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ABSTRACT

Sonogenetics combines genetic tools and low-intensity ultrasound to non-
invasively modulate specific neuronal populations and circuits, exhibiting potential
for treating brain diseases. This study examines sonogenetics’ potential in a mouse
depression model, targeting excitatory medial prefrontal cortex (mPFC) neurons that
project to its downstream brain area - dorsal raphe nucleus (DRN). Projecting neurons
were induced to express a mechanosensitive ion channel, ultrasound was applied, and
alterations in patterns of neuronal activation and depressive behaviors were evaluated.
Sonogenetics selectively activated targeted excitatory mPFC neurons projecting to the
DRN, enhancing real-time DRN neuronal activity and serotonin release, with no
observed tissue damage or astrocytic/microglial activation. Tail suspension and forced
swim tests revealed that sonogenetically activating this pathway rapidly reversed
despair-like behaviors in stressed mice, whereas antidepressant effects observed upon
mPFC sonication were abrogated by functionally silencing the downstream DRN
neurons. Subsequently, we investigated the direct manipulation of sonogenetic
modulation of DRN serotoninergic (5-HTPRN) neurons. We found that sonogenetic
modulation of 5-HTPRN neurons significantly increased the neuronal activity and the
level of serotonin in the DRN, and alleviated despair-like phenotypes in a real-time
manner. There was also no sign of tissue damage or abnormal activation of microglia
and astrocytes. Collectively, this study constitutes the first demonstration of the

potential for a circuit-targeted sonogenetic therapeutic approach for depression.
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CHAPTER 1: Background

Major depressive disorder (MDD) is a prevalent yet challenging mental health
condition, plaguing ~3.8% of the population worldwide * and becoming the second
most important factor in chronic disease burden 2. Its symptoms include a persistent
lack of interest in activities once found enjoyable, coupled with enduring feelings of
despair, which can tragically lead to suicidal thoughts and behaviors ®. Upsettingly,
around 800,000 humans die each year because of suicide, and the highest mortality of
unnatural causes is depression (30%) 3. Various types of therapies for depression,
including psychotherapy, medications, and neuromodulation methods, are available in
clinical practice, but there is still around one-third of patients do not remit after all

treatments 4.

No data 0% 1% 2% 3% 4% 5% 6% 7% 8%

Figure 1. Prevalence of depressive disorders worldwide (adapted from °).
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1.1 The pathophysiology of depression

Depression is multifactorial; no established mechanism, to date, can unveil all
facets of it. Several proposed factors may contribute to depression, including genetic
and epigenetic factors, deficient monoamine, dysregulated neuroendocrinology, and
neuroimmune system, altered brain structure and neuroplasticity, and abnormal

communications among brain circuits.

1.1.1 Genetic and epigenetic factors

Abundant evidence from family and twin epidemiological studies indicates that
genetic factors may be a critical contributor to depression ®. Genome-wide association
studies observed higher heritability of depression in families and twins 8. Populations
who are the first-degree relatives of depressive patients show around three-fold higher
rates of depression than those from healthy control groups ’. The published meta-
analysis data, the heritability rate of depression is about 35% 8. However, the specific
genetic differences that cause depression have not been revealed partly due to the
complicated genetic loci and their complex interaction in this multifactor
heterogeneous mental disorder °.

Recently, several studies indicated the implication of epigenetic changes in
depression, in which the gene’s functional state is modified while its coding
sequences are without changes, such as histone modification and DNA methylation. It
was reported that exposure to social stress in early life induced persistent epigenetic

changes and depression-related behaviors 1%, Prenatal exposure to stress altered the
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methylation status of a glucocorticoid receptor in newborns as well as depression-
related behaviors 2. Postmortem studies have identified significant variations in DNA
methylation in the frontal cortex when comparing individuals with depression to a
healthy control group 3. These observations collectively indicated that genetic and
epigenetic factors contributed to the progress of depression, but how they contribute

to depression is waiting for further investigation.

1.1.2 Monoamine hypothesis

This typical hypothesis suggests MDD is primarily resulted from insufficient levels
of neurotransmitters, including 5-HT, DA, and NE in the CNS 4. Historically, the key
phenomena supporting the hypothesis were observed in the 1950s. Reserpine, a
compound derived from the roots of the Rauwolfia serpentina plant (commonly
known as Indian snakeroot), was one of the first effective drugs for treating
hypertension at that time; however, it was found to result in depression-related
symptoms in some patients *°. Later, reserpine was demonstrated to inhibit vesicular
monoamine, causing the synaptic depletion of 5-HT, DA, and NE *°. Furthermore,
administration of monoamine precursors was effective in reversing reserpine-induced
depression-related syndromes, putting monoamine levels in the brain as a crucial
mechanism underlying depression 6.

At the same time, other supportive evidence has been discovered. Iproniazid, an
antibiotic effective in treating tuberculosis previously, was serendipitously discovered

to improve the mood of patients with tuberculosis 1’. In 1957, psychiatrist Nathan S.



Kline and his colleagues first demonstrated the antidepressant role of iproniazid in
depressed humans with non-tuberculosis . Additionally, iproniazid has been
investigated by chemists and was found to be a type of MAO inhibitors, which
functioned by decreasing the degradation of monoamine neurotransmitters once
reabsorbed thereby increasing their concentration in the CNS *°. In parallel to these
discoveries, the chemical modification of the structure of polycyclic phenothiazine
ring gained unprecedented attention in the 1950s due to the attractive therapeutic
success of chlorpromazine (CPZ) as a psychotropic drug 2°. In 1958, Roland Kuhn
first reported the antidepressant effects of imipramine, a tricyclics derived from CPZ,
in patients with severe depression 2*. The mechanism underlying its therapeutic
effects is thought to pharmacologically inhibit the presynaptic norepinephrine and
serotonin reuptake transporters thereby elevating the level of NE and 5-HT in synaptic
22 These millstone discoveries not only defined the first-generation antidepressant
drugs targeting the monoaminergic system but also paved the way for the naissance of

current biological/molecular psychiatry 23,
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1.1.3 Neuroendocrinology and neuroimmunology

Depression alters brain activity and affects the peripheral body as well. Many
observations of the abnormalities of hormones in depressive patients indicated that
endocrine disturbances might participate in the development of depression %. It was
consistently reported that the level of cortisol (a glucocorticoid hormone produced by
the adrenal cortex) in depressive patients significantly increased 2%%7. The
hypersecretion of hypothalamic CRH from the cerebrospinal fluid (CSF) in depressive

patients was also observed %, indicating the implication of the HPA axis in depression.
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Figure 3. The structure of the HPA axis (adapted from 2°).

Glucocorticoid receptors are naturally present in immune cells ¥, When the HPA
axis is activated, the systemic release of glucocorticoids increases, playing a role in
regulating the inflammatory system 3. Additionally, many clinical studies consistently
found an increased level of multiple inflammatory immune biomarkers in patients
with depression, including IL-1B 32 1L-6 3234 and TNF-a *. Pre-clinical studies
have also noted profoundly increased pro-inflammatory immune biomarkers as
abovementioned in different animal models of depression *°. Furthermore, it was
reported that intracranial administration of IL-1B *¢ or IL-6 * into the hippocampus

induced depressive-like behaviors, while specific administration of antibodies of IL-



1B % or IL-6 3 reversed these behaviors. In addition, it was also reported the
activation of immune cells, like leukocytes, monocytes, and neutrophilia 8, T cell
proliferative capacity 3, and reduced natural killer (NK) cell cytotoxicity “° in clinical
depressive patients. These phenomena further cause the elevation of inflammatory
cytokines 4.

Peripheral cytokines and immune cells also regulate the activity of the CNS,
especially glial cells which endogenously express inflammatory mediator receptors 42
%, When mice were exposed to the stress of social defeat, monocytes infiltrated
specific brain regions and differentiated into microglia-like cells to induce
inflammatory activation “3. In contrast, preventing monocyte trafficking by decreasing
the chemokine CCR2 ameliorated depressive-like behaviors in mice *3. Microglia
isolated from stressed mice secreted more cytokines, like IL-1p and IL-6, when
exposed to lipopolysaccharides (LPS) #4. In clinical studies, increased recruitment of
peripheral monocytes into the brain > and microglia activation “¢ was observed in
depressive patients. Post-mortem analysis of brain tissue also showed an increased
microglia activation in suicidal than non-suicidal depressive patients "8, Moreover,
blood circulating cytokines can affect astrocytes’ transcriptome profiles and then
change their end feet on the blood-brain barrier (BBB) to further alter its permeation
and make leakage of cytokines thereby changing the activity of surrounding neurons
and affecting behaviors *. The evidence indicated that stress induced both the

hyperactivity of the HPA axis and the immune system’s unbalance.
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1.1.4 The dysbiosis of gut microbiota

Gut microbiota consists of microorganisms that reside on the surface of digestive
tracts and engage in mutual interactions with their host animals *°. Gut dysbiosis is
involved in mental disorder via the gut-brain axis (GBA) in which metabolites
produced by gut microbiota, such as immune factors, neurotransmitters, fatty acids,
and hormones, pass through the epithelial barrier, initiate inflammation, act on the
CNS, and eventually influence mental states . It was reported that inflammatory
factors induced by gut dysbiosis impaired the function of the HPA axis and
dysregulated cortisol, which further influenced the intestinal environment surrounding

gut microbiota *°.
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Interestingly, the comorbidity rate between depression and irritable bowel
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syndrome (a common gastrointestinal disorder) has been reported to be over 84% >L.
Recent reports have shown that the composition of gut microbiota differs significantly
between depressive patients and healthy individuals 2. Transplanting faecal
microbiota of mice exhibited depressive phenotype into wide-type mice induced
depressive-like behaviours, and vice versa *3. However, the exact mechanisms by
which gut microbiota influence depression remain unclear, necessitating further

research to better understand their role.

1.1.5 Neuroplasticity and structural alterations

The altered cortisol levels and the dysregulated immune system affect
neuroplasticity and brain function ©. Immune cells and cytokines were reported to
regulate the formation of synaptic structures and neuronal connections primarily via
modulating the neurotrophic factors °* neurotrophic factors are endogenous
biomolecules that control and support the growth and survival of both developing and
mature neurons °. Preclinical studies demonstrated that chronic stress reduced the
expression of BDNF as well as the hippocampal neurogenesis 657, while
administration of BDNF or other MAOIs and TCAs prevented stress-induced
decreased BNDF levels and ameliorated depressive-like behaviors in rodents %, In
addition, BDNF fosters the growth and enhances the function of serotonergic neurons
and further elevates the serotonin levels in synaptic clefts ¢°. Consistently, systematic
reviews and meta-analyses of clinical studies indicated that BDNF from serum was

abnormally reduced in depressive patients, which was normalized after receiving
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antidepressants 5. These findings collectively put the abnormal level of BDNF as a
manifestation of depression.

The alterations in molecular and cellular levels may ultimately affect the structure
of the brain in depressive patients °. Lots of neuroimaging evidence has indeed
observed the volume changes of many brain regions correlated with depression,
including the frontal lobe, thalamus, hippocampus, and striatum 2. Thereinto, the
frontal lobe is a crucial brain area regulating emotion-related behaviors; its lesion has
been considered to cause depression or other mental disorders . The thickness of the
frontal lobe is reduced in patients with depression ®. The volume of gray matter is
also decreased in depressive patients ®°, which can be normalized after treatment 56,
The thalamus, a brain area that has anatomic connections with the frontal lobe, has
also been reported to reduce volume in depressive patients ®’. In addition, depressive
patients who committed suicide showed a reduced density of gray matter in the
striatum %879, The volume of hippocampus, which strongly correlated with stress and
the HPA axis activity, was significantly smaller (17%) in depressive patients "2,
Importantly, the volume of gray matter in the hippocampus increased following
depression treatment "3, These observations collectively suggest that the structural
alteration of the brain was strongly correlated with depression, which has the potential

to be a diagnosis marker for depression in clinics.
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1.1.6 Functional brain circuits

The change of the abovementioned factors will ultimately lead to abnormal
communication among different brain regions. A revolutionary neuromodulation
method - optogenetics - manipulated different specific cell types and neural circuits
with a precise spatiotemporal resolution by heterogeneously overexpressing light-
sensitive proteins "4, offering a high-fidelity neuromodulatory tool to dissecting the
circuit level abnormalities underlying disease, such as depression °. The dysfunction
of specific brain regions and their abnormal communication with distal brain
structures was strongly correlated with depression, mainly including the mPFC, DRN,
LHb, hippocampus, NAc, VTA, and amygdala . The mPFC is a critical central hub
to process a diverse array of cognitive and emotional changes, strongly implicated in
psychiatric disorders ”’. It was reported that the synaptic transmission from the mPFC
to the NAc is significantly decreased when mice were susceptible to stress and that
specific activation of this circuit in mice induced resilience to stress ©. It was also

demonstrated that selectively optogenetic activating the glutamatergic neurons in
12



mPFC that projecting to the DRN or the LHb rapidly reversed or triggered despair-
like states in rats ’°, while indiscriminate optogenetic stimulation of the mPFC has
produced mixed results 48, highlighting the importance of selectivity. The DRN is
the primary source of neurotransmitters -serotonin - in the CNS 8, which regulates
reward-, stress-, and emotion-related behaviors 8. Specific activation of
serotoninergic neurons 884 or inhibition of GABAergic neurons ® in the DRN
ameliorated depressive-like behaviors in rodents. Optogenetic stimulation of the
axonal terminals in the LHb that projected from the DRN inhibited neuronal activity
in the LHDb, resulting in antidepressant effects in rodents 8. The LHb modulates the
function of the monoamine system in the CNS and regulates motivational and
affective emotional states 8. Optogenetic activation of the circuit — the LHb to the
rostromedial tegmental nucleus (RMTg, a GABAergic nucleus that functions as a
brake for the midbrain monoamine system) - evoked a despair-like state in a real-time
manner, while optogenetic inhibition of this circuit elicited the opposite effects . The
hippocampus is a processing center of cognition and memory, which is also involved
in depression. Optogenetic activation of the circuit projected from the ventral
hippocampus to the mPFC rapidly reversed depression-related behaviors &°;
optogenetic activation of the circuit connecting the ventral hippocampus to the NAc
led to depressive-like behaviors 8. The VTA is a well-known dopaminergic nucleus
that regulates reward-related behaviors. Optogenetic activation of dopaminergic
neurons in the VTA ameliorated depressive-like behaviors 8. The amygdala is a
critical hub in the CNS to process fear stimuli, which is also associated with

13



emotional processes . Optogenetic activation of basolateral amygdala (BLA) to the
NAc induced depression-related behaviors in mice 9. All these findings provide
fundamental evidence of pathological mechanisms in depression; meanwhile,

demonstrations in large animals and humans are still needed in future research.

Dopaminergic pathways

———> Serotoninergic pathways

—2> GABAergic pathways
Glutamatergic pathways

Figure 7. The neural circuits related to depression (adapted from 7).

1.2 The treatment of depression

In clinics, the first-line intervention at present for depression treatment includes
medication, psychotherapy, or a combination of the two. Typically, as for patients with
inadequate responses following the above-mentioned therapies (a.k.a., treatment-
resistant depression, TRD), alternative non-pharmacologic neuromodulation therapies
have also been provided in clinics. The step-care model of depression in the clinic is

shown as follows.
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Severe and complex depression*; risk to life; severe self-neglect
Medication, high-intensity psychological interventions,

Step4 glectroconvulsive therapy, crisis service, combined treatments,
multi-professional and in-patient care
Persistent subthreshold depressive symptoms or mild to moderate
depression with inadequate response to initial interventions;
moderate and severe depression

Step 3 Medication, high-intensity psychological interventions, combined
treatments, collaborative care' and referral for further assessment
and interventions
Persistent subthreshold depressive symptoms;

St mild to moderate depression

ep?

Low-intensity psychosocial interventions, psychological interventions,
medication and referral for further assessment and interventions

All known and suspected presentations of depression
Stepl  Assessment, support, psychoeducation, active monitoring and referral for further
assessment and interventions

Figure 8. Stepped-care model in the management of depression (adapted from 6).

