetamines), and current treatments of diseases and disorders are based on this concept.
However, pharmacologically activating or inactivating any specific population of neurons and only
that population required the invention of a non-native protein that could be activated by an
exogenous ligand that would not be found in the native tissue. Receptors activated solely by
synthetic ligands (RASSLs) and their improved counterparts, designer receptors exclusively
activated by designer drugs (DREADDs) have filled this role since 1998 [66].
In 1998, RASSLs first appeared in the literature [66] as a “G protein-coupled peptide
receptor engineered to respond to synthetic small molecules, rather than their natural ligands.”

Coward et al. modified the k opioid receptor with substitutions from mu and delta opioid receptors,

11



specifically in the extracellular loop 2 domains. This chimeric protein showed significantly
decreased binding affinity to k-specific endogenous peptides, while retaining its ability to bind
exogenous drugs [66]. Thus, they had created a G protein-coupled receptor that did not exist
natively in mammalian cells, nor did it bind anything native to mammalian cells, allowing them to
selectively trigger calcium-based activity cascades with the receptor via drug application. Coward
et al. were not the first group to engineer and modify G protein-coupled receptors towards
chemogenetic tools [67], nor did they specifically discuss their invention in the context of
neuroscience research. As the first iteration, RASSLSs ligands had some binding affinity issues [66]
and conformational instability problems at high concentrations [68].

Directed evolution, rather than rational design, offers a robust solution to improving protein
function by exploiting randomness and volume [69]. In the late 2000s, several publications used
directed evolution to randomly mutagenize muscarinic receptors in yeast, generating what are now
known as DREADDs [70-72]. This family of chemogenetic receptors are activated by clozapine-
N-oxide, an inert but bioavailable compound. Expression in hippocampal neurons of hM4D, an
inhibitory DREADD, induced hyperpolarization and neuronal silencing [72], suggesting that these
tools could be expressed elsewhere in the nervous system and used to study the function of
different neurons by modulating their activity.

The spatial and temporal precision of DREADD manipulations depends on the
experimental methods used. Since the activating molecule clozapine-n-oxide (CNO) is injected
into the animal subject and spreads throughout the body, expression of DREADDS must be limited
to the target region or neurons of interest. Targets as large as pre-frontal cortex injected with
microliters of viral vectors can be activated at once [73] or expression can be limited to highly

specific subtypes with multiplexed intersectional CreFlp systems [74]. Unlike optogenetics, which

12



gives control over individual neurons at millisecond-scale precision, chemogenetics works on
much longer time-scales due to drug diffusion and binding kinetics. In vivo onset of activation can
take as long as 5-10 minutes and persist for as long as an hour after application [72, 75]. While
CNO-driven activation can happen in milliseconds in vitro, the unbinding Kinetics during washout
suggest that the effects of the drug persist long after [76].

Clinical DREADD applications are exciting to imagine as they would require no implants
of any kind and could circumvent off-target effects of canonical drugs. However, some studies
suggest that CNO itself has effects in vivo even in the absence of DREADD expression [77, 78],

suggesting the need for further development of proteins and protein-specific ligands.

111. USE OF ULTRASOUND IN BIOMEDICAL APPLICATIONS

The efficacy and safety of ultrasound (US) as an imaging, diagnostic, and therapeutic tool
has been established for decades [79]. First identified in bat echolocation [80] as well as other
species including porpoise [81] and mouse [82], ultrasound was harnessed as a tool with the
discovery of piezoelectric materials which convert mechanical to electrical energy and vice versa
[83-85].

In simplified terms, US propagates through its medium of transmission as a longitudinal
wave of alternating compression and rarefaction zones, which means the energy of the wave is
carried by local oscillations in the medium itself while the medium as a whole stays in place. The
physical properties of ultrasound, defined as sound waves whose frequency is above the 20 KHz
threshold of human hearing, make it an attractive tool for applications in both engineering and
medicine; relationships between the physical properties of mechanical waves determine the

parameters and tradeoffs needed for certain applications.

13



The speed of US propagation is determined by the medium—soft tissues like organs
transmit at speeds similar to water, ~1500 m/s [86, 87] while stiffer media such as bone transmit
faster at 2770 m/s [88]. At constant speed, the wavelength scales inversely with the frequency,
thus higher US frequencies yield shorter wavelengths and better resolution for imaging: above 15-
20 MHz, ultrasound imaging systems can resolve structures less than 100 um on the perpendicular
axis of the beam [89]. While this can be useful for resolving structures near the surface of the
medium, higher ultrasound frequencies are absorbed as heat and attenuate more quickly in tissue
than lower ones, so that higher resolution means less depth of penetration [90]. Since higher
frequency waves also carry more energy than lower frequency waves at the same amplitude,
considerations must be made when using ultrasound in biological tissue to avoid permanent
damage [91].

Thermal effects resulting from ultrasound exposure and absorption must be carefully
considered in any biological US application. While brief or low-amplitude changes in temperature
can result in reversible effects such as upregulation of heat shock proteins [92] or rapid heat
dissipation, sustained or high-amplitude temperature changes in tissue can result in apoptosis [93]
and teratogenesis, the malformation of an embryo or fetus [94]. The nature of US induced
temperature change depends not only on both the intensity and duration of US exposure, but also
on the absorption coefficient of specific tissues. For example, the absorption coefficient of bone
(20 dB/cmeMHZz) is roughly 40 times that of brain (0.6 dB/cmeMHZz) [95], increasing the risk of
thermal damage to bone and any tissue adjacent to it. The thermal index (TI) of an ultrasound
device is designated as the ratio of total acoustic power to acoustic power necessary to raise tissue

temperature by 1°C anywhere along the beam [96], and is used by the FDA to set safety guidelines
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for ultrasound imaging. For example, when TI = 3, exposure time of embryo or fetus must be
limited to no more than one minute, whereas TI up to 1.0 is restricted to one hour exposure [97].

While thermal effects generated by oscillating molecules can confound US applications,
strictly mechanical effects are also generated during US exposure which can cause potential safety
issues. Acoustic cavitation occurs when microbubbles in the transmission medium expand and
contract in an ultrasound field, and can generate secondary effects including shock waves, micro-
jets, extreme instantaneous temperatures and shear-forces [98]. Even in the absence of bubbles,
dissolved gas can be drawn out of solution in tissue under high negative pressures exerted by
ultrasound [91]. While this phenomenon can be used for targeted applications such as
microbubble-mediated high-focus-ultrasound driven blood brain barrier opening [99] and
sonoporation-induced drug delivery [100], unstable cavitation can lead to damage and apoptosis
in off-target tissue.

Additionally, acoustic streaming forces capable of displacing ions and small molecules
produce movements around the surfaces of cells not necessarily in the direction of incidence of the
ultrasound wave [101]. Both phenomena have been shown to have effects on cells in vitro
including membrane disruption [100-102] and increased protein synthesis [103], and, while it is
hypothesized that the more dangerous events are not triggered by diagnostic ultrasound [104], the
FDA still sets a safety boundary on the Mechanical Index (MI), defined as peak rarefaction
pressure divided by center frequency of ultrasound wave in MHz [105]. At the moment, the FDA
approved MI limit is 1.9 [106] although some research shows microbubble interactions at lower
Ml in vivo [107].

Despite the risks of excessive US exposure for biological tissues, under the safety

guidelines established for medical US applications, it has flourished as a useful method for
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imaging, diagnosing, and even treating certain medical conditions. Perhaps nowhere is this more
evident than in obstetrics, where fetal sonograms are currently almost ubiquitous. Doppler
ultrasound used to track fluid flow, which operates at 1000x intensity compared to B-mode
ultrasound, has been shown to have bioeffects in fetal chicks [108] and has been recommended to
be avoided for early human fetuses [109]. However, most attempts at finding bioeffects in human
fetuses of lower intensity, B-mode sonogram US have been inconclusive at best, particularly when
epidemiological analysis is attempted [110].

As a diagnostic tool, ultrasonography is capable of imaging tissues in the human body
including tendons, muscles, joints, vessels, and internal organs. Deeper structures such as liver,
kidneys, and pancreas are imaged using 3 MHz US to account for absorption and refraction through
the body, while more superficial structures such as the neck, breasts, and pelvis are imaged using
5 and sometimes 7 MHz frequencies for better resolution [111]. Even 10 and 20 MHz probes have
been used for ultrasonography in the eye [112]. Since US echoes occur as a result of differences
in US impedance ( I = pc, where p is density of medium and c is speed of sound in medium),
tendon injuries [113], bone stress injuries [114], and tumors in soft tissues [115] can all be
visualized with the right US probe, parameters, and expertise.

Although imaging and diagnostic applications of US imaging use parameters minimize
thermal and mechanical effects in tissue, these “dangerous” effects can be useful in other
applications including lithotripsy and tumor ablation. Shock wave lithotripsy uses repeated, high
intensity ultrasound pulses on the order of 60 MPa and only 1 ps in a targeted way to destroy renal
or ureteric stones [116]. These pulses produce the same cavitation events that diagnostic and
imaging US applications seek to avoid. Similarly, high intensity focused ultrasound (HIFU) has

been used as a non-invasive method to treat malignant tumors in pancreas, liver, breast, and
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prostate by using intensities of 100-10000 W/cm? and compression pressures up to 70 MPa [117]
to destroy tumorous tissue via thermal and mechanical effects. These intensities are several orders
higher than those used in imaging (B-mode, pulsed, Doppler) and can damage neighboring tissue
if the targeting is not precise enough, but the destructive nature of such US is also harnessed for
therapeutic purposes in this case [117].

Taken together, the mechanical properties, non-invasiveness of the probes, and established
uses of ultrasound in biological applications, as well as even the “undesirable” thermal and
mechanical effects make it a potential tool for neuromodulation when targeted at brain tissue.
Indeed, dozens of studies have shown modified neuronal activity during and after ultrasound

exposure.

IV. ULTRASOUND AS A MEANS OF NEUROMODULATION

The following section will review studies into ultrasound-mediated neuromodulation in
model organisms from C. elegans to H. sapiens, specifically those which did not use exogenous
ultrasound-sensitive agents such as microbubbles [118].

Early explorations into US neuromodulatory effects date back as early as 1928, when
Edmund Newton Harvey showed that US can trigger muscle contractions by acting on nerves [119,
120]. Several decades later, William Fry and colleagues directly measured electrical activity from
crayfish ventral nerve cord exposed to ~35 w/cm? US over the course of 50 seconds. Interestingly,
they found that the rate of spikes first increased, then decreased, then disappeared altogether before
reappearing 25 seconds after US was turned off [121]. Importantly, these changes could not be
explained by temperature changes alone, since the maximal temperature change was 1°C and
changing the temperature without US exposure did not reproduce the effects [121]. Around the

same time Young and Hanneman also showed differential effects of US exposure in mammalian
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nerves by exposing cat saphenous nerve bundles to a range of US parameters. 20 500 ms pulses
abolished action potentials in C fibers while leaving alpha and delta signals intact [122].

