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ABSTRACT 

The advancement of neuromodulation technologies has significantly enhanced our 

understanding of brain function and provided novel approaches for intervening neuronal 

activity in treating neurological disorders. In recent decades, various techniques including 

electrical stimulation, magnetic modulation, optogenetics, and chemogenetics have 

emerged. However, these methods present limitations in terms of invasiveness, precision, 

or tissue penetration depth. 

Ultrasound (US) neuromodulation has emerged as one of the most rapidly 

developing technologies due to its non-invasive nature, high spatiotemporal resolution, 

and deep tissue penetration capability, finding applications in both disease research and 

therapeutic interventions. Sonogenetics—an innovative neuromodulation approach that 

genetically modifies specific cells (e.g., neurons) with ultrasound-sensitive elements (e.g., 

mechanosensitive channels) to enable non-invasive manipulation of target cell activity 

through external ultrasound—has further improved its precision. Nevertheless, the 

expression of exogenous ion channels in neurons may potentially alter their intrinsic 

electrophysiological properties, necessitating the development of alternative strategies. 

This study proposes a novel ion channel-independent sonogenetic strategy utilizing 

the cell adhesion molecule E-cadherin as a new mediator for ultrasound-responsive neural 

modulation. Our key findings include: 1) Through systematic screening, we first 

identified E-cadherin as a highly efficient US sensor; 2) Mechanistic studies revealed that 

E-cadherin-mediated sonogenetic effects depend on Piezo1 channels; 3) Demonstrated 

that E-cadherin expression significantly enhances ultrasound-evoked calcium responses 

and c-fos induction in primary neurons; 4) In vivo experiments showed that targeted E-

cadherin expression in mouse motor cortex induces ultrasound-dependent calcium 

transients and contralateral limb tremors; 5) Expression E-cadherin in D1 neurons of the 



  

DMS elicits robust motor behaviors; uncovering a cooperative mechanotransduction 

III

mechanism between adhesion molecules and ion channels. 

This work establishes the first non-ion channel protein-based sonogenetic approach, 

circumventing the limitations associated with neuronal exogenous expression of 

mechanosensitive ion channels while maintaining high spatiotemporal precision and 

biosafety. Our findings expand the current sonogenetics toolkit and pave the way for 

developing innovative neural modulation strategies. 

 

Keywords Ultrasound, Neuromodulation, Sonogenetics, Non-ion-channel protein, E-

cadherin, Mechanotransduction.
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CHAPTER 1 Introduction 

 
1.1 Brain Stimulation Techniques 

Brain stimulation techniques represent a critical research direction in modern 

neuroscience and clinical medicine, aiming to modulate neuronal activity through 

physical, chemical, or genetic methods to explore brain function mechanisms or treat 

neurological disorders. With advancements in neuroscience, various brain stimulation 

techniques have been developed and applied in both fundamental research and clinical 

practice. These techniques can be categorized by their operating principles into electrical 

stimulation, magnetic stimulation, optogenetics, sonogenetics, chemogenetics, and others, 

each with distinct advantages and limitations. An ideal brain stimulation technique should 

possess high spatiotemporal resolution, non-invasiveness, deep-tissue stimulation 

capability, and long-term safety. However, no single existing technology fully meets all 

these requirements. 

 

1.1.1 Overview of Neuromodulation 

The human brain consists of approximately 100 billion neurons and an even greater 

number of glial cells, with its function relying on intricate electrochemical signaling [1]. 

Disruptions in the levels of key neurotransmitters, including dopamine, glutamate, and γ-

aminobutyric acid, along with neuromodulators such as somatostatin and neuropeptides, 

are associated with the pathogenesis of several neuropsychiatric disorders. A 

representative example is Parkinson’s disease, which is primarily caused by the 

degeneration of dopaminergic neurons in the substantia nigra [2], epilepsy (dysfunction 

of inhibitory neurons) [3], and depression (prefrontal cortex dysfunction) [4]. 

Conventional treatments (e.g., pharmacological agents) often lack specificity and may 
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induce systemic side effects. In contrast, neuromodulation refers to the regulation of 

neural function through external interventions to alleviate disease symptoms. Compared 

to traditional methods, neuromodulation technologies enable more precise targeting of 

specific brain regions or neural circuits, thereby improving therapeutic efficacy while 

minimizing adverse effects. Currently, the primary neuromodulation approaches include 

electrical stimulation (e.g., Deep Brain Stimulation, DBS; transcranial direct current 

stimulation, tDCS; transcranial alternating current stimulation, tACS), magnetic 

stimulation (e.g., Transcranial Magnetic Stimulation, TMS), ultrasound stimulation (e.g., 

transcranial Focused Ultrasound, tFUS), optogenetics, and chemogenetics. 

 

1.1.2 Electrical Stimulation Techniques 

Electrical stimulation is one of the earliest techniques applied in neuromodulation, 

influencing neuronal membrane potential either directly or indirectly via electric currents 

to alter neuronal excitability. Based on the stimulation approach, electrical stimulation 

can be classified into invasive (e.g., DBS) and non-invasive (e.g., tDCS and tACS) 

methods (Fig. 1). 

DBS utilizes stereotactic surgical methods to implant electrodes within targeted 

brain structures, such as the subthalamic nucleus (STN) or the globus pallidus internus 

(GPi). These electrodes deliver continuous high-frequency electrical stimulation, which 

modulates pathological neural activity [5]. Currently, this approach is approved by the 

U.S. Food and Drug Administration (FDA) for the treatment of Parkinson’s disease, 

essential tremor, and refractory obsessive-compulsive disorder [6, 7]. DBS offers several 

advantages, including sustained therapeutic efficacy—particularly in alleviating motor 

symptoms (e.g., tremor, rigidity) [8]—and reversibility/adjustability compared to ablative 
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surgeries (e.g., pallidotomy) [9]. However, its limitations include surgical risks (e.g., 

hemorrhage, infection, electrode displacement) [10], strong dependence on target 

accuracy (misplacement may reduce efficacy or cause adverse effects such as speech 

impairment or mood alterations) [11], and unclear mechanisms (long-term modulation 

may induce neural plasticity changes) [12]. 

tDCS is a non-invasive neuromodulation method in which low-intensity direct 

current is delivered via electrodes placed on the scalp to alter cortical excitability [13]. 

Anodal stimulation typically enhances neuronal firing, whereas cathodal stimulation 

suppresses it [13]. tDCS has been widely explored for cognitive enhancement (e.g., 

working memory, learning capacity) [14], neurorehabilitation (e.g., post-stroke motor 

recovery) [15], and psychiatric disorders (e.g., depression, schizophrenia) [16-19]. Its 

benefits include non-invasiveness, low cost, and ease of operation, allowing combination 

with other therapies (e.g., cognitive training). However, tDCS effects are influenced by 

individual anatomical variations (e.g., brain volume, age) [20], and its long-term safety 

requires further investigation [21]. 

tACS employs sinusoidal alternating currents (typically 1–100 Hz) to modulate 

brain rhythms (e.g., α-waves [8–12 Hz] or γ-waves [30–80 Hz]), facilitating research on 

neural oscillations and cognitive functions [22, 23]. Potential applications include sleep 

improvement [24], memory enhancement [23], and psychiatric treatment [25]. 

Nevertheless, tACS mechanisms remain poorly understood, clinical evidence is limited, 

and outcomes are susceptible to individual baseline electroencephalographic differences 

[26]. 

Transcranial Magnetic Stimulation (TMS) utilizes the principle of electromagnetic 

induction to generate eddy currents in the cortical tissue via rapidly changing magnetic 

fields, thereby modulating neuronal activity [27]. Based on stimulation patterns, TMS can 



4 

 

be classified into single-pulse TMS and repetitive TMS [27]. TMS has significant clinical 

applications in depression (FDA-approved for treatment-resistant cases) [28, 29], chronic 

pain (modulation of pain-related cortical areas) [30], and stroke rehabilitation [31]. 

Recent advancements demonstrate that magnetic nanoparticles (e.g., iron oxide 

nanoparticles) can enhance neuronal sensitivity to magnetic fields [32], and 

mechanosensitive channels (e.g., Piezo1) have been employed to amplify 

magnetomechanical stimulation effects [33]. However, TMS exhibits limitations 

including low spatial resolution, limited penetration depth, and seizure risk (high-

frequency stimulation may induce abnormal discharges) [34]. 

 

Figure 1. Electrical Stimulation Techniques. (Adapted from[35] ) 

 

1.1.3 Optogenetics 

Optogenetics integrates genetic engineering with optical stimulation to achieve 

precise neuronal control through the expression of light-sensitive proteins (e.g., 

channelrhodopsin-2, ChR2) [36] (Fig. 2). This technology is widely applied in 

fundamental research areas such as deciphering learning and memory mechanisms 
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(hippocampal CA1 region) [37], investigating emotional circuits [38], and exploring 

sleep-wake regulation [39]. For clinical translation, optogenetics shows potential in 

Parkinson's disease (light-controlled STN neurons) [40], epilepsy (inhibition of 

hyperactive neurons) [41, 42], and vision restoration (retinal photosensitization) [43]. 

Nevertheless, it faces major challenges including invasiveness (requiring viral vector 

transfection and fiber optic implantation) [44], limited light penetration depth [45], and 

dependence on genetic modification. 

 

Figure 2. In vivo application process of optogenetics. (A) AAV delivery of GFP-fused 

hChR2/Arch3.0 constructs. (B) Stereotaxic vector injection for localized brain expression. (C) 

Fiber-optic light delivery (473 nm/532 nm) for neuronal modulation. (D) hChR2 (blue 

light/excitation) vs. Arch3.0 (green light/inhibition) photoresponses. (Adapted from [46]) 
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1.1.4 Chemogenetics 

Chemogenetics is a revolutionary technique that enables cell-type-specific 

modulation via engineered receptor-ligand systems, with its core principle being the 

design of artificial receptors that exclusively respond to exogenous synthetic ligands [47]. 

The technology operates through three key steps: (1) engineering native receptors to 

eliminate endogenous ligand responsiveness; (2) developing highly selective synthetic 

ligands (e.g., clozapine-N-oxide, CNO); and (3) triggering specific signaling pathways 

(e.g., Gi inhibition or Gq activation) upon ligand-receptor binding. The most 

established Designer Receptors Exclusively Activated by Designer Drugs 

(DREADDs) system has been extensively used in neuroscience research (Fig. 3), yielding 

breakthroughs in elucidating neural mechanisms of learning and memory [48], spatial 

memory encoding [49], and pathological underpinnings of mood disorders (e.g., 

depression and anxiety) [50]. Compared to other neuromodulation techniques, 

chemogenetics offers superior cell-type specificity, hardware-free operation, and 

suitability for long-term observation [51], though it suffers from low temporal resolution 

(response delays ranging from minutes to hours) [52]. 
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Figure 3. In vivo application process of chemogenetics. (A) AAV delivery of CNO-sensitive 

DREADDs (hM3q/hM4i) with GFP reporter. (B) Stereotaxic viral injection for region-specific 

receptor expression. (C) Systemic CNO administration induces targeted neuronal modulation. (D) 

CNO (hM3q/excitation) vs. CNO (hM4D/inhibition) photoresponses. (Adapted from [46]) 

1.1.5 Summary and Perspectives 

Current brain stimulation technologies each possess unique advantages in 

neuromodulation. However, significant challenges remain: 

• Invasiveness and safety: DBS requires craniotomy; tDCS has limited penetration 

depth; tACS and TMS exhibit poor spatial resolution; optogenetics necessitates 

fiber implantation and genetic modification; chemogenetics lacks spatiotemporal 

precision. 

• Mechanistic understanding: The operational principles of different stimulation 

modalities require further exploration. 

In conclusion, elucidating these multi-level regulatory mechanisms will facilitate the 

optimization of existing technologies and development of novel approaches. The pursuit 
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of non-invasive, high-precision, and deep-tissue-capable brain stimulation techniques 

remains a critical objective in neuroscience and clinical medicine. 

 

 

 1.2 Ultrasound Technology 

1.2.1 Biological Effects and Applications of Ultrasound Stimulation Technology 

Ultrasound has been widely utilized in biomedical engineering, including 

conventional diagnostics [53] and drug delivery [54]. Understanding the biological 

effects of US is crucial for clinicians and scientists working in this field, as permanent 

tissue damage may occur at high exposure levels [55]. The interaction between US and 

biological systems primarily occurs through two fundamental mechanisms: thermal 

effects and non-thermal effects (Fig. 4). 

Thermal Effects：When US energy propagates through tissues, it is converted into 

heat, leading to temperature elevation [56]. High-intensity focused ultrasound (HIFU) can 

induce significant temperature increases, resulting in cellular and tissue destruction. This 

thermal effect has been applied in cancer therapy [56], where tumor cells are ablated 

through localized heating [56]. 

Cavitation：The cavitation process involves the formation, growth, and implosion 

of microbubbles [57, 58]. Cavitation can be either stable or inertial. Inertial cavitation 

describes the process whereby bubbles undergo rapid expansion followed by violent 

collapse when subjected to ultrasound, generating localized high temperatures and 

pressures that cause cellular damage [59]. Stable cavitation, in contrast, describes 

controlled oscillations of bubbles within the ultrasonic field without catastrophic collapse 

[60]. Sonodynamic therapy (SDT) exploits cavitation effects by combining low-intensity 

US with sonosensitizers to produce lethal reactive oxygen species. Due to its deep tissue 
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penetration, high spatiotemporal selectivity, and non-invasive nature, SDT has been 

employed in treating deep-seated tumors and multidrug-resistant bacterial infections [61]. 

Mechanical Effects：The mechanical effects of US are primarily associated with the 

presence of gas and refer to forces and related phenomena (e.g., acoustic radiation force, 

acoustic streaming, and cavitation) exerted on tissues during wave propagation. These 

effects can enhance cell membrane permeability via sonoporation, facilitating the 

intracellular delivery of drugs [62], proteins, and DNA [63]. Additionally, mechanical 

effects have broad applications in tissue engineering [63] and material processing [64]. 

 

Figure 4. The biophysical effects underlying ultrasound-mediated neuromodulation 

Safety Considerations. (Adapted from [65]) 

 

It should be noted that ultrasound-tissue interactions may produce adverse biological 

effects, particularly in sensitive organs (e.g., brain, eyes, heart, lungs, and gastrointestinal 

tract) and embryos/fetuses [66]. Therefore, strict control of output intensity and real-time 
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monitoring of thermal and mechanical indices are essential to assess potential bioeffects 

during US applications [66, 67]. 