1.2.1 Psychotherapy and medications

In the management of depression, psychotherapy can be initially used . There are
also various types of antidepressant drugs are available in clinics. These typically
include SSRIs, SNRIs, MAO inhibitors, and cyclic antidepressants, which are
believed to relieve depressive symptoms mainly by increasing monoamines levels in
synapses %2. Due to fewer side-effects and the efficiency, SSRIs, and SNRIs are the

first-line medicine for depressive patients now %.
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Figure 9. Major classes of antidepressants (adapted from %).
Clinical studies also indicated that combined treatment with medication and
psychotherapy increased the response rate when compared to monotherapy alone, but
there are still more than 50% of patients who don’t show response to these treatments

9495 As for those patients, there are also alternative neuromodulation therapies.

1.2.2 Neuromodulation therapies

To date, there are three non-pharmacologic neuromodulation therapies for
depression treatment have been approved by the FDA %, including ECT, VNS (only
for adults), and TMS 7. ECT is to utilize a minor electric current to non-invasively
stimulate patients’ brains under general anesthesia to intentionally induce a

generalized seizure thereby relieving depressive symptoms % sometimes
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accompanied by serval side-effects, such as disorientation, cognitive impairment, or
even memory loss ¥. In VNS, a small pulse generator is surgically put into the left
thoracic region to continuously stimulate the left vagus nerve for depression treatment
% commonly accompanied by sign of hoarseness, cough, voice alteration, and
paresthesia because of invasive implantations %. By contrast, TMS shows rare side-
effects, in which non-invasive magnetic fields are used to repeatedly stimulate the
medial prefrontal cortex to relieve depressive symptoms %, but it needs long-circle
treatment to trigger antidepressant effects and there are still over 40% of patients are

not in remission 192,

* Pairs well with behavioral activation because  * Time-intensive, requires 4-8 weeks of daily
it provides daily structure for patient treatment
* Patients can continue daily routine (work, * Small risk for seizures
driving)
* Minimal adverse effects; good option in
severe depression without psychosis or
acute suicidality if patients worry about
effects of ECT

* Proven safe and effective in unipolar, bipolar, ~ * Acute cognitive effects limits ability to work
psychotic, and peripartum depression ‘and drive

* Rapid improvement over the span of 2-4 * Risk for memory impairment
weeks

* May be effective in a highly treatment- » Surgical risks as well as risks for dysphagia

resistant depression population ‘and dysphonia

* Good option in patients who respond to ECT  « May require long duration of treatments
but quickly relapse (also effective in ECT before response is seen
nonresponse) * Not yet covered by most insurance

Figure 10. FDA-approved neuromodulatory approaches for depression (adapted
from 102),

Increasing amounts of neuromodulation techniques for depression treatment are in
progress. Magnetic seizure therapy (MST), is a procedure in which a high-frequency
transcranial magnetic field is put into the brain to elicit generalized seizure to relieve
depressive symptoms (2-3 MST sessions are given per week until remission or a

maximum of 24 sessions), without adverse effects on memory %, Confirmatory
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efficacy and safety trials of MTS for depression treatment under double-blind
randomized conditions are ongoing (ClinicalTrials.gov, NCT03191058).
Transcutaneous auricular VNS, a potential alternative to implanted VNS, non-
invasively applies an electrical signal to stimulate the auricular branch of the vagus
nerve around the ears for several weeks to achieve depression remission 1%, Deep
brain stimulation (DBS), involving surgically placing electrodes into specific brain
areas for electrical stimulation, has been developed for many years and shown
treatment efficacy in TRD, but the inconsistent findings reported by clinical studies
hinder their advance in clinical practices %1%, The interindividual response
heterogeneity, at least in part, contributes to this controversial observation %,
Recently, an intriguing study adopted a CLS in one patient with TRD, in which focal
electrical stimulation electrodes and intracranial electrophysiology recording systems
were firstly implanted in the brain to find a personalized biomarker and treatment
sites, and then a NeuroPace responsive neurostimulation system was implanted to
continuously sense neural activity and deliver electrical stimulation triggered by
prespecified patterns of neuronal activities, resulting in a rapid and sustained
amelioration in depression %, The clinal trial investigating CLS in a broader
population of depression is ongoing (ClinicalTrials.gov, NCT04004169). Other novel
neuromodulation attempts for depression treatment have also been made. Trigeminal
nerve stimulation (TNS), a strategy of non-invasively applying an electric current to
the trigeminal nerve over the skin of the forehead, is reported to yield an improvement
in TRD patients after a 10-day intervention in a recent study '°. Another innovative
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neuromodulation strategy called brain photobiomodulation (PBM) therapy, which
non-invasively delivers red to near-infrared light to the brain thereby stimulating
mitochondrial respiratory chains, increasing adenosine triphosphate (ATP), and
enhancing metabolic capacity of neurons, showing an early improvement in
depression after dozens of PBM sessions 1%, More clinical trials applying PBM to

treat depressive patients are ongoing 1%,

1.3 Ultrasound neuromodulation

Ultrasound neuromodulation, a burgeoning neuromodulation method, has gained
widespread attention worldwide due to its high spatiotemporal resolution %, been
widely applied to various brain regions to investigate, restore, and enhance brain

function 1,

1.3.1 Ultrasound and its bioeffects

Ultrasound, a mechanical pressure wave, is characterized by a frequency beyond
human hearing (> 20 kHz). It originates as a generator of electrical signals, which are
then enhanced by an amplifier, and finally converted to acoustic pressure waves via a
transducer with piezoelectric elements. The main parameters of ultrasound are
frequency, amplitude (i.e., intensity), duty cycle (T1/T2, pulse width/pulse interval),
stimulus duration and interval. Thereinto, the frequency is positively correlated with
spatial resolution but also tissue attenuation **2. The intensity can be broadly divided

into high- and low-intensity to ablate tissues via thermal effects and
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stimulate/modulate cellular populations via non-thermal actions 3,

The generation of ultrasound

electrical signals
Generator

Amplifier

Transducer with

piczoclectric
elements

electrical signals mechanical pressure wave

The parameters of ultrasound

v" Pulsc width (T1)
requency
v" Pulse Interval (T2)
v" Stimulus Duration (T3)

Amplitude
v Stimulus Interval (T4)

Figure 11. The generation and parameters of ultrasound.

While ablation with high-intensity ultrasound is known to occur via thermal effects,
the impact of low-intensity ultrasound on neurons is quite complex. Many studies
have indicated minimal or negligible changes in temperature with low-intensity
ultrasound stimulation (LIUS) 4116 suggesting there are other mechanisms
mediating its bioeffects. It was reported that LIUS activated auditory pathways to
produce neuromodulation effects while destroying it abrogated the bioeffects from
LIUS. 718 However, lots of studies have observed that LIUS can directly activate

neuronal populations in cultured primary neurons where the auditory pathways did
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not exist 1°. Furthermore, many studies observed the neuromodulatory effects of
LIUS in mouse models of deafness 2°. The discrepancy among these studies may be
because of different ultrasound parameters or recording methods 21122 but it suggests
that LIUS bioeffects are very complicated. Intramembrane cavitation has also been
observed when LUIS, in which the oscillation of intramembrane hydrophobic space in
response to ultrasound leads to cavitation and leaflets separation thereby altering the
membrane characteristics and cellular activity !212% Recently, many studies
discovered various mechanosensitive ion channels, such as the mechanosensitive
channel of large conductance (MscL) 2° piezo channels 26128 transient receptor
potential (TRP) channels 2131 potassium channels 13213 voltage-gated sodium
channels 132, which may serve as an important mediator to ultrasound bioeffects 34, A
recent study indicated that ultrasound first activates many TRP channels and thus
elicits calcium influx, whose accumulation activates calcium-sensitive sodium
channels, induces depolarization of the neuronal membrane, activates voltage-gated
calcium and sodium ion channels, and finally excites neurons to fire 135, Cytoskeletal
proteins and integrins may be involved in deforming the membrane in such a way
affecting the interaction of ultrasound with ion channels 3137, Apart from the short-
term effect, LIUS impacts sustained synaptic plasticity, and the influence is varied
among different ultrasonic parameters in rats 13, Taken together, the neuromodulatory
effects of LIUS are collectively mediated by various mechanosensitive ion channels
in different types of cellular populations, which alter integration and transmission
within the sonicated brain region in a manner sufficient to affect behavior.
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Figure 12. Proposed mechanisms underlying ultrasonic neuromodulation. a)
LIUS-activated voltage-gated sodium and calcium channels to stimulate electrical
activity and trigger the release of neurotransmitters 4. b) In astrocytes, LIUS
activated TRPA1 channels, which induced calcium influx (B1). The accumulated
intracellular calcium increased glutamate release through Bestl channels (B2) and
then affected NMDA receptors (B3) L. ¢) LIUS activated Piezol cation channels and
enhanced calcium influx thereby activating CaMKIl and CREB and affecting
neuronal activity 1°. d) LIUS activated TRPP1/2, TRPC1, and Piezo1, which elicited

calcium influx (D1). The accumulation of calcium calcium-sensitive sodium channels
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such as TRPM4 (D2), then T-type calcium channels (D3), which further activated

voltage-gated calcium and sodium channels (D4), and finally excited neurons **°.

1.3.2 Current application of ultrasound neuromodulation

Ultrasound can be applied to the brain to alter neuronal activity within specific
brain regions to investigate, restore, or enhance brain function. The following sections
will discuss various modalities that may be used in vivo.

It was reported that the mood of human beings who received LIUS was
significantly improved 494! Several pre-clinical studies also indicated that non-
invasive LIUS of the mPFC 4214 or the DRN *° (two brain regions that are widely
used as targets for depression treatment %) for consecutive several weeks ameliorated
depression-related behaviors in rodents. In addition, many investigators have
attempted to utilize LIUS to treat other brain diseases, including PD 46147 AD 148
and epilepsy %152, LIUS of the subthalamic nucleus significantly weakened neuronal
oscillatory activity ¢, and increased levels of striatal dopamine and locomotor ability
in the mouse model of PD 7. Furthermore, LIUS pretreatment prevented cerebral
damage and cognitive dysfunction in an aluminum chloride-induced model of AD 48,
In addition, LIUS was reported to inhibit epileptic-like firings and ameliorated
epileptic-related behaviors in the kainic acid-induced mouse model of epilepsy 4°%
and pentylenetetrazol-induced rat model of epilepsy 5152, But there is much that
remains unclear, how mechanosensitive ion channels are distributed throughout the

brain, how they interact with ultrasound, how cytoskeletal components mediate these
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effects, and finally how all these factors interact in diverse physiological and
pathological conditions.

Apart from the direct therapeutic effects of ultrasound neuromodulation, many
studies used ultrasound to open the BBB to relief brain diseases or deliver drugs. It
was reported that using ultrasound stimulation to open BBB ameliorated cognitive
impairment in animal models of AD 3, Ultrasound has also been used to deliver

chemical agents 1> or genes 55 to modulate neuronal activities.
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Figure 13. The applications of ultrasound neuromodulation (adapted from %),

1.3.3 Sonogenetics

As we mentioned above, endogenous mechanosensitive ion channels can confer
ultrasonic mechanical forces on neurons to affect their activity, however, to date, their
spatial distribution in the brain is quite unclear. To realize targeting specific neuronal
populations with ultrasound, sonogenetics (the counterpart of optogenetics) emerges.

Sonogenetics combines ultrasound and genetic modifications. To be specific, it uses
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non-invasive ultrasound to manipulate specific neuronal populations genetically
modified with ultrasound-sensitive ion channels *°. This concept was first reported in
2015 that overexpressing ultrasound-responsive TRP-4 ion channels in ASH and
AWC sensory neurons, PVD neurons, and AlY neurons specifically sensitized these
neuronal populations to ultrasound in C. elegans, suggesting that LIUS can serve as a
non-invasive method to manipulate specific cell-type neurons 12°. Recently, the same
scientific team identified an impactful receptor with an unbiased screen, i.e., Homo
sapiens transient receptor potential A1l (hsTRPAL), which is capable of effectively

conferring ultrasound sensitivity to neurons

. Low-intensity ultrasound non-
invasively activated neurons exogenously overexpressed hsTRPA1 both in vitro and
in vivo ¥, Other investigators found that prestin is an ultrasound-responsive protein,
which has also been used as a sonogenetic tool °8, Their recent study suggested that
low-intensity ultrasound stimulation of dopaminergic neurons overexpressed prestin
significantly alleviated dopaminergic neurodegeneration, attenuated neurotrophic
release, and improved Parkinson’s symptoms in mice **°.

Another sonogenetic tool that has been verified is MscL. It was first found in
Escherichia coli and its major physiological function is to protect cells from lysing
160,161 hy opening a 3.5 A-diameter pore for permeation of molecules and ions 160-162,
By large-scale mutational screening, it was found that mutation G22S (substituting a
glycine (G) with a serine (S) at site 22) in MscL dramatically altered channel gating
183, After mutating at hydrophilic residues with serine, MscL-G22S became more

sensitive to mechanical forces than wide-type (WT) MscL due to the alterations of its
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structural and chemical properties %3, To be specific, MscL-G22S opens at a gating
threshold of ~10.4 mN/m in response to mechanical forces, such as tension or
deformation, whereas WT MscL opens at ~5-6 mN/m 164166 |t was also reported that
mechanical forces-induced MscL-G22S activation significantly enhanced Ca?* influx
in cultured Schwann cells 1% and enhanced neuronal activity in cultured primary
neurons 7. Given the small gene size and sensitive mechanical response together, it

exhibited potential to use MscL-G22S as a sonogenetic tool 8.

Figure 14. The crystal structure of MscL which is visualized from the plane of
the membrane (left) and cytoplasm (right) (adapted from 169).

Our previous work first verified the feasibility of MscL-G22S as a sonogenetic tool
in vivo, demonstrating that non-invasive LIUS could induce specific activation of
neuronal populations exogenously overexpressed with MscL-G22S 1. Our latest
study further demonstrated that LIUS of neurons heterogeneously overexpressed with
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MscL-G22S in the striatum increased locomotion while sonogenetic modulation of
dopaminergic neurons in the VTA-induced appetitive conditioning with a real-time
modality in awake mice "', Another recent work also took MscL-G22S as a
sonogenetic tool and showed that sonogenetic activation of the primary visual cortex
was sufficient to enhance neuronal activity and restore visual deficits in mice 12,
Taking together, this evidence suggests that LIUS can be utilized to non-invasively
activate specific neuronal populations or circuits genetically modified with
mechanosensitive ion channels.

Beyond the use of mechanosensitive ion channels, mechanoresponsive particles
have also been utilized as sonogenetic tools 3, In 2014, Shapiro et al. introduced an
innovative type of air-filled protein nanostructures known as gas vesicles (GVs),
which could augment the mechanical function of ultrasound 7. Additionally, the
researchers genetically engineered GVs to display an RGD peptide on the C terminus
of their outer shell protein 1. This modification enhances the interaction with tumors,
leading to significant mechanotherapeutic effects at the tumor site when non-invasive
ultrasound stimulation 1. This application also utilizes mechanical properties of low-
intensity ultrasound.