Although Fry and others had been pioneering high-intensity US as a tool to lesion brain
tissues in humans in the late 1950’s [123, 124], reports of US effects on intact brain and skull early
on were sparse and mixed. Fry and colleagues reported inhibition of light-evoked cortical signals
during US irradiation of lateral geniculate nucleus [125], while Foster and Wiederhold reported
activation of auditory-nerve responses during intense 30 W/cm?, 5 MHz US pulses as short as 70
us [126].

Other preparations have revealed US-driven modulation of neuronal activity. In slice
preparations, 150kHz PRF, 6us, center frequency 750 KHz US pulses significantly decreased the
dendritic field potential in hippocampal CA1 [127]. Similarly, 500 KHz ultrasound pulses focused
on dentate gyrus had a reversibly inhibitory effect on presynaptic fiber volley and dendritic field
potentials [128]. These studies were careful to avoid thermal effects as well as intensities that could
produce cavitation; later experiments showed sodium and calcium transients in hippocampal CAl
pyramidal neurons stimulated by 440 KHz US that were abolished in the presence of tetrodotoxin
(TTX) with no indications of cavitation events [129].

In vivo experiments also reveal neuromodulatory effects of US stimulation in mammals. In
mice, transcranial US stimulation (25-50 KHz, 0.16-0.57 ms, 1.2-3.0 KHz) evoked increased
cortical spiking in primary motor cortex (M1) measured by increased local field potential (LFP)
that was attenuated by TTX [130]. Immobilized and anesthetized mice exposed to increasing
durations of 300, 400, 500 and 600 KHz continuous ultrasound pulses displayed EMG signals

whose frequency correlated both with intensity and duration of US pulses [131, 132], as well as
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some responses at 1.4 and 2.9 MHz [132]. In more ventral regions like hippocampus, increases in
spike frequency were also recorded during transcranial US stimulation at 25 KHz [130].

Ultrasound stimulation in humans has shown neuromodulatory in both the peripheral and
central nervous systems. Stimulation protocols designed to evoke either a mechanical or a thermal
sensation through fingertips exposed to US showed distinct signals in both EEG and fMRI imaging
of human subjects, as well as reports of sensation on a scale of 1-10 [133]. Similarly, volunteers
reported cooling, warming, vibrotactile sensations, and mild nociception when exposed to pulsed
focused ultrasound to the skin of the fingers for 10 s using 350 or 650 KHz pulses [134] although
no temperature change was recorded at the skin. The studies used different intensities (11.8-54.8
W/cm2 and 3-100 mW/cmz2, respectively) of US stimulation, but also different frequencies and
waveforms suggesting more research needs to be done on the relationship between US parameters
and neuronal stimulation. In transcranial US studies, direct stimulation of thalamus in human
subjects evoked somatosensory potentials recorded via EEG and significantly altered subjects’
discrimination in a two point discrimination task [135], while simultaneous transcranial US during
intra-cortical facilitation TMS exposure decreased the motor evoked potentials (MEP), suggesting
an inhibitory effect [136]. Remarkably, US targeting of the thalamus was successful despite a mean
distance of 57 mm from the scalp, illustrating the ability of US to target deeper brain structures
without the need for implantation or surgery [135].

The mechanisms underlying US neuromodulation continue to be subjects of investigation
and are of particular interest in order to inform more targeted and intelligent US stimulation
parameter design for desired excitatory or inhibitory effects. Early hypotheses revolved around
thermal and cavitation effects [137], since changes in temperature are known to change neuronal

activity [138] and cavitation could lead to various mechanical stress-induced changes [139].
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However, in both earlier and recent studies, researchers are mindful of these possibilities and take
precautions to avoid confounding mechanical effects with thermal ones by calculating [140] and
sometimes measuring temperature changes directly to avoid large changes, as well as by keeping
the M1 of their stimulation parameters below those known to cause cavitation.

In the absence of cavitation, more subtle mechanical effects are hypothesized to explain
neuromodulatory phenomena driven by US stimulation. One hypothesis is that as brain tissue
expands and contracts on a microscopic level, synapses between neurons lose contact either
through depletion of synaptic vesicle clusters or temporarily increasing the distance between the
pre- and post-synaptic terminals [141]. Another hypothesis supported by both experimentation
[142] and modeling [143] suggests that the properties of neuronal membranes are altered during
exposure to US radiation forces, including their area and capacitance. Recent studies have also
suggested that in vivo effects observed in guinea pigs and mice are mediated by cochlear and
auditory pathways (at 220 KHz and 500 KHz, respectively) rather than direct mechanical effects
[144, 145], although these lower frequencies do not exclude direct mechanical effects at higher
frequencies.

Another hypothesis is that radiation forces from US change neuronal activity through the
action of mechanosensitive protein channels. This force-sensing class of channels is implicated in
organisms’ ability to respond to external cues such as shear force, touch, and gravity, as well as
internal forces such as turgor pressure and membrane deformation [146]. Several types of
mechanosensitive channels have been identified and cloned - Piezol and Piezo2 are found
throughout mammalian tissues [147-149], the mechanosensitive channels of large (MscL) and
small (MscS) conductance help bacteria regulate osmotic pressure [150-152], and the transient

receptor potential (TRP) family of proteins which responds to a variety of stimuli contains TRPN,
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a mechanosensitive channel in invertebrates [153-155]. Other mammalian protein channels, such
as voltage gated potassium (Kv), sodium (Nav), and calcium (Cav) channels, also show some
mechanosensitivity [156, 157] and could potentially transduce acoustic radiation force by virtue

of their tight interaction with the membranes of neurons.

V. SONOGENETICS PROJECT RATIONALE

The studies described thus far are promising steps towards development of widespread
ultrasound-based neuromodulation. The extensive use of ultrasound in diagnostics, imaging, and
therapy has generated a large body of literature on the safety of US propagation in biological tissue
[91], the FDA sets guidelines regarding medical applications [158], and many studies have
documented the safety of ultrasound specifically in transcranial stimulation [137]. US technologies
capable of non-invasively transcranially targeting brain regions with high spatial specificity can
focus on a 1 mm-diameter focal spot with 740 KHz and even 5 MHz [159, 160], as compared to
10 cm? within half-maximum power for transcranial electrical stimulation [161] and 10 cm? spread
at a depth of 1.5 cm for transcranial magnetic stimulation [162].

Still, a 1 mm? volume can contain as many as 9.2 x 10 neurons and 7.2 x 108 synapses in
1 mm?3 of mouse brain [163], with variable functions and genetic distinctions. Furthermore, while
microsecond-scale ultrasound at sufficient intensity is capable of evoking single action potentials
in some preparations [164], there is not yet an optogenetics-like 1-to-1 mapping of ultrasound
stimulation to action potential discharge. As well, most in vivo studies in mice used anesthetized
or otherwise immobilized mice, suggesting the need for ultrasound transducer technology that can

be used in awake, behaving animals for dissecting physiologically-relevant neural circuitry.

21



The purpose of this thesis is to describe steps taken towards better understanding of
mechanosensitive channels and new technologies that could facilitate sonogenetic

neuromodulation.
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CHAPTER 1

Two pathways are required for ultrasound-evoked behavioral changes in Caenorhabditis elegans

Abstract

Ultrasound has been shown to affect the function of both neurons and non-neuronal cells,
but, the underlying molecular machinery has been poorly understood. Here, we show that at least
two mechanosensitive proteins act together to generate C. elegans behavioral responses to
ultrasound stimuli. We first show that these animals generate reversals in response to a single 10
msec pulse from a 2.25 MHz ultrasound transducer. Next, we show that the pore-forming subunit
of the mechanosensitive channel TRP-4, and a DEG/ENaC/ASIC ion channel MEC-4, are both
required for this ultrasound-evoked reversal response. Further, the trp-4;mec-4 double mutant
shows a stronger behavioral deficit compared to either single mutant. Finally, overexpressing TRP-
4 in specific chemosensory neurons can rescue the ultrasound-triggered behavioral deficit in the
mec-4 null mutant, suggesting that both TRP-4 and MEC-4 act together in affecting behavior.
Together, we demonstrate that multiple mechanosensitive proteins likely cooperate to transform

ultrasound stimuli into behavioral changes.
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Introduction

Ultrasound has been shown to modify neuronal activity in number of animal models
including humans [165, 166]. However, the direction of this action is somewhat controversial with
some reporting activation [129, 167-170], while others demonstrate inhibition [166, 171-173].
Moreover, the underlying mechanisms for ultrasound action on neuronal membranes have been
suggested to include thermal [174-176], mechanical (direct or via cavitation [177-179]) or a
combination of two [180]. Additionally, ultrasound neuromodulation has also been shown to
include astrocyte signals in vitro [181] and auditory signals in vivo [182, 183]. To identify the
underlying molecular mechanisms, we and others have been examining how ultrasound affects
neurons in tractable invertebrate systems [179, 184-186] or mammalian cell [187, 188] and slice
cultures [129, 189].

The nematode, C. elegans with just 302 neurons connected by identified chemical and
electrical synapses generating robust behaviors with powerful genetic tools is ideally suited to
probe the molecular effects of ultrasound on neuronal membranes [190-192]. We previously
showed that the pore-forming subunit of the mechanosensitive ion channel TRP-4 is required to
generate behavioral responses mediated by microbubbles activated by a single 10 ms pulse of
ultrasound generated from a 2.25 MHz focused transducer [184]. This channel is specifically
expressed in few dopaminergic (CEPs, and ADE) and interneurons (DVA and PVC) in C. elegans,
where it has been shown to be involved in regulating the head movement and locomotion [155,
193]. Surprisingly, we found that ectopically expressing this TRP-4 in a neuron rendered that
neuron sensitive to ultrasound stimuli, confirming ultrasound-triggered, microbubble-mediated
control [184]. Moreover, a second mechanosensitive protein, a DEG/ENaC/ASIC ion channel

MEC-4 was also shown to be required for behavioral responses to a 300 ms duration, 1 KHz pulse
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repetition frequency at 50% duty cycle generated from a 10 MHz focused ultrasound transducer
[185]. These two studies confirm that ultrasound effects on C. elegans behavior is likely mediated
by mechanosensitive proteins.