 

1.2.2 Ultrasonic Neuromodulation 

Ultrasonic neuromodulation, as a non-invasive neuromodulation technique, has 

demonstrated remarkable progress in both fundamental research and clinical applications 

in recent years. This section systematically reviews the latest research achievements and 

developmental trends from three perspectives: in vitro mechanistic investigations, animal 

model validation, and human application studies. 

In Vitro Mechanistic Exploration 

In vitro studies on ultrasonic neuromodulation have achieved systematic 

breakthroughs in elucidating underlying mechanisms and developing novel technologies. 

Regarding electrophysiological properties, the seminal work by Tyler et al. (2008) first 

confirmed that ultrasonic pulses could induce action potentials in hippocampal CA1 

neurons [68] (Fig. 5), while Khraiche et al. further demonstrated enhanced firing 

frequency in primary hippocampal neurons upon US exposure [69]. From a 

methodological perspective, microelectromechanical US stimulation systems (MEMS) 

have enabled subcellular-precision modulation of neural circuits [70]. At the molecular 

level, mechanosensitive channels (MSCs), particularly Piezo1, have been identified as 

core targets for US effects, effectively transducing mechanical stimuli into 

electrochemical signals [71]. Piezo1 activation has been validated as a critical mediator 

of ultrasonic neuromodulation [72]. Additionally, US can suppress neuronal activity by 

activating TRAAK K+ channels through lipid membrane interactions [73]. 
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Figure 5. Voltage-gated Na⁺ channels in neurons respond to LILFU stimulation (A) Confocal 

image (left) shows a slice culture loaded with CoroNa Green AM, highlighting hippocampal 

regions CA1 stratum pyramidale (SP) and stratum radiatum (SR). Na<sup>+</sup> transients 

(right) were recorded in CA1 pyramidal neuron somas during LILFU-1 stimulation, with 

individual (black) and averaged (color) responses under control conditions and after TTX 

application. (B) Current-clamp recordings performed on a CA1 pyramidal neuron demonstrate 

alterations in membrane voltage in response to a series of five ultrasonic tone bursts delivered at 

a pulse repetition frequency (PRF) of 10 Hz. (Adapted from [68])  (C) Representative Ca²⁺ 

imaging traces showing neuronal responses to 0.45 MPa ultrasound, with or without prior 
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incubation in 40 μM GsMTx-4 (Adapted from [74]). (D) EMG recordings following ultrasound 

stimulation in control (Top) and Piezo1 KO (Bottom) mice (Adapted from[72]). 

 

In Vivo Therapeutic Applications and Mechanistic Advances 

Animal studies have played a pivotal bridging role in ultrasonic neuromodulation, 

with significant breakthroughs in treating neurological disorders. In stroke models, Qi et 

al. reported that low-intensity focused ultrasound (LIFUS) stimulation reduced infarct 

volume and improved neurological function scores [75]. For Parkinson's disease, The 

combination of LIFU and MBs disrupts the BBB to improve drug penetration, suggesting 

a promising avenue for PD therapy [76] (Fig. 6). Large-animal studies have provided 

crucial translational insights. Lee et al. (2016) first demonstrated precise brain region-

specific modulation in sheep, where somatomotor cortex stimulation elicited contralateral 

hindlimb electromyographic responses—a specificity unattainable in rodents due to 

reduced acoustic interference in larger cranial cavities [77]. Dallapiazza et al. 

subsequently observed altered somatosensory evoked potential (SSEP) amplitudes upon 

ventral posterolateral thalamic nucleus stimulation in porcine models [78]. Non-human 

primate studies have offered unique perspectives on higher cognitive functions: Kubanek 

et al. found that frontal eye field (FEF) US stimulation biased choice preferences during 

visual decision-making tasks in macaques[79]. 
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Figure 6.  Therapeutic Mechanisms and Applications of LIFU in Parkinson’s Disease (PD) 

(1). BBB Modulation – LIFU, when combined with microbubbles (MBs), induces transient blood-

brain barrier (BBB) opening, enabling targeted drug delivery. (2). Precise Neuromodulation – 

LIFU selectively stimulates motor-related brain regions in mice, including the motor cortex, 

substantia nigra, and striatum. (3). Nanocarrier-Mediated Delivery – Therapeutic agents (e.g., 

genes, drugs) are transported via microvesicles or nanoparticles, such as polymeric NPs, 

dendrimers, nanogels, magnetic NPs, viral vectors, micelles, and liposomes. (4). Transport 

Pathways – Once the BBB is opened, drugs primarily cross via paracellular (between cells) or 

transcellular (through cells) routes. (Adapted from [76]) 

 

Clinical Translation and Exploratory Applications 

With advancing foundational research, ultrasonic neuromodulation is progressively 

transitioning to clinical applications. For non-invasive brain modulation, Legon et al. 

(2014) pioneered the precise activation of hand motor cortex via tFUS in healthy humans 

[80], while Lee et al. (2016) later confirmed tFUS-induced EEG responses in the primary 
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visual cortex [81]. In psychiatry, Sanguinetti et al. reported improved mood and altered 

functional connectivity following frontal lobe US stimulation [82] (Fig. 7). For chronic 

pain management, US modulation of pain-related brain regions alleviated symptoms and 

improved mental states [83]. Notably, magnetic resonance-guided focused ultrasound 

(MRgFUS) has shown promising early outcomes for Parkinsonian tremor [84], marking 

a step toward routine clinical adoption. Current challenges center on deepening 

mechanistic understanding and optimizing personalized protocols. With emerging 

technologies like artificial intelligence, ultrasonic neuromodulation is evolving toward 

higher precision and greater personalization, positioning itself as a potential cornerstone 

for neuropsychiatric therapies. 

 

 

Figure 7.  Transcranial US Modulation of Prefrontal Cortex Affects Mood and Connectivity 

in Humans. (A) Acoustic modeling using representative CT data shows transducer targeting at 

F8 scalp position (corresponding to rIFG). (B) Global Affect and Global Vigor scores. (Adapted 

from [82]) 
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1.3 Mechanosensitive Ion Channels Based Sonogenetics 

US stimulation, as an emerging neuromodulation technology, exhibits significant 

advantages over conventional methods. Compared to DBS requiring electrode 

implantation, optogenetics with limited tissue penetration, and TMS with relatively low 

spatial resolution, US enables precise neural circuit modulation through non-invasive 

curved transducers [85]. Its mechanisms primarily involve three physical effects: thermal 

effects mediated by temperature-sensitive channels [86], cavitation effects dependent on 

microbubble oscillations [74], and mechanical forces transduced by MSCs [84] (Fig. 8A, 

B). Studies reveal that cortical neurons exhibit heightened US sensitivity via Transient 

Receptor Potential Polycystin 2 (TRPP2) and Transient receptor potential canonical 

1 (TRPC1) channels [87], providing critical guidance for sonogenetic target selection. 
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Figure 8. US triggers neuronal responses by mechanical perturbation. (A) Diagram 

summarizing ultrasound-mediated biophysical interactions. (B)  Optic hydrophone thermometry 

detected localized heating during sonication (parameters: 15 W/cm², 500 ms pulses, 20 s intervals; 

n = 20; two-tailed unpaired t-test, ***p < 0.0001). (Adapted from [87]) 

 

Sonogenetics employs genetic engineering to express MSCs in specific neurons for 

ultrasound-selective responsiveness. The pioneering work by Ibsen et al. (2015) first 
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demonstrated ultrasound-induced behavioral modulation by expressing TRP-4 channels 

in Caenorhabditis elegans [88]. The protocol involves: (1) cloning target channel genes 

into viral vectors; (2) delivering vectors via stereotaxic injection for region-specific 

transduction; (3) applying LIFUS; and (4) evaluating neural activity and behavior [88]. 

Multiple MSCs with sonogenetic potential have been identified, including Piezo1 [74], 

TRPM4, TRPP1/2, TRPC1 [87], mPrestin [89], MscL [90, 91], TREK-1/2[92], TRAAK 

[73, 92, 93], and human sensitive Transient receptor potential ankyrin 1 (hsTRPA1) [94] 

(Fig. 9A, B). For instance, hsTRPA1 expression in layer V motor cortical neurons 

enhanced ultrasound-evoked contralateral limb responses and c-Fos activation [94]. 

Additionally, thermosensitive TRPV1 has been utilized to amplify neuronal sensitivity to 

US thermal effects [86]. These discoveries advance precision neuromodulation tool 

development. 
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Figure 9.  hsTRPA1 enhances calcium signaling and ultrasound-evoked neuronal firing in 

primary rodent neurons (in vitro). (A) Cultured mouse primary neurons (DIV 12) transfected 

with hsTRPA1 or control constructs. (B) Ultrasound-triggered calcium dynamics in hsTRPA1-

expressing neurons, visualized by GCaMP6f fluorescence. Graphs depict peak response 

amplitudes following stimulation. (C) Proposed mechanism of hsTRPA1-mediated neuronal 

activation by ultrasound, highlighting the essential roles of the N-terminal domain, actin 

cytoskeleton, and cholesterol in promoting ultrasound-evoked calcium influx, neuronal excitation, 

and c-fos expression (Adapted from [87]) 

 

1.4 Non-Ion Channel Mechanosensitive Proteins 

Mechanosensitive proteins are defined as proteins capable of responding to 

mechanical stimuli and transducing them into biological signals. These proteins play 

crucial roles in various physiological processes including tactile sensation, hearing, 

osmoregulation, and cell differentiation [95, 96]. Beyond ion channel-type 

mechanosensitive proteins, there exists another category of non-ion channel 

mechanosensitive proteins that perceive and respond to mechanical forces through 

distinct mechanisms. 
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Integrins represent a prominent class of non-ion channel mechanosensitive proteins. 

As extracellular matrix (ECM) receptors, integrins mediate cell-ECM adhesion and play 

pivotal roles in cellular signal transduction by activating multiple pathways such as FAK 

and MAPK signaling cascades [97]. Through their connection with the cytoskeleton, 

integrins can transmit mechanical forces into the cell interior, thereby influencing cell 

morphology, migration, and gene expression [95]. Among various integrins, integrins β2 

are particularly important in cell adhesion, migration, and signal transduction, especially 

in immune cells. Integrins β2 are transmembrane receptors expressed on leukocyte 

surfaces that mediate both cell-cell and cell-ECM interactions [98]. In quiescent 

neutrophils, mechanical forces generated by approximately 200 high-affinity integrins β2 

bond clusters have been shown to be sufficient to trigger Ca2+ influx, suggesting that the 

magnitude of fluid drag forces can be mechanically transduced into signals that enhance 

neutrophil recruitment and effector functions [99] (Fig. 10A, B). The cytoskeleton, 

particularly actin filaments and microtubules, interacts with integrins β2 to collectively 

regulate cellular mechanosensitive [100]. In summary, integrins β2 respond to mechanical 

stimulation through multiple mechanisms involving integrin conformational changes, 

intracellular signaling, cytoskeletal reorganization, and crosstalk with other signaling 

pathways. These processes are fundamentally important for regulating cell adhesion, 

migration, and functionality. 

 

A 
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Figure 10. Neutrophil Ca²⁺ signaling dynamics are regulated by HA β2-integrin bond 

tension. (A) Representative fluorescence images of neutrophils subjected to shear flow on TGT 

substrates coated with the β2-integrin activator CBR LFA1/2. Intracellular Ca²⁺ was monitored 

using Fura-2 (scale bar: 10 µm). (B) Time-dependent changes in Ca²⁺ levels (normalized to 

baseline, no shear) under increasing shear stress (0–1 dyn/cm²). Data represent fold-change over 

initial Ca²⁺ levels (mean ± SEM, n = 3 experiments, >10 cells per field, 7 fields analyzed). A 

significant difference (p < 0.01) was observed between 54 pN and 33/12 pN conditions from 24–

48 s. (Adapted from [99]) 

 

GPCRs represent a crucial class of transmembrane receptors that activate 

intracellular signaling pathways upon binding extracellular ligands [101, 102]. GPR68, a 

member of the GPCR family, plays a pivotal role in vascular biology, particularly in flow-

mediated vasodilation. Endothelial GPR68 is essential for shear stress responses [103] 

and its deficiency leads to vascular dysfunction, impairing blood flow-mediated outward 

arterial remodeling [103] (Fig. 11). Mechanical stimulation of GPR68 triggers Gq 

protein-mediated activation of phospholipase C (PLC), modulating intracellular Ca²⁺ 

levels and ultimately regulating cellular functions [104]. 

Additionally, GPR68 participates in metabolic regulation and mitochondrial function 

[105] . In summary, as a multifunctional mechanosensitive receptor, GPR68 senses 
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mechanical forces and orchestrates intracellular signaling pathways, exerting critical roles 

in vascular physiology, tumor biology, osteoarthritis, and other 

physiological/pathological processes. 

 

Figure 11.  GPR68 responds to fluid shear stress and is essential for normal vascular 

physiology. (Adapted from [103]) 

 

Vascular endothelial growth factor receptors (VEGFRs) represent a critical class of 

tyrosine kinase receptors that play pivotal roles in angiogenesis and lymphangiogenesis. 

These receptors and their associated signaling pathways occupy a central position in 

vascular biology and serve as important therapeutic targets for various diseases. Research 

has demonstrated that VEGFR2 functions as the primary receptor for VEGF-A, 

transmitting major pro-angiogenic signals through its potent tyrosine kinase activity [106]. 

The binding between VEGF-A and VEGFR2 constitutes the principal driving force 
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behind angiogenesis [107]. Activation of VEGFR2 induces endothelial cell proliferation, 

migration, and survival - all essential processes during blood vessel formation [108]. 

