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The present challenge in neuroscience is to non-invasively exercise low-power and high-fidelity
control of neurons situated deep inside the brain. Although, two-photon optogenetic excitation can
activate neurons to millimeter depth with sub-cellular specificity and millisecond temporal resolution, it
can also cause heating of the targeted tissue. On the other hand, sonogenetics can non-invasively
modulate the cellular activity of neurons expressed with mechano-sensitive proteins in deeper areas
of the brain with less spatial selectivity. We present a theoretical analysis of a synergistic sono-
optogenetic method to overcome these limitations by co-expressing a mechano-sensitive (MscL-
[192L) ion-channel with a light-sensitive (CoChR/ChroME2s/ChRmine) ion-channel in hippocampal
neurons. It is shown that in the presence of low-amplitude subthreshold ultrasound pulses, the two-
photon excitation threshold for neural spiking reduces drastically by 73% with MscL-192L-CoChR
(0.021 mW/um®), 66% with MscL-192L.-ChroME2s (0.029 mW/um?), and 64% with MscL-192L-
ChRmine (0.013 mW/um?) at 5 Hz. It allows deeper excitation of up to 1.2 cm with MscL-192L-ChRmine
combination. The method is useful to design new experiments for low-power deep excitation of
neurons and multimodal neuroprosthetic devices and circuits.

Reading and writing neural codes with high spatiotemporal resolution is
necessary for understanding neural signal processing in the brain and
developing efficient neuroprosthetics*>. Direct brain stimulation and
ultrasonic neuromodulation techniques inject direct electric current via
electrodes and ultrasound (US) waves, respectively, to modulate neural
activity. US waves produce heat or mechanical force that alters the prop-
erties of membranes™. However, the lack of cell-type specificity in these
methods restricts their ability to reveal the causal connections between
distinct neurons and behavioral processes.

Optogenetics has revolutionized neuroscience research by providing
unprecedented spatiotemporal resolution in manipulating and recording
neural activity with light with cell-type specificity”’. In optogenetics, light-
sensitive proteins are genetically delivered to the desired neural population
that enables light to control the electrical activity of these opsin-expressing
neurons with sub-cellular spatial and millisecond temporal resolution’”.

A major challenge in optogenetics is to achieve low-power, non-
invasive, and deep excitation of neurons'®". Light illumination from the
tissue surface undergoes significant attenuation due to scattering and

absorption, which limits the activable tissue volume'’. Methods to deliver
light to deeply situated neurons involve implantation of optical fiber and
micro-sized light-emitting diodes (LED) in the brain tissue, which perturb
endogenous neural and glial activity and result in chronic gliosis or per-
manent damage of the tissue”’. Additionally, opsins with higher light-
sensitivity and red-shifted activation spectrum help in overcoming these
limitations, as longer wavelengths can penetrate deeper into the tissue'*"’.
Another key challenge is to achieve temporally precise, high-fidelity, and
high-frequency control of activity patterns in targeted neural circuits®"*".
This requires opsins with fast activation and deactivation kinetics to prevent
prolonged depolarization or spurious spikes’”. However, the inverse
relationship between opsin kinetics and light-sensitivity has been a funda-
mental bottleneck in simultaneously achieving both low-power as well as
fast excitation using optogenetics™.

To address these challenges, alternative strategies have been developed
for deep-brain optogenetic stimulation. One promising approach involves
the use of upconversion nanoparticles (UCNPs), which convert near-
infrared (NIR) light into visible light, enabling deeper and less invasive
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neuronal activation”. Molecularly tailored UCNPs can act as optogenetic
actuators, stimulating neurons up to 4.5 mm deep transcranial NIR light.
The UCNP-mediated approach has been shown to successfully evoke
dopamine release in the ventral tegmental area, modulate brain oscillations
via medial septal inhibitory neurons, suppress seizures by inhibiting hip-
pocampal excitatory cells, and trigger memory recall. This technique offers a
less invasive method for neuronal manipulation and holds promise for
remote therapeutic applications”. Expanding the potential of nano particles
for deep-brain optogenetic stimulation, another innovative approach uti-
lizes NIR illumination to activate macromolecular infrared nanotransducers
for deep-brain stimulation-sensitized TRPV1 channels in neurons™. This
method offers spatially precise control without the need for chronic brain
implants or fiber tethering. It enables behavioral modulation in freely
moving animals with minimal gliosis and preserves natural behavior.
Additionally, pairing this technique with a red-shifted bioluminescent
reporter could facilitate an all-optical bidirectional neural interface in
behaving animals.

Two-photon (2P) excitation of opsins with high intensity NIR light
enables optogenetic stimulation of deeply situated neurons without
implanting any light source”**. 2P all-optical physiology opens up tre-
mendous prospects for probing neural codes”. However, almost constant
single-channel conductance of opsins and limited spot size of light in 2P
excitation requires very high-intensity to achieve sufficient photocurrent to
generate an action potential (AP), which induces unwanted heating effects
in large volume excitation™.

To address these challenges, there has been a rapid development of new
opsins in recent years that offer enhanced control, larger photocurrents,
better kinetics, higher photosensitivity, spectral tuning with a broader
activation spectrum, improved protein stability along with light-delivery
systems'*'>1%%*! Blue light-sensitive channelrhodopsin (ChR) variants
CoChR and ChroME exhibit enhanced expression, larger photocurrent, and
faster kinetics compared to ChR2***>. ChRmine, the recently discovered
marine opsin, is one of the most promising opsins'. It has enabled low-
power (0.03 mW/mm?®), deep tissue activation (7 mm), and high-frequency
(40-60 Hz) control of various cell types that includes hippocampal neurons,
fast-spiking interneurons, retinal ganglion neurons, and cardiac
cells''%*7** These promising features make it a favorable choice amongst
existing opsins for diverse applications”**. More recently, new mutants of
ChroME have also been reported'®. Among these mutants, ChroME2s
exhibits the largest maximal photocurrent as well as improved light-
sensitivity'’.