These abovementioned sonogenetic approaches which involve mechanosensitive
ion channels or mechanoresponsive particles use low-intensity ultrasound to produce
mechanical forces. As we mentioned above, ultrasound can produce mechanical and
thermal effects, which mainly depend on its intensity and duty cycle. Apart from
thermal ablation, ultrasound can be utilized to produce thermal modulation in cells 1”3,
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A pioneering instance is the mammalian heat shock protein 70 (HSP70), which can be
thermally activated in the range of 44-48 °C, without affecting cell viability 1’®. By
combining HSP70 with other gene expressions in cells, ultrasound can produce spatial
and accurate control over these cellular populations 177, In addition, thermal-activated
channels can be utilized as sonogenetic tools as well. It was reported that non-
invasively ultrasonic stimulation of neurons at the striatum that exogenously
overexpressed TRPV1 (a typical thermal-activated ion channel) selectively activated
these neuronal populations and evoked locomotor behaviors in mice 78, This
application also utilizes thermal properties of relatively high-intensity ultrasound.
Collectively, this novel technology - sonogenetics - can be utilized to non-
invasively activate specific neuronal populations or circuits by the combination of
non-invasive ultrasound stimulation and ultrasound-responsive mediators. We
hypothesized it may provide a new strategy for depression via activating specific
depression-related neuronal populations and circuits. This study takes MscL-G22S as
the mediator because of its small gene size and sensitive mechanical response and

examines sonogenetic modulation in mouse models of depression.
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CHAPTER 2: Sonogenetic modulation of the neuronal circuit from
excitatory neurons in the mPFC to the DRN elicited rapid

antidepressant actions

2.1 Introduction

Major depressive disorder (MDD) is a common but debilitating mental disorder,
plaguing an estimated 3.8% of the population worldwide ! and becoming the second
leading contributor to chronic disease burden in the past few decades 2. MDD is
typically characterized by a loss of interest in previously-rewarding activities and
persistent despair, likely leading to suicides *. It was reported in 2023 that more than
700,000 deaths result from suicide every year and that the highest mortality of
unnatural causes was depression (30%) 3°. The primary method of medically
countering MDD’s devastating effects is the use of different classes of antidepressants;
these include selective serotonin reuptake inhibitors (SSRIs), serotonin and
norepinephrine reuptake inhibitors (SNRIs), monoamine oxidase inhibitors (MAOIS),
and tricyclic antidepressants (TCAs). These drugs are understood to relieve
depressive symptoms by increasing the availability of neurotransmitters, particularly
serotonin (a.k.a., 5-HT), norepinephrine, and dopamine, in the central nervous system
(CNS) %. Systematic reviews have shown that the response rates of all these
antidepressants are around 50%, and several weeks are required for the effective onset

of therapeutic effects 8%,
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Simultaneously, several non-pharmacological modalities for more direct
neuromodulation have also been under development, with some showing promise as
alternative treatments for depression, particularly for patients unresponsive to
antidepressant drugs. Some methods have obtained approval from the United States
Food and Drug Administration (FDA), including electroconvulsive therapy (ECT),
vagus nerve stimulation (VNS) (only for adults), and transcranial magnetic
stimulation (TMS) %. While these approaches offer possible symptomatic relief to
patients who cannot be helped pharmacologically, they each have important
limitations, such as the risk of cognitive impairment or even long-lasting memory loss
% surgical invasiveness °, and long initiation time or even no response 8. An
important factor contributing to the generation of such side-effects is the inability to
accurately target the neuromodulation to specific neuronal populations 1%, This
insight has led to newer neuromodulation techniques being specifically targeted at
specific cell types or circuits which are abnormally altered in pathological states. An
optogenetic approach that selectively activated excitatory neurons in the medial
prefrontal cortex (MPFC - a central hub for processing cognitive and emotional
information ") which project to the dorsal raphe nucleus (DRN, the major source of
serotonin in the brain 82) was shown to rapidly reverse despair-like states in rodents ’°.
This study also implicated the neuronal pathway from the mPFC to the DRN as a
potential intervention target for alleviating depression-related behaviors "°. However,
owing to the opacity of brain tissue, optogenetics requires optical fibers to be
invasively implanted into the targeted brain regions to deliver light locally for the

30



entire duration of the treatment, which hampers its clinical translation %, A
neuromodulation method capable of combining the advantages of improved targeting
- predictable and controllable antidepressant effects with rapid action and minimal
side-effects - with greater non-invasiveness and fine spatiotemporal resolution could
significantly accelerate the development of next-generation treatments.

Sonogenetics - a method analogous to optogenetics - uses low-intensity ultrasound
to non-invasively manipulate specific neuronal populations and circuits by genetically
inducing them to overexpress ultrasound-sensitive ion channels 129:1°5:157.159,168,170-172
This recently-developed strategy is capable of manipulating neuronal activities and
neurotransmitter release in specific neuronal populations and neural circuits
129,155,157,159,168,170-172 - gpacifically, sonogenetics can affect mesoscale circuits, even in
deeper brain regions, such as the ventral tegmental area (VTA)- nucleus accumbens
(NAc) dopaminergic projection pathway "X, In such a treatment approach, effectively,
the only invasion required would be the local delivery of genetic modification agents
to the targeted brain region, and all ultrasound treatment would be delivered externally.
This offers a potential method of disease management with the added merits of non-
invasiveness, selectivity, deep penetration, and fine spatiotemporal resolution %,
However, this research is still in its early stages, and the feasibility and effectiveness
of this approach, particularly with regard to depression-related circuitry, has not yet
been comprehensively demonstrated in vivo. Putting together these facts, we
hypothesized that a sonogenetic neuromodulation approach could be an effective
candidate for non-invasively modulating depression-related circuitry, activating
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excitatory neurons from the mPFC to the DRN and alleviating depression-related
behaviors.

In the present study, we used a mutant of the mechanosensitive channel of large
conductance (MscL-G22S) as a sonogenetic mediator to target the circuit from
excitatory neurons in the mPFC to the DRN. This sonogenetic approach was applied
to a mouse model of depression induced via chronic restraint stress (CRS), and
symptoms were monitored at the level of cellular signaling and behavioral tests. We
found that sonogenetic modulation of the DRN-projecting excitatory neurons in the
mPFC increased DRN neuronal activity and serotonin release in real-time.
Importantly, sonogenetic modulation of this circuit rapidly relieved depression-related
behaviors in stressed mice, as reflected by spending less time immobile and more time
struggling in tail suspension and forced swim tests, which are widely-employed
measurements of depression-related behavioral states in rodents 84, Furthermore, the
functional silencing of downstream DRN neurons abrogated the anti-despair effects of
sonogenetic modulation applied in the upstream mPFC, indicating the specific and
effective sonogenetic activation of this circuit was the major contributor to the
observed effects. In addition, there was no sign of tissue damage or abnormal
activation of microglia and astrocytes. Taken together, this study is the first attempt to
ameliorate depression-related behaviors by sonogenetic modulation of specific
neuronal circuits in rodents, laying the groundwork for the future development of new

therapeutic methods for depression.
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2.2 Materials and methods

2.2.1 Mice

All experiments were conducted on male C57BL/6J mice, housed with adequate
food and water at a controlled, comfortable temperature within the Centralized
Animal Facilities (CAF) at the Hong Kong Polytechnic University. The experiments

adhered to CAF regulations and received approval before commencement.

2.2.2 Viral Vectors

All viruses were obtained from BrainVTA, Wuhan, P.R.C., and were as prepared as
follows: AAV2/9-CaMKIla-DIO-MSCL-G22S-F2A-EGFP, AAV2/9-CaMKIla-DIO-
EGFP, AAV2/9-CaMKIIa-DIO-MSCL-G22S-F2A-mCherry, AAV2/9-CaMKIla-DIO-
mCherry, AAV2/retro-hSyn-Cre, AAV2/9-hSyn-GCaMP6s, AAV2/9-hSyn-5HT2.1,
AAV2/9-hSyn-hM4D(Gi)-mCherry, AAV2/9-hSyn-mCherry, AAV2/9-TPH2-TetTox-
P2A-mCherry, and AAV2/9-TPH2-mCherry. Diluted virus in 1 x 10%2 vg/ml have

been used for experiments.
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Company

Virus

Experimental Purpose

OBIO AAV2/9-CaMKIla-MscL- Overexpress MscL-EYFP or EYFP

Technology G22S-EYFP or AAV2/9- into excitatory neurons in the mPFC
CaMKIlo-EYFP

BrainVTA  AAV2/retro-hSyn-Cre & Overexpress MscL-EGFP into DRN-
AAV2/9-CaMKlIla-DIO- projecting excitatory neurons in the
MSCL-G22S-F2A-EGFP mPFC

BrainVTA  AAV2/retro-hSyn-Cre & Overexpress MscL-mCherry into
AAV2/9-CaMKIIa-DIO- DRN-projecting excitatory neurons
MSCL-G22S-F2A-mCherry  in the mPFC

BrainVTA  AAV2/9-hSyn-NES- Record calcium activity in the DRN
GCaMP6s

BrainVTA AAV2/9-hSyn-5HT2.1 Record serotonin release in the DRN

BrainVTA  AAV2/9-hSyn-hM4D(Gi)-  Chemogenetic inhibition of DRN
mCherry neurons

BrainVTA  AAV2/9-TPH2-TetTox- Synaptic inactivation of

P2A-mCherry

serotoninergic neurons in the DRN

Table 1. The usage of the virus in Chapter 2.

2.2.3 Stereotaxic surgery

The mice were initially anesthetized using a ketamine/xylazine cocktail (100 mg/kg
of ketamine and 10 mg/kg of xylazine). They were then secured on a horizontal
stereotaxic apparatus (RWD). Using a sterile surgical blade, the scalp was excised to
reveal the bregma and lambda. After cleaning and leveling the skull, we proceeded
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with viral injections and the implantation of optical fibers or the installation of
ultrasonic collimators, as detailed in subsequent sections. Following the completion of
stereotaxic surgery, the mice were promptly placed in a comfortable cage with warm,
heated air for ventilation until they regained consciousness. Fiber photometry or
behavioral assessments were carried out on the mice at least 7 days post-surgery

Virus Injection. After cleaning and leveling the skull on the stereotaxic apparatus, a
tiny hole was drilled with a micro drill in the skull above the targeted brain area. To
target DRN-projecting excitatory neurons in the mPFC, a monosynaptic retrograde
transport virus encoding Cre recombinase was infused into the DRN (0.5 pL
AAV2/retro-hSyn-Cre; AP, -4.4 mm; ML, 0 mm; DV, -3.4 mm) in 5 min. Additionally,
a Cre-dependent virus encoding MscL-G22S (AAV2/9-CaMKIla-DIO-MSCL-G22S-
F2A-EGFP or AAV2/9-CaMKIla-DIO-MSCL-G22S-F2A-mCherry)  or  their
respective control virus were infused into the mPFC (1 pL; AP, 1.8 mm from bregma;
ML, + 0.35 mm; DV, -2.0 mm) in 10 min. The injection needle was left in the targeted
brain regions for at least 5 minutes to ensure complete infusion before being
withdrawn. Following experiments, to detect the calcium activity or serotonin release
in the DRN, 0.5 pL AAV2/9-hSyn-GCaMP6s (a genetically encoded calcium sensor
with green fluorescence %) or AAV2/9-hSyn-5HT2.1 (a serotonin sensor with green
fluorescence %) was infused into the DRN. For chemogenetic inhibition, 0.5 pL
AAV2/9-hSyn-hM4D(Gi)-mCherry or its control virus was infused into the DRN. For

synaptic inactivation, 0.5 uL AAV2/9-TPH2-TetTox-P2A-mCherry or its control virus
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was infused into the DRN. Mice were given at least three weeks to recover post-
surgery.

Optic fiber implantation. Mice were first placed on a stereotaxic apparatus, and a
portion of the scalp was removed to reveal the bregma and lambda. After these points
were leveled, a small hole was drilled above the dorsal raphe nucleus (DRN), and the
area was rinsed with sterile saline solution. The black fiber optic cannula was then
carefully inserted into the DRN (DV, -3.35 mm) using a clamp holder. A screw was
placed next to the fiber, and dental cement was applied to anchor both the screw and
fiber securely to the skull. After the experiments, brain sections were prepared using a
vibrating microtome to examine virus expression and fiber placement under a
microscope. Data from mice with incorrectly positioned fibers were excluded from
analysis.

Ultrasonic collimator installation. After being fixed on the stereotaxic apparatus,
scalp above the mPFC was removed and cleaned. A customized wearable ultrasonic
collimator was put onto the intact skull aligned with the targeted brain area and fixed
with dental cement. In experiments requiring both a fiber and a collimator, we
implanted the fiber with a clamp holder in the DRN and installed the collimator on the

mPFC, securing both with dental cement.

2.2.4 Ultrasound system and stimulation

Amplifier’s output was linked to customized wearable transducers. Then, the

customized wearable transducer was installed into the collimator coupled with
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ultrasound gel. Hydrophone was used to assess acoustic field distribution, and the
parameters of ultrasound stimulation were shown as follows (central frequency, 0.8
MHz; intensity, 0.15 or 0.3 MPa; pulse width, 500 ps; pulse repetition frequency, 1

kHz; stimulation duration, 300 ms; stimulation interval, 3 s).

2.2.5 Fiber photometry recording

Mice were kept under continuous anesthesia with approximately 1% isoflurane
throughout the entire experiment. A wire connected the recording system to the
implanted fiber, and the excitation wavelength for GCaMP6s and 5-HT2.1 was
approximately 480 nm. Another fiber linked the recording system with the ultrasound
stimulation system to synchronize the signals. The ultrasound transducer was placed
on the mPFC to monitor changes in fluorescent intensities in the DRN. In this study,

AF/F represented the 'fluorescence change,' calculated as (F-Fo)/Fo.

2.2.6 Chemogenetic inhibition

Mice heterologously overexpressing hM4D(Gi)-mCherry or mCherry were
subjected to a process of habituation, in which intraperitoneal injection with 120 pL
sterile saline was conducted daily for 1 week. Then, clozapine-N-oxide (CNO, Tocris,

MO, 1 mg/kg) was given before behavioral assessment.

2.2.7 Chronic restraint stress

In chronic restraint stress (CRS) protocol, mice were individually placed into 50 ml

conical tubes with manually drilled holes for ventilation for approximately 3 hours
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each day (total 14 days), while control mice remained in their home cages 7. After

each session, the restrained mice were promptly returned to cage .

2.2.8 Behavioral tests

Tail suspension test (TST).

In this protocol, mice were suspended 25 cm above the floor via attaching their tails
with adhesive tape ®". An observer blinded to animal treatments videotaped and
offline analyzed animal behaviors. “Immobility time” was the time that their body and
four limbs were still ¥, “Struggling time” was the time that strong movements of
body jerks and jumps were observed %,

Forced swim test (FST).

In this protocol, mouse was placed into a Plexiglas cylinder (12 cm in diameter and
25 cm in height) filled with water at 24 + 1 °C to a depth of 10 cm, allowing them to
swim freely for 6 minutes 8. An observer who is blinded to animal treatments
videotaped and offline analyzed animal behaviors. “Immobility time” was defined as
when the mouse was floating without moving or with slight kick for balance its body
190 «Struggling time” was the time that strong movements of their paws or legs to
escape the cylinder were exhibited 1%

Open field test (OFT).

In this protocol, mouse was individually put in the center of a cubic plastic chamber

(50 cm®) and allowed to move freely for 6 minutes °. Their behaviors were
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videotaped, and their speed during the 6-minute test session was measured using

ToxTrac software.

2.2.9 Immunofluorescence staining

After anesthesia, mice were transcardially perfused with PBS (Cat. no., 70011044,
Thermo Fisher Scientific Inc., Waltham, USA) followed by a 4% paraformaldehyde
(PFA) solution (Cat. no., sc-281692; Santa Cruz Biotechnology Inc., California, USA),
and brain was obtained and fixed with the 4% PFA solution overnight in a 4 °C
refrigerator. Coronal sections containing the mPFC or the DRN with a thickness of 40
pum were attained from the fixed brain by the vibrating microtome (VT1200S; Leica
Biosystems GmbH, Wetzlar, Germany). Slices were blocked with blocking solution
(10% normal goat serum + 1% BSA + 0.3% Triton in 1X PBS) for 90 min at room
temperature (RT) 1°2 and incubated with prepared primary antibody solution against c-
Fos (1:500; Cat. no., 2250; CST, Massachusetts, USA), Ibal (1:1000; Cat. no., 17198;
CST, Massachusetts, USA) or GFAP (1:1000; Cat. no., 12389; CST, Massachusetts,
USA) overnight in a 4 °C refrigerator. After washing, slices were incubated with
secondary antibodies (1:1000; anti-rabbit Alexa Fluor 488 or 633, Thermo Fisher
Scientific Inc., Waltham, USA) for around 90 min at RT. After washing, the sections
were placed on glass slides to dry naturally. Mounting medium with DAPI was then
applied, and the slides were covered with cover glass. The staining sections were
visualized by a confocal microscope and analyzed by an observer blinded to animal

treatments with ImageJ software.
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2.2.10 In vitro electrophysiological recordings.

After anesthetizing, the mouse was transcardially perfused with pre-cooled cutting
NMDG-HEPES artificial cerebrospinal fluid (ACSF). Following experiments, its
brain was quickly removed and sliced into 300 pm-thick coronal sections in pre-
cooled cutting ACSF with a pre-cooled vibrating microtome (VT1200S; Leica
Biosystems GmbH, Wetzlar, Germany). Sections containing the DRN were
transferred to the holding HEPES ACSF for ten min at an incubation chamber.
Subsequently, the sections were transferred to a recording chamber, where continuous
oxygenation perfusion was maintained. Then, neurons overexpressing hM4D(Gi)-
mCherry in the DRN were observed with an upright fluorescent microscope
(Olympus, Japan), and recorded by the patch pipettes with a resistance of ~5 MO. To
confirm the hM4D(Gi)-mediated inhibitory effect, action potentials were recorded.
After recording firing spikes for 3-5 min, 5 uM CNO (Tocris, MO) was bath-applied

for 2 min and subsequently washed.