However, Emerging evidence indicates that mechanical stimuli modulates both VEGFR2 

expression and activation [109-113] (Fig. 12). VEGFR2 plays a crucial role in cellular 

signal transduction, with its response to mechanical stimulation involving complex 

molecular mechanisms and activation of multiple signaling pathways. 
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Figure 12. Fluid flow (FF)-induced shear stress promotes VEGFR2 phosphorylation within 

a mechanosensitive signaling complex involving caveolin-1. This cascade facilitates membrane 

recruitment of β-catenin and initiates ERK-dependent pro-survival signaling, ultimately 

upregulating VEGF expression. (Adapted from [110]) 

 

E-cadherin, a calcium-dependent transmembrane adhesion molecule predominantly 

localized at interepithelial junctions, plays crucial roles in cell-cell adhesion [114], tissue 

morphogenesis, establishment of cell polarity, and signal transduction [115, 116]. Its 

deficiency has been demonstrated to influence cell fate determination [117].Mechanical 

forces can directly modulate E-cadherin-mediated intercellular junctions, enhancing 

adhesive strength to enable cellular resistance to external forces [118] while facilitating 

cell migration processes [114, 119]. Upon mechanical stimulation, E-cadherin complexes 

trigger β-catenin recruitment and adhesion reinforcement through α-catenin/vinculin 

interactions [120] (Fig. 13).  Moreover, E-cadherin is essential for maintaining epithelial 

integrity, with mechanical forces reinforcing tissue stability via functional regulation of 

E-cadherin [118]. Mechanically activated E-cadherin also initiates intracellular signaling 

pathways that regulate cytoskeletal remodeling [121].  
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Figure 13. Heterophilic E-cadherin/N-cadherin adhesions confer mechanical resilience and 

initiate mechanotransduction. (A) Schematic of the magnetic tweezer assay for probing 

cadherin-mediated cell adhesion mechanics. (B) Displacement trajectories of A431 cells 

(Epidermoid Carcinoma) in response to force pulses applied via N-cadherin (red), E-cadherin 

(blue), P-cadherin (green), or control (uncoated, black) functionalized beads. Scale bar: 200 nm. 

(C) Mechanical stiffening at the A431 cell-bead interface, quantified as the time-dependent force-

displacement ratio (ΔF/Δx) normalized to baseline for N-, E-, and P-cadherin-coated beads versus 

uncoated controls. (Adapted from [120]) 

 

Additional mechanosensitive proteins include polycystins PC1 and PC2, whose 

mutations lead to polycystic kidney disease. These proteins localize to renal primary cilia, 

where they sense urine flow and participate in mechanotransduction [122]. In summary, 

non-ion channel mechanosensitive proteins play vital roles in cellular mechanosensation, 

contributing to diverse physiological and pathological processes. 

 

1.5 Research Gaps  

US neuromodulation has emerged as a powerful non-invasive tool for manipulating 

neural activity across mammalian species, its precision has been advanced by 

sonogenetics—a cell-type-specific approach relying on engineered MSCs. However, 

some specific ion channels face inevitable limitations: their ectopic overexpression may 

disrupt native neuronal physiology [123, 124], trigger aberrant activation [125], or exhibit 

restricted cellular tropism, thereby constraining therapeutic utility.  

To overcome these challenges, recent studies have identified non-channel 

mechanosensors, such as integrin β2 [126-128], VEGFR2 [109, 129, 130], GPCR68 [103], 

and E-cadherin[131], that activate downstream mechanotransduction pathways without 

directly forming ion-conducting pores [132]. Despite their established roles in 
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mechanotransduction of cells, whether these non-channel mechanosensors can mediate 

US neuromodulation remains unexplored, presenting an untapped opportunity to expand 

the sonogenetic toolbox. 

 

1.6 Research Objectives 

This study aims to identify a non-channel mechanosensitive protein capable of 

mediating ultrasonic stimulation, with validation in primary neurons and both 

anesthetized and freely behaving mice. To achieve this goal, the following objectives 

are proposed: 

1.Screening of Mechanosensitive Proteins:Calcium imaging will be employed to 

systematically evaluate candidate non-channel mechanosensitive proteins previously 

reported to sense mechanical forces, with the goal of identifying the protein 

demonstrating optimal responsiveness to ultrasonic stimulation. 

2.Mechanistic Investigation: The underlying mechanisms by which the selected non-

channel mechanosensitive protein mediate ultrasonic stimulation will be elucidated. 

3.Functional Validation: Real-time effects of non-channel mechanosensitive 

protein-mediated ultrasonic stimulation will be assessed in primary neuronal cultures, as 

well as in both anesthetized and freely moving mouse models. 

4.Safety Profiling: Expression patterns of the candidate protein in neurons will be 

characterized, and the biosafety profile of effective ultrasonic stimulation parameters will 

be thoroughly evaluated. 

 

 

 

 

 

 

 



26 

 

CHAPTER 2 E-cadherin is a candidate mediator molecule 

for sonogenetics 

 

 

2.1 Materials and methods   

2.1.1 Cell transfection   

Human embryonic kidney (HEK) 293T cells (ATCC) were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM; Gibco) containing 10% fetal bovine serum (FBS) and 

1% Penicillin-Streptomycin (Gibco), maintained at 37°C with 5% CO₂ in a humidified 

incubator. For transfection procedures, cells were seeded into 6-well plates at a density of 

1 × 10⁶ cells per well. After 24-hour incubation, plasmid transfection was performed using 

the Lipofectamine 3000 kit (Invitrogen L3000001). Specifically, 3.0 µg plasmid DNA 

was combined with 3 µl Lipofectamine 3000 and 6 µl P3000 reagent in Opti-MEM I 

Reduced Serum Medium (Gibco) to form transfection complexes, strictly following the 

manufacturer's protocol. These complexes were then introduced into each well. 24 hours 

post-transfection, cells were harvested via trypsinization and subcultured. For subsequent 

calcium imaging analysis, a fraction of transfected cells were replated onto glass-bottom 

confocal dishes (SPL Life Sciences) at 5 × 10⁵ cells per well, allowing 24-hour adherence 

prior to experimentation. 

     The Control pcDNA3.1(+)IRES GFP (Ctrl) was a gift from Kathleen_L Collins 

(Addgene plasmid # 51406 ; http://n2t.net/addgene:51406 ; RRID:Addgene_51406); The 

E-cadherin-GFP was a gift from Jennifer Stow (Addgene plasmid # 28009 ; 

http://n2t.net/addgene:28009 ; RRID:Addgene_28009); The GPCR68 (NM_001177676), 

integrin β2 (NM_000211), and VEGFR2 (NM_002253) plasmids were constructed by the 
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Miaoling company (Wuhan). The vector backbone of the constructed plasmids was 

pcDNA3.1 with an inserted GFP tag.  

 

2.1.2 qPCR   

Total RNA was isolated from cultured cells employing the mRNA Purification Kit 

(Takara) following the manufacturer's protocol. RNA concentration and purity were 

quantified using a NanoDrop One spectrophotometer (Thermo Scientific), with 

absorbance ratios (A260/A280) consistently ranging between 1.8-2.0. For cDNA 

synthesis, 1 µg of purified mRNA underwent reverse transcription with the mRNA 

reverse-transcription kit (Takara) as specified in the technical manual. Quantitative real-

time PCR (qPCR) reactions were conducted in 10 µl volumes containing: 1 µl cDNA 

template, 10 µM forward/reverse primers (final concentration), SsoAdvanced™ 

Universal SYBR® Green Supermix (Bio-Rad), and nuclease-free water. Amplification 

cycles were executed on a CFX96 Touch™ system (Bio-Rad) using the thermal profile 

recommended by the reagent manufacturer. Gene expression data were normalized to the 

internal reference gene and calculated using the comparative -△△Ct method relative to 

Ctrl samples. Values represent mean ± SEM from three independent biological replicates. 

Primer sequences utilized were as follows: 

Human GPCR68:  

F - CCCGGTGGTCTATGTTACCG, R – AGCCCACGCTGATGTAGATG. 

Human Integrin β2:  

F - AAGGAGAAAGAGTGCCAGCC, R – CATCAGTGGCAAACACCAGC. 

Human VEGFR2:  
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F - GTAACCCGGAGTGACCAAGG, R – AACCAAGGTACTTCGCAGGG. 

Human E-cadherin:  

F - AGTGACTGATGCTGATGCCC, R – AATGTACTGCTGCTTGGCCT 

 

2.1.3 Calcium imaging   

293T cells underwent three washes with Margo-Ringer bath solution composed of 

(in mM): 130 NaCl, 5 KCl, 1 MgCl₂, 2.5 CaCl₂, 10 Glucose, and 20 HEPES (pH adjusted 

to 7.4 with NaOH). Subsequently, cells were incubated with 3 µM Fura-2 AM fluorescent 

calcium indicator (Invitrogen, F1200) in the same solution at 37°C for 30 min. Following 

dye loading, cells were transferred to a recording chamber mounted on an inverted 

fluorescence microscope (Nikon Eclipse Ti, Tokyo, Japan). Fluorescence-positive cells 

were identified for calcium imaging using a 20 × objective. Fura-2 was alternately excited 

at 340 nm and 380 nm wavelengths (3s interval per wavelength) via a high-speed 

monochromator, with emitted fluorescence captured at 510 ± 20 nm through a band-pass 

filter. The ratio of fluorescence intensities (F340/F380) served as the quantitative measure 

of intracellular calcium dynamics. All calcium transients were calculated as △F/F0 (%) 

relative to baseline fluorescence intensity (F0), where F0 represents the average 

fluorescence during the 5s pre-stimulation period. 

The parameter of US stimulation for calcium imaging is depicted in Fig. 15B. The 

US stimulation setup included a commercially available transducer (I7-0012-P-SU, 

Olympus) and a function generator as depicted in Fig. 15A. This system generated 200-

tone burst pulses with a center frequency of 0.5 MHz, a repetition frequency of 1 kHz, 

and a duty cycle of 50%. The output intensity was maintained within the range of 0.1 to 

0.6 MPa, with a 3 second interval between each pulse according to the experiment. Peak-
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to-peak pressure was quantified and spatially mapped using a custom system equipped 

with a calibrated hydrophone (Onda, HGL400) mounted on a 3D motor. For 

measurements, the transducer was positioned at a 45° angle relative to the culture dish, 

while the hydrophone was placed above the dish.  

 

2.1.4 Quantification of membrane mechanical forces   

The magnitude of the mechanical force (suction) exerted on the cell via the patch-

clamp micropipette is determined by the hydrostatic pressure difference in a U-tube water 

column and calculated using the conversion formula (1 mmH₂O = 0.07355 mmHg) (Fig. 

16A) 

 

2.1.5 Recording of mechanical force-induced inward currents    

Prior to patch-clamp recording, cells were perfused with Margo-Ringer solution and 

transferred to an inverted fluorescence microscope stage (Nikon Eclipse Ti, Tokyo, Japan). 

Borosilicate glass micropipettes (Sutter Instrument BF150-86-7.5, USA) were fabricated 

using a P-1000 puller (Sutter Instrument Co, USA), achieving final resistances of 5-7 MΩ 

when filled with intracellular solution containing (in mM): 138 KCl, 10 NaCl, 1 MgCl₂, 

10 Glucose, and 10 HEPES (pH 7.4 adjusted with KOH). Membrane potential recordings 

were acquired through a Multiclamp 700B amplifier coupled to a DigiData 1550B 

acquisition system (Axon Instruments). Upon establishing whole-cell configuration with 

GΩ seal resistance, voltage-clamp gap free recording was implemented to continuously 

monitor membrane currents. Following baseline stabilization, suction is applied to the 

cells employing a syringe. The results were calculated as current density (pA/pF) for 

comparison of differences between the two groups. 
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2.1.6 Statistical analysis   

All data were compiled in GraphPad Prism for statistical analysis, which included 

two-tailed unpaired t-tests or two-way ANOVA followed by Tukey's test for multiple 

comparisons. The results were then visualized graphically. A P value of less than 0.05 was 

considered statistically significant, while ns denotes no significance. 

 

2.2 Results and discussion   

2.2.1 E-cadherin-expressing groups showed significant calcium responses to low-

intensity US stimulation   

To systematically screen for optimal sonosensitive molecules and further investigate 

the role of mechanosensitive molecules in cellular responses to ultrasound stimulation, 

we established a candidate molecular library encompassing diverse functional categories 

based on comprehensive literature review and bioinformatic analysis. This library 

specifically focuses on non-ion channel mechanosensitive membrane proteins, which 

play pivotal roles in mechanosensation and signal transduction due to their unique 

structural and functional characteristics. 

Based on extensive literature evidence, we selected four promising molecular 

candidates exhibiting responsiveness to ultrasound stimulation: GPCR68 (a subtype of G 

protein-coupled receptor), VEGFR2 (vascular endothelial growth factor receptor 2), 

integrin β2 (an extracellular matrix receptor), and E-cadherin (an epithelial cell-cell 

adhesion molecule) (Fig. 14A). These molecules were chosen according to the following 

criteria: (1) they have been clearly reported to respond to mechanical stimuli (including, 

but not limited to, hemodynamic shear stress and substrate stiffness); (2) these molecules 

convert mechanical signals into biochemical signals through their specific structural 
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domains, subsequently transmitting the signals to the nucleus via intricate intracellular 

mechanotransduction networks. This process ultimately leads to the activation of specific 

transcription factors and chromatin remodeling, initiating genome-wide transcriptional 

reprogramming that precisely regulates cellular behaviors such as proliferation, migration, 

differentiation, and apoptosis [131] (refer to Section 1.4). 

To identify the most effective sonosensitive molecules, we constructed 

corresponding expression vectors using molecular cloning techniques and achieved 

efficient transfection in HEK293T cells via lipofection. 48 hours post-transfection, we 

performed RT-qPCR to assess the transcriptional levels of these mechanosensitive 

molecules. The results demonstrated significant upregulation of target gene mRNA levels 

in all transfected groups compared to the Ctrl (Fig. 14B). Notably, VEGFR2 exhibited the 

most pronounced increase (mean -△△Ct = 21.7 ± 2.1), whereas integrin β2 showed 

relatively moderate upregulation (mean -△△Ct = 4.4 ± 0.9). This discrepancy may be 

attributed to differences in mRNA stability or post-transcriptional regulatory mechanisms. 

Meanwhile, confocal microscopy under FITC excitation revealed strong GFP 

fluorescence signals in both transfected and Ctrl groups (Fig. 14C), confirming successful 

exogenous protein expression and proper membrane localization. These findings provide 

a solid foundation for further investigation into the functional responses of these 

molecules under ultrasound stimulation. Ctrl  
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Figure 14. Expression of the non-ion channel protein in 293T cells. 