Recently, sonogenetics has emerged as a promising alternative to
optogenetics, using US to non-invasively stimulate neurons in deep
brain regions without the constraints of optical attenuation or
scattering”>*°. US has been safely used in biomedical applications for a
long time™. Unlike light, US can penetrate deep through bones and soft
tissue without significant attenuation or scattering that restrict opto-
genetic techniques™. In sonogenetics, genetically expressed mechano-
sensitive channels in the neurons provide spatial resolution in non-
invasively stimulating desired neural circuits in deeper brain regions”.
The large conductance mechano-sensitive ion-channel (MscL) family
comprises pore-forming membrane proteins that convert mechanical
forces applied to cell membranes to electrophysiological responses.
MscLs exhibit high conductance (3 nS), which allows the passage of ions,
water, and small protein molecules. Recently, a new mutant, named
MscL-192L, formed by substituting isoleucine at position 92 in the
transmembrane (TM2) a-helix with leucine has been reported that
exhibits enhanced mechano-sensitivity*. This critical residue plays a key
role in channel gating, and the substitution likely enhances mechano-
sensitivity through interactions between the TM1 and TM2 regions™.
The study has shown that this mutant precisely excites hippocampal
neurons at low-pressure (US 0.25 MPa), which is much lower than the
pressure (1 MPa) known to penetrate skull and brain tissue with very
little impedance or tissue damage® . Although sonogenetics is useful
for excitation of deeply situated neurons, it has limitations in terms of

temporal precision and spiking frequency due to the slow kinetics of
existing mechano-sensitive channels*™*'.

Recently, sono-optogenetics, a hybrid method, has also emerged that
utilizes nanomaterials to convert US into light”. It employs mechan-
oluminescent nanoparticles as nanoscopic light sources delivered through
the bloodstream, to enable millisecond-precision optogenetic neuromo-
dulation. In this technique, focused transcranial- US (FUS) excites
mechanoluminescent nanoparticles that have a strong emission at 470 nm
for optogenetic neural stimulation of ChR2". Nevertheless, there are certain
limitations associated with it that include the possibility of immunological
reactions with prolonged usage, inefficiencies in converting US to light,
restrictions in precision, and safety issues such as tissue heating or unin-
tended effects.

The potential to further enrich this technique lies in the innovative
strategy of co-expressing multiple proteins. In optogenetics, co-expression
of excitatory and inhibitory opsins has allowed bidirectional control of
neurons by changing the color of light*****. Furthermore, co-expression of
excitatory ChR and fluorescence proteins has enabled simultaneous all-
optical reading and writing of neural codes™. A similar approach could be
applied by co-expressing light-sensitive and mechano-sensitive ion-chan-
nels in the same neuron, enabling synergistic excitation with both light and
US. Therefore, US can provide subthreshold activation of neural population
in the desired region and can supplement optogenetics. Hence, a synergistic
combination of optogenetics and sonogenetics could complement the
strengths of both approaches. The term synsonoptogenetics is introduced
for synergistic sono-optogenetics to describe the simultaneous effect of both
optogenetics and sonogenetics within the same neuron and to distinguish it
from the existing sono-optogenetic approach®. By utilizing both modalities
for simultaneous stimulation, this approach would provide multimodal,
low-power, and cell-specific control for deep-brain stimulation, offering a
more precise and flexible method for neural modulation.

Recently computational models of optical excitation of neurons and
optogenetic-based neural prosthetics have significantly improved our
knowledge about underlying mechanisms and helped in optimizing the
photostimulation conditions to achieve low-power and high-frequency
control of different neurons in the brain, retina, and the human heart"".
Recently, a computational study has shown that the broadband activation of
various opsins that include, ChRmine, ReaChR, CatCh, CoChR, and its
mutants, enable ultralow irradiance activation of retinal ganglion neurons®.
A preliminary model for pressure-induced ionic current through mechano-
sensitive channels (Piezo 1) has also been reported™.

To study synsonoptogenetics, an integrated computational framework
is required to account for light-induced current in opsins, US-induced
current in mechano-sensitive channels, and voltage-gated mechanism of
natural ion-channels in neurons. For light-induced current, 2P excitation
mechanism is required to be incorporated in the well-established model***
for wide-field excitation of ChRs based on previous studies’ . For US-
induced current in mechano-sensitive channels, a well-established 4-state
model® that describes the gating mechanism for the mechano-sensitive
protein Piezol in HEK293T cells can be adapted for modeling the current
kinetics in MscL-192L, based on reported electrophysiological
measurements’”. For the hippocampal neurons, the well-established single-
compartment Hemond neuron model*** can be used that has been widely
employed in several studies to investigate various aspects of neural activity,
showing its reliability and utility in understanding the dynamics of hippo-
campal neurons™ . For an integrated synsonoptogenetic model of exci-
tation of neurons, different mechanisms and their combined effects need to
be considered.