In this study, we used genetic tools in C. elegans to test whether TRP-4 and MEC-4 are
both required to mediate the behavioral effects of ultrasound stimuli. We generated a trp-4 mec-4
double mutant and compared its ultrasound responses to both single mutants. Also, we found that
ectopically expressing TRP-4 in specific chemosensory neurons can rescue the behavioral deficits
in both trp-4 and mec-4 null mutants, confirming that these genes act together to drive ultrasound-
evoked behavior. Our study demonstrates that multiple mechanosensory pathways act in concert

to generate behavioral responses to ultrasound stimuli.
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Materials & Methods
Ultrasound Imaging Assay

A schematic of the system for imaging ultrasound-triggered behavior appears in Figure 1A.
An immersible 2.25 MHz central frequency point focused transducer (V305-SU-F1.00IN-PTF,
Olympus NDT, Waltham, MA) was positioned in a water bath below a 60 mm 2% agar-filled petri
dish, and connected via waterproof connector cable (BCU-58-6W, Olympus). A single 10ms pulse
was generated using a TTL pulse to trigger a multi-channel function generator (MFG-2230M,
GWINSTEK, New Taipei City, Taiwan); the amplitude of the signal was adjusted through a 300-
W amplifier (VTC2057574, Vox Technologies, Richardson, TX) to achieve desired pressures. C.
elegans behavior was captured through a high speed sCMOS camera (Prime BSI, Photometrics,
Tuscon, AZ) and a 4x objective (MRH00041, Nikon, Chicago, IL). Worm movement was
compensated via a custom joystick-movable cantilever stage (LVP, San Diego, CA) controlled by
Prior Box (ProScanlll, Prior, Cambridge, UK). All components were integrated via custom
MetaMorph software (Molecular Devices, San Jose, CA). A goose-neck lamp (LED-8WD,
AmScope, Irvine, CA) at ~45° provided oblique white light illumination.

The ultrasound transducer was focused in the Z-plane to the focal plane of the camera,
allowing for X-Y motion of the stage and petri dish using the joystick-movable stage all in the
focal plane of both the ultrasound transducer and camera. The petri dish was coupled to the
ultrasound transducer via degassed water in the water bath.

For 10 MHz experiments, the 2.25 MHz transducer was replaced with a 10 MHz line-
focused transducer (A327S-SU-CF1.00IN-PTF, Olympus) coupled via plastic 20 mL syringe and

degassed water as previously described [185]. The plastic portion of the petri dish was removed to
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couple the transducer directly to the agar slab, and a 2x objective (MRD00025, Nikon) replaced

the 4x objective to allow for full imaging of the larger focal area of the transducer.

Behavioral Assays

For experiments with microbubbles, polydisperse microbubbles (PMB, Advanced
Microbubbles, Newark, CA) were diluted to a concentration of ~4x107 and added to an empty 2%
agar plate 20 minutes before imaging to allow for absorption/evaporation of the solvent media,
leaving microbubbles on the surface of the agar. A dry filter paper with a 1 cm hole previously
soaked with 200 mM copper sulfate solution was placed around the microbubble lawn, and a young
adult C. elegans was moved from a home plate to the imaging plate using an eyelash. The agar
plate was moved around using the motorized stage to place the worm into the focal zone of the
transducer where it was stimulated with a single ultrasound pulse of appropriate amplitude. Videos
were recorded for 10 seconds at 10 frames/second, with ultrasound stimulation (described above,
via TTL pulse) occurring at 1.5 seconds.

Reversals with more than two head bends were characterized as large reversals, those with
fewer than two head bends were characterized as small reversals, and omega bends were those
which led to a high-angled turn that lead to a substantial change in direction of movement [184].
Wildtype animals were tested daily to monitor and maintain a baseline level of reversal behavior,
and comparisons between strains were made for animals recorded within same days of testing.
Where possible, wildtype, mutants and rescue animals were tested on the same day. For 10 MHz
ultrasound stimulation, all deviations from the baseline are plotted in Supplementary Figure S3C.
Behavioral data were collected over at least three days to confirm reproducibility, the data were

then pooled for final statistical analysis, shown in relevant figures.
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C. elegans

Wildtype C. elegans — CGC N2; VC1141 trp-4(ok1605); GN716 trp-4(ok1605) outcrossed
four times [185]; TU253 mec-4(u253)[185]; V903 trp-4(0k1605); mec-4(u253), made by crossing
GN716 and TU253.

ASH rescues: 1V133 ueEx71 [Psra-6::trp-4; Pelt-2::GFP] made by injecting N2 with
50ng/uL Psra-6::trp-4, 10ng/ulL elt-2::gfp for ASH overexpression of trp-4. 1V160 trp-4(ok1605)
I; ueEx88 [Psra-6::trp4; Pelt-2::GFP] made by injecting VC1141 with 50ng/uL Psra-6::trp-4,
10ng/uL elt-2::gfp for ASH rescue of trp-4. 1V840 mec-4(u253) X; ueEx71 [Psra-6::trp-4; Pelt-
2::GFP] made by crossing 1V133 and TU253.

AWC rescues: 1V157 ueEx85 [Podr-3::trp-4; Pelt-2::GFP] made by injecting N2 with
50ng/uL Podr-3::trp4, 10ng/uL elt-2::gfp for AWC overexpression of trp-4. IV162 trp-4(ok1605)
I; ueEx89 [Podr-3::trp-4; Pelt-2::GFP] made by injecting VC1141 with 50ng/uL Podr-3::trp-4,
10ng/uL elt-2::gfp for AWC rescue of trp-4. V839 mec-4(u253) X; ueEx85 [Podr-3::trp-4; Pelt-

2::GFP] made by crossing 1V157 and TU253.

Behavioral Ultrasound Pressure and Temperature Measurements

Pressure and temperature measurements were collected through 2% agar plates using a
Precision Acoustics Fiber-Optic Hydrophone connected to a 1052B Oscilloscope (Tektronix,
Beaverton, OR). The hydrophone probe was moved sub-mm distances using the same stage used
for animal recordings while the petri dish was held in place using a three-prong clamp. The noise
floor for this instrument is 10 kPa [194], and the uncertainty of the instrument is 10% in the
frequency range used in this study [195], allows us to adequately measure pressures used in this

study (>500 kPa). The full width at half maximum (FWHM) reported was determined by
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interpolating the perpendicular distances at which half of the maximum pressure was measured
using the fiberoptic hydrophone, and averaging over the amplifier gains used to achieve various

pressures.

Statistical Analysis

Data were analyzed by combining several days’ recordings within several days’
experimental sessions, with sample sizes chosen to reflect those described previously [184]. All
behavioral data were plotted as proportion of response plus/minus standard error of the proportion.
For significance tests, two-proportion z-tests were used with Bonferroni corrections for multiple
comparisons. All sample sizes were >30, and animals were chosen at random from their broader
population. The observer was not blind to the genotype of the group being tested. Animals were

excluded from the study if they showed visible signs of injury upon transfer to the assay.
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Results

To test the behavioral responses of C. elegans to various ultrasound stimuli, we aligned a
transducer with a holder that positioned agar plates at the water level in a tank (Fig 1.1A). Animal
responses were captured using a camera and analyzed (Fig 1.1B, 1.1E, See Methods for more
details). Next, we evaluated both pressure and temperature changes at the agar surface for a single
10 ms pulse of ultrasound stimuli of different intensities. We assessed the area on the agar surface
which was ensonified by the ultrasound stimuli and found that our system delivered mechanical,
but not temperature changes (Fig 1.1C, 1.1D). We found that ultrasound stimuli delivering peak
negative pressures greater than 0.75 MPa amplified by 1-10 um-sized gas filled microbubbles
generated robust responses in wild-type (WT) animals. We analyzed these responses and found
that animals generated robust increases in their large reversals (events where the head bends twice
or more), but not omega bends or small reversals (where the head bends only once) (Figure 1.2,
Fig 1.4). These data are consistent with previous studies showing that C. elegans generates dose-

dependent responses to ultrasound stimuli [184, 185].
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Figure 1.1 | Recording C. elegans behavior in response to ultrasound at 2.25 MHz. (A)
Schematic of 2.25 MHz ultrasound imaging system with transducer, water bath, and 4x objective
over agar plate. (B) Top view of agar plate with animals corralled by copper sulfate barrier (1.5
cm in diameter) on agar plate with polydisperse microbubbles. (C) Fiberoptic hydrophone
measurements at perpendicular distance from focal point of transducer show peak negative
pressures ~1 MPa, with (D) negligible temperature changes at 10ms ultrasound pulses at t=0.
Individual points connected via spline fit. (E) Relative head positions (yellow dots) of each animal
at time of stimulation, some example points highlighted for visibility.
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We then analyzed the behavioral responses of null mutants in both the TRP-4 and MEC-4
channels to ultrasound. We found that trp-4(ok1605) and mec-4(u253) mutants are both defective
in their ultrasound-evoked large reversal behavior both with and without gas-filled microbubbles
(Fig 1.2A, 1.2B). Also, we observe that mec-4(u253) null mutants have significant defects at
higher (>0.92 MPa), but not lower pressures generated from a 2.25 MHz ultrasound transducer
(Fig. 1.2A, 1.2B). Similarly, we also found that an outcrossed allele of trp-4(ok1605 4X) was also
defective in its response to ultrasound stimuli at higher pressures (Fig 1.2A, 1.2B). This result is
consistent with our previous study, which identified a critical role for trp-4 in mediating
ultrasound-evoked behavioral responses [184]. Additionally, we found that C. elegans can also
respond to ultrasound stimuli even in the absence of gas-filled microbubbles, consistent with a
previous study [185]. Moreover, we find that at least at lower ultrasound pressures (0.79 MPa),
the probability of C. elegans’ responses are increased in the presence of microbubbles (Fig 1.2A,
1.2B). Importantly, we found that at high pressure, the trp-4(ok1605 4X); mec-4(u253) double
mutant had a stronger defect in ultrasound-trigged large reversal responses compared to either
single mutant (Fig 1.2C, 1.2D), both with and without microbubbles (Fig. 1.2C, 1.2D), suggesting
that these genes likely act together. Moreover, we do not observe any consistent change in small
reversals, however changes in omega bends were similar to what we found with large reversals
(Fig 1.4). These data are consistent with previous studies showing that omega bends often occur
together with large reversals [196, 197]. Collectively, these data indicate that MEC-4 and TRP-4
channel proteins might be acting together to mediate C. elegans behavioral responses to ultrasound

stimuli.
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Figure 1.2 | Mutants in mechanosensitive proteins are defective in their responses to
ultrasound. Frequency of large reversals (more than two head bends) with and without
microbubbles. Large reversal frequency (A) without microbubbles and (B) with microbubbles at
various peak negative pressures are quantified. n = 90-135 for each condition, n = 45 for double
mutant strains. At certain pressures, the double mutant trp-4;mec4 responds significantly less than
each of the individual mutants, which respond less than WT animals. At 0.99 MPa, the outcrossed
double mutant trp-4 4x;mec-4 shows a significant defect in large reversals both without (C, n =
43) and with (D, n = 55) microbubbles. Proportion of animals responding with standard error of
the proportion are shown. ***p < .001, **p < .01, *p < .05 by two-proportion z-test with
Bonferroni correction for multiple comparisons, with ¢ = 2 for 2A, ¢ =5 for 2B.