(A) Schematic workflow for screening non-ion channel proteins (GPCR68, VEGFR2, integrin β2 

and E-cadherin) in 293T cells by son-force. (B) The mRNA levels and (C) fluorescence imaging 

of non-ion channel proteins (GPCR68, integrin β2, VEGFR2, and E-cadherin) in transfected 293T 

cells under FITC. 
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We then implemented a dual-modality platform integrating real-time calcium 

imaging with a calibrated US transducer to investigate ultrasound-induced calcium 

response of transfected cells (Fig. 15A). Precisely controlled acoustic parameters were 

applied while monitoring intracellular Ca²⁺ dynamics (Fig. 15B), These ultrasonic 

parameters (0.5 MHz central frequency, 1 kHz pulse repetition frequency, 50% duty cycle, 

3s intervals) have been applied in in vitro experiments [72]. Given that the cytoskeleton 

serves as a prerequisite for mechanotransduction [133]— we pharmacologically disrupted 

actin polymerization using cytochalasin D (CD, 5 μM, 2 hours pretreatment). The results 

showed that under 0.30 MPa US stimulation, only the E-cadherin transfection group 

exhibited significant Ca²⁺ influx, as detected by the Fura-2 calcium indicator (ΔF/F0 >20% 

in GFP+ cells, Fig. 15C, D, E), while the responses of the GPCR68, integrin β2, VEGFR2, 

and Ctrl groups remained at the baseline level (~2%, Fig. 15C). The mechanically induced 

signal transduction is known to involve the cytoskeleton [133, 134]. As expected, the US-

induced calcium response can be abolished by cytochalasin D (CD, 5 μM, 2 hours 

pretreatment), – A potent inhibitor of actin polymerization that disrupts actin 

microfilaments. (Fig. 15C, D), confirming that the observed Ca²⁺ influx depended on the 

integrity of the cytoskeleton, these results corroborate earlier evidence suggesting that the 

cytoskeletal network, composed of filamentous polymers, functions as a 

mechanosensitive scaffold that regulates plasma membrane ion channel activity and may 

propagate mechanical stress from the membrane to intracellular compartments [135]. 
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Figure 15. Non-ion channel protein mediate ultrasound-induced activation of 293T cells. 

(A) Schematic workflow for screening non-ion channel proteins (GPCR68, VEGFR2, integrin β2 

and E-cadherin) in 293T cells by son-force. (B) Ca²⁺ measurement setup in transfected 293T cells 

under US stimulation (0.5 MHz central frequency, 1 kHz pulse repetition frequency, 50% duty 

cycle, 3s intervals). (C) Quantified Ca²⁺ responses induced by 0.3 MPa US stimulation, cells were 

treatment with or without 5μM Cytochalasin D for 20 minutes. the number of cells in each group 

were labeled in graph, mean ± SEM; **P < 0.01, ****P < 0.0001 by two-way ANOVA with 

Tukey’s post hoc test. (D) Representative Fura-2 images showing Ca²⁺ dynamics of E-cadherin 

or Ctrl expressed cells without (-US) and with ultrasound (+US) stimulation, and each group of 
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cells were treatment with or without 5 μM Cytochalasin D. (E) Hot map of Ca²⁺ dynamics of E-

cadherin or Ctrl expressed cells before and after US stimulation (0.30 MPa).  

 

2.2.2 Force-dependent increase in currents correlated with mechanical force 

application in E-cadherin-expressing cells.  

After that, we performed single-cell electrophysiological characterization guided by 

GFP fluorescence localization (Fig. 16B) to functionally validate E-cadherin's direct 

mechanotransduction capacity, and whole-cell currents were recorded under voltage-

clamp mode while negative pressure was applied through the pipette to deliver 

mechanical stimulation [136, 137] to the cell  membrane (Fig. 16B). The magnitude of 

the mechanical force (suction) exerted on the cell via the patch-clamp micropipette is 

determined by the hydrostatic pressure difference in a U-tube water column and 

calculated using the conversion formula (1 mmH₂O = 0.07355 mmHg) (Fig. 16A). We 

found that the E-cadherin-transfected cells showed a mechanically dependent inward 

current, while the Ctrl group did not (Fig. 16C). Collectively, these multimodal 

investigations definitively establish E-cadherin as the principal mechanotransducer 

mediating ultrasound-evoked cellular activation through a cytoskeleton-dependent 

pathway. 
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Figure 16. The mechanical force-induced currents in E-cadherin-expressing 293T cells. 

(A) Schematic diagram of mechanical force (aspiration) quantification in pipette applications. A 

U-tube water manometer (zeroed at the right limb) is connected to the pipette via a sealed rubber 

tube, with the pipette tip linked to a syringe. Withdrawing 0.3–1.0 mL of negative pressure 

generates measurable water column height differences, converted to mmHg (1 mmH₂O = 0.07355 

mmHg; below). (B) Left：illustration of mechanical forces exerted on a cell during whole-cell 
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recording. Right ： Mechanical force-evoked current traces in E-cadherin/Ctrl transfected 

cells. (C) Current density (pA/pF) under graded mechanical stimulation, n=6 cells in Ctrl group, 

n=7 cells in E-cadherin group, mean ± SEM; *P < 0.05, **P < 0.01 by two-tailed unpaired t-test. 
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CHAPTER 3 E-cadherin can enhance the US response of 

specific MSCs.    

 

 

3.1 Materials and methods   

3.1.1 Cell culture and transfection   

Chinese hamster ovary (CHO) cells (ATCC) were maintained under identical culture 

conditions to 293T cells. For experimental procedures, cells were segregated into four 

treatment groups and plated onto 35 mm glass-bottom confocal dishes at 2.5 × 10⁵ cells 

per dish. Following 24-hour incubation at 37°C/5% CO₂, transfection was performed 

using the Lipofectamine 3000 kit (Invitrogen). Specifically, 3.0 µl Lipofectamine 3000 

and 6 µl P3000 reagent were combined in Opti-MEM I Reduced Serum Medium (Gibco) 

as per manufacturer's protocol to form transfection complexes. After 36-hour post-

transfection incubation, cellular expression efficiency was initially assessed via GFP 

epifluorescence microscopy. Subsequently, transfected cells were rinsed with PBS and 

loaded with 3 µM Fura-2 calcium indicator (Invitrogen) in Margo-Ringer solution at 37°C 

for 30 min prior to calcium imaging recording. 

For E-cadherin and Piezo1/TRPC1 co-transfection, the transfection groups were as 

follows：Group 1：Ctrl (3 μg)，Group 2：E-cadherin (1.5 μg)，Group 3：

Piezo1/TRPC1 (1.5 μg) ，Group 4：E-cadherin (1.5 μg) + Piezo1/TRPC1 (1.5 μg). The 

E-cadherin and/or Ctrl plasmids in each group were added 6 hours after the addition of 

Piezo1/TRPC1, Groups 2 and 3 were supplemented with an additional 1.5 μg of empty 

vector plasmid (without GFP insertion) to balance the total plasmid quantity. The sources 

of the additional plasmids were as follows: Ctrl, pcDNA3.1(+)IRES GFP was a gift from 

Kathleen_L Collins (Addgene plasmid # 51406 ; http://n2t.net/addgene:51406 ; 
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RRID:Addgene_51406)；Murine E-cadherin mCherry was a gift from Alpha Yap 

(Addgene plasmid # 71366 ; http://n2t.net/addgene:71366 ; RRID:Addgene_71366)；

mPiezo1-IRES-eGFP was a gift from Ardem Patapoutian (Addgene plasmid # 80925 ; 

http://n2t.net/addgene:80925 ; RRID:Addgene_80925)；mTRPC1-GFP (P40179) was 

constructed by the Miaoling company (Wuhan).   

For E-cadherin and TRPA1 co-transfection, the transfection groups were as follows：

Group 1：Ctrl (3 μg)，Group 2：E-cadherin (1.5 μg)，Group 3：TRPA1 (1.5 μg)，

Group 4：E-cadherin (1.5 μg) + TRPA1 (1.5 μg). The E-cadherin and/or Ctrl plasmids in 

each group were added 6 hours after the addition of TRPA1, Groups 2 and 3 were 

supplemented with an additional 1.5 μg of empty vector plasmid (without GFP insertion) 

to balance the total plasmid quantity. The sources of the additional plasmids were as 

follows: Ctrl, pcDNA3.1(+)IRES GFP was a gift from Kathleen_L Collins (Addgene 

plasmid # 51406 ; http://n2t.net/addgene:51406 ; RRID:Addgene_51406)；E-cadherin-

GFP was a gift from Jennifer Stow (Addgene plasmid # 28009 ; 

http://n2t.net/addgene:28009 ; RRID:Addgene_28009)；

pcDNA3.1+_hsTRPA1_myc_dTom was a gift from Sreekanth Chalasani (Addgene 

plasmid # 183179 ; http://n2t.net/addgene:183179 ; RRID:Addgene_183179)； 

 

3.1.2 qPCR   

Total RNA was isolated from cultured cells employing the mRNA Purification Kit 

(Takara) following the manufacturer's protocol. RNA concentration and purity were 

quantified using a NanoDrop One spectrophotometer (Thermo Scientific), with 

absorbance ratios (A260/A280) consistently ranging between 1.8-2.0. For cDNA 
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synthesis, 1 µg of purified mRNA underwent reverse transcription with the mRNA 

reverse-transcription kit (Takara) as specified in the technical manual. Quantitative real-

time PCR (qPCR) reactions were conducted in 10 µl volumes containing: 1 µl cDNA 

template, 10 µM forward/reverse primers (final concentration), SsoAdvanced™ 

Universal SYBR® Green Supermix (Bio-Rad), and nuclease-free water. Amplification 

cycles were executed on a CFX96 Touch™ system (Bio-Rad) using the thermal profile 

recommended by the reagent manufacturer. Gene expression data were normalized to the 

internal reference gene and calculated using the comparative -△△Ct method relative to 

Ctrl samples. Values represent mean ± SEM from at least three independent biological 

replicates. Primer sequences utilized were as follows: 

Mouse Piezo1:  

F - GCAGTGGCAGTGAGGAGATT, R - GATATGCAGGCGCCTATCCA. 

Mouse TRPC1:  

F - CGTGCGACAAGGGTGACTAT, R – CTCCCAAGCACATCTACGCA.  

Human TRPA1:  

F - CAATGTCGCCAACTGCCAAA, R - AGCGGGGCAAATTTTCCAAC. 

 

3.1.3 Calcium imaging   

CHO cells underwent three washes with Margo-Ringer bath solution composed of 

(in mM): 130 NaCl, 5 KCl, 1 MgCl₂, 2.5 CaCl₂, 10 Glucose, and 20 HEPES (pH adjusted 

to 7.4 with NaOH). Subsequently, cells were incubated with 3 µM Fura-2 AM fluorescent 

calcium indicator (Invitrogen, F1200) in the same solution at 37°C for 30 min. Following 

dye loading, cells were transferred to a recording chamber mounted on an inverted 
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fluorescence microscope (Nikon Eclipse Ti, Tokyo, Japan). Fluorescence-positive cells 

were identified for calcium imaging using a 20 × objective. Fura-2 was alternately excited 

at 340 nm and 380 nm wavelengths (3s interval per wavelength) via a high-speed 

monochromator, with emitted fluorescence captured at 510 ± 20 nm through a band-pass 

filter. The ratio of fluorescence intensities (F340/F380) served as the quantitative measure 

of intracellular calcium dynamics. All calcium transients were calculated as △F/F0 (%) 

relative to baseline fluorescence intensity (F0), where F0 represents the average 

fluorescence during the 5s pre-stimulation period. 

 

3.1.4 Whole-cell recording   

Prior to patch-clamp recording, cells were perfused with Margo-Ringer solution and 

transferred to an inverted fluorescence microscope stage (Nikon Eclipse Ti, Tokyo, Japan). 

Borosilicate glass micropipettes (Sutter Instrument BF150-86-7.5, USA) were fabricated 

using a P-1000 puller (Sutter Instrument Co, USA), achieving final resistances of 5-7 MΩ 

when filled with intracellular solution containing (in mM): 138 KCl, 10 NaCl, 1 MgCl₂, 

10 Glucose, and 10 HEPES (pH 7.4 adjusted with KOH). Membrane potential recordings 

were acquired through a Multiclamp 700B amplifier coupled to a DigiData 1550B 

acquisition system (Axon Instruments). Upon establishing whole-cell configuration with 

GΩ seal resistance, voltage-clamp gap free recording was implemented to continuously 

monitor membrane currents. The results were calculated as current density (pA/pF) for 

comparison of differences between the two groups. 
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3.1.5 Statistical analysis   

All data were consolidated in GraphPad Prism for statistical evaluation using two-

way ANOVA with Tukey's post hoc test. Graphical representations were subsequently 

generated based on the analytical outcomes. A significance threshold was set at P < 0.05, 

with ns indicating non-significant results. 

 

 

3.2 Results and discussion   

3.2.1 E-cadherin enhances calcium responses of mechanosensitive channels 

(Piezo1) to US stimulation   

As shown in our preceding findings, US stimulation triggers calcium influx in E-

cadherin-overexpressing HEK293T cells, it is critical to note that E-cadherin – a classical 

intercellular junction protein – lacks the intrinsic capacity to mediate calcium flux [114, 

138]. To explore the potential mechanism of E-cadherin mediated US - induced calcium 

influx, we investigated potential cooperative interactions between E-cadherin and 

endogenous mechanotransduction pathways. Existing studies have shown that MSCs can 

endow cells with the ability to respond to US stimulation [73, 74, 87, 89-94], and E-

cadherin structurally interacts with specific MSCs[139]. Based on this, we hypothesized 

that E-cadherin may enhance the sensitivity of cells to US by enhancing the function of 

MSCs. 