Hence, the objective of this paper is to theoretically study the electro-
physiological response of hippocampal neurons co-expressed with a
mechano-sensitive and a light-sensitive ion-channel under simultaneous
stimulation with light and US, and to test whether it can lead to noninvasive
deep excitation of neurons. Hence, accurate computational models have
been formulated for, (i) 2P optogenetic excitation of CoChR/ChroME2s/
ChRmine-expressed hippocampal neurons, (ii) US-activated MscL-192L-
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Fig. 1 | Mechanism for synsonoptogenetic excitation of neuron with light and
ultrasound. a Schematic of a neuron co-expressed with mechano-sensitive ion-
channel (MscL-192L) and light-sensitive ion-channel (CoChR/ChroME2s/
ChRmine opsin). b Equivalent circuit diagram that includes currents through

Ginternal

different natural- and externally expressed ion-channels across the neuron mem-
brane, with 4-state models for the kinetics of US-induced current through MscL-
I92L and IR light-induced current through opsin. Created in BioRender. Pyari, G.
(2025) https://BioRender.com/182k375.

expressed hippocampal neurons, and (iii) synsonoptogenetic excitation of
hippocampal neurons co-expressed with CoChR/ChroME2s/ChRmine and
MscL-192L. Further, a detailed analysis has been performed to determine
conditions for low-power deep excitation of neurons.

Results
A theoretical framework for analyzing the electrophysiological response of
hippocampal neurons co-expressed with mechano-sensitive (MscL-192L)
and light-sensitive (CoChR/ChroME2s/ChRmine) ion-channels under
synsonoptogenetic excitation is shown in Fig. 1. The light and US-evoked
currents along with natural ionic currents across the neuron membrane and
the kinetics of membrane potential have been studied through numerical
simulations using Eqs. 1-12 with experimental parameters reported in
experiments in Tables 1-4 (Details described in “Methods”)'****,

The simulated light-evoked current kinetics in CoChR, ChroME2s,
and ChRmine under 2P excitation at 1040 nm are shown in Fig. 2. Among
the three opsins, ChRmine exhibits the maximum photocurrent of 3.31 nA

on illumination with 1 s light pulse at 1 mW/um” (Fig. 2a). A comparison of
the variation in different opsins on illumination with short (10 ms) and long
(1's) light pulses at 1 mW/um” and 1040 nm is shown in Fig. 2b, c. As is
evident, the newly discovered ChroME2s exhibits faster turn-off than
other ChRes.

Under 2P excitation, the effect of irradiance on light-evoked current in
different opsins on illumination with a long (1 s) light pulse at 1040 nm is
shown in Fig. 2d-f. It is evident that the change in irradiance not only
enhances the light-evoked current amplitude but also speeds up the turn-on
kinetics. Also, at higher irradiances, the deactivation rate gets faster in
CoChR and ChroME2s at 0.1 and 1 mW/um’ as shown in Fig. 2d, e. The
corresponding variation of maximum light-evoked current, time to attain
maximum light-evoked current (t,eai), and the adaptation ratio with irra-
diance is shown in Fig. 2g-i. The maximum (peak) light-evoked current in
CoChR, ChroME2s and ChRmine, saturates at 0.6 mW/ pmz, with a max-
imum value of 1.25nA, 1.96 nA and 3.31 nA, respectively (Fig. 2g). At
1 mW/um?, the light-evoked current turn-on for CoChR is 15.25 ms, for
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Table 1 | Model parameters for ultrasound-evoked current in
MscL-192L.%

Parameter Value
() 0.08

b (ms™") 03
2] 0.018
Js 0.002
Gl 0.0042
f (ms™) 0
g(ms ) 0018
h(ms™) 01

k (MPa) 5

ko (MPa) 70

Po 57
fry, (MHz) 29.92
sl (MS/cm?) in neurons 0.62
GuscL—gor  (NS) for photocurrent 29

Table 2 | Model parameters for photo-induced current in
CoChR, ChroME2s and ChRmine'*6:45:59:60

Parameter CoChR ChroME2s ChRmine
Gyq(ms™) 0.06 0.09 0.027
Gyo(ms™) 0.015 0.05 0.013
G,(ms™") 57x10° 57x10° 58x107*
Yopsin(NS) for photocurrent 18.86 37.5 53.26
Jopsin(MS/cm?) for neurons 0.20 0.41 0.53
¢,(Photons mm=2s7") 5x10%° 1x10% 0.6 x10%'
ky(ms™) 0.2 0.365 0.2
ky(ms™) 0.1 0.1 0.004
Go(ms™) 0.0017 0.0006 0.003
Gpo(ms ™) 0 0.0001 0.01
ke(ms™) 0.007 0.007 0.001
kp(ms™) 0.0014 0.0014 0.001

\% 0.12 0.05 0.05

) 1.9 1.8 1.8

q 2 2 2

Eopsin (MY) 25 0 5.64

A (hm) 1040 1040 1040

ChroME2s is 10.15 ms and for ChRmine is 19.85 ms (Fig. 2h). The adap-
tation ratio, i.e., the ratio of plateau and peak light-induced current, is a key
factor in determining the sustainability of spikes in excitation of neurons. In
each opsin it decreases with increase in irradiance, as higher irradiance
causes faster desensitization of the light-induced current. The adaptation
ratio becomes nearly constant at ~0.3, 0.18, and 0.52 at irradiances above
0.5 mW/um’ for CoChR, ChroME2s, and ChRmine, respectively (Fig. 2i).
ChroME2s exhibits a lower adaptation ratio of 0.2 beyond 0.5 mW/um” due
to lower light-induced current plateau (Fig. 2i).