Component (mM)  NMDG-HEPES ACSF Holding ACSF Recording ACSF

NMDG 92 / /
HCI 92 / /
NacCl / 92 124
KCI 2.5 2.5 2.5
NaH2PO4 1.2 1.2 1.2
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NaHCO3 30 30 24

HEPES 20 20 5
Glucose 25 25 12.5
Ascorbate 5 5 /
Thiourea 2 2 /
Pyruvate 3 3 /
MgS04.7H20 10 2 2
CaCl2.2H20 0.5 2 2

Table 2. The formula in patch clamp solution.

2.2.11 Hematoxylin and eosin staining

After anesthesia, mice were transcardially perfused with PBS (Cat. no., 70011044;
Thermo Fisher Scientific Inc., Waltham, USA) followed by a 4% paraformaldehyde
(PFA) solution (Cat. no., sc-281692; Santa Cruz Biotechnology Inc., California, USA).
Brain tissues were exacted and fixed with the 4% PFA solution for 24 hours in a 4 °C
refrigerator and then washed with PBS. Then, brain tissues were dehydrated using a
series of alcohol solutions with increasing concentrations (70%, 80%, 90%, 95%,
100%), cleared with xylene, and then embedded in paraffin. After the experiments,
coronal brain sections of 5 pm thickness were obtained from paraffin-embedded

blocks with a microtome (Leica RM2235) and stained by a hematoxylin and eosin
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stain kit (Solarbio G1121). After staining, sections were re-dehydrated with the
gradient alcohol, re-hyalinized with xylene, and mounted by resinene for microscopic

observation.

2.2.12 Data analysis

Data analysis and figure generation were conducted using GraphPad Prism 7.0,
while schematic illustrations were created with CoreIDRAW X8. For data analysis,
two-tailed unpaired t-tests were employed for comparisons between two experimental
groups, and two-way ANOVA with post-hoc Tukey tests were used for multiple group
comparisons. Bar charts present the mean =+ standard error of the mean (SEMs). P
values less than 0.05 were considered statistically significant, indicated as follows: * p
< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s., not significant. All

statistically significant relationships are depicted in the graphs.

2.3 Results and Discussion

2.3.1 Wearable ultrasound system and characteristics

For this study, a wearable transducer was first customized. The central frequency of
the transducer is 0.8 MHz, and it fabricated using PZT-5H/Epoxy 1-3 composite
material. Tungsten powder was mixed into the epoxy to fabricate the matching layer
of the transducer. Its physical dimensions included an outer diameter of 7.8 mm, and
the aluminum housing featured three protrusions designed to secure the transducer

within the collimator (Figure 15a, b). The collimator had a 5 mm aperture size (Figure
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15c¢). To drive the transducer, an electrical signal was generated with a function
generator and amplified by a radio frequency (RF) amplifier, similar to our previous
studies 1. The transducer output intensity and the acoustic distribution profile were
measured with a hydrophone scanning system, controlled by a 3D translational motor
system (Figure 15d). The lateral acoustic beam profile at 0.3 MPa output intensity,
measured 2 mm away from the collimator surface, is shown in Figure 15e. The
collimator was installed on the mouse head to align the ultrasound beam with the
mPFC right underneath, while the DRN was left uncovered by the collimator (Figure
15f, g). Then, the customized wearable transducer was installed into the collimator,
with ultrasound coupling gel filled in the intermediate space (Figure 15h). The
parameters of ultrasound stimulation in this study were: central frequency, 0.8 MHz;
pulse width, 500 ps; pulse repetition frequency, 1 kHz; stimulation duration, 300 ms;

stimulation interval, 3 s; pressure, 0-0.3 MPa (Figure 15i).
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Figure 15. Millimeter-scale ultrasound setup on mouse heads to sonogenetically

target region of interest. a) Schematic diagram of the ultrasonic transducer and

collimator. “(1)” indicates the wearable customized ultrasonic transducer. “(2)”
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indicates the ultrasonic collimator. b) Photograph for scale of the ultrasonic transducer
and collimator. ¢) Bottom view of the ultrasonic collimator (aperture size =5 mm). d)
Schematic diagram of the transducer scanning platform. RF, radio frequency; ADC,
analog-to-digital converter. e) Distribution of the acoustic field of the transducer in
the XY plane (0.3 MPa). f) Photograph illustrates the location above the mPFC and
DRN. g) Photograph showing the ultrasonic collimator’s alignment with the mPFC
without affecting the DRN. h) Photograph illustrating the customized wearable
transducer with collimator affixed to the head of a mouse, above the mPFC. i)

Illustration of ultrasound temporal profile applied in this study.

2.3.2 There were no obvious alterations in depression-related behaviors when

sonogenetic modulation of all excitatory neurons in the mPFC

Given the fact that the mPFC is a pivotal hub for stress responses and emotional
processing % together with previous observation of hypoactivity of the mPFC in
depression 1%, we aimed to utilize sonogenetic techniques to enhance the neuronal
activity in the mPFC to ameliorate depression-related behaviors. We chiefly
overexpressed MscL-G22S in the excitatory neurons in the mPFC under the control of
the CaMKlIla promoter. Following a week of recovery, mice were subjected to CRS
for consecutive 2 weeks and then ultrasonic collimators were mounted on the surface
of the skull aligned with the mPFC. A week later, mice were anaesthetized by
isoflurane to install the customized wearable transducer into the collimator, which

was coupled with ultrasound gel, and then depression-related behaviors, including
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TST, FST, and OFT, were examined when sonication of the mPFC after the mice fully
awake from isoflurane. Thereinto, TST, and FST are widely employed measurements
of despair-like behavioral states in rodents ®, and OFT is especially used here to
distinguish between despair-like behaviors and general locomotion alterations .
Surprisingly, neither tendency towards the alleviation of despair-like behaviors in the
FST and TST nor locomotion behavioral changes in the OFT was observed when
sonication (Figure 16). One interpretation of these results is that opposed actions
among different neuronal circuits projected by the excitatory neurons in the mPFC
may be offset and exhibited no net effect when observation *7. Previous studies
demonstrated the opposite roles of optogenetic activation of axonal terminals of
excitatory neurons in the mPFC projecting into the lateral habenula (LHb) (trigger)
and DRN (reversal) in despair-like states ’°. These observations suggested that driving
neuronal activity in a specific subclass of excitatory neurons in the mPFC may be

more effective in eliciting rapid antidepressant actions.
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Figure 16. Depression-related behavioral performance when sonogenetic
modulation of all excitatory neurons in the mPFC. a) The schematic illustration of
viral transduction protocol and ultrasound stimulation. Mice were infused bilaterally
in the mPFC with either AAV2/9-CaMKIla-MscL-EYFP or AAV2/9- CaMKIIa-EYFP.
Following a week of recovery, mice were subjected to the 2-week chronic restraint
stress procedure. Then an ultrasonic collimator was installed and aligned with the
mPFC. Another week later, the customized wearable transducer was installed into the
collimator and behavioral tests were conducted when sonication of the mPFC.
Ultrasound was ON from 15 minutes before behavioral tests to the end of it (a total of

21 minutes). b) MscL fluorescence in the mPFC. c-f) No obvious alteration in
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despair-like states was observed when sonication. n = 4-5 mice per group. ¢) The
immobile durations exhibited in the TST among Ctrl-US, MscL-US, Ctrl+US, and
MscL+US groups. d) The struggle durations exhibited in the TST among Ctrl-US,
MscL-US, Ctrl+US, and MscL+US groups. €) The immobile durations exhibited in
the FST among Ctrl-US, MscL-US, Ctrl+US, and MscL+US groups. f) The struggle
durations exhibited in the FST among Ctrl-US, MscL-US, Ctrl+US, and MscL+US

groups. g) The average velocity of mice in the OFT. n = 4-5 mice per group.

2.3.3 Sonogenetic modulation of DRN-projecting excitatory neurons in the mPFC

enhanced neuronal activity along this circuit

To enhance the efficacy, we targeted a more specific neuronal population and
overexpressed MscL-G22S into the excitatory neurons in the mPFC only projecting to
the DRN. First, monosynaptic retrograde transport virus encoding Cre recombinase
(AAV2/Retro-hSyn-Cre, which permits efficient retrograde access to projection
neurons %) was delivered into the DRN and Cre-dependent virus encoding MscL
(AAV-CaMKIIa-DIO-MscL-mCherry or -mCherry, which induces overexpression in
specific neuronal populations via Cre-activated “DIO” switch *7) into the mPFC. An
empty vector without MscL was used as a control, and the appropriate fluorescent
reporter was chosen to avoid overlapping with the genetic sensor. The DRN was also
made to express GCaMP6s (a genetically encoded calcium sensor*®®). To confirm the

sonogenetic modulation of this circuit specifically, an ultrasound transducer was
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assembled above the mPFC, and calcium activity in the DRN was monitored in real-
time through an implanted optical fiber during the sonication of the mPFC (Fig. 17a).
The MscL-expressing neurons in the mPFC and their axon terminals surrounding
the neuron overexpressed with GCaMP6s in the DRN were observed (Fig. 17b),
indicating the successful expression of those viruses abovementioned. We observed
that before ultrasound stimulation, MscL and Ctrl groups exhibited comparable levels
of GCaMP6s baseline fluorescence (Peak AF/F, Ctrl-US vs. MscL-US = 0.064 +
0.009 % vs. 0.065 = 0.010, p > 0.1, Fig. 17e). When ultrasound stimulation at 0.15
MPa, there were a few tendencies that MscL group exhibited higher GCaMP6s
fluorescence changes, but no statistical significance between Ctrl+US and MscL+US
groups (Peak AF/F, Ctrl+US vs. MscL+US = 0.061 + 0.014 vs. 0.093 + 0.031, p =
0.916, Fig. 17e). Interestingly, ultrasound stimuli of 0.3 MPa repeatedly induced
synchronous and repeatable elevation of GCaMP6s fluorescence intensity in the MscL
group with sub-second latency, while the Ctrl group showed no obvious responses
(Fig. 17c-e). The peak fluorescence change in the MscL group was significantly
enhanced in contrast to the Ctrl group at 0.3 MPa stimulation (Peak AF/F, Ctrl+US vs.
MscL+US: 0.070 + 0.013 % vs. 0.240 + 0.016 %, p = 2.90 x 10%, Fig. 17e),

indicating specific activation of the selected neurons and neural pathways.
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Figure 17. Sonogenetic modulation of DRN-projecting excitatory neurons in the
MPFC enhanced the neuronal activity in the DRN. a) Schematic illustration of
viral transduction and fiber photometry recording. b) Left: representative image
showing MscL-expressing neurons = red fluorescence and DAPI = blue fluorescence
in the mPFC; Right: representative image showing axon terminals from MscL-
expressing neurons of the mPFC = red fluorescence, Ca®* sensor GCaMP6s = green
florescence, and DAPI = blue fluorescence in the DRN. c) Representative traces of
GCaMP6s fluorescence changes in MscL (red) and Ctrl (blue) groups upon multiple
0.3 MPa ultrasound stimuli. d) The average GCaMP6s fluorescence signals from
panel c. e) Averaged peak change of GCaMP6s fluorescence (Peak AF/F). n = 3 mice

per group.

2.3.4 Sonogenetic modulation of DRN-projecting excitatory neurons in the mPFC

increased serotonin release in the DRN

To further observe the sonogenetic effects on serotonin release, an ultrasound
transducer was put aligned with the mPFC while the neuronal population in the DRN
was transfected 5-HT2.1 (a genetically encoded 5-HT sensor &) and optical fiber was
put into the DRN for recording alterations of 5-HT release when ultrasound
stimulation of the mPFC (Fig. 18a). The MscL-expressing neurons in the mPFC and
its axon terminals surrounding the neuron overexpressed with 5-HT2.1 in the DRN
were observed (Fig. 18b). Before ultrasound stimulation, MscL and Ctrl groups

exhibited comparable levels of 5-HT2.1 baseline fluorescence (Peak AF/F, Ctrl-US vs.
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MscL-US = 0.046 + 0.007 vs. 0.056 + 0.006, p = 0.996, Fig. 18e). When ultrasound
stimulation at 0.15 MPa, no obvious difference between Ctrl and MscL groups in 5-
HT2.1 fluorescence change were observed (Fig. 18e). Similarly, 0.15 MPa ultrasound
does not induce much calcium responses in the MscL group. However, 0.3 MPa-
ultrasound stimuli repeatedly induced synchronous elevation of 5-HT2.1 fluorescence
intensity in the MscL group, but not Ctrl group (Fig. 18c). The Peak AF/F of 5-HT2.1
fluorescence change (Peak AF/F, Ctrl vs. MscL: 0.088 + 0.023 % vs. 0.404 + 0.038 %,
p =7 x 10, Fig. 18e) in the MscL group were significantly enhanced in contrast to
the Ctrl group when ultrasound stimulation at 0.3 MPa. Thus, we found that 0.3 MPa
ultrasound stimuli delivered to the DRN-projecting excitatory neurons in the mPFC
induced sub-second, repeatable and reversible activity in the downstream DRN

neurons in real-time.
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Figure 18. Sonogenetic modulation of DRN-projecting excitatory neurons in the
MPFC enhanced serotonin release in the DRN. a) Schematic illustration of viral
transduction and fiber photometry recording. b) Left: Representative image showing
MscL-expressing neurons (red) and DAPI (blue) in the mPFC; Right: representative
image showing axon terminals from MscL-expressing neurons of the mPFC (red), 5-
HT2.1 (green), and DAPI (blue) in the DRN. c) Representative traces of 5-HT2.1
fluorescence change in the MscL (red line) and Ctrl (blue line) group when receiving
multiple 0.3 MPa ultrasound stimuli. d) The averaged 5-HT2.1 fluorescence signal
from panel c. e) The averaged peak change of 5-HT2.1 fluorescence (Peak AF/F). n =

3 mice in each group.

2.3.5 Sonogenetic modulation of the circuit from excitatory neurons in the mPFC

to the DRN enhanced the neuronal activity of this circuit

To further verify the sonogenetic activation of neurons in the mPFC and DRN, we
examined relative levels of c-Fos expression at 0.3 MPa. c-Fos is a biomarker of
activated neurons, thought to interact with other genes and mediate long-term changes
in neural functioning 8, in contrast to above fiber photometry experiments. Based on
our previous experiences, ~20-40 min ultrasound stimulation could induce c-Fos
increasement. Thus, we want to investigate the c-Fos expression in the mPFC and
DRN after 20 min sonication. We found that the number of c-Fos+ neurons in the
MPFC in the MscL+US group was profoundly higher than in Ctrl or -US groups (c-

Fos positive cells for Ctrl-US = 17 + 3.54, MscL-US = 21 + 4.13, Ctrl+US = 32 £
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5.83, MscL+US = 119 + 6.67, Fig. 2a, c). Similarly, c-Fos levels in the DRN were
significantly elevated in the MscL+US group compared to all others (c-Fos positive
cells for Ctrl-US = 11 + 1.84, MscL-US = 14 + 2.47, Ctrl+US = 22 + 3.16, MscL+US
=76 £ 3.14, Fig. 2b, d), likely because of the excitatory axonal projections from the
mPFC to this brain region. Taken together, these results show that sonogenetic
modulation of DRN-projecting excitatory mPFC neurons increased neuronal activity

in this circuit.

55



mCherry/c-Fos/DAPI

Ctrl-US MscL-US Ctrl+US Il MscL+US |

b Axon/c-Fos/DAPI

| Ctrl-US | MscL-US | Ctrl+US | MscL+US |
c Fokdok d *k ke k
T [ | I Jkkok ]
S | L
= 150- 'L**l :.4"? 100 Sk k.
€ 3 5 o
3 o 804
¢ mpec mow £ LR
g 100 o S 0
= [ MscL ]
P 2 401
3 50 3
+ + 20
S5 o o 0

+US (0.3MPa) +US (0.3MPa)

Figure 19. Sonogenetic modulation of the circuit from excitatory neurons in the
mPFC to the DRN enhanced the neuronal activity of this circuit. a) The
representative images show MscL-expressing neurons (red fluorescence) and c-Fos

expression (green fluorescence) in the mPFC. White arrows highlight the c-Fos
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positive signal within MscL-expressing neurons. b) The representative images depict
the axonal terminals in the DRN that originate from MscL-expressing neurons in the
mPFC (red fluorescence), along with c-Fos expression (green fluorescence) in the
DRN. c) Counts of c-Fos positive neuronal populations imaged in the mPFC among
Ctrl-US, MscL-US, Ctrl+US, and MscL+US groups. d) Counts of c-Fos positive
neuronal populations imaged in the DRN among Ctrl-US, MscL-US, Ctrl+US, and

MscL+US groups.