To test this hypothesis, we employed CHO cells, which were devoid of endogenous 

mechanosensitive channel expression, co-transfected with E-cadherin and three 

mechanosensitive channels: Piezo1, TRPC1, and TRPA1. To exclude confounding effects 

from differential plasmid expression, we quantified Piezo1 transcript levels via 

Quantitative reverse transcription polymerase chain reaction (qRT-PCR). The results 
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showed that the Piezo1 transcription levels in the Piezo1 group and the co-transfected 

with Piezo1 and E-cadherin (hereafter referred to as Piezo1+E-cadherin) group were 

significantly higher than those in the Ctrl group and the E-cadherin group. However, there 

was no significant difference in Piezo1 expression between the Piezo1 group and 

the Piezo1+E-cadherin group (Fig. 17A). Functional validation using whole-cell voltage-

clamp recordings demonstrated that YODA1—a selective Piezo1 agonist—elicited 

comparable current densities in Piezo1 and Piezo1+E-cadherin groups (Fig. 17B). This 

transcriptional and electrophysiological congruence confirms that E-cadherin enhances 

US sensitivity without altering Piezo1 transcription level and intrinsic Piezo1 channel 

properties. Interestingly, calcium imaging revealed that ultrasound-induced Ca²⁺ 

transients were higher in Piezo1+E-cadherin cells (ΔF/F0 = 43.02% ± 7.39%) compared 

to Piezo1-only cells  (ΔF/F0 = 19.95% ± 5.73%) (Fig. 17 C, D). No detectable responses 

(ΔF/F0 <1%) were observed in cells expressing E-cadherin alone or Ctrl (Fig. 17C, D). 
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Figure 17. E-cadherin co-expression with Piezo1 significantly enhances Ca2+ response upon 

US stimulation. 

(A)The mRNA levels of Piezo1 in CHO cells, the group labels indicated the transfection plasmids. 

n = 3 biological replicates in each group, mean ± SEM; ****P < 0.0001 by one-way ANOVA 

with Šídák' test. (B) Yoda1 (10 μM)-induced current densities in Ctrl, E-cadherin, Piezo1, Piezo1 

+ E-cadherin groups respectively, n = 3 to 4 cells in each group, mean ± SEM; **P < 0.01, ***P 

< 0.001 by one-way ANOVA with Tukey’s test. (C) Fura-2 imaging of Ctrl, E-cadherin, Piezo1 

or E-cadherin+Piezo1 transfected CHO cells with (+US) or without (-US) ultrasound stimulation. 

Arrows indicate fluorescence positive cells that were selected for analysis.  (D) Quantified US 

(0.5 MHz, 0.3 MPa)-induced Ca²⁺ responses. The other US parameters were as follows: duty cycle: 
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50%, duration: 500 ms, 3 s intervals. (B, D) Number of cells n in each group were labeled in 

graph. mean ± SEM; *P < 0.05, **P < 0.01, ****P < 0.0001 by one-way ANOVA with Tukey’s 

test.  

 

3.2.2 E-cadherin could not enhance calcium responses of mechanosensitive 

channels (TRPC1 and TRPA1) to US stimulation   

We employed the same approach to investigate whether E-cadherin enhances the 

responsiveness of TRPC1 to US stimulation. The TRPC1 mRNA expression level (Fig. 

18A) and the current density (pA/pF) induced by the TRPC1 agonist carbachol also 

showed a similar trend (Fig. 18B). However, the calcium imaging results indicated that 

the US -induced Ca²⁺ response in the E-cadherin+TRPC1 and the TRPC1 group was 

significantly higher than in the Ctrl or the E-cadherin group as expected, but without 

significant difference between E-cadherin+TRPC1 (ΔF/F0 = 9.89% ± 1.62%) and the 

TRPC1 alone group (ΔF/F0 = 10.78% ± 1.63%) (Fig. 18C).  

 A similar pattern of results was also observed in the parallel experiment using 

TRPA1 (comparable response： ΔF/F0 = 9.72% ± 1.58% in E-cadherin+TRPA1 vs ΔF/F0 

= 9.64% ± 2.03% in TRPA1，no obvious response: ΔF/F0 = 0.39% ± 2.34% in E-cadherin 

and ΔF/F0 = 0.81% ± 2.19% in Ctrl), with the MSC-expressing groups showing 

comparable levels of TRPA1 expression, and significant response to US, but with no 

observed enhancement from additional E-cadherin expression (Fig. 18D, E, F). Taken 

together, these results indicate that E-cadherin specifically enhanced the US-induced Ca²⁺ 

influx mediated by the mechanosensitive channel Piezo1, thereby improving the cell's 

sensitivity to US stimulation, but had no obvious effect on the functioning of the TRPC1 

and TRPA1 channels. 
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Figure 18. E-cadherin-mediated sonogenetics requires Piezo1 function. 

(A) The mRNA levels of TRPC1 in CHO cells, the group labels indicated the transfection 

plasmids. (n = 3 biological replicates in each group, mean ± SEM; ****P < 0.0001 by one-way 

ANOVA with Šídák' test. (B) Carbachol (100 mM)-induced current densities in Ctrl, E-cadherin, 

TRPC1, E-cadherin + TRPC1 groups respectively.  n = 3 to 5 cells in each group, mean ± SEM; 
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**P < 0.01, ***P < 0.001 by one-way ANOVA with Tukey’s test. (C) Quantified US (0.5 MHz, 

0.3 MPa)-induced Ca²⁺ responses. The other US parameters were as follows: duty cycle: 50%, 

duration: 500 ms, 3-s intervals. Number of cells n in each groups were labeled in graph. mean ± 

SEM; ***P < 0.001, ****P < 0.0001 by one-way ANOVA with Tukey’s test.  (D) The mRNA 

levels of TRPA1 in CHO cells, the group labels indicated the transfection plasmids. (n = 3 

biological replicates in each group, mean ± SEM; ****P < 0.0001 by one-way ANOVA with 

Šídák' test. (E) Ononetin (20 μM)-induced current densities in Ctrl, E-cadherin, TRPA1, E-

cadherin+TRPA1 groups respectively.  n = 3 to 6 cells in each group, mean ± SEM; *P < 0.05, 

**P < 0.01 by one-way ANOVA with Tukey’s test. (F) Quantified US (2.25 MHz, 0.25 MPa) 

induced Ca²⁺ responses. The other US parameters were as follows: duty cycle: 50%, duration: 500 

ms, 3-s intervals. Number of cells n in each groups were labeled in graph. mean ± SEM; ****P < 

0.0001 by one-way ANOVA with Tukey’s test.  
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CHAPTER 4  E-cadherin expressed heterologously in 

primary cortical neurons can enhance US-induced Ca2+ 

influx 

 

 

4.1 Materials and methods   

4.1.1 Culture and transfection of rat primary cortical neurons   

Primary cortical neurons were dissociated from embryonic day 18 (E18) Sprague-

Dawley rat embryos. Cortical tissues were microdissected in ice-cold Neurobasal medium 

(Gibco, 21103049), followed by enzymatic digestion with 0.25% trypsin (Gibco) at 37°C 

for 15 min. The digestion was terminated by adding Neurobasal medium supplemented 

with 10% fetal bovine serum (FBS), 0.25% L-Glutamine, 1% Penicillin-Streptomycin, 

and 0.1% DNase I (all Gibco). Tissue suspensions were gently triturated using fire-

polished Pasteur pipettes and centrifuged at 1000 rpm for 5 min at 25°C. After supernatant 

removal, cell pellets were resuspended in complete Neurobasal medium (containing 10% 

FBS, 0.25% Glutamine, 1% Penicillin-Streptomycin) and plated at 1 × 10⁵ cells/well onto 

poly-L-lysine (PLL, Sigma 25988-63-0) coated 35 mm culture dishes (50 μg/mL coating 

concentration). After 24-hour incubation, the medium was replaced with serum-free 

Neurobasal medium containing 2% B27 supplement, 0.25% L-Glutamine, and 1% 

Penicillin-Streptomycin. Subsequently, 1/2 of medium exchanges were performed every 

48 hours until experimental use. 

For the calcium imaging and western blot experiment, cells were transfected with  

pAAV-hSyn-MCS/E-cadherin-3xFLAG-tWPA virus (Multiplicity of infection, MOI: 5 × 

104) on day 8. For an immunofluorescence experiment, cells were transfected with pAAV-

hSyn-MCS-GFP or pAAV-hSyn-E-cadherin-3xFLAG-tWPA (MOI: 5 × 104) on day 8. 
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The transfected cells were performed calcium imaging, and harvest for western blot or 

immunofluorescence experiment on day 10. 

4.1.2 Calcium imaging   

Primary cortical neurons were perfused three times with oxygenated Margo-Ringer 

bath solution containing (in mM): 130 NaCl, 5 KCl, 2.5 CaCl₂, 1 MgCl₂, 20 HEPES， 

10 Glucose, and (pH 7.4 adjusted with NaOH). Subsequently, cells underwent loading 

with 3 µM Fura-2 AM calcium indicator (Invitrogen F1200) in the same solution at 37°C 

for 30 min. After incubation with the dye, neurons were placed on the stage of an inverted 

fluorescence microscope (Nikon Eclipse Ti, Japan) for subsequent imaging. 

Fura-2-loaded cells were identified using a 20 × objective. Dual-wavelength 

excitation at 340 nm and 380 nm (3s alternation interval) was delivered via a 

monochromator, with emitted fluorescence captured through a 510 ± 20 nm bandpass 

filter. Intracellular calcium dynamics were quantified as the ratio of fluorescence 

intensities (F340/F380). Calcium transients were calculated as △F/F0 (%), where F0 

represents baseline fluorescence averaged over the 5s pre-stimulation period. Ultrasound 

stimulation parameters are detailed in Fig. 15B. 

 

4.1.3 Western blot   

Transfected neurons underwent ultrasound stimulation within a humidified 

incubator (37°C, 5% CO₂) using parameters identical to calcium imaging experiments, 

except for 10-second stimulation intervals. Continuous 20-minute US exposure was 

followed by 90-minute post-stimulation incubation. Cells were washed three times with 

ice-cold 1× PBS and lysed on ice in RIPA buffer (EMD Millipore) containing protease 
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and phosphatase inhibitors (Thermo Fisher Scientific). The lysates were then centrifuged 

at 12,000 g for 15 min at 4°C to pellet cellular debris, and the resulting supernatants were 

quantified for protein content using a bicinchoninic acid (BCA) assay. 

For immunoblotting, protein samples (50 µg per lane) were denatured at 95°C for 5 

min, separated on 10% SDS-polyacrylamide gels, and transferred onto nitrocellulose 

membranes with a semi-dry transfer system. Membranes were blocked with 5% non-fat 

milk prepared in TBST (Tris-buffered saline with 0.1% Tween-20) for 1 h at room 

temperature (25°C), followed by overnight incubation with primary antibodies at 4°C. 

After washing three times with TBST (10 min each), membranes were incubated for 1 h 

at 25°C with HRP-conjugated secondary antibodies diluted at 1:2000. Following final 

washes, protein bands were visualized by chemiluminescence using ECL substrate 

(Pierce) and imaged with a Bio-Rad ChemiDoc MP system. 

Primary antibodies c-Fos (rabbit, #2250s) were diluted at 1:250, E-cadherin (rabbit, 

#3195) and GAPDH (mouse, #97166) antibodies were diluted at 1:500, and all the 

antibodies were purchased from Cell Signaling Technology. Secondary antibodies 

included HRP-conjugated goat anti-rabbit IgG (H+L) (#31460) and goat anti-mouse IgG 

(H+L) (#31431) from Invitrogen, both diluted 1:1000 in blocking buffer. Protein levels 

were quantified using ImageJ and expressed as fold changes relative to the 0 MPa 

ultrasound treatment group. Data are presented as mean ± SEM from three independent 

experiments. 

 

4.1.4 Immunofluorescence staining   

Primary neurons received 15-minute Paraformaldehyde (PFA) fixation at 25°C. 

Following three 5-minute PBS washes, samples were blocked for 1 hour at room 
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temperature with PBS-based blocking buffer containing 10% goat serum, 5% bovine 

serum albumin (BSA), and 0.3% Triton X-100. Primary antibody incubation proceeded 

at 4°C overnight. After additional triple PBS washes (5 min each), neurons were 

incubated with species-matched secondary antibodies (Alexa Fluor-conjugated, 1:1000) 

for 1 hour at 25°C. Post-immunostaining, samples were air-dried prior to mounting in 

4′,6-diamidino-2-phenylindole (DAPI) - containing Fluoromount-G (SouthernBiotech). 

Fluorescence images were acquired using a Nikon Eclipse Ti2 microscope equipped with 

a 20 × objective and NIS-Elements AR software (Japan). 

For E-cadherin and colocalized with Microtubule-associated protein 2 (MAP-2) 

staining，E-cadherin (rabbit, #3195T)  were diluted at 1:500, and all purchased from Cell 

Signaling Technology. MAP-2 (mouse, MAB3418) were purchased from sigma and 

diluted at 1:500. Secondary antibodies were used Cross-Adsorbed Goat anti-Rabbit IgG 

(H+L) Secondary Antibody, Alexa Fluor™ 488 (A-11008) and Highly Cross-Adsorbed 

Goat anti-Mouse IgG (H+L) Secondary Antibody, Alexa Fluor™ Plus 555 (A32727) 

purchased from Invitrogen, diluted at 1: 1000 in a blocking buffer.  

For c-Fos and E-cadherin co-staining in primary neurons. c-Fos primary antibodies 

(rabbit, #2250s) and E-cadherin (mouse, #3195) were diluted at 1:250 in the blocking 

buffer, all purchased from Cell Signaling Technology. The following secondary 

antibodies were applied at a 1:1000 dilution in blocking buffer: Alexa Fluor™ 555-

conjugated Cross-Adsorbed Goat anti-Rabbit IgG (H+L) (Invitrogen, A-21428) and 

Alexa Fluor™ 488-conjugated Goat anti-Mouse IgG, IgM (H+L) (Invitrogen, A-10680). 

Quantification of c-Fos-positive neurons was performed in a single-blinded manner by an 

experimenter who was unaware of group allocations. 
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4.1.5 Statistical analysis   

All data were compiled in GraphPad Prism for statistical analysis, which included 

two-tailed unpaired t-tests or two-way ANOVA followed by Tukey's test or uncorrected 

Fisher's LSD test for multiple comparisons. The results were then visualized graphically. 

A significance threshold was set at p < 0.05, with ns indicating non-significant results. 

4.2 Results and discussion   

4.2.1 E-cadherin expressed heterologously in primary cortical neurons can 

enhance US-induced Ca2+ influx   

Given the observed enhancement effect of E-cadherin expression significantly 

enhances Piezo1-mediated ultrasound responsiveness (by 2.1-fold), we sought to 

investigate its role in ultrasonic neuromodulation. Notably, Piezo1 - a key 

mechanosensitive ion channel - exhibits widespread expression patterns throughout the 

mouse central nervous system, as systematically characterized by high-throughput in situ 

hybridization data from the Allen Mouse Brain Atlas. These data demonstrate abundant 

Piezo1 expression in multiple brain regions including the cortex, hippocampus, and 

cerebellum. Our prior work has established that Piezo1 contributes substantially to 

ultrasound-induced neuromodulation, as evidenced by significantly attenuated calcium 

responses upon Piezo1 knockout [72]. 