Spike-timing-dependent synaptic plasticity is an important aspect in
information processing and in determining a system’s switching speed. The
light-evoked spiking in different opsin-expressing hippocampal neurons
under 2P excitation is shown in Fig. 3. ChRmine-expressing neurons evoke a
single AP with latency 21.65 ms, for a 10 ms light pulse at a constant irra-
diance of 0.04 mW/um® at 1040 nm (Fig. 3a). The effect of irradiance on AP

latency with different opsins-expressing neurons have been shown in
Supplementary Fig. 1. The first AP latency on illumination with a 10 ms light
pulse at 1040 nm in different opsin-expressing neurons is shown in Fig. 3b.
It decreases with increase in irradiance before becoming constant for all
opsins. The 2P excitation can trigger AP with a very short 7 ms latency, at
0.5 mW/um” with ChRmine-expressing neurons (Fig. 3b). The variation of
minimum irradiance threshold (MIT) for a single AP with pulse width is
shown in Fig. 3c. The MIT for a single AP is 0.55 mW/um’ for a 5 ms light
pulse in ChRmine-expressing neurons, which is the minimum amongall the
three opsins (Fig. 3c).

The generation of temporally precise and high-fidelity optogenetic
spiking patterns is essential for encoding information in the spike sequence.
The value of minimum irradiance threshold for 100% spiking (MIT' ) for
different pulse widths of light has also been determined. The spiking
response of ChRmine-expressing neurons to 10 ms light pulse at indicated
pulse widths and the corresponding MIT, at 10 Hz is shown in Fig. 3d.
MIT) decreases with increase in light pulse width. The results show that
under 2P excitation, 100% spike fidelity is achieved up to 60 ms light pulse
width at 10 Hz, beyond which multiple spikes occur (Fig. 3e). Spiking
patterns in different opsin-expressing neurons at different pulse widths and
irradiances have been shown in Supplementary Fig. 2. Multiple spikes are
elicited only in ChRmine- and CoChR-expressing neurons, when the light
pulse width exceeds 60 ms. This is due to slow light-evoked current kinetics
of opsins, as it does not allow the membrane potential to return to its resting
state between consecutive light pulses. Beyond 60 ms, this cumulative
depolarization can result in the emergence of plateau potentials, when the
neuron remains in a sustained depolarized state. This plateau further dis-
rupts the membrane’s ability to reset, leading to multiple spikes. Supple-
mentary Fig. 2 provides a comparative visualization of these dynamics,
highlighting the superior temporally precise spiking with ChroME2s under
pulsed stimulation.

Furthermore, the photostimulation conditions for evoking low power
high-frequency spiking with single-spike temporal resolution have also been
determined. The variation of spiking frequency with stimulation frequency
in the three opsin-expressing hippocampal neurons is shown in Fig. 3f.
Under optimal illumination condition, ChroME2s-expressing neurons
maintain single-spike resolution up to 80 Hz, whereas CoChR-expressing
neurons maintain up to 60 Hz. The high-frequency limit of temporally
precise spikes in optogenetics is governed by the photocurrent turn-off
kinetics***'. As shown in Fig. 2b, ¢, the photocurrent in ChRmine exhibits
slower turn-off kinetics, which may compromise the high-frequency limit.
Among the three opsins, although the light power required to evoke spiking
with ChRmine is the lowest, it can maintain a single-spike resolution up to
20 Hz as shown in Fig. 3f.

In Fig. 4, the variation of US-evoked current with time in MscL-192L on
illuminating with short (10 ms) and long (1s) US pulses at different
amplitudes and at a fixed frequency of 29.92 MHz is shown. The amplitude
of US-evoked current increases with increase in US amplitude and the turn-
on kinetics gets faster (Fig. 4a, b). The variation of maximum US-evoked
current, time to peak current (i), and adaptation ratio with irradiance is
shown in Fig. 4c-e. Although MscL-I92L exhibits similar US-evoked cur-
rent characteristics as in opsins, on increasing irradiance, it shows a higher
adaptation ratio > 0.7 throughout the US amplitude range, which highlights
its potential for long-term sonogenetic induced neuronal spiking (Fig. 4c, e).
The shortest time to maximum US-evoked current is 14.3 ms at a pres-
sure > 0.7 MPa (Fig. 4d).

The US evoked APs in MscL-I92L-expressing hippocampal neurons
have been investigated in detail. The effect of US amplitude and pulse width
on spike latency is shown in Fig. 5. The variation of membrane potential
with time on either stimulating with US pulses of different pulse widths at
fixed amplitude 0.45 MPa, or with a fixed 500 ms US pulse at different US
amplitudes is shown in Fig. 5a, b. The variation of the number of spikes with
US pulse width at different US amplitude values is shown in Fig. 5c. As is
evident, the number of spikes increase with US pulse width and saturate
after a threshold. Similarly, the number of spikes increase initially and then
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Table 3 | Gating function parameters of ion-channels in Hemond neuron circuit model***>’®

lionic Gating « B Xo 7, (Ms)
variable
— —0.4(V+6) 0.124(V+6) i 0.4665
e p=3 oI ool 7] B <
q = 1 —0.03(V+21) 0.01(V+21) V121 0.4662
exp [7(‘/{'?)} -1 exp[F5]-1 exp[ A+ atp
lear p=1 exp[—=0.113(V — 37)] exp[—0.0791(V — 37)] N 01g
Iy q=1 exp[0.0833(V + 75)] exp[0.0333(V + 75)] T sosrhrs
: .
I -1 g - N 3.0454p
KA P exp|—0.0564(V — 35) — %_V)j?] exp {—0.031 5(V - 35) — 2ZEE, Tha T
:
g=1 exp[0.0113(V + 32)] ] N 0.26(V + 26)
o p=1 soo e ! 60+ ol

—(V+52.7)
ovo [25577]

exp [%]M 0.003 (T+a)

Table 4 | Hemond neuron model parameters®**>

Parameter Value
Ina(mS/cm?) 22
Gkar(mS /cm?) 10
gn(mS /cm?) 0.01
Gca(MS/cm?) 0.01
Gra(mS/cm?) 20
Gkm(mS /em?) 0
g.(mS/cm?) 0.0394
E(mV) _30
Epa(mV) 55

E (mV) —90
E,(mV) _64
Tca(Ms) 100
Ipc(uA fcm?) 0
C,,(uF /cm?) 1.41

saturate beyond a certain US amplitude threshold at different US pulse
widths (Fig. 5d).