33



To confirm whether these two mechanosensitive proteins are acting together, we tested
combinations of transgenic animals ectopically expressing TRP-4 in various null mutant
backgrounds. We expressed TRP-4 under ASH and AWC-chemosensory neuron selective
promoters and analyzed the ultrasound responses of the resulting transgenics [184]. Neither ASH
nor AWC expression of TRP-4 in wildtype animals altered its ultrasound-behavior (Fig 1.3A,
1.3B). However, at lower pressures (0.79 MPa) TRP-4 expression in AWC chemosensory neurons
was able to partially rescue large reversals in both trp-4(ok1605) and mec-4(u253) mutants (Fig
1.3A). In contrast, we found that ASH expression of TRP-4 was able to partially rescue behavioral
deficits in both the trp-4(0k1605) and mec-4(u253) null mutants only at higher pressures (> 0.92
MPa) (Fig 1.3B). These data suggest that TRP-4 protein likely functions in different neurons to
affect ultrasound-evoked large reversals: AWC for lower pressures and ASH at higher pressures
(Fig 1.3A, 1.3B). While AWC neurons are known to have an expanded fan-shaped cilia, ASH
neurons have a rod shaped cilia [198]. We suggest that this difference in the shape of the cilia
might result in AWC and ASH neurons having a different sensitivity to ultrasound-evoked stimuli.
In addition, we found that AWC and ASH-selective expression of trp-4 was able to rescue the
behavioral deficits observed in the trp-4(ok1605 4x) outcrossed strain (Fig. 1.3C) confirming that
TRP-4 likely functions in these two chemosensory neurons to drive ultrasound-evoked large
reversal behaviors. Also, while small reversals were not consistent, omega bends often matched
large reversals (Fig 1.5). Collectively, these data suggest that TRP-4 and MEC-4 likely act together

to generate large reversals in response to ultrasound stimuli.
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Figure 1.3 | MEC-4 and TRP-4 act in parallel to mediate ultrasound-evoked behavioral
changes. Frequency of large reversals (more than two head bends) in strains ectopically expressing
TRP-4. Large reversal frequency with (A) AWC::trp-4 and (B) ASH::trp-4 in different
backgrounds at different peak negative pressures are quantified. At certain conditions, trp-4
expression significantly increases large reversal frequency in both trp-4 knockout and mec-4
knockout animals. (C) At 0.99 MPa, TRP-4 expression in both ASH and AWC rescues large
reversal behavior in the outcrossed trp-4(ok1605)4x mutant. n = 45 for each condition. Proportion
of animals responding with standard error of the proportion are shown. *** p <.001, ** p<.01, *
p < .05 by two-proportion z-test.
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Figure 1.4 | Mutants in mechanosensitive proteins are not defective in their small reversals
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F) omega bends from Figure 2 recordings. n = 45 for each condition (n = 90-135 in c-d single
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multiple comparisons.
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Figure 1.5 | MEC-4 and TRP-4 expression does not change small reversal frequency.
Frequency of small reversals, defined as fewer than two head bends, and omega bends in different
strains at different peak negative pressures. (A, C, E) Small reversals and (B, D, F) omega bends
from Figure 3 recordings. n = 45 for each condition, Proportion of animals responding with
standard error of the proportion are shown. *** p < .001, ** p < .01, * p < .05 by two-proportion
z-test with Bonferroni correction (¢ = 3) for multiple comparisons.
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Figure 1.6 | Schematic of 10 MHz behavioral imaging setup, modified from Kubanek et al.,
2018 [185]. (A) Experimental setup has agar slab with C. elegans corralled by a copper sulfate
barrier resting on top of a 20 mL syringe. Degassed water couples the piezoelectric line-focused
transducer (10 MHz) to the agar slab. (B) Hydrophone measurements at different perpendicular
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via spline fit, FWHM ~ 0.52mm. (C) C. elegans exhibits minimal behavioral responses to 10 MHz
ultrasound stimuli, although these are significantly enhanced in the presence of microbubbles. (D)
Example image of C. elegans on agar slab approaching ultrasound focal line. Yellow dots (some
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Discussion

We showed that a double mutant that deleted both MEC-4 and TRP-4 channels had
stronger behavioral deficits compared to either single mutant alone. Additionally, we showed that
AWC and ASH-specific expression of TRP-4 could partially rescue the deficit in both mec-4(u253)
and trp-4(ok1604 4x) single mutants confirming that these two pathways act together to drive
ultrasound-evoked changes in large reversals. We suggest that expression of TRP-4 channel in
AWC and ASH neurons renders them sensitive to ultrasound stimuli. Activating these neurons has
been previously shown to generate reversal behavior [199, 200]. We speculate that the ultrasound-
driven activation of ASH and AWC neurons mediated by TRP-4 channels acts independent of the
MEC-4 pathway to generate reversal behavior.

The nematode C elegans has provided insights into our understanding of how ultrasound
affects animal behavior. We previously showed that ultrasound evoked behavioral changes
required the pore-forming subunit of the TRP-4 mechanosensitive channel [184]. This protein is
selectively expressed in a few dopaminergic and interneurons and is likely involved in generating
head movement and coordinating locomotory behaviors. We suggested that delivering ultrasound
to the head of the animal likely activates this channel resulting in reversal behavior [184].
Moreover, a second mechanosensitive channel, MEC-4 (DEG/ENaC/ASIC) has been shown to be
required for ultrasound-evoked behavioral responses in C. elegans [185]. MEC-4 is a key
component of the touch sensitive mechanosensitive ion channel and is expressed in the ALM,
PLM, AVM, PVM, FLP and other touch-activated neurons [201, 202]. This study indicated that
ultrasound delivered to the head of the animal would also generate a reversal response [185]. While
we find that mec-4(u253) and trp-4(ok1605 4X) mutants are indeed defective under our stimulus

conditions and likely act together to generate ultrasound-evoked behavioral changes, we are unable
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to observe ultrasound-evoked behavioral changes to 10 MHz ultrasound stimuli (Fig 1.6).
Although we were unable to achieve the magnitude of behavior reported in [22], we observed that,
consistent with our other findings, introducing microbubbles to the assay did significantly increase
worm responses to ultrasound stimuli (Fig 1.6C). Perhaps, differences in ultrasound delivery and
stimulus parameters might explain the discrepancy between our study and previous studies, which
have reported C. elegans responses to 10 MHz and ~28 MHz [185, 203, 204]. Additionally, while
previous studies have shown that mec-4(u253) are defective to a broad range of ultrasound
pressures delivered from 10 MHz transducer [185], we observe that these mec-4(u253) mutants
are only defective at pressures greater than 0.92 MPa delivered from a 2.25 MHz transducer. These
data might imply that distinct molecular machinery might sense ultrasound stimuli at different
frequencies. Furthermore, we find that trp-4(ok1605 4x) has similar behavioral deficits compared
to mec-4(u253) animals confirming that these two genes might act together to affect ultrasound-
evoked behaviors.

Ultrasound has been used to non-invasively manipulate both neuronal and non-neuronal
cells in a number of animals including humans. We show that animals missing two
mechanosensitive proteins are defective in their responses to ultrasound stimuli, confirming a role
for mechanosensation in mediating the biological effects of this modality. This is also consistent
with multiple studies identifying other mechanosensitive proteins that can confer ultrasound
sensitivity to mammalian cells in vitro and in vivo [187-189, 205-207]. This is particularly relevant
to the method of using ultrasound to selectively and non-invasively manipulate cells within an
animal (“Sonogenetics”). Furthermore, our study implies that ultrasound might affect at least two

mechanosensitive ion channels to affect animal behavior. Identifying downstream signaling
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pathways of these and other ultrasound-sensitive mechanosensitive channels would provide a

framework to decode ultrasound neuromodulation and enhance sonogenetic control.
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CHAPTER 2

Simultaneous ultrasound-mediated neuromodulation and fiber photometry in an awake, freely-

moving mouse

Abstract

Transcranial neuronal ultrasound stimulation has been shown to have an effect on the
activity of neurons with a number of proposed mechanisms including thermal effects, cavitation
effects, microstreaming effects, membrane permeabilization, and mediation via mechanosensitive
channels. However, the majority of in vivo studies in mammals have used lower frequency
ultrasound (< 1 MHz) due to its high transmissibility through intact skull, and immobilized or
anesthetized animals to facilitate use of bulky lead zirconate transducers. The following
experiments show that transcranial endogenous neuronal activation can be achieved with higher
frequency ultrasound (~7 MHz) that can ultimately provide higher spatial resolution, and that the
neuronal responses can be measured simultaneously using fiber photometry, an optical calcium
imaging technique that does not suffer from electrical interference with the device. Furthermore,
the crystals used for the transducers are lithium niobate which can be driven at higher powers and
produces less heat. Most importantly, the material is thin and light weight, permitting design of a
device capable of being used while attached to the head of an awake, behaving mouse.
Simultaneous fiber photometry imaging and ultrasound stimulation reveals that this device, too, is
capable of evoking neuronal activity above certain parameter thresholds, suggesting that by
sensitizing neurons to ultrasound below those thresholds, neural circuits can be manipulated

sonogenetically in a freely-moving mouse.
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Introduction

One of the challenges in neuroscience involves concurrently recording and modulating the
brain activity of an awake, behaving, freely moving animals. Several recording techniques have
been miniaturized: two-photon calcium imaging can now be done in a freely moving animal using
miniscope gradient index (GRIN) lenses and in vivo electrophysiology recording devices can be
implanted in the mouse brain via microelectrode arrays (MEA). Both work in freely moving
animals and have been used in conjunction with neuromodulatory tools such as optogenetics and
chemogenetics [208, 209]. While GRIN lenses are less invasive to brain tissue and MEAs are less
bulky in weight, neither is sufficiently compact to also leave room for ultrasound stimulation,
which must be done, ideally, through the exposed, un-occluded skull of the animal. Fiber
photometry, a fiber optic fluorescence imaging technique, makes it possible to record bulk calcium
activity from neurons in vivo, particularly from neurons in deeper brain regions. The cannula
which carries light from the brain to the microscope can be implanted in the brain of the mouse
without obstructing the entire skull, leaving enough surface exposed through which to deliver
ultrasound. Additionally, because the technique is an optical one, it is orthogonal to the mechanism
of ultrasound propagation and avoids some of the challenges in simultaneous fiber photometry and
optogenetics, such as isolating fluorescence excitation and emission overlap.

Previous studies have successfully stimulated brain circuits in vivo using off-the-shelf lead
zirconate transducers, whose size and weight requires the animal to be either anesthetized or
immobilized [131, 132, 167, 210, 211]. These published works have used various techniques to
measure neuronal activity, including electromyography, electrophysiology, and post-mortem
histological analyses for neuronal activation and induced transcriptional changes. Furthermore, to

facilitate greater transmission through mouse or rat skull, lower frequency US was used as low as
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25 KHz and commonly below 1 MHz [210, 211]. Higher frequency US, however, allows for higher
spatial resolution, and demonstrating its use in in vivo preparations, particularly in freely moving
animals, would open the door to new technologies for transcranial US neuromodulation.