To establish a robust experimental model, we employed an AAV9-hSyn vector 

system to achieve targeted E-cadherin expression in cultured rat primary cortical neurons . 

This delivery system features neuron-specific expression (driven by the hSyn promoter) 

with high transduction efficiency (>80%) [140]. Immunofluorescence co-localization 

analysis revealed that E-cadherin signals exhibited over 80% co-localization with the 

mature neuronal marker MAP-2 (n=9 fields of view), while Ctrl groups showed no 
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detectable signal (Fig. 19A,B). Western blot semi-quantitative analysis further confirmed 

significantly higher E-cadherin expression in transfected neurons compared to Ctrl (Fig. 

21A). 

 

 

Figure 19. Immunofluorescence of E-cadherins and MAP-2+ in transfected neurons. 

(A) E-cadherin (green) colocalization with MAP-2+ neurons (red) and DAPI (blue). (B) The 

percentage of E-cadherin in MAP-2+ neurons in Ctrl or E-cadherin virus expressed groups. n= 9 

field (20×) in Ctrl or E-cadherin group from 3 biological replicates, mean ± SEM; ****P < 0.0001 

by two-tailed unpaired t-test. 

 

To elucidate E-cadherin's mechanotransduction function, we employed high 

spatiotemporal-resolution calcium imaging (20 Hz sampling rate) to monitor neuronal 

responses to ultrasound stimulation. Results demonstrated that E-cadherin-expressing 

neurons exhibited substantially enhanced ultrasound-evoked calcium transients (ΔF/F₀ = 

26.3 ± 2.2%) compared to Ctrl (8.5 ± 1.2%) at 0.3 MPa stimulation (Fig. 20 A-C). 

Importantly, this calcium response showed dose-dependent amplification when 
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ultrasound intensity increased to 0.6 MPa (ΔF/F₀ = 62.8 ± 8.9%, Fig. 20C). 

Structurally, the mechanotransduction by cadherins enables cells to sense and 

respond to physical changes in their environment, a process at the heart of which lies the 

dynamic linkage between the cadherin-catenin adhesion complex and actin filaments (F-

actin) [118]. As predicted, pharmacological disruption of actin networks using 

cytochalasin D (5 μM) completely abolished ultrasound-induced calcium signaling in 

both experimental and control groups (ΔF/F₀ < 10.0%, Fig. 20C). These results 

collectively demonstrate that heterologous expression of E-cadherin in neurons 

potentiates ultrasound-evoked Ca²⁺ influx. 
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Figure 20. E-cadherin mediates ultrasound-induced Ca²⁺ influx in primary neurons. 

(A) Fura-2 imaging of transfected neurons with or without 0.3 MPa stimulation, cells in E-

cadherin or Ctrl groups were pretreated with or without 5μM Cytochalasin D for 2 hours before 

Ca2+ imaging recording. (B) Hot map of Ca²⁺ dynamics of E-cadherin or Ctrl expressed neurons 

before and after US stimulation (0.3 MPa).  (C) Quantified Ca²⁺ influx of under 0.3 and 0.6 MPa, 

number of cells n in each groups were labeled in graph, mean ± SEM; **P < 0.01, ****P < 0.0001 

by two-way ANOVA with Tukey’s test).  

 

4.2.2 E-cadherin expressed heterologously in primary cortical neurons can 

upregulate ultrasound-induced neuronal activation biomarkers 

To evaluate the neuronal activation induced by US stimulation, we evaluated 

expression level changes of c-Fos, the immediate early gene c-Fos is a well-known 

molecular marker of neuronal activation triggered by Ca²⁺ influx [141, 142].   The 

experimental setup depicted in (Fig. 21A). Primary neurons were continuously cultured 

under standard conditions (37°C, 5% CO₂) during treatment to preserve physiological 

integrity. After 20 minutes of 0.3 MPa US stimulation, western blot semi-quantitative 

analysis shows that US-induced c-Fos upregulation in E-cadherin-expressing neurons 

compared to Ctrl or E-cadherin-expressing only groups (Fig. 21B, C).  

To further elucidate whether the observed c-Fos upregulation originated from E-

cadherin-transfected neurons, we performed immunofluorescence staining to visualize c-

Fos expression, the proportion of US -induced c-Fos-positive neurons (red)  in E-

cadherin-transfected neurons (green) significantly increased to 46.8 ± 6.0% (compared to 

23.0 ± 3.5% in the Ctrl group, p < 0.01) (Fig. 21D, E), while both groups remained below 

30.0% under unstimulated conditions (Fig. 21D, E). These data together confirm that E-

cadherin significantly enhances the sensitivity of primary neurons to US stimulation by 
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mediating Ca²⁺ influx and neuronal activation. 

 

Figure 21. E-cadherin mediates ultrasound-induced c-Fos activation in primary neurons. 

(A) A schematic diagram of the ultrasound device configuration for treating cultured neurons 

within an incubator, followed by immunofluorescence staining or Western blot analysis. The 

space between the culture dish and the ultrasound transducer is filled with an ultrasonic coolant 
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to ensure efficient ultrasonic wave transmission. (B) Representative Western blot images for the 

level of c-Fos in E-cadherin/Ctrl-transfected cells treated with or without US treatment (0.3 

MPa). (C) Bar chart shows c-Fos protein levels as a fold change compared with the untreated Ctrl, 

mean ± SEM of 3 independent experiments，*P < 0.05, **P < 0.01 by two-way ANOVA with 

uncorrected Fisher's LSD. (D) Immunofluorescence of c-Fos (red) and Ctrl/E-cadherin (green) 

with (+ US) or without (- US) 0.3 MPa US treatment. (E) The calculation of c-Fos-positive cells 

of Fig. C, each points n represents a biological replicate, mean ± SEM; *P < 0.05 by two-way 

ANOVA with Tukey’s test.  

 

4.2.3 E-cadherin expression did not affect neurons’ electrical properties. 

To comprehensively evaluate the biosafety profile of E-cadherin as a novel 

sonogenetic actuator and its potential impact on fundamental neuronal 

electrophysiological properties, we subsequently conducted a series of systematic 

electrophysiological characterization experiments under in vitro conditions. Specifically, 

utilizing whole-cell patch-clamp electrophysiology configured in current-clamp mode, 

recordings were performed on primary cultured neurons successfully expressing E-

cadherin. Crucially, the experimental results demonstrated that key passive electrical 

properties of neurons, including but not limited to resting membrane potential, neuronal 

firing frequency, and spike amplitude, showed no statistically significant differences 

between the E-cadherin group and the Ctrl group (Fig. 22A-D). This finding robustly 

demonstrates that exogenous expression of E-cadherin does not intrinsically disrupt the 

neuron's ability to maintain its basic electrophysiological homeostasis. 
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Figure 22. Electrophysiological characterization of E-cadherin-expressing neurons.                                                   

(A) Current-clamp recordings of membrane potential of Ctrl/E-cadherin expressed primary 

neurons. (B-D) Calculation of resting membrane potential, firing frequency and amplitude of 

Ctrl/E-cadherin expressed neurons.  For RMP, n = 10 Ctrl, n = 9 E-cadherin, for frequency and 

amplitude n = 5 Ctrl, n = 4 E-cadherin, mean ± SEM by two-tailed unpaired t-test. 
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CHAPTER 5 E-cadherin enables sonogenetic activation of 

mouse layer V motor cortex neurons and downstream 

muscular active-tion in vivo 

 

 

5.1 Materials and methods   

5.1.1 Experimental animals    

All animal experiments utilized 8-week-old male C57BL/6J mice (supplied by The 

Chinese University of Hong Kong) for in vivo ultrasound stimulation. Mice were group-

housed under controlled environmental conditions (22 ± 1°C, 55 ± 5% humidity, 12 h 

light/dark cycle) with ad libitum access to standard rodent chow and autoclaved water. 

Subjects were randomly assigned to experimental cohorts using computer-generated 

randomization protocols. All procedures strictly adhered to the ethical standards outlined 

in the Animals (Control of Experiments) Ordinance administered by the Department of 

Health, Hong Kong Special Administrative Region Government, China. Veterinary 

supervision was maintained throughout the study period. 

 

5.1.2 Virus injection  

Mice were anesthetized via intraperitoneal injection of ketamine (100 mg/kg) and 

xylazine (10 mg/kg), followed by placement in a stereotaxic frame. After clipping the fur 

over the skull, ophthalmic ointment was applied to both eyes to prevent corneal drying. 

For fiber photometry recording, the cortical brain M1 region (AP 0.25 mm, ML -1.5 mm, 

DV -1.0 mm) was injected with 0.5 μl of virus (pAAV-CaMKIIα-GCaMP6s, 

Calcium/calmodulin-dependent protein kinase II alpha, CaMKIIα, Genetically encoded 

calcium indicator, GCaMP6s, OBiO Technology) + 0.5 μl of virus (Ctrl, pAAV-
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CaMKIIα-MCS-3FLAG-tWPA or E-cadherin, pAAV-CaMKIIα-E-cadherin-3FLAG-

tWPA, OBiO Technology). For electromyography recording, the cortical brain M1 region 

was only injected with 1.0 μl of virus (Ctrl, pAAV-CaMKIIα-MCS-3FLAG-tWPA or E-

cadherin, pAAV-CaMKIIα-E-cadherin-3FLAG-tWPA, OBiO Technology). Viral 

injection was performed through a small craniotomy (<1 mm²) at a rate of 0.1 µl/min 

using a microinjection system (Nanoliter 2010, WPI Ltd.). Following a 10-minute 

injection period, the needle was slowly withdrawn. The skull puncture site was 

disinfected and sutured, after which the mice were returned to their home cages for a 3-

week recovery period prior to optic fiber implantation. The fiber was then implanted at 

the target coordinates (AP: +0.25 mm, ML: −1.5 mm, DV: −1.0 mm) and secured to the 

skull with dental cement, which was allowed to cure for 20 minutes. After disinfecting 

the skin around the cement, the animals were returned to their home cages and allowed 

to acclimate for one week before fiber photometry recording began. 

 

5.1.3 Immunofluorescence staining   

Brain tissues were harvested after whole-body perfusion by 4% PFA and fixed by 

immersion of PFA overnight at 4°C. After washing in PBS, the brain slices were removed 

along the coronal position with a thickness of 40 μm by vibratomes (Leika VT1200). 

Slices or primary neurons were blocked with blocking buffers (10% goat serum, 5% BSA, 

0.3% Triton X-100 in PBS) at room temperature for 2 hours and incubated with primary 

antibodies overnight at 4°C. Washed 3 times and incubated the secondary antibody for 90 

minutes at room temperature. Following additional washes, the slices were dried and 

mounted with DAPI. Images were acquired with a fluorescence microscope (Nikon 

Eclipse Ti2, Japan). 
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For E-cadherin staining in brain slice in fiber photometry experiments, E-cadherin 

(rabbit, #3195T) were diluted at 1:250 in the blocking buffer. Secondary antibodies were 

used Cross-Adsorbed Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor™ 

555 (Invitrogen, A-21428) diluted at 1: 1000 in blocking buffer. 

For E-cadherin staining in brain slice in EMG experiments, E-cadherin (rabbit, 

#3195T) were diluted at 1:250 in the blocking buffer. Secondary antibodies were used 

Cross-Adsorbed Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor™ 488 

(Invitrogen, A-11008) diluted at 1: 1000 in blocking buffer. 

For Ionized calcium-binding adapter molecule 1 (Iba-1) and Glial fibrillary acidic 

protein (GFAP) staining in brain slice, Iba-1 (rabbit, #17198S), GFAP (rabbit, #12359S),  

all purchased from Cell Signaling Technology. Secondary antibodies were used Goat anti-

Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 555 (Invitrogen, 

A-21428) diluted at 1: 1000 in blocking buffer.  The number of E-cadherin, MAP-2, Iba-

1 and GFAP in primary neurons or brain slices was counted by single-blind, quantified 

by an experimenter who did not identify the groups beforehand. 

 

5.1.4 Fiber photometry recording in motor cortex (M1)   

Prior to fiber photometry recordings, mice were anesthetized using isoflurane (1.0 

to 2.5% in O2) and surgically implanted with optical fibers targeting cortical regions. 

GCaMP6s fluorescence signals were acquired through a fiber photometry system 

(Thinker Tech Nanjing BioScience Inc.) with the following optical parameters: 470 ± 15 

nm excitation (30 nm bandwidth) and 510 ± 12.5 nm emission (25 nm bandwidth) filters. 

Signal acquisition occurred at 100 Hz sampling frequency, with subsequent offline 
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processing via customized MATLAB algorithms (R2021a). Fluorescence dynamics were 

quantified as ΔF/F0= (F−F0)/F0, where F0 represents the 1-second pre-stimulus baseline 

fluorescence averaged per experimental session. Ultrasound stimulation protocols 

consisted of 5 repeated 10-second intervals at identical intensity, with all other parameters 

matching those specified for calcium imaging experiments in Fig. 15B.  

 

5.1.5 Electromyography recording in motor cortex (M1)   

 Four weeks post-viral injection, mice transduced with either the empty vector or the 

E-cadherin virus underwent experimental preparation under 2% isoflurane anesthesia 

(ophthalmic ointment applied to both eyes). Following removal of head hair and 

application of ultrasound coupling gel, a 0.5MHz transducer was secured. The recording 

electrode, consisting of two electromyographic (EMG) needles, was inserted into the left 

forelimb triceps brachii muscle at a 3-5 mm spacing to capture the muscle biopotential 

difference. A ground electrode was attached to the mouse tail. Five minutes prior to EMG 

recording initiation, the isoflurane concentration was reduced to 0.5%, inducing a light 

anesthesia state. Subsequently, five ultrasound stimuli were delivered to each mouse using 

identical sonication intensity parameters, with an inter-stimulus interval of 10 seconds. 

EMG signals were acquired using a multi-channel recording system (Medus, Bio-Signal 

Technologies). 