The results show that to evoke an AP, a minimum US amplitude of
0.29 MPa with a 50ms pulse width is required. Stimuli beyond this
threshold result in APs with shorter latencies (Fig. 5e). The first AP latency
in MscL-192L-expressing neurons at different US amplitudes is shown in
Fig. 5f. The shortest latency of 27.5 ms is achieved on stimulating with a
50 ms US pulse at 0.5 MPa (Fig. 5f). Additionally, the variation of the MPT
for a single AP with US pulse width is shown in Fig. 5g. The results reveal
that initially MIT rapidly decreases with increase in US pulse width and then
saturates beyond 100 ms pulse width (Fig. 5g). Hence, the good values of the
minimum US pulse width and amplitude to evoke a single AP are 30 ms and
0.35 MPa, respectively (Fig. 5g).

An extensive study of the effect of synsonoptogenetic stimulation
with subthreshold US and light pulses on co-expressed MscL-I92L-
opsin-expressing hippocampal neurons has also been carried out
(Fig. 6). US pulses allow reduction in the irradiance for 2P excitation
without altering the spiking fidelity. The AP trace with a fixed light pulse
width of 10 ms and an US pulse width of 20 ms at different light irra-
diances and US amplitudes is shown in Fig. 6. At lower US amplitudes,
the ion-channel-expressing neurons are unable to cross the threshold to
trigger an AP. However, at 0.02 mW/um” and 0.4 MPa, an AP is trig-
gered. As the US amplitude increases, the AP is triggered at lower light
irradiance levels (Fig. 6a).

The variation in the MIT for a single AP decreases as the US amplitude
increases (Fig. 6b). As is evident, MscL-I92L-ChRmine exhibits a lower
irradiance threshold for evoking a single AP compared to other opsins. The
spiking patterns under light, US, and combined light and US stimulation are
shown in Fig. 6¢. To determine the MIT} 0, 2 10 ms fixed light pulse at 5 Hz
for opsin-expressing neurons and varying US pulse widths at 0.24 MPa and
5 Hz for MscL-192L-expressing neurons are considered. Figure 6d shows the
effect of US pulse width on irradiance threshold for 2P excitation of spikes. It
is interesting to observe that 100 ms US pulses at 0.24 MPa enable the light
irradiance threshold to decrease from 0.084 mW/pum® to 0.029 mW/pm? in
MscL-192L-ChroME2s (~ 66% decrease), from 0.078 mW/um’ to
0.021 mW/um* in MscL-I92L-CoChR (~73% decrease), and from
0.038 mW/um’ to 0.013mW/um’> in MscL-192L-ChRmine (~64%
decrease). At lower US amplitudes, MscL-192L-expressing neurons achieve
maximum depolarization that results in the triggering of APs at a lower
irradiance threshold. In addition to offering low power control, this opens
up prospects for exploration of deeper brain regions with enhanced spatial
resolution.

To understand the mechanism of time delay between light and US
stimuli, the effect of the time delay between light and US stimulation is
illustrated in Fig. 6e, f. When the light pulse is applied 10 ms before the US
pulse, the neurons trigger an AP more quickly compared to when the light
pulse is applied 15 ms after the US pulse, even at a low irradiance of
0.028 mW/pm>.

The variation in membrane potential and current through both kinds
of ion-channels under voltage clamp conditions is shown in Supplementary
Fig. 3. As evident, the AP profile differs depending on whether only US is
present or only light is present. As light irradiance or US amplitude
increases, the number of APs also increase. Additionally, the current during
the voltage clamp exhibits different peak amplitudes and distinct turn-on
and turn-off profiles.

Further, 0.1 mW/um’ is considered as a safety threshold for light
illumination and 100 ms US pulse at 0.24 MPa (Fig. 7a). A good set of
photostimulation parameters for which the tissue depth up to which neu-
rons expressed with different MscL-192L-opsins can be excited have been
determined from Fig. 6. The light irradiance reaching up to different depths
can be determined using Eq. 13. With simultaneous stimulation of Mscl-
192L-ChRmine-expressing neurons with light (1040 nm) and subthreshold
US (29.92 MHz), neurons having an excitation threshold of 0.013 mW/ pmz,
can be excited up to a depth of 1.2 cm, which is an order of magnitude higher
depth in comparison to light stimuli alone (Fig. 7b).

The opsin photocurrent is directly proportional to its expression
density and thus affects the irradiance threshold for the AP. To study the
effect of expression density, the MIT,qy and MPT 4, (minimum pressure
threshold to evoke 100% spiking) under pulsed illumination have been
determined over a wide range of expression densities in MscL-192L-
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Fig. 2 | Light-evoked current kinetics in CoChR, ChroME2s and ChRmine under
two-photon excitation at 1040 nm. a Variation of light-evoked current with time in
different opsins with 1 s light pulse at 1 mW/pum’. Variation of normalized light-

evoked current with time on excitation with (b) short (10 ms) and (c) long (1 s) light
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pulses at 1 mW/um?’. Variation of light-evoked current with time in (d) CoChR, (e)
ChroME2s, and (f) ChRmine for 1 s light pulse at indicated irradiances, and Cor-
responding variation of (g) maximum light-evoked current amplitude (h) time to
attain maximum current (tpe.x), and (i) adaptation ratio with irradiance.