The purpose of this work is to validate the feasibility of recording fiber photometry data
during US stimulation first using a larger ultrasound transducer in an immobilized animal, and
then to validate a novel, custom designed transducer that could be (i) worn by a freely moving
mouse, (ii) useable by multiple mice rather than surgically attached to one mouse, and (iii)
sufficiently powerful to modify neuronal activity in vivo even without the presence of exogenous

protein channels.
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Materials and Methods

Experimental models

All animal procedures were performed in accordance with the regulations of the Salk
Institute for Biological Studies IACUC. 8- to 12-week old mice were used for most experiments.
Mice were group housed and maintained in a temperature and humidity-controlled room ona 12:12
h light/dark cycle. All animals were provided with food and water ad libitum. All tests were
conducted during the light cycle.

Wild-type C57BL/6J mice were obtained from the Jackson Laboratory. Chat'™s¢" mice

were obtained from Jackson Laboratory and were maintained in a homozygous breeding scheme.

Viral Injections and Implants

Intracranial injections were performed in a surgery work area under asceptic conditions.
Mice were anesthetized via 5% isoflurane induction and held at 1% isoflurane (Somnosuite Kent
Scientific) throughout surgery on a heating pad and stereotactic frame. After shaving and
sterilization, a midline incision into skin to expose the skull was made, and the skull leveled.

For cannula and headplate implantation, the skull was dried and primed with OptiBond
primer (KerrDental). A small craniotomy was made using a surgical drill at the appropriate
coordinates. Injections into dorsal striatum were made using a Nanoject I11 (Drummond Scientific)
via glass micropipette loaded with virus. Virus was injected at 3 nL/s with 1 s pause until total
volume was injected. The micropipette was withdrawn 10 minutes after full volume of virus was

injected, after which a 200 um fiber optic cannula (Neurophotometrics) was lowered into dorsal

striatum 5 um above the injection site. Using a minimal amount of light-curable dental cement,
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the cannula was affixed in place to the skull to provide maximal exposed skull for subsequent
ultrasound experiments.

For behavior experiments, a custom-designed head plate was also affixed to the skull using
dental cement just ventral to the cannula leaving the central portion of skull exposed.
Following surgery, the skin was either closed where possible via suture (AD Surgical) or VetBond
(3M). Mice were injected with buprenorphine (1 mg/kg) and monitored for at least 3 days post-
surgery.

Injections were performed unilaterally into dorsal striatum using coordinates +1.0 AP, -2.3
ML, -3.5 DV for vertical injections and +1.7 AP, -2.3 ML, -3.5 DV for injections at 15* on AP
axis when leaving more room for headplate for a total of 300 nL. AAV9
hSyn.GCaMP6s.WPRE.SV40 (Addgene #100843-AAV9) was injected into WT mice and AAV9

Syn.Flex.GCaMP6s.WPRE.SV40 (Addgene #100845-AAV9) was injected into Chat'"sC mice.

Hydrophone measurements

Ultrasound pressure and temperature measurements were collected in ex vivo preparations
at positions in the skull used in fiber photometry recordings. A Precision Acoustics Fiber-Optic
Hydrophone connected to a Tektronix TBS 1052B Oscilloscope was used to record pressure
measurements and input current/voltage was measured via TCP0020 (Tektronix) and TPP0201
(Tektronix) probes, respectively. After sacrifice, the head of a 10-week-old mouse was prepared
by removing the dermis and exposing the skull and removing the top palate of the mouse to expose
the brain. The head was placed inverted (ventral side up) on the appropriate device and the
hydrophone lowered into the brain using a micromanipulator stage (ThorLabs, PT3) for sub-

millimeter control. Coordinates were measured from optic chiasm, the most identifiable feature on
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exposed ventral brain. For head-device transducer measurements, a custom headplate was also
implanted on the mouse head prior to sacrifice to replicate device distance and position for awake,

behaving studies.

Fiber photometry recordings

A commercially available fiber photometry system Neurophotometrics FP3002 was used
to measure calcium activity in vivo. Briefly, recordings were done by alternating 473 nm and 415
nm excitation light at 80 Hz, for a total of 40 Hz recordings in calcium dependent GCaMP6s and
isosbestic (calcium independent) channels, respectively. Excitation power was adjusted to provide
50 uW of light at the tip of the patch cord, calibrated with a fiber optic power meter (ThorLabs,
PM20A).

For anesthetized recordings with the larger device, mice were anesthetized and held at 1%
isoflurane (SomnoSuite), adjusted as needed to maintain sedation on the stereotactic frame without
abolishing all measurable brain activity. The skin over the skull was removed and the transducer
coupled to the skull with ultrasound gel.

For awake, behaving recordings, the mouse was anesthetized briefly to allow for careful
attachment of fiber optic cable. After the head mounted device was attached via magnets and
coupled with ultrasound gel, the mouse was allowed to wake up in its home cage and ultrasound

stimulations were delivered interspersed with “sham” control pulses.

Rotor Rod
Mouse locomotor behavior with head mounted transducer was evaluated on a Rotor-Rod

(SD Instruments). Mice were allowed a single day of training at a constant speed of 3 revolutions
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per minute to acclimate to the Rotor Rod system. The next day, mice were placed on a rod starting
at 0 revolutions per and gradually increasing to 30 revolutions per minute over a five-minute
period. Each mouse ran 5 trials and average latency to fall was collected. Head-mounted device
locomotor inhibition was tested by running mice implanted with custom headplate and connected
to head-mounted device similar to fiber photometry recordings. No ultrasound was applied during

ambulation testing.

Open Field

Mouse locomotor behavior with head mounted transducer was evaluated in Open Field
Test with IR actimeter (Panlab) to track mouse motion. Naive mice were allowed to explore open
field for 45 minutes and ambulation was compared to mice implanted with custom head plate and
connected to head-mounted ultrasound device connected by magnets and coupled with ultrasound
gel. No ultrasound was applied during ambulation testing. Total distance travelled and average

velocity throughout open field time was collected.

Immunofluorescence

Immunofluorescence was collected from free-floating 50um sections after extended (3
day) fixation in 4% paraformaldehyde or 10% formalin for better visualization of cannula lesion.
Sections were blocked at room temperature for 1 hour in blocking buffer (0.2% Triton-X and 10%
donkey serum in 1x phosphate buffered saline (PBS). Up to three of the following primary
antibodies were then applied for incubation in blocking buffer overnight at 4°C: chicken or rabbit
polyclonal GFP (1:250 Aves GFP-1020 or ThermoFisher A6455, respectively) for labelling

GCaMP6s positive neurons, goat polyclonal ChAT (1:250 EMD Millipore, AB144P) for labelling
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cholinergic neurons, chicken polyclonal Parvalbumin (1:250 Encor Biotech, CPCA-PvalB) for
labeling PV-interneurons. Following primary antibody incubation, sections were washed three
times for 10 minutes each in PBS to reduce non-specific antibody binding effects. Secondary
antibodies conjugated to fluorophores 488, 594, or 647 raised in donkey or goat (1:500) were
applied for three hours at room temperature in blocking buffer. Nuclei were stained with DAPI
(1:2000 ThermoFisher D1306) before washing sections three times in PBS for ten minutes each.
Sections were mounted on slides coverslipped with ProLong Gold Antifade Mountant
(ThermoFisher P10144) and allowed to dry for 24 hours before confocal imaging (Zeiss LSM

880).

Analysis
All fiber photometry data was processed in Matlab by averaging traces in a peri-stimulus
manner and compared within recording sessions. Statistical tests were performed in GraphPad

Prism 9 using Ratio paired t-test.
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Results

In order to test the efficacy of higher frequency ultrasound transmission through mouse
skull, fiber optic hydrophone measurements were acquired from ex vivo preparations of 10-week
old mice. After euthanasia, the decapitated head was prepared by placing the skull on the 1 x 1 cm
transducer coupled with ultrasound gel and removing the hard palate to allow access to the brain
(Fig 2.1A). Peak negative pressures were first measured at optic chiasm, the most ventral exposed
surface as a function of amplifier gain (Fig 2.1B). Peak negative pressures reached upwards of 2.0
MPa, indicating that transmission of ~7 MHz ultrasound from the larger lithium niobate transducer
was capable of permeating through intact mouse skull. Hydrophone measurements at different
depths through lateral and posterior portions of the brain (Fig 2.1C-G) showed almost linear but
somewhat variable relationships, with maximum pressures of ~0.75 MPa in striatum where
subsequent recordings were conducted.

Similar recordings were conducted using the head-mounted custom-built transducer,
including the custom designed headplate used to hold the transducer in place (Fig 2.1H). Peak
negative pressures of ~0.5 MPa were measured in striatum. Temperature changes at power inputs
used showed some increase at maximum pressures were < 0.1°C, consistent with modeling
calculations and returned to baseline in < 20 seconds for subsequent trials. Temperature changes
were slightly greater for longer burst durations (Fig 2.1K) as predicted but did not exceed 0.1°C
in any conditions. Laser doppler vibrometer scans (Fig 2.1L) were used to determine the resonant

frequency of the transducer (6.56 MHz) at which all experiments were conducted.
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Figure 2.1 | Fiber optic hydrophone measurements in ex vivo preparations of mouse heads
reveal substantial ultrasound transmission through intact skull. (A) Schematic of 1.5 x 1.5 cm
device measurements. (B) Pressure measurements in optic chaism at longest distance from
transducer face increase with increasing amplifier gain. (C) Schematic of measurement locations
on ventral surface of mouse brain. (D-G) Ultrasound pressures at different distances from
transducer face. (H) Schematic and location of hydrophone measurements for small, head mounted
transducer. (1) Temperature increases were minimal during 500 ms ultrasound pulses. (J)
Maximum transcranial pressures were 0.5 MPa in striatum. (K) Temperature changes were
minimal for 100-500 ms pulses of ultrasound. (L) Laser doppler vibrometry shows maximum
displacement across the transducer face at 6.56 MHz.
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Ultrasound-evoked calcium activity was analyzed by aligning GCaMP6s (473 nm) signal
to the onset of ultrasound pulses (or sham controls) akin to a peri-stimulus time histogram. Prior
to alignment, the full 473 nm trace was corrected for photobleaching by fitting the putatively
static isosbestic 415 nm trace with a biexponential curve (Fig 2.2A). After confirming an
interspersed distribution of ultrasound and sham-ultrasound pulses (Fig 2.2B), the full trace was
filtered at 2 Hz with a low pass filter (Fig 2.2C) to eliminate high frequency noise. For a single
action potential, GCaMP6s fluorescence has been shown to decay to baseline after >2 seconds
[212], and spectrographic and fast-Fourier transform revealed that the majority of both higher-
power spontaneous and evoked signal resided in the lower frequencies. Following alignment of
15-second windows to the onset of stimulus, each trace was normalized via z-score to the 5-
second average of the calcium activity recorded prior to stimulus onset (Fig 2.2D, Fig 2.2E). The
isosbestic signal was similarly normalized and checked for movement artefact (Fig 2.2D, Fig
2.2E), and the maximum fluorescence change was calculated in the 3 second window following

stimulus delivery (Fig 2.2F).
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Figure 2.2 | Sample fiber photometry trace with analysis pipeline. (A) 473 nm (top) and 415
nm (middle) recording from one epoch. Bottom trace shows 473 nm trace corrected using
biexponential fit of 415 nm isosbestic trace. (B) Stimulation (red) and “sham” stimulation (green)
controls plotted along calcium imaging trace, showing interspersed trials. (C) Low pass filter (2
Hz, bottom) of full corrected 473 nm trace. (D) Full 473 nm trace (top) aligned to stimulus or
“sham” stimulus onset. Activity present in 473 but not 415 nm trace indicates calcium activity
rather than motion artefact. (E) Normalization of traces from (D) using z-score averaged to 5
second window prior to stimulus onset. (F) 3 second window after stimulus used to determine
maximum fluorescence change.
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Fiber photometry recordings were used to first confirm whether calcium activity in vivo
could be evoked and measured simultaneously with transcranial ultrasound stimulation. Several
objectives were targeted simultaneously in this study: to test whether a larger ultrasound device
(~ 1.5 x 1.5 cm) could be used simultaneously with fiber photometry recordings, as well as to
measure ultrasound-evoked calcium activity in deeper brain regions inaccessible to two-photon
imaging. Dorsal striatum (DS) was chosen as the target brain region due to its stereotaxic location
which permitted a fiber optic cannula implant that would not occlude the entire skull, as well as
for its larger volume to target and its implication in many functions including habit formation,
addiction, reward assessment and decision making [213, 214]. Previous studies have shown
ultrasound-evoked neuronal activity in both cortex and hippocampus [167] but not necessarily in
more ventral regions.

