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From Light to Sound: Engineering Proteins for Non-invasive Control of Deep Brain Circuits

Abstract (500 words maximum) 

Microscopy has long driven biological discovery by enabling visualization of cellular structures 
and dynamics. However, observation alone is insufficient to establish causality. Optogenetics 
addressed this gap by enabling precise control of cellular activity, but its reliance on light 
severely  limits  tissue  penetration,  particularly  in  deep  brain  regions.  To  overcome  this 
fundamental constraint, we developed sonogenetics, which replaces light with ultrasound as a 
control signal. Ultrasound offers deep tissue penetration, high spatial and temporal precision, 
and strong clinical compatibility. However, effective cellular control ultimately depends on 
genetically encoded ultrasound-sensing proteins that can efficiently convert acoustic energy 
into defined biological responses. This requirement motivated us to engineer protein-based 
actuators  for  ultrasound-driven  neuromodulation,  beginning  with  the  electromotile  motor 
protein  Prestin,  which  is  essential  for  mammalian  high-frequency  hearing.  Guided  by 
comparative  genomics  of  echolocating  species,  we  introduced  evolutionarily  enriched 
mutations that promote higher-order Prestin oligomerization at the plasma membrane. These 
engineered  assemblies  amplify  ultrasound-induced  membrane  mechanics  and  downstream 
calcium  signaling.  Using  this  strategy,  we  achieved  transcranial  activation  of  deep-brain 
dopaminergic neurons, leading to improved motor behavior in Parkinsonian mice, as well as 
suppression of seizure activity in epileptic models. Through systematic mutagenesis, we further 
identified  an  optimized  Prestin  variant,  Prestin(N548S,V715G),  which  exhibits  enhanced 
oligomerization efficiency, increased ultrasound sensitivity, and robust neuronal and behavioral 
responses  in  mice  and  C.  elegans,  without  detectable  tissue  damage.  Extending  beyond 
mammalian  auditory  mechanisms,  we  also  engineered  the  invertebrate  mechanosensitive 
channel  NompC  as  an  alternative  ultrasound-sensing  actuator.  Notably,  its  ultrasound 
sensitivity surpasses that of all previously reported ultrasound-responsive proteins, resulting in 
strong cellular and behavioral activation. Together, these findings establish general protein-
engineering principles for ultrasound-sensing actuators and position sonogenetics as a versatile, 
scalable, and minimally invasive platform for cell-type–specific control of deep biological 
systems and future neuromodulation therapies.