ChRmine-expressing neurons. The variation in expression density is con-
sidered to be between 0.1 and 10 g, where g is the expression density used in
earlier simulations. As is evident, both MIT oy and MPT} o, monotonically
decrease with increase in expression density, with the decrease in MPT o
being steeper. Hence, expression density can alter the irradiance thresholds
as well as the achievable tissue penetration depth (Supplementary Fig. 4).

Discussion

The development of multimodal technologies for non-invasive, spatio-
temporally precise neuronal stimulation in the brain and central nervous
system has received tremendous attention throughout the previous two
decades"”. These technologies are essential for addressing basic neu-
roscience problems as well as for the diagnosis and treatment of neu-
ropsychiatric illnesses. The integration of neurophysiological and
neuroimaging techniques has expanded the understanding of brain func-
tions and disease mechanisms at multiple levels. Optogenetics is capable of
excitation, inhibition, and bidirectional control of different neural popula-
tions by utilizing the spectral properties and ion-selectivity of different
opsins over a wide electromagnetic spectrum'', whereas sonogenetics

primarily enables excitation”. However, both techniques cannot individu-
ally provide low-power high-frequency deep excitation of neurons. The
proposed synsonoptogenetic method not only reduces the irradiance
threshold for 2P excitation but also enhances the depth of tissue activation
for non-invasive neuronal excitation, marking a milestone in multimodal
neurotechnology. The investigation demonstrates how the US pulse width
and amplitude are critical in lowering the irradiance threshold for 2P
excitation of neurons. A detailed theoretical analysis of the impact of
amplitude, pulse width, and pulse frequency of US and NIR light has pro-
duced noteworthy results that include changes in adaptation ratio, AP
latency, and peak and plateau currents.

2P optogenetic excitation has been shown in various neurons,
including ChR2-expressing superior cervical ganglion neurons™, red-light-
activated ChR from Volvox carteri (C1V1) in neocortical brain slices, fast-
spiking interneurons, and hippocampal neurons* . Similar advancements
have been shown with ReaChR* and Chronos’. More recently, 2P holo-
graphic photoactivation of ChroME- and CoChR-expressing cortical neu-
rons has achieved optogenetic control of spiking with sub-millisecond
temporal precision’”. Beyond excitation, the development of anion-
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Fig. 3 | Light-evoked spiking in different opsin-expressing hippocampal neurons
under two-photon excitation at 1040 nm. a Time variation of membrane potential
with 10 ms light pulse at indicated irradiance in ChRmine-expressing neurons. The
arrow shows the action potential (AP) latency. b Variation of AP latency with light
irradiance in different opsin-expressing neurons for 10 ms light pulse. ¢ Variation of
minimum irradiance threshold (MIT) for single AP with pulse width in different
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opsin-expressing neurons. d Time variation of membrane potential in ChRmine-
expressing neurons with 10 light pulses at indicated pulse widths and MIT' o (MIT
for 100% spiking) at 10 Hz, and (e) corresponding variation of MIT;4, with light
pulse width. f Variation of spiking frequency with stimulation frequency on sti-
mulation with 10 light pulses each of 5 ms at 0.245 mW/um?’ for CoChR, 0.228 mW/
pm? for ChroME2s, and 0.059 mW/pum? for ChRmine.

conducting ChRs, such as GtACR2 in cortical interneurons, has enabled 2P
holographic suppression at 920 nm with a stimulus power of 30 mW. These
channels offer significant advantages over light-driven chloride pumps®.
Noninvasive excitation of deeply situated neurons in live animal models is
important to understand their role in behavioral activities***’. Although, 2P
optogenetic excitation is a very precise method to achieve subcellular spatial
resolution and sub-millisecond temporal precision, photons at IR wave-
length have significant heating effects in the brain tissue”. The present
synsonoptogenetic method allows excitation of these neurons at lower light
irradiances. The low-power excitation of these neurons is also helpful in
reaching deeper regions of the brain.

Computational models in optogenetics play a vital role in providing a
platform for simulating and understanding the effect of various factors. For
optogenetic applications, computational modeling requires a multi-layered
approach, ranging from molecular-level models to network-level simula-
tions of opsin-expressing cells. For example, transition rate models of the
photocycle of ChR2 and its variants have been reported to simulate pho-
tocurrent kinetics. Earlier computational optogenetics research offered
profound insights and enabled the optimization of photostimulation con-
ditions for precise neural control®®. It is helpful in simulating contributions
of individual ion-channels, change in ion concentrations, and local tem-
perature changes over a wide range of stimulation conditions. Moreover,
computational models help in getting insight into the effect of change in
expression level of light-sensitive proteins, which is not easily possible
through experiment. These models are fundamental for investigating light-
induced ionic transport across cell membranes, facilitating the design of
experiments, and contributing to the development of innovative treatments