To broadly survey the wide range of cell types in striatum, 10-week-old C57BI6 wild type
(WT) mice were stereotactically injected in DS with an AAV9 Syn-driven genetically encoded
calcium indicator GCaMP6s (AAV9-Syn-GCaMP6s-WPRE-SV40). A fiber optic cannula (200
mm) was then implanted directly over the injection site with minimal dental cement in order to
leave a majority of the skull accessible for ultrasound transmission.

To allow for animal recovery and GCaMP6s expression, US-evoked bulk calcium activity
was assessed in implanted mice two to four weeks post-surgery. Prior to stimulation, calcium
activity signal was first confirmed by the presence of spontaneous events in the 473 nm but not
the isosbestic 415 nm channel. Because the larger ultrasound device was too large to affix to the
head of the animal, mice were anesthetized with 1% isoflurane and the transducer placed over the

exposed skull coupled with ultrasound gel; ultrasound pulses were delivered interspersed with
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sham controls (amplifier output turned off) and traces were compared only within single recording
sessions to avoid confounds between anesthetic states [215].

All mice showed increased time-locked calcium activity to the maximum parameters
delivered by the transducer, 500 ms and 0.7 MPa pressure (Fig 2.3A-E). The peak calcium activity
was significantly increased in the 3-second window after ultrasound as compared to sham controls
in which only the amplifier output was turned off (Fig 2.3F).

Once consistent US responses were established at maximized parameters, mice were
stimulated with decreased pulse durations and amplitudes to test whether a lower threshold set of
parameters could still evoke neuronal activity. At half maximum amplitude (0.35 MPa), ultrasound
evoked responses were more variable across mice. The peak fluorescence after stimulation was
higher in the stimulation condition than sham although this difference failed to reach significance,
potentially suggesting a half-maximum activation point (Fig 2.3G-L). Similarly, the animals in
which 300 ms pulses were tested showed increased calcium signal after stimulation, but with
variability too high to reach significance (Fig 2.3M-P).

Average fluorescence traces showed variability across trials in several mice (Fig 2.3A, Fig
2.3J, Fig 2.3N) compared to others (Fig 2.30, Fig 2.3E), as well as multi-phasic activity in some
conditions (Fig 2.3A, Fig 2.3H, Fig 2.3M). While this variability could potentially be reduced by
increasing the number of trials delivered, it could also be a result of recording calcium activity
from a mixed population of neurons, including dopaminergic D1/D2 cells as well as their local
inhibitory counterparts (PV, ChAT, SOM). Histological analysis post sacrifice revealed GCaMP6s
expression in a heterogeneous population of neurons, with 1.1% of GCaMP6s-expressing cells
surveyed being ChAT positive and 6.8% of cells surveyed being PV positive (Fig 2.3Q-U).

Proportionally, this suggests that a majority of GCaMP-expressing neurons recorded were D1/D2
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medium spiny neurons since these make up ~95% of the neurons in striatum [216]. Since there is
interconnectedness between local neurons, this could contribute to the variable responses across
mice and trials [217]. Additionally, slight changes in the position of the device relative to the skull
and cannula throughout the course of 30-minute recordings could have some effect on the
variability of responses.

Together these results suggest that the lithium niobate device similar to the one used in
two-photon imaging experiments (data not shown) is capable of evoking ultrasound responses in
intact, deeper brain regions at ~7 MHz through intact skull, consistent with prior findings which

used similar frequencies [218].
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Figure 2.3 | Simultaneous fiber photometry recordings and ultrasound stimulation in WT
mice with larger ultrasound transducer. (A-E) Average traces of ultrasound on (red) versus
sham control (gray) for five mice; 500 ms 0.7 MPa. (F) Maximum fluorescence change is
significantly greater following ultrasound stimulation compared to sham controls. (G-K) Average
traces of ultrasound on (red) versus sham control (gray) for five mice; 500 ms 0.35 MPa. (L)
Maximum fluorescence change is greater following ultrasound stimulation compared to sham
controls but fails to reach significance. (M-O) Average traces of ultrasound on (red) versus sham
control (gray) for three mice; 300 ms 0.7MPa. (P) Maximum fluorescence change is greater
following ultrasound stimulation compared to sham controls but fails to reach significance. (Q)
Quantification of neurons expressing GCaMP6s. GCaMP6s+/ChAT+ neurons make up the least
portion of the population, followed by GCaMP6s+/PV+ neurons. The remaining neurons are
presumably D1/D2 medium spiny neurons based on neuronal subtype distributions in striatum. (R-
U) Sample immunohistochemistry from WT animal co-stained with PV and ChAT antibodies,
lesion at top of image from fiber photometry cannula implant.
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To test whether a sparser population of neurons could be stimulated with ultrasound,
cholinergic cells in the striatum were targeted using Chat'-Cr¢ (ChAT-Cre) mice. Cholinergic
neurons in striatum are interesting due to their role in regulating motor movements [219] and
histological analysis showed that these neurons are indeed sparse and capable of expressing
GCaMP6s (Fig 2.3T). These neurons make up about 2% of neurons in dorsal striatum and provide
dense local cholinergic innervation [220].

ChAT-Cre mice were prepared similarly to WT mice, but with GCaMP6s expression
limited to cholinergic neurons using Cre-dependent AAV9 (Fig 2.4Q-T). Animals were held under
1% isoflurane when possible and subjected to parameters similar to those used in WT studies.

Under maximum ultrasound conditions (500 ms, 0.7 MPa), mice showed ultrasound-
evoked responses whose maximum fluorescence was significantly greater after ultrasound
stimulation compared to sham controls (Fig 2.4A-E). A similar trend was observed in half-
maximum amplitude stimulation (2.500 ms, 0.35 MPa), although individual average traces (Fig
2.4F, Fig 2.41) revealed that these results may have been skewed by a particularly responsive and
a particularly unresponsive mouse (Fig 2.4J). All mice showed responses at 300ms, with
significant increases in fluorescence time locked to ultrasound stimulation (Fig 2.4K-P).

Interestingly, responses in all conditions were less variable than those in WT animals.
Cholinergic interneurons in striatum appear to exert control very densely in their local anatomical
field [220], suggesting that they may exert less control over each other. Together, these results
indicate that ~7 MHz ultrasound can evoke calcium activity in a sparse subset of striatum neurons,
validating stimulation-observation paradigm for further exploration of US neuronal stimulation in

Vivo.
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Figure 2.4 | Simultaneous fiber photometry recordings and ultrasound stimulation in ChAT-
Cre mice with larger ultrasound transducer. (A-D) Average traces of ultrasound on (red) versus
sham control (gray) for four mice; 500 ms 0.7 MPa. (E) Maximum fluorescence change is
significantly greater following ultrasound stimulation compared to sham controls. (F-1) Average
traces of ultrasound on (red) versus sham control (gray) for four mice; 500 ms 0.35 MPa. (J)
Maximum fluorescence change is significantly greater following ultrasound stimulation compared
to sham controls. (K-O) Average traces of ultrasound on (red) versus sham control (gray) for five
mice; 300 ms 0.7MPa. (P) Maximum fluorescence change is significantly greater following
ultrasound stimulation compared to sham controls. (Q-T) Histological confirmation that
GCaMP6s expression was restricted to ChAT+ cells, black portion at top middle of image as result
of lesion from fiber optic cannula implant.
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Since ChAT-Cre mice showed more consistent ultrasound responses both within and across
mice, the same genotype was chosen to test the efficacy of a custom designed, head-mountable
ultrasound transducer in stimulating neurons in vivo in freely-moving animals. ChAT-Cre mice
were injected with GCaMP6s and implanted with a fiber optic cannula as before, but this time a
custom design headplate designed to hold the ultrasound transducer in place was implanted just
caudal to the cannula.

After brief anesthesia to affix the fiber optic cable, mice were allowed to wake up in their
home cage for simultaneous ultrasound stimulation and fiber photometry recording (Fig 2.5A). Of
the animals tested, at least three animals showed a consistent response to ultrasound pulses (500
ms, 0.5 MPa) compared to sham control counterparts (Fig 2.5E-G). One mouse showed no
response to US stimulation, while another showed an indication of a response that failed to reach
significance (Fig 2.5H-1). The peak fluorescence following US pulses compared to sham controls
was significantly greater across the group (Fig 2.5J). It was noticed that despite being attached by
magnets, the angle of the device relative to the head plate, and thus the skull, did occasionally
appear to shift, indicating the need for improved affixation methods and potentially contributing
to variability between trials. However, no trials were run when the device was not connected to
the head of the animal.