EMG data analysis was performed in MATLAB (The MathWorks, Inc.): The raw 

signal was initially processed with a 50 Hz notch filter and a 10-150 Hz bandpass filter. 

The initial 200 ms segment of the recording was designated as the resting period window 

for baseline value determination. For stimulation-period data, the filtered signal was 

rectified relative to its mean value. A smoothed envelope was then constructed by 
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calculating the root mean square (RMS) using a 200 ms sliding window. The relative 

amplitude was calculated as (peak EMG event amplitude - baseline value) / baseline value 

(denoted as ΔF/F0). The response latency was defined as the time difference between the 

onset of the ultrasound stimulus and the initiation point of the response. 

5.1.6 Statistical analysis   

All data were compiled in GraphPad Prism for statistical analysis using two-tailed 

unpaired t-tests or two-way ANOVA followed by Tukey's test for multiple comparisons. 

Results were then visualized in graphical form. A p-value threshold of <0.05 was set for 

statistical significance, and ns denotes non-significant findings. 

                                  

5.2 Results and discussion   

5.2.1 Enhanced synchronized calcium signals in motor cortex (M1) of E-cadherin 

mice following US stimulation   

Based upon our finding of successful in vitro neuronal activation induced by our E-

cadherin-mediated sonogenetic system, we next evaluated the feasibility of E-cadherin as 

a in vivo sonogenetic tool. Stereotaxic co-injection of an E-cadherin and a GCaMP6s virus 

was performed in the right M1 region of the mouse cerebral cortex. Both viruses were 

driven by a CaMKIIα promoter, allowing us to achieve cell-type-specificity by targeting 

excitatory neurons. Control animals receive equivalent injections of empty vectors. After 

4 weeks of virus expression, an optical fiber ferrule was implanted, and fiber photometry 

was performed after 1 week of postoperative recovery (Fig. 23A). Immunofluorescence 

staining confirmed the specific co-expression of E-cadherin and GCaMP6s in the M1 

region (Fig. 23B). 
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Under isoflurane anesthesia, with the gas inflow rate held constant to ensure a 

consistent anesthetic depth across both experimental groups (a measure to control for its 

potential influence on neuronal excitability), mice were stimulated with US treatment, 

and each intensity was repeated 5 times. Before US stimulation, both groups showed 

comparable baseline fluorescence levels (ΔF/F0 ≈ 0.4 %, Fig. 23C, D). After applying 

0.25 MPa US stimulation, neurons in the E-cadherin group were specifically activated 

(2.0 ± 0.3% vs. 0.6 ± 0.2% in the Ctrl group) (Fig. 23C, D), and the Ca²⁺ response 

amplitude in E-cadherin mice was positively correlated with the stimulation intensity (2.3 

± 0.3% at 0.55 MPa), significantly higher than that in the Ctrl group (1.0 ± 0.3%). These 

results further confirm that E-cadherin enhances the responsiveness of neurons in the 

motor cortex (M1) to ultrasonic stimulation at the in vivo level. 
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Figure 23. E-cadherin potentiates ultrasound-evoked cortical neuron Ca²⁺ response. 

(A) Viral injection (GCaMP6s + Ctrl/E-cadherin) in right mouse cortex M1 for fiber photometry, 

Optical fibers were implanted 4 weeks post-viral injection. After allowing a 1-week adaptation 

period for the mice, fiber photometry recordings were conducted. The US probe was positioned 

at a 45-degree tilt angle relative to the optical fiber axis and applied to the right cerebral 

hemisphere. (B) E-cadherin (red) and GCaMP6s (green) colocalization in M1. (C) 

Representative fiber photometry traces (ΔF/F0) of Ca²⁺ signal in Ctrl (blue) and E-cadherin (red) 

mice at 0.25 MPa acoustic intensities. (D) Summarized the amplitude (ΔF/F0) of Ca²⁺ signals 

induced by US stimulation. The US parameters were as follows: frequency: 1.0 MHz, duty cycle: 

50%, duration: 500 ms, 10-s intervals, five repetition for each group. n = 6 Ctrl, n = 5 E-cadherin, 

mean ± SEM, ***P < 0.001, ****P < 0.0001 by two-way ANOVA with Tukey’s test.  

5.2.2 Increased synchronized contralateral forelimb twitching in E-cadherin mice 

after US stimulation   

Building upon the established functional connectivity between the primary motor 

cortex (M1) and locomotor output [143], we next investigated ultrasound-evoked 

behavioral modulation in awake mice. We injected the E-cadherin virus with the 

CaMKIIα promoter and the control virus into the right cerebral cortex (M1) of 8 - week - 

old mice, which allowed us to achieve cell - type specificity by targeting excitatory 

neurons. Four weeks after the injection, we used electromyogram (EMG) to measure the 

response of the contralateral (left) triceps brachii muscle. The US transducer was placed 

directly above the targeted cortical area, and the stimulation parameters were the same as 

those described above (Fig. 24A).  Consistent with the above observations in Fig.23B, 

immunofluorescence staining confirmed that E-cadherin expression was restricted to the 

motor cortex (M1) in mice (Fig. 24B). 

Before US application, the EMG signals of both groups of mice remained at the 

baseline level of approximately 25.0 μV (21.9 ± 21.9 μV in E-cadherin mice vs. 28.1 ± 
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12.8  μV in Ctrl mice; Fig. 24C, D). When the EMG signals from the mouse limbs were 

stable, 0.25 MPa US stimulation was randomly applied (variable time intervals). E-

cadherin mice showed obvious and reproducible EMG signals (256.9 ± 37.7 μV), which 

were 4 times that of the Ctrl mice (64.4 ± 17.6 μV) (Fig. 24C, D).  

When the US intensity increased to 0.55 MPa, the EMG signals of the E-cadherin 

mice induced by US were enhanced compared to those at 0.25 MPa, while there was no 

significant change in the Ctrl mice (Fig. 24D). There was no significant difference in the 

latency of the EMG response induced by US stimulation between the two groups, which 

was approximately 150 ms (Fig. 24E), consistent with the results of in vivo experiments 

[91, 144]. Hence, our data show that US stimulation of E-cadherin-expressing neurons 

could trigger limb twitching in mice, and the amplitude of response was dependent upon 

the US intensity applied. Taking the above results together, E-cadherin could effectively 

mediate the specific sonogenetic activation of excitatory neurons in the mouse motor 

cortex and trigger muscular twitching. 
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Figure 24. E-cadherin potentiates ultrasound-evoked cortical neuron activation. 

(A) Schematic illustration of the EMG recording experimental strategy. Briefly, viruses were 

injected into the right mouse cortex M1, and 4 weeks later EMG recording was performed on a 

left forelimb muscle under US (0.5 MHz, 1 kHz PRF, 50% duty cycle, 300 ms 

duration). (B) Immunofluorescence images of E-cadherin (green) in M1 brain region. White 
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arrows indicate E-cadherin-positive neurons. (C) Representative EMG traces of left forelimb 

responses under 0.25 MPa acoustic pressure. (D) Summarized EMG amplitude at varying 

acoustic pressures. (E) Summarized EMG amplitudes at varying acoustic pressures. n for Ctrl 

group = 3-4, E-cadherin = 4. mean ± SEM shown; ***P < 0.001 by two-way ANOVA with 

Tukey’s test. 

 

5.2.3 E-cadherin expression did not induce overt neuroinflammation.   

To comprehensively evaluate the in vivo safety of E-cadherin expression within 

neural circuits, we specifically investigated whether virus-mediated expression of E-

cadherin in the primary motor cortex (M1) elicits a detectable neuroinflammatory 

response (Fig. 25 A)—a critical determinant of translational safety for neuromodulatory 

interventions. Neuroinflammation, characterized by glial activation, is a common 

pathological response following exogenous protein expression or viral vector delivery in 

the CNS, which can severely compromise neuronal function and survival. Assessing glial 

reactivity is therefore a crucial indicator of biocompatibility. 

Mice were allowed normal housing for one week after the completion of EMG 

recordings to eliminate any potential interference of EMG procedures with 

neuroinflammatory responses. A subset of mice was then re-exposed to ultrasound (0.25 

MPa, with a 10-second interval) for a duration of 40 minutes. We performed rigorous 

histological analyses using immunofluorescent staining to quantify established 

neuroinflammatory biomarkers within the relevant brain regions. We focused on the 

activation status and morphological phenotypes of two primary glial cell types: 

Astrocytes were identified using glial fibrillary acidic protein (GFAP) labeling, while 

microglia were marked with ionized calcium-binding adapter molecule-1 (Iba-1). These 

markers are highly sensitive indicators of CNS inflammation [145, 146]. Quantitative 
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analyses revealed that, compared to Ctrl groups, the E-cadherin expression group did not 

exhibit histologically evident upregulation of astrocytic or microglial activation, nor any 

morphological alterations (Fig. 25 B-E). These data indicate that induced E-cadherin 

expression in the mouse motor cortex does not elicit neuroinflammation. 

 

 

Figure 25. Neuroinflammation evaluation of E-cadherin expression in cortical neurons. 

(A) Brain slice images show DAPI at low magnification, The white dashed trapezoid outlines the 

motor cortex (M1) targeted for virus injection sides.   (B) Quantification of Iba1 levels shown in 

(A). (C) Representative immunofluorescence images showing GFAP expression levels and cell 

morphologies in the M1, with or without US. (D) Quantification of GFAP levels shown in (A). 

For (A)-(E), US treatment was administered for 40 minutes to mice expressing E-cadherin or Ctrl 

viruses in their M1 cortices, with parameters as follows: frequency, 0.5 MHz; duty cycle, 50%; 
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duration, 500 ms; 10-s intervals. Each point in (B) and (D) represents the average Iba-1 or GFAP 

count (at 20× magnification) of at least three slices from an individual mouse; n = 4. mean ± SEM, 

ns, non-significant different by two-way ANOVA with Tukey’s test. 
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CHAPTER 6 E-cadherin enables specific sonogenetic 

activation of mouse motor behaviors   

 

 

6.1 Materials and methods   

6.1.1 Experimental animals   

The US stimulation experiments in vivo employed 8-week-old male C57BL/6J mice 

sourced from The Chinese University of Hong Kong. Animals were group-housed (6 

mice/cage) under controlled environmental conditions (22 ± 1°C, 55 ± 5% humidity, 12 

h light/dark cycle) with ad libitum access to irradiated rodent chow and acidified water. 

Subjects were randomly allocated to experimental cohorts using computer-generated 

randomization sequences. All procedures strictly complied with ethical regulations 

specified in the Animals (Control of Experiments) Ordinance (Cap. 340) administered by 

the Department of Health, Hong Kong Special Administrative Region Government, 

China. Veterinary oversight was maintained throughout the study period. 

 

6.1.2 Viral vector injection and US probe adapter installation   

Following anesthesia induction via intraperitoneal injection of ketamine (100 mg/kg) 

and xylazine (10 mg/kg), mice were secured in a stereotaxic frame. The cranial skin was 

shaved and ophthalmic ointment applied to prevent corneal desiccation. Through a <1 

mm² craniotomy, 1.0 μl of recombinant AAV (rAAV-D1-E-cadherin-3FLAG-WPRE-

hGHPA or control rAAV-D1-EGFP-WPRE-hGHPA, both from BrainVTA) was 

microinjected into the dorsomedial striatum (DMS; coordinates: AP +0.50 mm, ML -1.50 

mm, DV -3.00 mm relative to bregma) targeting dopamine receptor D1-expressing 

neurons. 
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Viral delivery proceeded at 0.1 μl/min using a Nanoliter 2010 injector (WPI Ltd.). 

Post-injection, the needle remained in situ for 5 min before slow retraction to minimize 

reflux. The surgical site was disinfected with povidone-iodine and sutured. A miniaturized 

cranial adapter (Fig. 26B) was affixed with dental cement, with 20 min polymerization 

time. Pericement skin was re-disinfected prior to returning animals to their home cages. 

 

6.1.3 Immunofluorescence staining   

Following transcardial perfusion with ice-cold 4% paraformaldehyde (PFA), 

harvested brain tissues underwent post-fixation by PFA immersion at 4°C for 24 hours. 

After three 10 minutes PBS washes, 40-μm coronal sections were prepared using a Leica 

VT1200 vibratome under continuous PBS cooling (4°C). Brain sections and primary 

neuronal cultures were incubated for 2 hours at 25°C in a blocking buffer composed of 

PBS containing 10% normal goat serum, 5% BSA, and 0.3% Triton X-100. Subsequently, 

samples were incubated with primary antibodies overnight at 4°C. 

After PBS washes (5 min each), samples were incubated with species-appropriate 

secondary antibodies (Alexa Fluor-conjugated, 1:1000) for 1.5 hours at 25°C. Post-

staining, sections were mounted in DAPI and imaged using a Nikon Eclipse Ti2 

microscope equipped with 20 × objective and NIS-Elements AR 5.30 software. 

Primary antibodies E-cadherin (mouse, #14472S), c-Fos (rabbit, #2250s), were 

diluted at 1:500, and all purchased from Cell Signaling Technology. Secondary antibodies 

were used Cross-Adsorbed Goat anti-Mouse IgG (H+L) Secondary Antibody, Alexa 

Fluor™ 488 (A-11001) and Cross-Adsorbed Goat anti-Rabbit IgG (H+L) Secondary 

Antibody, Alexa Fluor™ 555 (A-21428) and purchased from Invitrogen, diluted at 1: 
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1000 in a blocking buffer. The number of c-Fos+ in brain slices was counted by single-

blinded, quantified by an experimenter who did not identify the groups beforehand. 

 

6.1.4 Open field locomotor analysis   

The mice were anesthetized with isoflurane (1.0 to 2.5% in O2) and an US mini 

transducer were embedded in an adapter on the mouse's head. The mice were then placed 

in a cylindrical open-field arena (30 cm diameter, 50 cm height) lined with bedding and 

housed within a sound-attenuating chamber to minimize external disturbance during a 

30-min acclimation period. Behavior was recorded with a commercial digital camera 

(Logitech), and total distance traveled as well as movement speed were quantified using 

ToxTrac software. 

 

6.1.5 Statistical analysis   

All data were compiled in GraphPad Prism and analyzed using two-way ANOVA 

followed by Tukey’s post hoc test for multiple comparisons. Results were subsequently 

visualized in graphical form. A significance threshold was set at p < 0.05, and ns indicates 

non-significant findings. 