2.3.6 The successful establishment of the chronic restraint stress mouse model of

depression

We observed that 0.3MPa-ultrasound modulation of the DRN-projecting excitatory
neurons in the mPFC overexpressed with MscL-G22S enhanced the neuronal activity
and serotonin release in the DRN. We want to further investigate whether sonogenetic
modulation of this circuit can produce antidepressant actions. Before testing
sonogenetic modulation, we established CRS mouse model of depression (a typical
model of depression in rodents, which has been demonstrated to induce similar
alterations at the molecular and behavioral levels when compared to depressive
patients %). In this model, mice were put into a ventilated tube (many holes being
manually drilled on its surface) for approximately three hours daily for 14 consecutive
days as shown in the schematic illustration (Figure 20a). As a result, mice subjected to
CRS exhibited more time immobile and less time struggling in both the TST and FST

than the Ctrl group (Figure 20b-f) while their locomotion ability did not show obvious
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difference in the OFT, suggesting CRS procedure induced obvious depression-related

behaviors in mice.
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Figure 20. The establishment of the chronic restraint stress mouse model of

depression. a) The schematic illustration of mice subjected to CRS (~3 h per day for

14 consecutive days). b) The immobile durations exhibited in the TST among Control

and CRS groups (Con vs. CRS: 75.13 + 8.17s vs. 127.00 + 11.68 s, p = 0.0027). c)

The struggling time in the TST (Con vs. CRS: 113.10 + 6.49 svs. 71.50 + 7.89 s, p =

0.0015). d) The immobility time in the FST (Con vs. CRS: 70.00 + 7.99 s vs. 114.60 +

15.95 s, p = 0.0181). e) The struggling time in the FST (Con vs. CRS: 122.00 + 11.94

s vs. 81.29 + 13.22 s, p = 0.0389). f) No observed difference in the velocity in the

OFT was observed between Con and CRS groups (Con vs. CRS: 63.83 = 7.80 mm/s

vs. 68.86 £ 5.66 mm/s, p = 0.6050).
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2.3.7 Sonogenetic modulation of DRN-projecting excitatory neurons in the mPFC

elicited rapid antidepressant effects

Having observed that 0.3 MPa ultrasound stimulation of DRN-projecting, MscL-
expressing excitatory mPFC neurons enhanced neuronal activity and serotonin release
in the DRN. Furthermore, 0.3 MPa ultrasound stimulation of DRN-projecting, MscL-
expressing excitatory mPFC neurons induced c-Fos expression in the mPFC and DRN,
activating the targeted neuronal pathway. Thus, we next wanted to investigate whether
this sonogenetic approach could correspondingly change depressive-like behaviors in
awake mice. Following model establishment, we observed the real-time effects of
sonogenetically modulating DRN-projecting excitatory mPFC neurons on depression-
related behaviors in stressed mice (Fig. 21a). Mouse mPFCs were sonicated starting
15 minutes before, and all through the administration of, behavioral tests. MscL-
expressing neurons in the mPFC and their DRN-projecting axon terminals were
observed (Fig. 21b), indicating successful selective overexpression of these viruses.
When 0.3 MPa ultrasound stimulation, MscL+US mice spent significantly less
time immobile (immobile duration for Ctrl-US = 127 + 14.33 s, MscL-US = 131 +
12.86 s, Ctrl+US = 122 + 12.97 s, MscL+US = 59 £ 6.72 s, Fig. 21d) and more time
struggling (struggle duration for Ctrl-US = 55 + 6.88 s, MscL-US = 62 + 6.80 s,
Ctrl+US = 65 + 6.03 s, MscL+US = 101 £ 7.39 s, Fig. 21e) in the TST (Fig. 21c) than
the MscL-US group and both Ctrl groups. Similarly, mice in the MscL+US group also
exhibited less immobility time (immobile duration for Ctrl-US = 143 + 10.97 s,

MscL-US =132 £ 9.31 s, Ctrl+US = 138 + 8.40 s, MscL+US = 75 + 7.61 s, Fig. 219)
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and more struggling time (struggle duration for Ctrl-US = 51 + 6.74 s, MscL-US = 59
+ 6.44 s, Ctrl+US =57 £ 5.48 s, MscL+US = 93 + 6.94 s, Fig. 21h) in the FST (Fig.
21f). In addition, an open field test (OFT) showed no obvious differences in
locomotion ability among these four groups (Fig. 3i-k), excluding the potential
confound of locomotor alterations when interpreting despair-like states in the TST and
FST. These observations suggest sonogenetic modulation of DRN-projecting
excitatory neurons in the mPFC ameliorated despair-like behaviors (a core symptom

in depression) in stressed mice.
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Figure 21. Sonogenetic modulation of DRN-projecting excitatory mPFC neurons

elicits rapid antidepressant effects. a) Schematic illustration of viral transduction

and ultrasound stimulation protocols. CRS was administered ~3 hrs/day for 14 days.

0.3 MPa ultrasound stimulation was applied starting 15 minutes before behavioral

tests until the end of 6-minute test sessions in awake mice. b) MscL-expressing

neurons (red) in the mPFC and their axon terminals in the DRN. c-e) Tail suspension

test (TST) with/without ultrasound. c) Illustration of struggling and immobility
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behaviors exhibited in the TST. d) Mean TST immobility time displayed by mice in
each group. e) Mean TST struggling times displayed by mice in each group. f-h)
Forced swim test (FST) with/without ultrasound. f) Illustration of struggling and
immobility behaviors exhibited in the FST. g) Mean FST immobility time displayed
by mice in each group. h) Mean FST struggling time displayed by mice in each group.
i-k) Open field tests (OFTs) showing groups’ roughly similar locomotion ability. i)
Schematic illustration of OFT box setup (50 x 50 x 50 cm). j) Representative
locomotion traces of mice from each group. k) Mean calculated velocity of mice in

each group.

2.3.8 Activation of DRN neurons is necessary to elicit antidepressant effects

through sonogenetic stimulation of the mPFC-DRN circuit

We observed that sonogenetic modulation of DRN-projecting excitatory neurons in
the mPFC increased neuronal activity along the circuit and reversed despair-like
behaviors in real-time. To further ascertain the role of DRN neurons in mediating the
antidepressant action, the circuit was blocked downstream of the site of stimulation by
chemogenetically inhibiting the activity of DRN neurons. Briefly, DRN-projecting
mPFC excitatory neurons were transduced with MscL, and the activity of DRN
neurons was controlled via a chemogenetic approach. AAVs encoding engineered Gi-
coupled hM4D receptor (AAV-hSyn-hM4D-mCherry) were delivered into the DRN
(Fig. 22a) and clozapine-N-oxide (CNO) was injected intraperitoneally to activate the

hM4D receptor, thereby engaging the Gi signaling pathway and inhibiting neuronal
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activity 2%, The presence of MscL-expressing mPFC neurons and their axon terminals
surrounding hM4D-overexpressing DRN neurons were observed via fluorescent
microscopy (Fig. 22b), indicating successful expression of these viruses. The efficacy
of hMA4D(Gi)-mediated inhibition was further confirmed via ex vivo
electrophysiological patch clamp (Fig. 22c-d). Firstly, we choose neurons with red
fluorescence in the DRN, which represented the successful expression of hM4D(Gi)
protein. When stable recording it for several minutes, CNO was given to the perfusion
solutions and arrived at the recording chamber. We found that CNO bath dramatically
reduced the frequency of action potentials (APs) in the recorded neuron. After
washing out, it recovered and elicited more APs which were quite similar to the state
before CNO bath. These results exhibited obvious and reversible inhibition effects of

this chemogenetic system.

Following this, depression-related behaviors during sonogenetic modulation of the
mPFC-to-DRN pathway when chemogenetic inhibition of DRN neurons were
examined in stressed mice. In behavioral tests in vivo, no significant differences were
found in baseline despair-like behaviors between Ctrl and hM4D (with CNO) without
ultrasound stimulation (Ctrl-US and hM4D-US) (Fig. 22e-h). However, upon
ultrasound stimulation following 30 min of CNO administration, hM4D mice
exhibited significantly more immobility time in the TST (hM4D+US (30 min post
CNO) vs. Ctrl+US (30 min post CNO): 131 + 8.11 s vs. 60.33 = 6.91 s, p = 0.0001,
Fig. 22e) and less struggling time (hM4D+US (30 min post CNO) vs. Ctrl+US (30

min post CNO): 55.83 £ 7.01 s vs. 98.67 £ 7.58 s, p = 0.01 Fig. 22f). Similarly, in the
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FST, the hM4D+US (30 min post CNO) group spent significantly more time
immobile (hM4D+US (30 min post CNO) vs. Ctrl+US (30 min post CNO): 125.3 £
8.40 s vs. 64.17 £ 7.11 s, p = 0.0003, Fig. 22g) and less time struggling (hM4D+US
(30 min post CNO) vs. Ctrl+US (30 min post CNO): 58.17 = 5.59 s vs. 106.70 £ 5.70
s, p = 0.0002, Fig. 22h). These results indicate that artificially silencing DRN neurons
blocked the antidepressant actions of sonogenetic stimulation along the mPFC-DRN
circuit. Furthermore, when neurons were allowed 3 days to metabolize the CNO and
then stimulated with ultrasound, hM4D and Ctrl groups showed comparable
immobility and struggling times in both tests, suggesting the observed phenomenon in
the hM4D group was not due to damage from chemogenetic treatment (Fig. 22e-h).
This point was emphasized by post-experiment OFTs, which showed no significant
differences in the general locomotion ability among these groups (Fig. 22i).

Taken together, these data show that inhibiting DRN neurons abrogated the
antidepressant effects of sonogenetically modulating the mPFC-DRN circuit. This
finding indicates that the observed effects of the MscL-mediated sonogenetic
stimulation in the present study were effectuated through the specific activation of the

mPFC-DRN circuit.
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Figure 22. Activating DRN neurons is necessary for the antidepressant action of
sonogenetically modulating the mPFC-DRN circuit. a) Schematic illustration of
the viral transduction scheme. b) Representative images in the mPFC (left, MscL-
expressing neurons = green, scale bar = 200 pm) and the DRN (right, hM4D-
expressing DRN neurons = red; axon terminals from MscL-expressing DRN-
projecting mPFC neurons = green, scale bar = 200 um). c) DIC, fluorescent, and
merged images of recorded hM4D-expressing DRN neurons (scale bar = 10 um) in ex
vivo patch clamp experiments. d) Representative traces showing the inhibitory effects
of CNO on hM4D-expressing DRN neurons. €) Mean TST immobility time of
different groups. f) Mean TST struggling time of different groups. g) Mean FST
immobility time of different groups. h) Mean TST struggling time of different groups.
i) Mean OFT velocities of different groups. n = 6 mice per group.
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2.3.9 Functional silencing of 5-HTPRN neurons blocked the antidepressant effects
when sonogenetic modulation of DRN-projecting excitatory neurons in the

mPFC

DRN houses many serotoninergic neurons abovementioned, and we found that
activation of DRN neurons is essential to elicit antidepressant-like actions via
sonogenetic modulation of DRN-projecting excitatory mPFC neurons. Going even
further, we also studied the effect of sonogenetically modulating the circuit upon
depression-related behaviors when 5-HTPRN neurons were synaptically inactivated
with tetanus toxin 2°1. To be specific, we inactivated them by injecting AAV carrying
tetanus toxin light chain, which was used to inhibit neurotransmitter release, into the
DRN and examined depression-related behaviors when sonogenetic modulation of the
DRN-projecting excitatory neurons in the mPFC in stressed mice. After viral
expression, the MscL-expressing neurons in the mPFC and its axon terminals
surrounding the neurons overexpressed with TetTox in the DRN were observed with
fluorescent microscope (Fig. 24a). We did not observe any difference in baseline
despair-like behavioral performance, either the immobility time and struggling time in
the TST (Fig. 24b, ¢) or FST (Fig. 24d, e), between the mCherry- and TetTox-
expressing stressed mice without ultrasound stimulation (Ctrl-US and TetTox-US).
Interestingly, mCherry-expressing mice exhibited less immobility time (Fig. 24b) and
more time struggling (Fig. 24c) in the TST than TetTox-expressing mice when
sonication. The Ctrl+US group also spent less time immobile (Fig. 24d) and more

time struggling (Fig. 24e) in the FST than TetTox+US group. Following
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experimentation, we examined the general locomotion activity and found no observed

difference in the velocity in the OFT among these four groups (Fig. 24f).

Collectively, these observaions show that inhibiting the synaptic function of 5-

HTPRN neurons abrogated the antidepressant effects of sonogenetically modulating the

mPFC-DRN circuit. These observations indicate that the observed effects of the

MscL-mediated sonogenetic stimulation in the present study were effectuated through

the specific activation of the mPFC-DRN circuit. This finding underlines the ability of

this approach to stimulate the targeted neuronal population, activate specific

mesoscale neuronal circuits, and elicit changes in behavior patterns, which may be

beneficial in the disease context.
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Figure 23. Functional silencing of 5-HTDRN neurons blocked the antidepressant

effects when sonogenetic modulation of DRN-projecting excitatory neurons in

the mPFC. AAV-CaMKIlo-DIO-MscL-EGFP and AAV2/retro-hSyn-Cre were
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delivered into the mPFC and DRN, respectively. Following one week of recovery,
mice were exposed to CRS and then AAV-TPH2-TetTox-mCherry or controlled AAV-
TPH2-mCherry was injected into the DRN in CRS mice. Ultrasonic collimator and
transducer were installed and aligned with the mPFC. Ultrasound was applied 15
minutes before, and all through the duration of, the 6-minute tests. a) Representative
image of viral expression the DRN (TetTox-expressing neurons = red, axon terminals
from MscL-expressing neurons of the mPFC = green. b) Mean TST immobility time
(Ctrl+US vs. TetTox+US, Ctrl-US, TetTox-US: 55.50 = 7.79 s vs. 118.00 + 15.29 s,
107.30 £8.38 s, 111.20 £ 11.86 s; p = 0.0112, p = 0.0364, p = 0.0170). ¢) Mean TST
struggling time (Ctrl+US vs. TetTox+US, Ctrl-US, TetTox-US: 116.80 £ 7.22 s vs.
66.50 + 10.68 s, 69.25 £ 10.36 s, 57.52 + 7.57 s). d) Mean FST immobility time
(Ctrl+US vs. TetTox+US, Ctrl-US, TetTox-US: 77.25 + 7.83 s vs. 143.30 = 14.80 s,
126.30 + 9.14 s, 142.60 + 11.14 s). e) Mean FST struggling time (Ctrl+US vs.
TetTox+US, Ctrl-US, TetTox-US: 125.30 + 12.89 s vs. 62.50 + 9.18 s, 69.25 + 10.36 s,

57.20 = 7.57 s). f) Mean velocities measured from OFT.

2.3.10 Sonogenetic modulation is safe at the cellular and tissue level

To examine the safety of sonogenetic modulation at the cellular level, we stained
glial fibrillary acidic protein (GFAP) and ionized calcium-binding adapter molecule 1

202 and astrocytes 2%, The abnormal

(Ibal), which are typical biomarkers of microglia
activation of these cell types has been widely identified as an early indicator of

adverse inflammatory responses 2%, As shown in Fig. 23a-c, there was no observed
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difference in morphology or cellular numbers of astrocytes and microglia among
MscL+US, Ctrl+US, MscL-US, and Ctrl-US groups, indicating there are no severe

inflammatory responses after sonogenetic modulation.
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Figure 24. Sonogenetic modulation of the mPFC-DRN circuit did not influence
the activity of astrocytes or microglia. a) Representative images of GFAP (upper
panel, red fluorescence) and Ibal (lower panel, green fluorescence) in the mPFC
among Ctrl-US, MscL-US, Ctrl+US, and MscL+US groups. b) Counts of GFAP-
positive cells in the mPFC among Ctrl-US, MscL-US, Ctrl+US, and MscL+US
groups. ¢) Counts of Ibal-positive cells in the mPFC among Ctrl-US, MscL-US,

Ctrl+US, and MscL+US groups.
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In addition, the mPFC sections were procured and stained with H&E to examine
the safety of our sonogenetic approach at a tissue level. Neuronal axons were found to
be clear without signs of loss or damage after sonogenetic modulation (Figure 24). No
abnormal alterations in the morphology of neurons were observed. There’s no
detectable tissue damage after sonogenetic modulation. Taken together, these
observations suggest that the outlined sonogenetic approach was capable of activating
the targeted neuronal populations without inducing obvious microglia/astrocytes

activation or tissue damage.