Behavioral assay showed that attachment of the device did not result in any observable
motor defects, both in an open field as well as during rotor rod testing. In the open field assay,
control mice (naive animals) did not exhibit any increase in the total distance ambulated, nor in
average velocity throughout the entire testing period (Fig 2.5K), nor during the first 5 minutes of
testing after first introduction to the assay (Fig 2.5L). Similarly, when tested on the rotor rod,

mice which were outfitted with both a headplate and the ultrasound device did not show any
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impairment in their ability to stay on the rotor rod as measured by time-to-fall (Fig 2.5M). During
ultrasound testing, mice were able to freely move and explore for up to 20 minutes at a time,
despite having to be periodically “untangled” as their fiber optic and device wires crossed.
Overall, these data suggest that a 7 MHz lithium niobate transducer small enough to be
worn on the head by adult mice is capable of evoking neuronal activity in brain regions as deep as
striatum; it is feasible that this transducer could be used in the future for behavioral testing as well

as other sonogenetic applications for manipulating and dissecting neural circuits.
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Figure 2.5 | Simultaneous fiber photometry recordings and ultrasound stimulation in awake,
freely-moving ChAT-Cre mice with head-mounted transducer. (A) Schematic of experiment,
mouse is connected to both ultrasound device (input from signal generator and amplifier) as well
as fiber photometry microscope. (B) Schematic of fiber implant and histological confirmation of
GCaMP6s expression restricted to ChAT+ cells. Red box highlights 10x tile image, yellow boxes
highlight 20x tile images. (C-D) Sample trace shows increased activity following ultrasound
stimulation in 473 nm trace but not 415 nm isosbestic recording, indicating calcium concentration
change and not movement artefact. (E-1) Average traces of ultrasound on (red) versus sham control
(gray) for five mice; 500 ms 0.5MPa. (J) Maximum fluorescence change is significantly greater
following ultrasound stimulation compared to sham controls. (K) Total distance traveled and
average velocity over 45 minutes in an open field assay shows mice are not inhibited by headplate
and ultrasound device. (L) During the first 5 minutes in an open field assay, mice with a headplate
and ultrasound device (red) show similar distance traveled and average velocity compared to naive
controls (gray). (M) Mice with a headplate and ultrasound device (red) are able to stay on the
rotor rod as long as, or longer, than naive control counterparts (gray).
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Discussion

To date, previous studies of in vivo, transcranial neuronal stimulation in mice have fallen
short of stimulating and recording the altered activity of neurons in awake, behaving mice.
Numerous previous studies have examined the effects of ultrasound in nervous tissue across a
spectrum of biological models, from neuronal cultures and slice preparations to primates and
humans. For the most part, in vivo transcranial US stimulation has been restricted to either
anesthetized or immobilized mice [130-132]. Additionally, these studies have examined
physiological effects of US neuronal stimulation via EMG, electrophysiology, and even evoked
motor responses but not direct calcium imaging of targeted brain regions in awake, behaving mice.
In other words, the experiments and results described in this study are one of the first of their kind,
evoking neuronal activation via ultrasound stimulation and simultaneously monitoring the
neuronal effects directly in freely-moving animals.

In addition to being one of the first results of its kind regarding freely-moving US neuronal
stimulation and observation, the US frequencies used in these studies are higher than the majority
of those done in the past few decades, which have, for the most part, used frequencies below 1
MHz — US considered in the lower frequency ultrasound range [221]. While lower frequency
ultrasound can provide greater tissue penetration and decreased absorption, it also means
sacrificing spatial resolution in future studies, since the wavelength of propagation correlates
inversely with frequency. Previous in vivo studies of mice have used frequencies of 25 KHz, 35
KHz, 50 KHz [130, 131], and some as high as 1.9 and 2.9 MHz [132] with limited success, but
none in the literature have used >5 MHz frequencies in vivo, particularly in freely moving animals.
However, hippocampal slices stimulated with 7.5 MHz ultrasound showed increased spike

frequency, consistent with observations in vivo [218]. This is an exciting development suggesting
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that with proper engineering, novel ultrasound devices that operate in higher frequency ranges can
be built to target and modulate neuronal activity in mice, and perhaps in humans.

Thermal effects of ultrasound have been points of contention as long as ultrasound has
been used in biological tissue. The FDA sets upper boundaries on safe levels of ultrasound based
in part on a thermal index (TI) to avoid excessive heating of tissue [222]. However, the
predominant US effects observed in these studies are likely mechanical, given that calculated and
fiber optic measurements of temperature changes were < 0.1°C (Fig 1). Further dissection of
mechanical effects would be needed to fully understand the effects of 6.56 MHz US in vivo.

Further investigations would also reveal the nature of both heterogenous and cholinergic-
isolated stimulation effects of US in vivo. It has been shown that striatum, and ChAT+ neurons in
particular, receive extensive inputs via cortical innervation [223]. These effects could be dissected
in multiple ways, including simultaneous fiber photometry recordings from multiple regions
including cortex and striatum [224], as well as pharmacological or optogenetic silencing of cortical
brain regions during US ensonification. Furthermore, calcium indicators with faster dynamics and
greater dynamic ranges could help elucidate the latency between US pulses and calcium activity
in target neurons [225]. Although previous studies have shown elevated levels of BDNF- or cfos-
based activation in stimulated regions [167], more intricate dissection of activated neurons could
reveal insights into activation mechanisms. For example, repeating US stimulation experiments in
a TRAP2 mouse strain injected with Cre-dependent fluorescent markers during tamoxifen
exposure could label active cells in the stimulation time window, and dissection of stimulated
tissue with fluorescence-activated cell sorting could reveal differences in expression levels of

candidate mechanosensitive channels versus inactive neurons.
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It has been suggested by several studies that the neuronal effects in non-cortical regions of
transcranial stimulation are secondary effects of either auditory cortex activation or those via a
cochlear pathway [144, 145]. These findings are concerning regarding the ability of ultrasound to
directly modulate neuronal activity by mechanical mechanisms rather than secondary synaptic
effects, and must be addressed for future ultrasound neuromodulation studies. As a further control,
mice whose auditory pathways can be selectively ablated such as Pout45°™ could be used to
isolate direct versus indirect effects. However, it is also not clear whether this auditory mechanism
would apply to the significantly higher frequencies of ultrasound used here (~7 MHz in present
studies compared to 250 KHz and 500 KHz in auditory cortex/cochlear studies), especially given
that the lower frequencies are closer to the range of ultrasound produced by mouse vocalizations
(upwards of 100 KHz [226]).

While the custom-designed transducer used in these studies is a useful proof-of-concept
for using higher frequency ultrasound for neuromodulation in mice (and perhaps other animals), it
does not represent the best case scenario for wearable transcranial ultrasound transducers. Phased
array probes used in medical imaging [227] and multiple, constructively interfering transducers
both indicate methods of improving targeting spatially precise regions of the brain with intense
but safe levels of ultrasound. Diffusers attached to the face of the transducer have been shown to
increase the uniformity of the generated ultrasound field [228], suggesting that if particular
neurons are sensitized to ultrasound, ensonifying the whole brain while still only targeting a
specific population of neurons could be possible.

Novel technology must be assessed for safety, the present study not excluded. The
mechanical index of US stimulation did not exceed 0.78 (0.2 for head-mounted transducers), well

below the FDA established safe mechanical index of 1.9 thought to cause cavitation and tissue
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damage. Still, further studies would help elucidate whether neurons exposed to repeated US
stimulation at various display signs of degradation or even apoptosis. Previous studies have used
BDNF as an activation marker and caspase-3 as an apoptotic marker to assess longer term effects
of US stimulation [130, 229] — these markers would be useful in the present study with more
significant and numerous stimulations to assess whether some viability threshold exists in both the
US parameter space and in repeated exposure. Although both thermal and cavitation effects are
believed to be minimal in these studies, since the true mechanism of US activation is not known,
cell health must be assessed empirically.

The human skull has a substantially different architecture than that of a mouse, with
acoustic impedances that make higher-frequency US transmission more difficult [230]. This does
not exclude the possibility that novel technologies will emerge which make transcranial US
stimulation at higher frequencies possible, including the development of impedance matching
metamaterials [231] which could help overcome scattering and absorbance at the skull surface.
Still, the acoustic properties, and many of the neuronal ones, of mouse and human brain are similar
enough to suggest that higher frequency US stimulation could be a useful technique for
neuromodulation. Together with piezoelectric materials which make powerful devices lightweight
enough to be worn on the head of a freely-moving mouse, these finding represent an exciting step
towards ultrasound neuromodulatory driven dissection of neural circuits with minimal

invasiveness.
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DISCUSSION AND CONCLUSIONS

Prior investigations into ultrasound-based neuromodulation and ultrasound
mechanosensation have produced substantial insights, but significant challenges remain in turning
ultrasound into a widespread neuromodulation tool. The findings and developments described in
this dissertation represent steps towards improved understanding of mechanosensitive protein-
mediated ultrasound sensation as well as novel technology that could become a useful tool in
neuroscience and perhaps medical research.

The first portion of studies in this dissertation described the biological actuators of
ultrasound transduction- protein channels capable of turning ultrasonic acoustic radiation forces
into neuronal signals and behavior. Specifically, findings suggested that multiple protein channels
in the nematode C. elegans were responsible for ultrasound transduction and behavioral responses
[232], and appear to be engaged in the sensation and transduction under different parameters. This
means that even in a single organism, mechanical sensing and ultrasound-based modulation of
neuronal activity could have both multiple biological components as well as different components
engaged under different US conditions, complicating the already complex hypotheses underlying
US neuromodulation.

The second portion of this dissertation focused on US neuromodulation in mammals. A
novel, custom-designed US transducer made of lithium niobate and small enough to be worn on
the head of a mouse was tested for its power output and ability to trigger neuronal responses in
mice whose neuronal properties had not otherwise been altered for mechano-sensitivity. Fiber
photometry measurements paired with ultrasound stimulation revealed time-locked activity that,
despite needing more follow up studies, suggests that higher frequency US is capable of evoking

neuronal activity and can do so in an awake, behaving mouse. This finding is exciting because it
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opens the door to sonogenetic applications in vivo without the need for cannula implantations and
the animals do not have to be anesthetized or otherwise immobilized.

Together, these findings represent advances on both fronts of building a single-component
sonogenetic tool: new understanding of mechanosensitive protein channels and overcoming prior

technological limitations.

Mechanisms of Ultrasonic Neuromodulation

There are numerous hypotheses about the mechanisms of ultrasound neuromodulation
including thermal and cavitation effects, microstreaming, membrane permeabilization, and
transduction through mechanosensitive protein channels, but a definitive explanation remains
elusive. More informative experiments can be performed in preparations in neuronal and tissue
culture, where pharmacology, genetic manipulation, and acoustic field modeling are more tractable
and measurements can be made using both electrophysiology and imaging [127-129, 233].
However, the conclusions drawn from these studies are difficult to extend to those in vivo due to
the increasingly complex nature of the system and its interaction with ultrasound. For example,
neuronal activity was evoked in hippocampus slices stimulated with 44 KHz ultrasound for just
22.7 ps [129], but follow-up experiments in vivo required stimulation with 25, 35, and 50 KHz US
at longer timescales (up to 0.57 ms) [130]. That the original parameters did not translate directly
from culture to intact brain is suggestive of a lack of full understanding of US mechanism of action
and perhaps the need for additional research and sonogenetic tools. Still other in vivo follow up
studies used even longer durations and other frequencies to achieve noticeable effects [131].
Similarly, Chinese hamster ovary (CHO) cells transfected with Piezol, but not those transfected

with sodium channel Navl.2 were activated by 43 MHz ultrasound [234]. Despite being an
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interesting finding, it is unlikely such high frequency stimulation would necessarily translate to in
vivo results, nor has this same result been shown in mammalian neurons.