 

6.2 Results and discussion   

6.2.1 Enhancement of motor behavior in E-cadherin mice following US stimulation   

We next evaluated our sonogenetic approach’s spatial resolution and functional 

efficacy in deep brain structures. Previous studies have demonstrated that both 

https://www.sciencedirect.com/topics/neuroscience/isoflurane
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magnetothermal and optogenetic activation of the DMS induce increased locomotor 

activity in mice, revealing the DMS as a critical hub for motor control and a promising 

target for neuromodulation therapy [147] [148].  

Therefore, we selected locomotor behavior as the experimental readout in our study. 

E-cadherin or Ctrl viruses were delivered into the DMS of mice (Fig. 26A). Fluorescence 

imaging at 3 weeks post-injection confirmed E-cadherin expression in DMS (Fig. 26A). 

A miniature US adapter was installed directly above the corresponding skull at the virus 

injection site (Fig. 26A). After 1 week of adaptation, the mice were placed in a cylindrical 

arena with a diameter of 30 cm (with bedding at the bottom) for 30 minutes of adaptation 

and then subjected to US stimulation (0.8 MHz, 1 kHz PRF, 50% duty cycle, 300 ms 

duration, 5 s interval). A high-speed camera was used to record the mouse's movement 

behavior throughout the process (Fig. 26B). 

Behavioral analysis showed that both groups of mice were almost stationary before US 

stimulation (2.9-4.4 mm/s) (Fig. 26C, D). However, applying 0.45 MPa US significantly 

enhanced the motor activity of the E-cadherin group, with a mobile average speed of 31.8 

±3.2 mm/s, significantly higher than 10.4 ± 3.3 mm/s in the Ctrl group (Fig. 26E). The 

total movement distance was nearly 5 times that of the Ctrl group (Fig. 26C - F). Notably, 

after cessation of US, the movement speed of mice from both groups rapidly decreased 

until they finally stopped (Fig. 26D). Upon increasing acoustic intensity to 0.65 MPa, the 

movement of both groups increased, showing that the US-induced movement was dose-

dependent upon the acoustic intensity delivered (20.8 ± 5.6 mm/s in the Ctrl group vs 

43.1 ± 6.6 mm/s in the E-cadherin group; Fig. 26E, F). Crucially, however, both the speed 

and total distance travelled by mice in the E-cadherin group was significantly higher than 

those of Ctrl mice at all US intensities tested, underscoring again the sonogenetic 

enhancement effect shown by E-cadherin expression in our experiments. 
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Figure 26. E-cadherin modulates ultrasound-induced motor behaviors. 

(A) Explanation of our locomotor experimental scheme. Top: Mice were injected with either 

AAV-D1-E-cadherin or AAV-D1-MCS (Ctrl) viruses in the right dorsal striatum (DMS) targeting 

dopamine D1-neuron. Fluorescence imaging shows E-cadherin (green) and DAPI (blue) in the 

DMS. Bottom: Three weeks after the virus injection, a mini head adapter was implanted above 

the injection site on the skull. After a 1-week habituation period, high-speed video recording was 

performed to record locomotor behavior. (B) Schematic of the high-speed behavioral recording 

setup at week 4: An US probe (0.8 MHz) was embedded in the miniature head adapter, coupled 

with US gel. Mice were placed in a cylindrical open field for 20 min of acclimation, followed by 

US stimulation (0.8 MHz, 1 kHz PRF, 50% duty cycle, 300 ms duration, 5 s interval). (C) The 
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movement traces of representative E-cadherin/Ctrl mice in 1 minute under varying US intensities 

in an open-field arena. US stimulation was sequentially applied at intensities of 0, 0.45, and 0.65 

MPa, with each stimulus lasting 1 min and separated by 1-min intervals. (D) Real-time velocity 

of E-cadherin/Ctrl mice pre-, during, and post-US stimulation (0.45 MPa). The mobile average 

speed of (E) and total distance traveled by (F) E-cadherin and Ctrl mice with 0, 0.45, 0.65 MPa 

US. n for Ctrl = 4, E-cadherin = 5. mean ± SEM shown; **P < 0.01, ***P < 0.001, ****P < 

0.0001 by two-way ANOVA with Tukey’s test.  

 

6.2.2 Upregulation of neuronal activation markers in DMS of E-cadherin mice 

after US stimulation   

To determine whether the observed behavioral changes were related to the activation 

of neurons in the DMS, the brains of US-treated mice were collected 90 minutes after US 

stimulation for c-Fos immunostaining. We found that following 0.45 MPa US stimulation, 

the percentage of c-Fos+ neurons in the DMS of the E-cadherin group was significantly 

higher than that in the Ctrl group (E-cadherin = 13.9% ± 4.9% vs Ctrl = 2.4%  ± 0.3%), 

while both groups remained at the baseline level (<4.5%) under unstimulated conditions 

(Fig. 27A, B). Thus, we found that the E-cadherin group showed a significantly elevated 

level of neuronal activation in the DMS following US, as well as significantly increased 

locomotor behavior. These results demonstrate, from the molecular to the behavioral level, 

that E-cadherin can effectively mediate the sonogenetic activation of striatal neurons to 

precisely regulate mouse motor behaviors. 
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Figure 27. E-cadherin mediates ultrasound-induced c-Fos activation in mouse DMS brain 

region. (A) Representative immunofluorescence images in the DMS, with or without US 

stimulation. c-Fos (red), Ctrl/E-cadherin (green) and DAPI (blue), (B) Quantification of 

percentage of c-Fos+ cells in the groups shown in (A). The percentage of c-Fos+ cells in virus-

expressing neurons was quantified in at least three brain sections for each mouse, with each point 

n representing the mean value per mouse. mean ± SEM shown; *P < 0.05 by two-way ANOVA 

with Tukey’s test. Ctrl 
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CHAPTER 7 Conclusions and future perspectives   

 

This study systematically screened non-ion channel mechanosensitive molecules by 

combining ultrasonic stimulation with calcium imaging, revealing for the first time the 

potential of E-cadherin as an optimal non-ion channel mechanosensitive molecule in 

mediating sonogenetic regulation. In vitro experiments demonstrated that HEK293T cells 

expressing E-cadherin exhibited stronger ultrasound-induced calcium responses 

compared to cells expressing other proteins (integrin β2, VEGFR2, or GPCR68). Notably, 

E-cadherin, as a non-ion channel protein, lacks the intrinsic ability to mediate calcium ion 

transmembrane flux [149]. Intriguingly, when E-cadherin was co-transfected with 

mechanosensitive channels (Piezo1, TRPC1, or TRPA1) in CHO cells (which barely 

express endogenous mechanosensitive channels), we found that E-cadherin could 

enhance the responsiveness of Piezo1 to ultrasonic stimulation, thereby mediating 

sonogenetic regulation. Importantly, Piezo1, as a mechanosensitive channel, is widely 

expressed in brain tissue [150]. In primary cortical neurons, E-cadherin expression 

significantly increased neuronal responsiveness to US and induced c-fos upregulation. In 

anesthetized mice, E-cadherin expression markedly enhanced calcium responses in 

excitatory neurons of the motor cortex (M1) to ultrasound, accompanied by contralateral 

forelimb twitching. In freely moving mice, E-cadherin expression in the striatum 

significantly potentiated ultrasound-induced locomotor behaviors. These results establish 

E-cadherin as a novel sonogenetic tool that enables efficient neuromodulation without 

relying on genetic modification of traditional MSCs, thereby advancing ultrasound-

mediated neuromodulation technologies. 
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7.1 Advantages of non-channel protein-mediated ultrasonic 

neuromodulation 

The paradigm of non-channel protein-mediated ultrasonic neuromodulation expands 

the sonogenetic toolbox and offers several potential advantages: First, current 

sonogenetic techniques primarily depend on genetic modification of MSCs (e.g., Piezo1) 

in target cells [74]. However, some channel proteins are too large for efficient neuronal 

overexpression and may exhibit off-target effects. E-cadherin, as an ideal alternative, 

circumvents these limitations. Second, co-expression of mechanosensitive ion channels 

and non-channel proteins may produce synergistic effects—not only enhancing cellular 

sensitivity to US (e.g., stronger ultrasound-induced calcium responses were observed 

with Piezo1 and E-cadherin co-transfection compared to Piezo1 alone) but also reducing 

interference with normal cellular physiology by lowering the expression level of a single 

channel. 

Finally, unlike optogenetics, which strictly relies on light-sensitive proteins [151], 

ultrasound’s unique mechanical wave properties enable activation of a broader spectrum 

of mechanosensitive molecules, providing a distinct advantage for large-scale screening 

of novel regulatory molecules. 

 

7.2 Large-scale screening and optimization of non-Ion channel 

proteins 

The development of ultrasonic neuromodulation technologies offers new 

possibilities for treating neurological disorders. As a non-invasive stimulation method 

with deep tissue penetration, US exhibits unique advantages in neuromodulation. To 

improve the specificity of US stimulation for target cells or regions, researchers have 

explored various enhancement strategies, including biomaterials [152-155] and 
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mechanosensitive ion channels  [73, 74, 87, 89-94]. This study identified E-cadherin as a 

key enhancer of cellular responsiveness to ultrasound. As a critical cell adhesion molecule, 

E-cadherin mediates mechanical signal transduction and participates in diverse 

physiological processes [114]. Although E-cadherin expression did not cause significant 

abnormalities in neuronal spontaneous activity or immune responses, indicating good 

biosafety, its long-term effects on synaptic plasticity, neural network activity, and in vivo 

behavior require further validation. Moreover, while this study focused on motor cortex 

neuromodulation, future work should assess the generalizability of E-cadherin in other 

brain regions (e.g., hippocampus, amygdala), as differences in cell subtypes and 

microenvironments may influence E-cadherin-dependent US responses. 

Subsequent studies should prioritize optimizing E-cadherin expression strategies, 

including the selection of tissue-specific promoters and precise control of expression 

levels. Additionally, elucidating the molecular mechanisms underlying E-cadherin-

mediated US responses—such as downstream signaling pathways and effector 

molecules—is essential. Given that US vibrations may interfere with traditional 

electrophysiological recordings (e.g., patch-clamp), developing interference-resistant 

recording methods (e.g., high-resolution voltage probes or molecular sensors) is 

necessary to comprehensively analyze dynamic molecular changes. Molecular biology 

approaches could also clarify the structural basis of E-cadherin mechanotransduction. 

This study screened four widely reported non-channel membrane proteins 

responsive to mechanical stimuli (shear force) using calcium imaging, identifying E-

cadherin as the optimal sonogenetic regulator. Given its safety and efficacy, future large-

scale screening of non-channel proteins could identify even more effective candidates. 

Notably, beyond membrane proteins, other ultrasound-responsive molecules (e.g., 

transcription factors) may serve as potential sonogenetic elements [156]. 
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7.3 Optimization of US stimulation parameters 

In cellular experiments, combining US stimulation with calcium imaging and the 

intracellular calcium probe Fura-2, we observed that E-cadherin-expressing primary 

cortical neurons exhibited significantly elevated ultrasound-induced calcium signals, 

whereas most cells in the Ctrl group showed weak responses. Increasing US intensity 

enhanced both the number of responsive neurons and the amplitude of calcium signals. 

In vivo, integrating US stimulation with fiber photometry and the genetically encoded 

calcium indicator GCaMP6s revealed that E-cadherin activation in the motor cortex (M1) 

of lightly anesthetized mice elicited robust calcium transients in excitatory neurons, 

whereas Ctrl mice displayed minimal responses. Higher US intensities also increased 

calcium signal amplitudes, consistent with prior in vitro findings [74, 87]. In anesthetized 

Ctrl mice, high-intensity US evoked limb twitching with latencies (100–200 ms) 

matching our earlier data [91], suggesting potential activation of endogenous 

mechanosensitive channels like Piezo1 [72] or TRPV1 [157]. Thus, low-intensity 

stimulation or shorter durations may improve specificity. 

Existing studies indicate that optimizing intensity, frequency, duration, and intervals 

can minimize thermal effects [68, 158]. Our in vivo parameters (0.8 MHz, 1 kHz PRF, 

50% duty cycle, 300 ms duration, 5 s interval, peak intensity 0.65 MPa) theoretically 

raised brain tissue temperature by <2°C, below the thermal damage threshold. Given 

variations in neuronal subtypes and brain region depths, systematic exploration of 

parameter space is needed to refine sonogenetic protocols for higher efficiency. 
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7.4 Potential applications of co-expressing MSCs and non-ion 

channel proteins in sonogenetics 

The successful application of E-cadherin-based sonogenetics in mammals validates 

a key proof of concept: systematic screening of non-channel mechanosensitive molecules 

can yield effective neuromodulatory tools. This strategy opens multiple promising 

avenues for basic and clinical research. In neuroscience, E-cadherin-mediated 

sonogenetics could elucidate novel neural circuits. For translational development, 

synergistic effects between E-cadherin and existing MSC methods may inspire 

combination therapies for Parkinson’s disease, depression, and other neurological 

disorders. Future work should focus on (1) establishing high-throughput screening 

platforms to discover safer, more efficient sonogenetic molecules and (2) exploring 

clinical translation pathways for non-channel protein-mediated ultrasonic 

neuromodulation, particularly for deep brain regions (e.g., basal ganglia). These advances 

will propel sonogenetics from bench to bedside, offering breakthroughs in neurological 

disease treatment. 

 

7.5 Cross-Species applicability and developmental stage-specific 

Regulation   

While the current study has validated the efficacy of E-cadherin-mediated 

sonogenetic modulation in rodent models, its applicability in higher mammals (e.g., non-

human primates) remains to be systematically evaluated. Cross-species differences may 

influence the ultimate effectiveness of E-cadherin-mediated sonogenetic regulation, 

necessitating comparative studies on ultrasound response thresholds and kinetic 

characteristics in neurons from different species following E-cadherin genetic 

modification.   
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Additionally, the expression and function of mechanosensitive channels in 

mammalian neurons vary across developmental stages. Given that E-cadherin-mediated 

sonogenetic regulation relies on mechanosensitive channels for its effects, future research 

should investigate the stage-specific roles of E-cadherin-dependent ultrasonic 

neuromodulation in animals of different ages. This exploration may provide novel 

insights into interventions for developmental neurological disorders. 
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