.

| Ctrl-US \ MscL-US Il Ctrl+US I MscL+US |

Figure 25. No detectable tissue damage in the mPFC after sonogenetic
modulation. H&E representative images in the mPFC among Ctrl-US, MscL-US,

Ctrl+US, and MscL+US groups.
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CHAPTER 3: Sonogenetic modulation of serotonergic neurons in the

DRN elicited rapid antidepressant actions

3.1 Introduction

Our observations indicate that sonogenetic modulation of the circuit from
excitatory neurons in the mPFC to the DRN enhanced the neuronal activity within this
circuit and resulted in rapid antidepressant effects. Moreover, we discovered that
chemogenetic inhibition of DRN neurons counteracted these antidepressant effects
when modulating the circuit, suggesting activating DRN neurons is essential to elicit
antidepressant-like effects. The DRN, which houses the largest serotonergic neuronal
populations in CNS, has been strongly associated with depression 838520 Previous
studies also suggested DBS of the mPFC produced a significant amelioration in
despair-like behaviors, and this improvement was entirely abrogated when depleted
the serotonin 2%, Thus, we wanted to further investigate whether direct sonogenetic
modulation of serotoninergic neurons in the DRN (5-HTPRN) can produce

antidepressant actions.

3.2 Materials and methods

3.2.1 Mice

The animals used here were the same as previously described in Part 2.2.1.
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3.2.2 Viral Vectors

AAV2/9-TPH2-Mscl-G22S-F2A-EGFP, AAV2/9-TPH2-Mscl-G22S-F2A-mCherry,
AAV2/9-TPH2-EGFP, AAV2/9-TPH2-mCherry, AAV2/9-hSyn-NES-JRGECO1a,

AAV2/9-hSyn-5HT2.1 were diluted into 1 x 102 vg/ml for using.

Company Virus Experimental Purpose

BrainVTA AAV2/9-TPH2-Mscl-G22S-F2A-  Overexpress MscL-EGFP into

EGFP or AAV2/9-TPH2-EGFP serotoninergic neurons in the DRN

BrainVTA AAV2/9-TPH2-Mscl-G22S-F2A- Overexpress MscL-mCherry into
mCherry or AAV2/9-TPH2- serotoninergic neurons in the DRN

mCherry

BrainVTA AAV2/9-hSyn-NES-JRGECOla  Record calcium activity in the DRN

BrainVTA AAV2/9-hSyn-5HT2.1 Record serotonin release in the

DRN

Table 3. The usage of the virus in Chapter 3.

3.2.3 Stereotaxic surgery

Mice were fixed on apparatus and their scalp was removed by a sterile surgical
blade to expose bregma and lambda. After cleaning and leveling the skull, we injected
the virus into the DRN and implanted optical fibers or installed ultrasonic collimators
as depicted in Part 2.2.3. Fiber photometry or behavioral tests were conducted on

mice at least 7 days after surgery.
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3.2.4 Ultrasound system and stimulation

The customized wearable transducer was installed into the collimator coupled with
ultrasound gel for all awake behavioral tests. The commercial ultrasonic transducer
was mounted upon the skull above the DRN when conducted fiber photometry
recording in the DRN under anesthesia. The parameters of ultrasound stimulation
were shown as follows (central frequency, 0.8 MHz; intensity, 0.11 or 0.25 MPa;
pulse width, 500 ps; pulse repetition frequency, 1 kHz; stimulation duration, 300 ms;

stimulation interval, 3 s).

3.2.5 Fiber photometry recording

A wire was used to connect the implanted fiber and the recording system, and the
excitation wavelength for JRGECOla and 5-HT2.1 was 570 nm and 480 nm,
respectively. Another fiber-optic patch cord was used to connect the recording system
and ultrasound stimulation system to synchronize signals. The ultrasound transducer
was put upon the DRN while recording the alteration of florescent intensities in the

DRN. Data was collected and analyzed as previously described in Part. 2.2.5.

3.2.6 Chronic restraint stress and behavioral test

The CRS mouse model of depression and behavioral tests conducted here were the

same as previously described in Part 2.2.7 & 2.2.8.
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3.2.7 Immunofluorescence staining

After anesthesia, mice were perfused with PBS (Cat. no., 70011044; Thermo Fisher
Scientific Inc., Waltham, USA) followed by a 4% paraformaldehyde (PFA) solution
(Cat. no., sc-281692; Santa Cruz Biotechnology Inc., California, USA), and brain was
exacted and put inro a 4% PFA solution overnight in a 4 °C refrigerator. Coronal
sections containing the DRN with a thickness of 40 um were attained from the fixed
brain by the vibrating microtome (VT1200S; Leica Biosystems GmbH, Wetzlar,
Germany). Slices were blocked with prepared blocking for 90 min at RT and covered
by prepared primary antibody solution (TPH2, 1:1000, Cat. no., 51124, CST,
Massachusetts, USA,; c-Fos, 1:1000, Cat. no., 2250, CST, Massachusetts, USA; Iba-1,
1:1000; Cat. no., 17198, CST, Massachusetts, USA; GFAP, 1:500, Cat. no., 12389,
CST, Massachusetts, USA) overnight in a 4 °C refrigerator. After washing, slices were
incubated with anti-rabbit Alexa Fluor 555 plus or 633 secondary antibodies (1:1000;
Thermo Fisher Scientific Inc., Waltham, USA) for 90 min at RT. Then, sectioned were

dried and mounted as previously descripted in Part. 2.2.9.

Primary antibody Secondary antibody Brain region

TPH2 Alexa Fluor 555 The DRN
c-Fos Alexa Fluor 633 The DRN
Ibal Alexa Fluor 555 The DRN
GFAP Alexa Fluor 633 The DRN
c-Fos Alexa Fluor 488 The AC

Table 4. The usage of antibodies in Chapter 3.
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3.2.8 Hematoxylin and eosin staining

The method of HE staining conducted here was the same as previously described in

Part 2.2.10.

3.2.9 Data analysis

Data analysis principles applied in this chapter were the same as Part 2.2.11.

3.3 Results and discussion

3.3.1 Verification of the efficacy of virus with mouse Tph2 promoter

The largest present site of serotonergic neurons is the DRN, consisting of around
one-third of all serotonergic neurons in CNS 8., In the DRN, serotonergic neurons
approximately account for 30%-50% of all neurons, and there are non-serotonergic
neurons as well, such as glutamatergic, dopaminergic, and GABAergic neurons 27, It
was reported that optogenetic stimulation of non 5-HTPRN neurons instead of 5-
HTPRN neurons, induced reward-related behavior (drug-seeking behavior) 2%, Apart
from neurons, the DRN contains non-neuronal cells, like astrocytes, oligodendrocytes,
microglia, and other non-neuronal cells 8. Both animal and clinical studies found
abnormal activation of microglia in the DRN contributed to the development of
depression 47, suggesting that cellular populations in the DRN are anatomically and
neurochemically diverse, relating to different behavioral paradigms.

Regarding depression treatment, we aim to specifically activate 5-HTPRN neurons

with sonogenetic modulation and observe depressive-like behaviors in mice. To
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achieve it, we first exogenously overexpressed MscL-G22S into serotoninergic
neurons in the DRN via injecting adeno-associated virus (AVV) bearing MscL-G22S
into the DRN (rAAV-TPH2-Mscl-G22S-F2A-EGFP-WPRE-pA or rAAV-TPH2-
EGFP-WPRE-pA). The TPH serves as the rate-limiting enzyme in serotonin’s
synthesis and includes two isozymes, i.e., TPH1 and TPH2 2%, TPH1 is rich in the gut,
while TPH2 is only expressed within brain and its gene Tph2 is commonly used as a
specific promoter for investigating the function of serotoninergic neurons 842, After
injecting the virus, the expression of MscL-expressing neurons with green
fluorescence was observed in the DRN (Figure 25), suggesting the virus was
successfully infused into the DRN. To further verify Tph2 promoter’s efficacy, we
stained TPH2 with an antibody and observed the co-expression of TPH2 and EGPF in
the DRN by confocal microscope. The green, red, and orange fluorescence
represented the EGPF, TPH2, and co-expression of EGPF and TPH2, respectively
(Figure 25). The percentage of TPH2 and GFP co-positive neurons in GFP+ neurons
in EGFP control and MscL group are 91.9+1.8% and 89.3+2.5%, respectively (Figure
25), suggesting the majority of neuronal population expressed green fluorescence are

serotoninergic neurons.
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Figure 26. AAVs carrying the Tph2 promoter efficiently transduced serotonergic
neurons in the DRN. a) The schematic illustration of viral transfection. AAV-TPH2-
MscL-EGFP or AAV-TPH2-EGFP were delivered into the DRN, and DRN-containing
coronal sections were attained for staining by anti-TPH2 antibodies after one month.
After staining, the colocalization of TPH2 and MscL-EGFP or EGFP was observed
with confocal microscopy. b) Representative images expressed EGFP fluorescence

and stained TPH2 in the DRN. ¢) The percentage of TPH2 and EGFP double-positive
77



cells in EGFP-positive cells (left: EGFP group; right: MscL-EGFP group). n = 3 mice

per group.

3.3.2 Sonogenetic modulation of 5-HTPRN enhanced the neuronal activity in the

DRN

To investigate whether ultrasound stimulation can induce real-time neuronal
activation, we co-injected AAVs for expressing JRGECO1a (a genetically encoded
calcium sensor with red fluorescence 2%°; rAAV-hSyn-NES-jRGECO1a-WPRE-hGH-
pA) with AAVs for expressing MscL or EGFP (the same as the above virus) in the
DRN and then implanted the optical fiber over the DRN. Four weeks later, the red
fluorescence signal was measured in vivo when sonication (shown in the schematic
illustration, Fig. 26a). The massive colocalization between red fluorescence signals
representing neurons overexpressed jRGECOla and green fluorescence signals
representing neurons overexpressed with MscL or EGFP was observed (Fig. 26b).
Before ultrasound stimulation, both Ctrl and MscL mice exhibited similar baseline
fluorescence (Peak AF/F, MscL vs. EGFP: 0.093 £ 0.022 % vs. 0.075 = 0.015 %, p =
0.5142, Fig. 26d). When sonication at 0.11 MPa, there are no obvious changes of the
JRGECOla fluorescence intensity between MscL and Ctrl groups (Peak AF/F, MscL
vs. EGFP: 0.115 *+ 0.019 % vs. 0.082 = 0.012 %, p = 0.1577, Fig. 26d). But 0.25
MPa-ultrasound stimuli repeatedly induced synchronous elevation of JRGECOla
fluorescence intensity in MscL group, but not EGFP group (Fig. 26¢). And the Peak

AF/F in MscL+US group was significantly increased when compared with EGFP+US
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group at 0.25 MPa ultrasound stimulation (Peak AF/F, MscL vs. EGFP: 0.365 + 0.029 %
vs. 0.072 + 0.020 %, p = 2.4 x 10°°, Fig. 28d). These observations collectively suggest
sonogenetic stimulation was capable of real-timely increasing the calcium activity in

the DRN.
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Figure 27. The neuronal activity in the DRN when sonogenetic modulation of 5-
HTPRN neurons. a) The schematic illustration of viral transduction and fiber
photometry. Four virus expressions, the alteration of red fluorescence intensity was
measured in vivo when ultrasound stimulation. b) Representative images of the DRN
overexpressed with JRGECO1a and MscL or EGFP. Green, red, and blue fluorescence
indicate MscL- or EGFP-expressing neurons, jRGECOla signal, and DAPI,
respectively. The dashed rectangle indicates the location of the fiber. c, d) Ultrasound
stimulation increased neuronal activity in the DRN. Blue and red colors indicated
EGFP (n = 6 mice) and MscL (n = 4 mice) groups, respectively. ¢) Representative

JRGECO1a fluorescence traces of MscL- and EGFP-expressing mice when received 5
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pulses of 0.25 MPa ultrasound stimulation (left) and averaged jRGECOla
fluorescence signal from the left panel (right). d) The averaged peak change of
JRGECOla fluorescence (Peak AF/F) in response to 0, 0.11, 0.25 MPa ultrasound

stimulation.

3.3.3 Sonogenetic modulation of 5-HTPRN enhanced the serotonin release in the

DRN

Given previous observation that 5-HT neurons extend richly branching axon
collaterals to the DRN 2! and the well-known biological phenomenon that increased
neuronal activities lead to enhanced neurotransmitter release 22, we further observed
serotonin release in the DRN when ultrasound stimulation. We co-injected a 5-HT
sensor and AAVs for expressing MscL into the DRN and then installed the fiber
(shown in the following schematic illustration, Fig. 27a). The massive colocalization
between green fluorescence signals representing neurons overexpressed 5-HT2.1 and
red fluorescence signals representing neurons overexpressed with MscL or mCherry
was observed (Fig. 27b). Following experiments, the change of green fluorescence
intensity was measured in vivo when sonication. There is no obvious difference in the
baseline fluorescence before ultrasound stimulation between MscL and mCherry
groups (Peak AF/F, MscL vs. mCherry: 0.054 + 0.020 % vs. 0.048 = 0.009 %, p =
0.7947, Fig. 27d). In addition, no significant change of the 5-HT fluorescence
intensity between MscL and mCherry groups was detected when ultrasound

stimulation at 0.11 MPa (Peak AF/F, MscL vs. mCherry: 0.114 £+ 0.022 % vs. 0.063 +
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0.015, p = 0.1085, Fig. 27d). But 0.25 MPa-ultrasound stimuli synchronously induced
the enhancement of the 5-HT fluorescence intensity in MscL group, but not mCherry
group (Fig. 27c). And 5-HT fluorescence intensity was elevated in the MscL group,
instead of mCherry, when ultrasound stimulation at 0.25 MPa (Peak AF/F, MscL vs.
mCherry: 0.482 + 0.028 % vs. 0.078 * 0.026, %, p = 1.7 x 10°, Fig. 27d).
Collectively, sonogenetic modulation of the 5-HTPRN neurons increased the neuronal

activity and serotonin release in the DRN in a real-time manner.

b

Q@ AAV-TPH2-Mscl-mCherry or -mCherry
& 5-HT2.1

J—Fiver

/5-HT2.1/mCherry/DAPI

.