As discussed in the Introduction section, thermal and cavitation effects were originally
thought to be the main sources of US driven neuromodulation. However, researchers interested in
isolating more nuanced mechanisms take care to use US conditions that minimize or altogether
avoid the parameters necessary to cause these effects. C. elegans experiments described in this
dissertation used microbubbles in order to use US cavitation as an amplifier for US stimulation,
but this was done in order to maintain a consistent story with previous experiments [235] and some
experiments showed significant reversals and behavior in response to US without microbubbles as
well (Fig 2). All mouse experiments were done without the presence of exogenous agents such as
microbubbles, suggesting that the endogenous interaction between the US field and intact brain
was sufficient to cause neuronal activation.

For many experiments in the literature, particularly in the last few decades, the mechanical
index and thermal index are below the threshold to account entirely for neuromodulatory effects.
Other effects from acoustic radiation forces propagation through tissue could explain observed
neuromodulatory US effects: as US waves pass through tissue, radiation torque and acoustic
streaming forces capable of moving small ions and molecules can cause streaming around cell
membranes due to small impedance mismatches [104, 236]. All of these forces combined,
including stable cavitation, microturbulence and shear stresses could change the permeability of
cell membranes themselves, or cause small fluctuations in area leading to capacitance changes that
could affect membrane polarization [237]. Alternatively, protein channels in the membrane whose
gating depends either on the forces in the lipid bilayer or via anchors in the cytoarchitecture and

extracellular matrix could sense local displacements and either open or exhibit altered kinetics
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[238]. The complexities of the skull cavity as well as higher-order mechanical properties of
ultrasound make it difficult to model the system for predictive purposes [239], and empirical
results and parameters vary across studies. One of the goals of the mouse studies described in this
dissertation were to characterize the parameters at which neuronal activity could be evoked
endogenously with custom-built transducers for future work to express sensitizing
mechanosensitive proteins in genetically targeted neurons for activation at sub-threshold
amplitudes and durations.

These hurdles towards a complete mechanistic picture of US neuromodulation, together
with the observation that physiological effects have lower boundaries in US studies motivate the
need for a sensitizing molecule that can confer ultrasound sensitivity to otherwise insensitive

neurons.

Safety Considerations

As described in the introduction, the widespread use and supervision by the FDA indicate
that under proper conditions many ultrasound applications in biology in medicine are safe.
However, this does not necessarily account for the novel research of the last few decades
concerning specifically US neuromodulation.

Diagnostic imaging regulated by the FDA uses frequencies ~1-20 MHz, suggesting that
the higher frequencies used in both C. elegans and mouse studies could be evaluated under the
auspices of the FDA’s regulations. While the health of worms and mice was evaluated “by eye”
after stimulation and full ambulation was confirmed, this does not necessarily account for
potentially hidden or longer-term effects. More studies would need to be done to evaluate the
health of individual neurons after stimulation across a spectrum of parameters and durations,

including histological analysis of tissues post-mortem. Additionally, analysis of glia in the
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surrounding tissue, as well as blood brain barrier, and skull would need to be evaluated to
empirically determine the safety limits of higher-frequency ultrasound stimulation that produce
neuromodulatory effects.

Analysis of central nervous tissues exposed to ultrasound in numerous neuromodulation
studies showed no signs of damage. In hippocampal slices, even 36-48 hours of ultrasound
exposure (stimulation ever 8 minutes) did not change the structure of membranes, blood brain
barrier, or synaptic morphology [129], and in vivo stimulations at higher intensities (300 mW/cm?)
also did not alter subsequent performance in rotorod or wire-hanging tasks, nor increased numbers
of apoptotic neurons or glia [130]. Other US neuromodulation studies of mice and rats also
revealed little to no damage using hematoxylin and eosin staining, as well as DNA fragmentation
(TUNEL) histological assessments post-mortem [240-242].

For ethical reasons, intentional damaging of tissue, particularly when not in the scope of
the goals of the study, should be avoided. Incidental damage has been reported on a few occasions
and can also provide valuable insights into dangerous US parameters. A study in rats found that
0.35 MHz, Ispta = 22.4 W/cm? caused local bleeding in one of the subjects tested [243], and in
sheep repeated stimulations with 250 KHz US at 1 second intervals eventually caused micro-
hemorrhages that were avoided when the interval was increased to 5 seconds, although no
ambulatory issues post stimulation were observed [244]. These findings are rare but valuable, as
they indicate the need for more intelligent US parameter design, as well as the possibility that
individual variability could play a role in both neuromodulatory effects and safety thresholds
between subjects. Comparing the after-effects of US exposure in both nematodes and mice on an
individual basis could also provide insights into whether certain genes and protein expression

levels across individuals confer particular resistance to higher intensity ultrasound stimulation.
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These assessments as a whole do not suggest that any and all ultrasound neuromodulation
is safe, but rather that there are many regions of the ultrasound parameter space that can produce
neuromodulatory effects while being safe, as was the case for dozens of transcranial and peripheral
US neuromodulation studies [221]. Since post-stimulation histological assessment in human
subjects is not viable, sensitizing neurons to even lower pressures and durations of stimulation in

the future can ensure that no tissue damage occurs.

Technical Challenges

Ultrasound technology has evolved since the discovery of piezoelectric materials over a
century ago and is widely used in industry and medicine. Tradeoffs are made in transducer design
between power, weight, and sturdiness of materials, and clever transducer arrangements such as
phased arrays can be used to improve imaging conditions. The shape of the face of the transducer
also has effects on US delivery- transducers with focal points and lines use constructive and
destructive interference for better targeting, while those with flat faces produce more uniform US
fields.

The US transducers used in the majority of in vivo studies thus far, including those
described previously in the introduction, have used commercial, lead zirconate titonate (PZT)
transducers, exploiting their ease-of-access and relative affordability. Furthermore, these
transducers are attractive because they are commercially made and precisely machined, so that
variability between transducers is likely minimal. PZT transducers were used in this dissertation’s
C. elegans portion for historical reasons and consistency as well [235, 245].

Lithium niobate transducers were used in the in vivo mouse portion of this dissertation for
their powerful output while still being lightweight- this permitted manufacture of a device small

and light enough to be attached to the head of a freely-moving animal. Furthermore, the
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temperature changes at the face of the lithium niobate transducers was reduced and the absence of
lead makes it safer to work with. The crystal structure also permits more power to be delivered to
the device without damaging it as compared to lead zirconate titonate. Further research will likely
produce even more powerful, lightweight devices that can be driven at higher powers, produce less
heat, output different frequencies, and perhaps one day be driven wirelessly.

Accurate measurements of ultrasound fields and thermal changes present another technical
challenge for in vivo applications. Determining empirically what pressures are being delivered to
the brain of an intact animal requires at least some portion of the animal remain intact. Ex vivo
preparations of mouse heads with brain exposed inside of skull do permit some measurements be
made using needle or fiberoptic hydrophones. This is a concession, however, since the properties
and integrity of the tissue change post-mortem, and while paraformaldehyde fixation could provide
some structural integrity, these measurements would still only be approximations of those made
in vivo. In vivo measurements were attempted for this dissertation (data not shown) by using
stereotactic coordinates, but turned out to be prohibitively difficult and highly risky in terms of
potential damage to the fragile hydrophone tip. Modeling of acoustic and thermal properties
provides insights and guiding principles for the impacts of different US parameters on brain tissue,
but accurate measurements with high temporal and spatial resolution, especially across the entire

brain, remain elusive.

Clinical Prospects of Sonogenetics
Mechanosensitive channels for sensitizing mammalian neurons would ideally come from
non-mammalian species, similar to those used for optogenetics applications. Although this could

present challenges in protein trafficking and expression, confounding factors such as off-target
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effects would potentially be avoided. Indications in recent studies suggest that sensitizing neurons
and possibly other cell types by expressing exogenous proteins on their surface is possible.

One interesting method for finding potential ultrasound-sensitizing protein channel
candidates is by screening species for ultrasound sensitivity across the phylogenetic tree. For
example, many marine creatures are known to use and sense ultrasound to navigate their
underwater surroundings, and behavioral responses to various frequencies of ultrasound could
suggest the presence of genes encoding ultrasound-sensitive proteins which could then be
expressed in mammalian cells. Early experiments in this space were performed during this
dissertation (data not shown) and have provided some candidate genes of interest.

Piezol, which has received much attention since its discovery in 2010 [246] has been tested
for ultrasound sensitivity by several groups. Stimulation of cultured human umbilical vein
endothelial cells with 0.2 W 1 MHz ultrasound induced influx of calcium ions into the cells, with
reduced influx after Piezol knockdown [247]. Piezol transfection into Chinese hamster ovary cells
also increased their sensitivity to ultrasound at 43 MHz at 50 or 90 W/cm? [234]. In primary
cultured rat hippocampal neurons, expression of a mutant of the E. coli channel MscL elicited
action potentials when the cells were exposed to 0.25 — 0.45 MPa, 30 MHz US [248]. MscL also
mediated ultrasound responses in retinal pigment epithelium cells transfected with the channel (as
well as its G22S mutant) when integrin-bound microbubbles were used to apply shear forces to
the cytoskeleton of the cells, suggesting that the cytoarchitecture of cells plays an important role
in mechanosensation [249]. These findings are promising but fall short of an in vivo manipulation
of neurons with ultrasound stimulation.

hsTRPA1, a member of the transient receptor potential (TRP) family, was shown to

sensitize HEK?293 cells in culture to 7 MHz ultrasound. In these studies, mouse neuronal cultures
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also exhibited increased activity in response to 7 MHz US stimulation after infection with
hsTRPA1, suggesting that this channel could be used in vivo in mice to sensitize neurons to US
below the endogenous-activation threshold. Indeed, mice infected with hsTRPA1 showed elevated
EMG responses in forelimbs as well as elevated levels of c-fos in infected/stimulated areas as
compared to control counterparts [250]. These studies marked the first methods for sonogenetic
control of mammalian neurons in vivo, but more work remains to make sonogenetics a powerful
circuit dissection tool.

Clinical applications of US technology, and eventually sonogenetic technology, are
promising. Human studies in transcranial US stimulation demonstrate its ability to be focused onto
target tissue, and while the mechanisms of neuronal activation and its excitatory versus inhibitory
effects are still under review, physiological effects are demonstrable in human M1, V1, S1, S2,
and even thalamus [136, 251-253]. Evaluations of specifically the human skull by pioneers in
human transcranial ultrasound studies suggest that there is movement towards exploring US
neuromodulation in more detail [254], and a review of 35 studies with 677 subjects total suggests
that although transcranial ultrasound stimulation is in its early phases, mild symptoms (scalp
heating, neck pain, anxiety, etc.) were mild (2.4%) in a variety of cohorts that included healthy
subjects as well as those with dementia, epilepsy, traumatic brain injury, and depression [255]. In
fact, some clinical trials are already underway in treating anxiety and depression using focused
transcranial ultrasound, indicating that this technology is on the verge of being accepted alongside
electrical and magnetic non-invasive neuromodulation methods in clinical applications [256].
Combined with potential manipulations to sensitize genetically targeted neurons in a sonogenetic

manner, in the future these methods could provide effective, non-invasive neurological relief.
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