for neurological and psychiatric disorders'®'"". Furthermore, computational
approaches assist researchers in engineering new tools and methods for
applications within and beyond neuroscience™”*”. Although, efforts to
design new opsins with improved conductance and light sensitivity have
addressed limitations of earlier mutants in 2P optogenetics, their detailed
computational models were missing. The present study provides accurate
computational models of 2P optogenetic excitation of neurons with newly
engineered opsins, that include ChroME2s and ChRmine'*'’. These com-
putational models would be useful for detailed analysis and comparison of
results over a wide range of photostimulation conditions (Figs. 2 and 3).
The computational models of 2P optogenetic excitation of different
opsin, that include CoChR-, ChroME2s-, and ChRmine-expressing hip-
pocampal neurons, have similarly been validated with experimentally
reported results'****. The variation of photocurrent with time is shown in
Supplementary Fig. 5. Upon illumination with a 5 ms light pulse at 10 mW,
the maximum photocurrent amplitude is in good agreement with the
experimental results reported'® (Figs. 2E, 1]), showing values of 0.47 nA and
0.7nA for ChroME2s and ChRmine-expressing neurons, respectively.
Furthermore, the variation in photocurrent amplitude with light power is
consistent with these reported findings. At a higher light power of 120 mW
with a 5ms pulse, the maximum photocurrent amplitude increases to
1.72nA in ChroME2s and to 2.35nA in ChRmine-expressing neurons
(Supplementary Fig. 5). The reported experimental high frequency limit for
ChroME2s is 40 Hz with 0.57 mW/um” and for ChRmine is 20 Hz with
0.14 mW/pm’ at light pulse of 5 ms'®. In the present study, the theoretical
simulations shown in Fig. 3F, correspondingly match with the high fre-
quency limit for ChroME2s is 40 Hz with 0.228 mW/um’ and for ChRmine
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is 20 Hz with 0.059 mW/um’ at a light pulse of 5 ms. In the present study,
simulations have been carried out at 1040 nm for CoChR due to sufficient
experimental data at this wavelength®. However, it would be good to
compare its performance at its peak absorption wavelength’.

The study of hippocampal neurons is crucial due to their central role in
memory, learning, and neurological disorders such as epilepsy and Alz-
heimer’s disease™. The hippocampus features a well-characterized and
highly organized circuitry, making it an ideal model for investigating precise
neural modulation. Its neurons exhibit distinct excitatory-inhibitory
dynamics and play a key role in synaptic plasticity, including long-term
potentiation, which underpins learning and memory’>. However, it is hard
for existing precise neuromodulation technologies to excite hippocampus
due toits deep location. The proposed synsonoptogenetic excitation method
would enable better control of neuronal activity. Recently, a method has
been proposed, which involves co-expressing of fast ChRs with step-
function opsin to overcome the fundamental limitation of spike failure due
to photocurrent desensitization”. It has been theoretically shown that
ChETA-ChR2(C128A)-expressing hippocampal neurons having an acti-
vation threshold of 0.37 mW/mm? can be activated up to a depth of 9.1 mm
at an extinction coefficient 7.8 cm™"". The proposed synsonoptogenetic
method of controlling hippocampal neurons co-expressed with mechano-
sensitive and light-sensitive ion-channels with IR light and subthreshold US
leads to further enhancement in reaching deeper regions of the brain. The
present study shows that MscL-I92L-ChRmine-expressing hippocampal
neurons can be safely activated at a depth of 1.2 cm at 0.1 mW/pm’ and
0.45 MPa (Fig. 7).

In addition to optogenetics, computational sonogenetics offers a
approach to studying the mechanisms underlying US-mediated

neuromodulation””. By modeling how various US pulsing schemes affect
ion-channel dynamics and neural firing, this method enables rapid and
comprehensive predictions of sonogenetic mediator behavior across diverse
ion-channels, cell types, and tissues. These simulations are crucial in opti-
mizing sonogenetic tools for specific cellular and tissue environments and
refining US parameters to achieve more selective and precise neural acti-
vation. Although, new MscLs have also been discovered to enable precise
control of neurons using sonogenetics, their detailed computational models
were not reported. The present study provides accurate computational
model of sonogenetic excitation of neurons with newly engineered MscL-
19217, This computational model would be useful for detailed analysis of
US-induced ionic current and neuron spiking under different ultrasonic
illumination conditions (Figs. 2 and 3). To the best of our knowledge, the
theoretical model of sonogenetic excitation of hippocampal neurons
expressed with MscL-I92L is presented for the first time. The model has
been validated by comparing simulated results (Supplementary Fig. 6, 7)
with experimentally reported results shown in Fig, 3 of Ye et al.”. As it is
evident, the variation of AP latency is in good agreement. Notably,
increasing the US pressure results in more frequent spikes and a reduced
latency for the first spike. According to Ye et al.”, the first AP latency is
723+ 5.3 ms at 0.25 MPa, and 26.8 £ 4.1 ms at 0.45 MPa. In the present
study, the corresponding values are 75ms at 0.25MPa and 28 ms at
0.45 MPa, as shown in Supplementary Fig. 7. This computational model
would enable detailed analysis and comparison of the response of different
neurons under sonogenetic excitation with MscL-I192L.

The US frequency of 29.92 MHz in the present study is the same as
used in the experimental study™. However, this frequency would experience
higher attenuation in the brain. The stimulation protocol used in the present
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Fig. 5 | Effect of US amplitude and pulse width on spiking in MscL-192L-
expressing hippocampal neurons. Time variation of membrane potential on sti-
mulation with (a) US pulses of different pulse widths at 0.45 MPa, and (b) 500 ms US
pulse at different US amplitudes. Variation of number of spikes with (c) US pulse
width at different amplitudes and (d) US pulse amplitude at different pulse widths.

e Time variation of membrane potential on stimulation with 50 ms US pulse at
indicated US amplitudes. The arrow shows the first action potential (AP) latency at
0.50 MPa. f Variation of AP latency with US amplitude for 50 ms US pulse.

g Variation of minimum pressure threshold (MPT) for US stimuli to evoke an AP
with US pulse width.