" bRN

Ultrasound

4 weeks Iaterl
Stimulation

C d 0.71 Fokkk
-
0.6- °
! F0.51

& 0.4

e

< 0.3

3

& 0.2
0.1
0.0-

0.1 0.
Ultrasound Pressure (MPa)

Figure 28. The real-time serotonin release in the DRN when sonogenetic
modulation. a) The schematic illustration of viral transduction and fiber photometry.
AAV-hSyn-5-HT2.1 and AAV-TPH2-MscL-mCherry or AAV-TPH2-mCherry were
delivered to the DRN and then fibers were installed. Four weeks later, the alteration of
green fluorescence intensity was measured in vivo when ultrasound stimulation. b)
Representative images of the DRN overexpressed with a 5-HT sensor and MscL or

mCherry. Green, red, and blue fluorescence indicate the signal of the 5-HT sensor,
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MscL- or EGFP-expressing neurons, and DAPI, respectively. The dashed rectangle
indicates the location of the fiber. ¢, d) Ultrasound stimulation induced the release of
serotonin in the DRN. Blue and red colors indicated the mCherry (n = 4 mice) and
MscL (n =5 mice) groups, respectively. c) Representative 5-HT fluorescence traces of
MscL- and mCherry-groups when receiving multiple pulses of 0.25 MPa ultrasound
stimulation (left) and averaged 5-HT fluorescence signal from the left panel (right). d)
The average peak change of 5-HT fluorescence (Peak AF/F) in response to 0, 0.11,

0.25 MPa ultrasound stimulation.

3.2.4 Sonogenetic modulation of the 5-HTPRN neurons rapidly reversed despair-

like behaviors

We have observed that sonogenetic modulation of the 5-HTPRN neurons increased
neuronal activity and enhanced serotonin release in the DRN in a real-time manner.
Following experiments, we want to further investigate whether sonogenetic
modulation of them can rapidly ameliorate depression-related behaviors. To target 5-
HTPRN neurons, we infused AAVs carrying either MscL-EGFP or EGFP with Tph2
promoter into the DRN. Following recovery, mice were subjected to CRS for 14
successive days. Then an ultrasonic collimator was installed above the DRN. Another
week later, the customized wearable transducer was installed into the collimator
coupled with ultrasound gel, and depression-related behaviors were observed when
sonication. When comparing MscL-US with the Ctrl-US group, we didn’t observe

obvious behavioral changes either in TST or FST (Fig. 28c-f), indicating our
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sonogenetic tool MscL didn’t affect the baseline of despair-like states in our setup.
Importantly, when applying ultrasound stimulation, MscL-expressing mice spent
significantly less time immobile (MscL+US vs. Ctrl+US: 53.29 + 13.74 s vs. 134.60 £
1451 s, p = 0.0009, Fig. 28c) and more time struggling (MscL+US vs. Ctrl+US:
141.40 £ 12.11 s vs. 58.14 + 10.82 s, p = 2.1 x 10, Fig. 28d) in the TST than EGFP-
expressing mice. Mice in the MscL+US group also exhibited less immobility time
(MscL+US vs. Ctrl+US: 58.50 £+ 10.28 s vs. 121.40 + 18.02 s, p = 0.0373, Fig. 28e)
and more struggling time (MscL+US vs. Ctrl+US: 129.10 + 15.17 s vs. 76.00 £ 13.23
s, p = 0.0367, Fig. 28f) in the FST than mice in Ctrl+US group. But the velocity of
movement in the OFT among these groups showed no obvious difference (Fig. 28g).
These observations suggest that sonogenetic modulation of 5-HTPRN neurons can

rapidly reverse despair-like behaviors in stressed mice.
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Figure 29. Sonogenetic modulation of 5-HTPRN neurons rapidly reversed despair-
like behaviors. a) The schematic illustration of viral transduction and ultrasound
stimulation. AAV-TPH2-MscL-EGFP or AAV-TPH2-EGFP were delivered into the
DRN. Following recovery, mice were subjected to CRS for 14 days. Then an
ultrasonic collimator was installed above the DRN. Another week later, the
customized wearable transducer was installed into the collimator and depression-
related behavioral tests were conducted when sonication. b) MscL fluorescence with
DAPI in the DRN. c-f) Sonogenetic modulation of 5-HTPRN neurons reversed despair-
like behaviors. ¢) The immobility time in the TST among Ctrl-US, MscL-US,
Ctrl+US, and MscL+US groups. d) The struggling time in the TST among Ctrl-US,

MscL-US, Ctrl+US, and MscL+US groups. €) The immobility time in the FST among
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Ctrl-US, MscL-US, Ctrl+US, and MscL+US groups. f) The struggling time in the FST
among Ctrl-US, MscL-US, Ctrl+US, and MscL+US groups. g) The speed in the OFT

among Ctrl-US, MscL-US, Ctrl+US, and MscL+US groups.

3.3.5 Sonogenetic modulation of 5-HTPRN neurons enhanced the neuronal activity

in the DRN in stressed mice

To further confirm the select specificity of sonogenetic modulation targeting 5-
HTPRN neurons, we examined whether the activated neurons are MscL-expressing
neurons. We found that sonogenetic modulation significantly elevated c-Fos protein in
the DRN (MscL+US vs. Ctrl+US, MscL-US, Ctrl-US: 81.50 £ 5.92 vs. 32.33 + 5.40,
28.20 + 5.21, 22.60 + 4.76, p = 1.6 x 10°, 1.0 x 10°, 2.6 x 10 Fig. 29a, b).
Importantly, the colocalization between c-Fos positive and green EGFP fluorescence
signals in the MscL+US group (67.78 £ 3.60%) was significantly higher than the
Ctrl+US group (21.39 + 3.74%, p = 2.1 x 10'®), MscL-US group (17.60 + 2.85%, p =
1.3 x 10°®), and Ctrl-US group (18.55 + 1.86%, p = 1.8 x 10°®) (Fig. 29a, c), indicating
the activated neurons by sonogenetic modulation are mainly MscL-expressing
neurons. In addition, MscL-transfected neurons are chief serotonergic neurons as
verified by staining TPH2 as described in part 3.3.1. These results indicate that
sonogenetic neuromodulation of 5-HTPRN neurons specifically enhanced the activity

of 5-HTPRN heurons.
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Figure 30. Sonogenetic modulation of 5-HTPRN neurons elevated their neuronal
activity. a) The images which showed c-Fos protein in the DRN among Ctrl-US,
MscL-US, Ctrl+US, and MscL+US groups. Green, red, and blue fluorescence

indicated MscL- or EGFP-expressing neurons, c-Fos positive signal, and DAPI,
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respectively. b) Counted numbers of c-Fos+ cells in the DRN among Ctrl-US,
MscL+US, Ctrl+US, and MscL+US groups. ¢) The ratio of c-Fos & EGFP positive
cells to c-Fos positive neurons in the DRN among Ctrl-US, MscL+US, Ctrl+US, and

MscL+US groups.

3.3.6. Biosafety assessments after sonogenetic modulation of the DRN

As described previously, Ibal and GFAP are typical biomarkers of activated

202 and astrocytes 2%, respectively. Their activation has been identified as

microglia
early indicator of adverse tissue responses 2%, In this study, no difference in the

expression of either Ibal or GFAP was observed among MscL+US, Ctrl+US, MscL-

US, and Ctrl-US groups (Figure 30).
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Figure 31. Sonogenetic modulation of serotoninergic neurons in the DRN did not
influence the activity of astrocytes or microglia. a) Representative images of Ibal
in the DRN among Ctrl-US, MscL-US, Ctrl+US, and MscL+US groups. b)
Representative images of GFAP in the DRN among Ctrl-US, MscL-US, Ctrl+US, and
MscL+US groups. c) Counts of Ibal-positive cells in the DRN among Ctrl-US,
MscL-US, Ctrl+US, and MscL+US groups. Blue and red bars in the histogram
indicated EGFP and MscL groups, respectively. d) Counts of GFAP-positive cells per
slice imaged in the DRN. n = 3-4 mice per group. Blue and red bars in the histogram

indicated EGFP and MscL group, respectively.
88



In addition, there was no detected neuronal loss or changes in tissue responses in
the DRN after sonogenetic modulation (Figure 31). Taking together, these results
suggest that sonogenetic modulation was capable of selectively activating 5-HTPRN
neurons without activating the sign of microglia/astrocytes activation or tissue

damage.
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Figure 32. No detectable tissue response in the DRN after sonogenetic
modulation. H&E representative images in the DRN among Ctrl-US, MscL-US,

Ctrl+US, and MscL+US groups.

3.3.7 The activity of neurons in the auditory cortex

Several studies indicated that ultrasound could activate the auditory pathways
which may contribute to the bioeffects of ultrasonic neuromodulation 7118 \We
assessed c-Fos levels in the auditory cortex (AC) following sonogenetic modulation.

Interestingly, c-Fos levels in the AC increased after ultrasound stimulation in awake
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mice (Fig. 32). However, there was no difference in c-Fos levels between the Ctrl+US
and MscL+US groups (Fig. 32). These findings suggest that while ultrasound
stimulation activates the AC in awake mice, the antidepressant effects are not due to
auditory activation. Therefore, the observed antidepressant-like effects of sonogenetic
modulation are most likely to result from the specific activation of targeted neuronal

circuits or populations.

a b c-Fos/ DAPI
=
P
O

c 100 ok kk —

:‘E n.s.

g 80- —_—

o (o]

O

S 60- ; 7;%

= -

. 2

n.s.

2 404 - =

[1] )

(3]

+

8 20- o

b

(4]

0 . . -
-Us +US -Us +US

Figure 33. The c-Fos expression in the auditory cortex. a) The schematic
illustration of the AC. b) The representative images of the c-Fos protein in the AC
after sonogenetic modulation among Ctrl-US, MscL-US, Ctrl+US, and MscL+US
groups. ¢) Counts of c-Fos positive cells imaged in the AC among Ctrl-US, MscL-US,

Ctrl+US, and MscL+US groups.
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CHAPTER 4. Conclusions and future work

This study first attempts to utilize sonogenetic modulation as a novel therapeutic
modality in the context of depression. As shown in the graphic summary (Figure 33),
We found that non-invasive ultrasound stimulation of DRN-projecting excitatory
mPFC neurons, heterologously made to express MscL-G22S, enhanced real-time
neuronal activity and serotonin release in the DRN. We observed calcium and
serotonin responses in the DRN closely synchronous with ultrasound stimuli (sub-
second responses), and these responses were repeatable and reversible. Crucially, we
also demonstrated that sonogenetic modulation of DRN-projecting excitatory neurons
in the mPFC specifically enhanced the activity of this neuronal circuit and elicited
rapid antidepressant actions in stressed mice, without any sign of tissue damage or
abnormal activation of microglia or astrocytes. Functionally silencing downstream
DRN neurons abrogated the antidepressant effects during sonogenetic stimulation of
the mPFC, suggesting DRN neurons were necessary to elicit antidepressant effects
through sonogenetic stimulation of the mPFC-DRN circuit. Furthermore, we used
sonogenetic modulation to directly activate serotoninergic neurons in the DRN (5-
HTPRN) and observed the real-time secretion of 5-HT and rapid antidepressant actions.
Taken together, we lay the groundwork and show that sonogenetic modulation shows
potential to be a new therapeutic method for depression and, possibly, other brain

diseases.

Sonogenetic neuromodulation integrates the merits of ultrasound stimulation and
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genetic modification to achieve non-invasive and selective control of specific
neuronal populations with fine spatiotemporal resolution 23, Several studies suggest
that ultrasound stimulation alone (over 2 weeks) without genetic modification has a
positive effect on depressive-like behaviors in rodents 42145 However,
mechanosensitive ion channels and receptors are endogenously expressed on all major
cell types in the brain, such as neurons, microglia, and astrocytes 24, Moreover, these
endogenous mechanosensitive ion channels, including TRP family channels, Piezo1/2,
TREK1/2, and TRAAK channels, exhibit different sensitivity in response to
ultrasound stimulation 24, Given the mixed and ambiguous spatial profile of
endogenous ultrasound-responsive ion channels in the brain, at the current stage, it
would be challenging to achieve specific, targeted bioeffects or to interpret complex
experimental data — such as behaviors — through ultrasound stimulation alone 24, This
problem also exists in other non-specific stimulation neuromodulation therapies, such
as whole-brain electrical or magnetic stimulation due to mixed cellular populations.
By contrast, in sonogenetic modulation, exogenous overexpression of
mechanosensitive ion channels into targeted neuronal populations could sensitize
them to low-intensity ultrasound stimulation to achieve cell-type selective stimulation.
Indeed, in the present study, our low-intensity sonogenetic stimulation method could
activate a targeted mesoscale circuit and rapidly rescue despair-like behaviors,
without obvious activation of other brain areas or glial cells. Importantly, due to the
profile of endogenous expression of mechanosensitive ion channels, even when using
ultrasound neuromodulation and focusing on the same circuit as optogenetics, it is
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still a challenge instead of straightforwardly replicating the results observed in

optogenetic research.

In the clinic, TMS is a widely available neuromodulation treatment for depression,
in which magnetic fields are used to stimulate the brain to relieve depressive
symptoms 1%, Studies have reported that TMS of the mPFC as monotherapy for three
consecutive weeks ameliorated depressive symptoms 21, but the remission rate was
lower than 50%, and they lack a specific neuronal target for identifying subjects most
likely to respond to TMS or the implicated mechanism(s) 2. By contrast, in
sonogenetic modulation, exogenous overexpression of mechanosensitive ion channels
into targeted neuronal populations could sensitize them to low-intensity ultrasound
stimulation to achieve cell-type selective stimulation. The accuracy and selectivity of
sonogenetic modulation can help make both therapeutic effects and side effects more
predictable and controllable, thereby enabling improved treatments. As we mentioned
above, depression is multifactorial, and many brain circuits and areas manipulate
depressive behaviors. Here, we focused on the mesoscale mPFC-DRN circuit,
showing huge potential to treat depression. More depression-related circuits and areas
that aforementioned in the Part. 1.1.6 need to be further investigated with sonogenetic
modulation, such as mPFC-NAc, DRN-LHb, and LHb-RMTg. Meanwhile,
sonogenetic modulation should be applied to more animal models of depression to
cover more facets of depression as far as possible. The present study only focused on
a chronic restraint stress mouse model of depression and primarily assessed despair-

like behaviors which, while useful experimental indicators, do not generalize perfectly
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to other forms of stress or capture the gamut of human symptoms, such as feelings of
sadness and anhedonia 2Y. To pave the way for applying sonogenetic
neuromodulation in depressive patients in the future, further research is needed to
explore various ultrasound parameters, examine different depression-related behaviors
across multiple strains and models, as well as extending the scope of experimentation
to include large animals and humans 2*’. In addition, sonogenetic modulation could
further be utilized with other techniques, such as fMRI, to identify personalized,
symptom-specific brain areas and provide tailored treatments. It is also amenable to
being developed into a closed-loop stimulation technique in which adjustable
ultrasound is output based on monitoring patients’ clinical conditions. The flexibility
of sonogenetics and its ability to be combined with other modalities, thus, can make it
possible for researchers to investigate many different strategies for further study and

eventual clinical transition.

A significant hurdle in the present approach is that it involves surgical invasion into
the brain to deliver viral particles that induce expression of the heterologous channel.
To further realize full noninvasiveness and pave the way for clinical translation,
developing safe ways to deliver sonogenetic tools (e.g., ultrasound-sensitive channels
like MscL-G22S) is needed, instead of transcranial injection. Early evidence is
present for minimally invasive approaches such as tail-vein 2® or intranasal 2°
administration, and ultrasound-facilitated gene delivery via transiently opening the
blood-brain barrier 8, However, these will still require significant work before they

can replace local administration and should be the subject of study in the future.
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Part 1. Sonogenetic modulation of Part 2. Sonogenetic modulation of
the mPFC-DRN circuit 5-HT neurons in the DRN
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Figure 34. The graphical summary of sonogenetic modulation for depression.
This study is divided into two main parts: the first part focuses on sonogenetic
modulation of the circuit from excitatory neurons in the mPFC to the DRN, while the
second part examines sonogenetic modulation of 5-HTPRN neurons. As shown in the
left panel, sonogenetic modulation of DRN-projecting excitatory mPFC neurons
induced the activation of DRN neurons and antidepressant effects. Conversely,
inactivating DRN neurons abrogated this antidepressant effect produced by
sonogenetic modulation of the mPFC-DRN circuit. Therefore, as depicted in the right
panel, 5-HTPRN neurons were targeted in part 2. Sonogenetic modulation of 5-HTPRN
neurons enhanced their neuronal activity and resulted in antidepressant effects. These

discoveries highlight the capability of the novel technique - sonogenetic modulation -
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to activate targeted neuronal populations, engage specific mesoscale neuronal circuits,
and induce changes in behavior patterns, potentially offering therapeutic benefits in

depression contexts.
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calcium influx (D1). The accumulation of calcium calcium-sensitive sodium channels
such as TRPM4 (D2), then T-type calcium channels (D3), which further activated
voltage-gated calcium and sodium channels (D4), and finally excited neurons.
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Figure 15. Millimeter-scale ultrasound setup on mouse heads to sonogenetically
target region of interest. a) Schematic diagram of the ultrasonic transducer and
collimator. “(1)” indicates the wearable customized ultrasonic transducer. “(2)”
indicates the ultrasonic collimator. b) Photograph for scale of the ultrasonic transducer
and collimator. ¢) Bottom view of the ultrasonic collimator (aperture size =5 mm). d)
Schematic diagram of the transducer scanning platform. RF, radio frequency; ADC,
analog-to-digital converter. e) Distribution of the acoustic field of the transducer in
the XY plane (0.3 MPa). f) Photograph to illustrate the location above the mPFC and
DRN. g) Photograph showing the ultrasonic collimator’s alignment with the mPFC
without affecting the DRN. h) Photograph illustrating the customized wearable
transducer with collimator affixed to the head of a mouse, above the mPFC. i)
Illustration of the ultrasound temporal profile applied in this study.

Figure 16. Depression-related behavioral performance when sonogenetic
modulation of all excitatory neurons in the mPFC. a) The schematic illustration of
viral transduction protocol and ultrasound stimulation. Mice were infused bilaterally
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in the mPFC with either AAV2/9-CaMKIla-MscL-EYFP or AAV2/9- CaMKIla-EYFP.
Following a week of recovery, mice were subjected to the 2-week chronic restraint
stress procedure. Then an ultrasonic collimator was installed and aligned with the
mPFC. Another week later, the customized wearable transducer was installed into the
collimator and behavioral tests were conducted when sonication of the mPFC.
Ultrasound was ON from 15 minutes before behavioral tests to the end of it (a total of
21 minutes). b) MscL fluorescence in the mPFC. c-f) No obvious alteration in
despair-like states was observed when sonication. n = 4-5 mice per group. ¢) The
immobile durations exhibited in the TST among Ctrl-US, MscL-US, Ctrl+US, and
MscL+US groups. d) The struggle durations exhibited in the TST among Ctrl-US,
MscL-US, Ctrl+US, and MscL+US groups. €) The immobile durations exhibited in
the FST among Ctrl-US, MscL-US, Ctrl+US, and MscL+US groups. f) The struggle
durations exhibited in the FST among Ctrl-US, MscL-US, Ctrl+US, and MscL+US
groups. g) The average velocity of mice in the OFT. n = 4-5 mice per group.

Figure 17. Sonogenetic modulation of DRN-projecting excitatory neurons in the
mPFC enhanced the neuronal activity in the DRN. a) Schematic illustration of
viral transduction and fiber photometry recording. b) Left: representative image
showing MscL-expressing neurons = red fluorescence and DAPI = blue fluorescence
in the mPFC; Right: representative image showing axon terminals from MscL-
expressing neurons of the mPFC = red fluorescence, Ca?* sensor GCaMP6s = green
florescence, and DAPI = blue fluorescence in the DRN. c) Representative traces of
GCaMP6s fluorescence changes in MscL (red) and Ctrl (blue) groups upon multiple
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0.3 MPa ultrasound stimuli. d) The average GCaMP6s fluorescence signals from
panel c. e) Averaged peak change of GCaMP6s fluorescence (Peak AF/F). n =3 mice
per group.

Figure 18. Sonogenetic modulation of DRN-projecting excitatory neurons in the
MPFC enhanced serotonin release in the DRN. a) Schematic illustration of viral
transduction and fiber photometry recording. b) Left: Representative image showing
MscL-expressing neurons (red) and DAPI (blue) in the mPFC; Right: representative
image showing axon terminals from MscL-expressing neurons of the mPFC (red), 5-
HT2.1 (green), and DAPI (blue) in the DRN. c) Representative traces of 5-HT2.1
fluorescence change in the MscL (red line) and Ctrl (blue line) group when receiving
multiple 0.3 MPa ultrasound stimuli. d) The averaged 5-HT2.1 fluorescence signal
from panel c. e) The averaged peak change of 5-HT2.1 fluorescence (Peak AF/F). n =
3 mice in each group.

Figure 19. Sonogenetic modulation of the circuit from excitatory neurons in the
mPFC to the DRN enhanced the neuronal activity of this circuit. a) The
representative images show MscL-expressing neurons (red fluorescence) and c-Fos
expression (green fluorescence) in the mPFC. White arrows highlight the c-Fos
positive signal within MscL-expressing neurons. b) The representative images depict
the axonal terminals in the DRN that originate from MscL-expressing neurons in the
mPFC (red fluorescence), along with c-Fos expression (green fluorescence) in the
DRN. c) Counts of c-Fos positive neuronal populations imaged in the mPFC among
Ctrl-US, MscL-US, Ctrl+US, and MscL+US groups. d) Counts of c-Fos positive
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neuronal populations imaged in the DRN among Ctrl-US, MscL-US, Ctrl+US, and
MscL+US groups.

Figure 20. The establishment of the chronic restraint stress mouse model of
depression. a) The schematic illustration of mice subjected to CRS (~3 h per day for
14 consecutive days). b) The immobile durations exhibited in the TST among Control
and CRS groups (Con vs. CRS: 75.13 + 8.17s vs. 127.00 + 11.68 s, p = 0.0027). c)
The struggling time in the TST (Con vs. CRS: 113.10 £ 6.49svs. 71.50 £ 7.89 s, p =
0.0015). d) The immobility time in the FST (Con vs. CRS: 70.00 + 7.99 s vs. 114.60 +
15.95 s, p = 0.0181). e) The struggling time in the FST (Con vs. CRS: 122.00 + 11.94
s vs. 81.29 + 13.22 s, p = 0.0389). f) No observed difference in the velocity in the
OFT was observed between Con and CRS groups (Con vs. CRS: 63.83 = 7.80 mm/s
vs. 68.86 £ 5.66 mm/s, p = 0.6050).

Figure 21. Sonogenetic modulation of DRN-projecting excitatory mPFC neurons
elicits rapid antidepressant effects. a) Schematic illustration of viral transduction
and ultrasound stimulation protocols. CRS was administered ~3 hrs/day for 14 days.
0.3 MPa ultrasound stimulation was applied starting 15 minutes before behavioral
tests until the end of 6-minute test sessions in awake mice. b) MscL-expressing
neurons (red) in the mPFC and their axon terminals in the DRN. c-e) Tail suspension
test (TST) with/without ultrasound. c) Illustration of struggling and immobility
behaviors exhibited in the TST. d) Mean TST immobility time displayed by mice in
each group. e) Mean TST struggling times displayed by mice in each group. f-h)
Forced swim test (FST) with/without ultrasound. f) Illustration of struggling and
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immobility behaviors exhibited in the FST. g) Mean FST immobility time displayed
by mice in each group. h) Mean FST struggling time displayed by mice in each group.
I-k) Open field tests (OFTs) showing groups’ roughly similar locomotion ability. i)
Schematic illustration of OFT box setup (50 x 50 x 50 cm). j) Representative
locomotion traces of mice from each group. k) Mean calculated velocity of mice in
each group.

Figure 22. Activating DRN neurons is necessary for the antidepressant action of
sonogenetically modulating the mPFC-DRN circuit. a) Schematic illustration of
the viral transduction scheme. b) Representative images in the mPFC (left, MscL-
expressing neurons = green, scale bar = 200 um) and the DRN (right, hM4D-
expressing DRN neurons = red; axon terminals from MscL-expressing DRN-
projecting mPFC neurons = green, scale bar = 200 um). c¢) DIC, fluorescent, and
merged images of recorded hM4D-expressing DRN neurons (scale bar = 10 pum) in ex
vivo patch clamp experiments. d) Representative traces showing the inhibitory effects
of CNO on hM4D-expressing DRN neurons. €) Mean TST immobility time of
different groups. f) Mean TST struggling time of different groups. g) Mean FST
immobility time of different groups. h) Mean TST struggling time of different groups.
i) Mean OFT velocities of different groups. n = 6 mice per group.

Figure 23. Functional silencing of 5-HTDRN neurons blocked the antidepressant
effects when sonogenetic modulation of DRN-projecting excitatory neurons in
the mPFC. AAV-CaMKlIla-DIO-MscL-EGFP and AAV2/retro-hSyn-Cre were
delivered into the mPFC and DRN, respectively. Following one week of recovery,
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mice were exposed to CRS and then AAV-TPH2-TetTox-mCherry or controlled AAV-
TPH2-mCherry was injected into the DRN in CRS mice. Ultrasonic collimator and
transducer were installed and aligned with the mPFC. Ultrasound was applied 15
minutes before, and all through the duration of, the 6-minute tests. a) Representative
image of viral expression the DRN (TetTox-expressing neurons = red, axon terminals
from MscL-expressing neurons of the mPFC = green. b) Mean TST immobility time
(Ctrl+US vs. TetTox+US, Ctrl-US, TetTox-US: 55.50 = 7.79 s vs. 118.00 + 15.29 s,
107.30 £8.38 s, 111.20 £ 11.86 s; p = 0.0112, p = 0.0364, p = 0.0170). ¢) Mean TST
struggling time (Ctrl+US vs. TetTox+US, Ctrl-US, TetTox-US: 116.80 £ 7.22 s vs.
66.50 + 10.68 s, 69.25 *+ 10.36 s, 57.52 + 7.57 s). d) Mean FST immobility time
(Ctrl+US vs. TetTox+US, Ctrl-US, TetTox-US: 77.25 + 7.83 s vs. 143.30 = 14.80 s,
126.30 + 9.14 s, 142.60 + 11.14 s). e) Mean FST struggling time (Ctrl+US vs.
TetTox+US, Ctrl-US, TetTox-US: 125.30 £ 12.89 s vs. 62.50 + 9.18 s, 69.25 £+ 10.36 s,
57.20 = 7.57 s). f) Mean velocities measured from OFT.

Figure 24. Sonogenetic modulation of the mPFC-DRN circuit did not influence
the activity of astrocytes or microglia. a) Representative images of GFAP (upper
panel, red fluorescence) and Ibal (lower panel, green fluorescence) in the mPFC
among Ctrl-US, MscL-US, Ctrl+US, and MscL+US groups. b) Counts of GFAP-
positive cells in the mPFC among Ctrl-US, MscL-US, Ctrl+US, and MscL+US
groups. ¢) Counts of Ibal-positive cells in the mPFC among Ctrl-US, MscL-US,

Ctrl+US, and MscL+US groups.
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Figure 25. No detectable tissue damage in the mPFC after sonogenetic
modulation. H&E representative images in the mPFC among Ctrl-US, MscL-US,
Ctrl+US, and MscL+US groups.

Figure 26. AAVs carrying the Tph2 promoter efficiently transduced serotonergic
neurons in the DRN. a) The schematic illustration of viral transfection. AAV-TPH2-
MscL-EGFP or AAV-TPH2-EGFP were delivered into the DRN, and DRN-containing
coronal sections were attained for staining by anti-TPH2 antibodies after one month.
After staining, the colocalization of TPH2 and MscL-EGFP or EGFP was observed
with confocal microscopy. b) Representative images expressed EGFP fluorescence
and stained TPH2 in the DRN. c¢) The percentage of TPH2 and EGFP double-positive
cells in EGFP-positive cells (left: EGFP group; right: MscL-EGFP group). n = 3 mice
per group.

Figure 27. The neuronal activity in the DRN when sonogenetic modulation of 5-
HTPRN neurons. a) The schematic illustration of viral transduction and fiber
photometry. Four virus expressions, the alteration of red fluorescence intensity was
measured in vivo when ultrasound stimulation. b) Representative images of the DRN
overexpressed with JRGECO1a and MscL or EGFP. Green, red, and blue fluorescence
indicate MscL- or EGFP-expressing neurons, jRGECOla signal, and DAPI,
respectively. The dashed rectangle indicates the location of the fiber. c, d) Ultrasound
stimulation increased neuronal activity in the DRN. Blue and red colors indicated
EGFP (n = 6 mice) and MscL (n = 4 mice) groups, respectively. ¢) Representative
JRGECO1a fluorescence traces of MscL- and EGFP-expressing mice when received 5
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pulses of 0.25 MPa ultrasound stimulation (left) and averaged jRGECOla
fluorescence signal from the left panel (right). d) The averaged peak change of
JRGECOla fluorescence (Peak AF/F) in response to 0, 0.11, 0.25 MPa ultrasound
stimulation.

Figure 28. The real-time serotonin release in the DRN when sonogenetic
modulation. a) The schematic illustration of viral transduction and fiber photometry.
AAV-hSyn-5-HT2.1 and AAV-TPH2-MscL-mCherry or AAV-TPH2-mCherry were
delivered to the DRN and then fibers were installed. Four weeks later, the alteration of
green fluorescence intensity was measured in vivo when ultrasound stimulation. b)
Representative images of the DRN overexpressed with a 5-HT sensor and MscL or
mCherry. Green, red, and blue fluorescence indicate the signal of the 5-HT sensor,
MscL- or EGFP-expressing neurons, and DAPI, respectively. The dashed rectangle
indicates the location of the fiber. ¢, d) Ultrasound stimulation induced the release of
serotonin in the DRN. Blue and red colors indicated the mCherry (n = 4 mice) and
MscL (n =5 mice) groups, respectively. c) Representative 5-HT fluorescence traces of
MscL- and mCherry-groups when receiving multiple pulses of 0.25 MPa ultrasound
stimulation (left) and averaged 5-HT fluorescence signal from the left panel (right). d)
The average peak change of 5-HT fluorescence (Peak AF/F) in response to 0, 0.11,
0.25 MPa ultrasound stimulation.

Figure 29. Sonogenetic modulation of 5-HTPRN neurons rapidly reversed despair-
like behaviors. a) The schematic illustration of viral transduction and ultrasound
stimulation. AAV-TPH2-MscL-EGFP or AAV-TPH2-EGFP were delivered into the
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DRN. Following recovery, mice were subjected to CRS for 14 days. Then an
ultrasonic collimator was installed above the DRN. Another week later, the
customized wearable transducer was installed into the collimator and depression-
related behavioral tests were conducted when sonication. b) MscL fluorescence with
DAPI in the DRN. c-f) Sonogenetic modulation of 5-HTPRN neurons reversed despair-
like behaviors. ¢) The immobility time in the TST among Ctrl-US, MscL-US,
Ctrl+US, and MscL+US groups. d) The struggling time in the TST among Ctrl-US,
MscL-US, Ctrl+US, and MscL+US groups. €) The immobility time in the FST among
Ctrl-US, MscL-US, Ctrl+US, and MscL+US groups. f) The struggling time in the FST
among Ctrl-US, MscL-US, Ctrl+US, and MscL+US groups. g) The speed in the OFT
among Ctrl-US, MscL-US, Ctrl+US, and MscL+US groups.

Figure 30. Sonogenetic modulation of 5-HTPRN neurons elevated their neuronal
activity. a) The images which showed c-Fos protein in the DRN among Ctrl-US,
MscL-US, Ctrl+US, and MscL+US groups. Green, red, and blue fluorescence
indicated MscL- or EGFP-expressing neurons, c-Fos positive signal, and DAPI,
respectively. b) Counted numbers of c-Fos+ cells in the DRN among Ctrl-US,
MscL+US, Ctrl+US, and MscL+US groups. ¢) The ratio of c-Fos & EGFP positive
cells to c-Fos positive neurons in the DRN among Ctrl-US, MscL+US, Ctrl+US, and
MscL+US groups.

Figure 31. Sonogenetic modulation of serotoninergic neurons in the DRN did not
influence the activity of astrocytes or microglia. a) Representative images of Ibal
in the DRN among Ctrl-US, MscL-US, Ctrl+US, and MscL+US groups. b)
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Representative images of GFAP in the DRN among Ctrl-US, MscL-US, Ctrl+US, and
MscL+US groups. ¢) Counts of Ibal-positive cells in the DRN among Ctrl-US,
MscL-US, Ctrl+US, and MscL+US groups. Blue and red bars in the histogram
indicated EGFP and MscL groups, respectively. d) Counts of GFAP-positive cells per
slice imaged in the DRN. n = 3-4 mice per group. Blue and red bars in the histogram
indicated EGFP and MscL group, respectively.

Figure 32. No detectable tissue response in the DRN after sonogenetic
modulation. H&E representative images in the DRN among Ctrl-US, MscL-US,
Ctrl+US, and MscL+US groups.

Figure 33. The c-Fos expression in the auditory cortex. a) The schematic
illustration of the AC. b) The representative images of the c-Fos protein in the AC
after sonogenetic modulation among Ctrl-US, MscL-US, Ctrl+US, and MscL+US
groups. ¢) Counts of c-Fos positive cells imaged in the AC among Ctrl-US, MscL-US,
Ctrl+US, and MscL+US groups.

Figure 34. The graphical summary of sonogenetic modulation for depression.
This study is divided into two main parts: the first part focuses on sonogenetic
modulation of the circuit from excitatory neurons in the mPFC to the DRN, while the
second part examines sonogenetic modulation of 5-HTPRN neurons. As shown in the
left panel, sonogenetic modulation of DRN-projecting excitatory mPFC neurons
induced the activation of DRN neurons and antidepressant effects. Conversely,
inactivating  DRN neurons abrogated this antidepressant effect produced by
sonogenetic modulation of the mPFC-DRN circuit. Therefore, as depicted in the right
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panel, 5-HTPRN neurons were targeted in part 2. Sonogenetic modulation of 5-HTPRN
neurons enhanced their neuronal activity and resulted in antidepressant effects. These
discoveries highlight the capability of the novel technique - sonogenetic modulation -
to activate targeted neuronal populations, engage specific mesoscale neuronal circuits,
and induce changes in behavior patterns, potentially offering therapeutic benefits in

depression contexts.
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