theoretical simulations is well within the protocols used in the reported
experimental studies. For ultrasonic activation, Ye et al.” have reported that
the peak negative pressure of 0.45 MPa generated a temperature rise of <
0.1°C. On the other hand, the stimulation protocol for 2 P excitation is based
on the experimental protocol of Sridharan et al.”® that claims that there were
no unwanted thermal effects. Hence, thermal effects have not been incor-
porated in the proposed theoretical model. Although including thermal
mechanisms in the present model would be important for designing
experiments, it would nevertheless increase the complexity of the model.
In sonogenetics, US activates the mechano-sensitive channels by
producing mechanical pressure in the neuron membrane. The frequency
and amplitude of US are crucial to evoke such a response. Previous research
has indicated that focused US can cause neuronal activity by many pro-
cesses, such as intramembrane cavitation within the bilayer neuron and
sonoporation, which is the opening of holes in the lipid bilayer, in addition
to activating mechano-sensitive channels™”. While no significant

contribution from alternative mechanisms has been observed in the
experimental study of sonogenetic excitation of MscL-192L-expressing
neurons under the ultrasonic conditions used”, it is always possible that
these mechanisms could occur and result in a combined effect on neural
activity. Integrating all potential processes into the theoretical model of
neuronal activation with US would therefore be beneficial. The mechanical
index for US stimulations used in the present study ranges from 0.008 to
0.016, which is significantly below the safety threshold of 1.9 for brain
tissue®*".

In multimodal technologies, alignment of two or more modes of sti-
mulation at a desired location is crucial to optimize the impact. In the
present study, 2P excitation and ultrasonic illumination both have been
simultaneously used. The light attenuation model used in this study is a
simplified approach that considers both absorption and scattering under
uniform light illumination on the tissue surface. For US, attenuation has not
been simulated as the targeted tissue depth is too shallow for significant US
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Fig. 7 | Low-power deep excitation of MscL-I192L- a
ospin-expressing hippocampal neurons on IR light
simultaneous two-photon optogenetic and sono-

genetic excitations from the surface of the brain

tissue. a Schematic representation of the mouse 0
brain tissue stimulated with IR light and US.

b Activable tissue depth of different MscL-192L-
opsin combinations expressing neurons with only
IR light, and both IR light and subthreshold US
stimulation at 5 Hz. Two-photon excitation on the
tissue surface with 10 ms light pulses at 0.1 mW/
pm’. Created in BioRender. Pyari, G. (2025) https://
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attenuation to occur. The light used for 2P excitation is focused to a spot size
of approximately 12.5pum, similar to the dimensions reported in the
experimental study’’. In contrast, the US source is not considered to be
focused similar to the experimental conditions reported by Ye et al.*. The
alignment and positioning of these sources are not challenging, as only the
light source requires precise focusing at the desired location, whereas the US
source illuminates a broader area.

Furthermore, the ratio of the expression level of MscL and light-
sensitive protein molecules would be important to determine the output of
applied US and light, respectively. In the present integrated synsonopto-
genetic model, the expression level of individual channel has been deter-
mined from respective reported experimental results of Sridharan et al.'®

and Ye et al.”® and the same has been used for simulating results on co-
expression. The constant conductance used in the model (0.53 mS/cm’ for
ChRmine, and 0.62 mS/cm? for MscL-192L) takes into account for both the
respective single channel conductances and expression densities as given in
Egs. 1 and 6. Generally, the single channel conductance for light-sensitive
channels (~50-100 fS) is ~6 orders of magnitude smaller than mechano-
sensitive channels (~3 nS)**>*, Different distributions of channels can also
be used to directly change the strengths of individual stimulation.

In the present theoretical study, the sonogenetic and optogenetic sti-
mulation have been considered not to affect the kinetics of each other.
Experimental studies on co-expression of excitatory and inhibitory opsins
and co-expression of multiple opsins have shown that the operations are not
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significantly affected”*'. However, there can be optical crosstalk due to
overlapping of their absorption spectra with excitation wavelength used for
bi-directional operation which subsequently leads to undesirable side
effects’™****. In the present study, light-sensitive and mechano-sensitive ion-
channels would be activated by light and US, respectively. To the best of our
knowledge, there is no experimental evidence to suggest that light influences
the kinetics of mechano-sensitive ion-channels or US influences the kinetics
of light-sensitive channels, as the mechanisms of light-sensitive and
mechano-sensitive ion-channels are distinct. Hence, such interaction has
not been considered in the present theoretical model. However, as theore-
tically shown in Fig. 6, both types of ion-channels, can collectively contribute
to neuronal responses when activated synergistically. Furthermore, in
optogenetics, ionic-selectivity of light-sensitive channels provides the means
to excite or inhibit neuronal activity based on selective ion concentrations
across the membrane’. This also facilitates the bidirectional control of
neuronal activity with different colored lights***. The MscL-I92L channels
are not selective to ions, and thus can only provide excitation at voltage near
resting membrane potential®. Thus, co-expression of MscL-I92L with an
inhibitory opsin would provide potentially crosstalk-free bidirectional
control of neurons with both light and US. However, the proposed theo-
retical prediction needs to be validated through in-vivo experiments.

The potential applications of present study extend to the field of car-
diology, where precise control over electromechanical function over a large
tissue volume is critical for addressing cardiac disorders as well as to pace the
heart. The function of the heart relies on the synchronized activity of elec-
trical and mechanical processes®. Disruptions in this synchronization can
lead to severe arrhythmias. Optogenetic techniques offer innovative solu-
tions for controlling cardiac activity, particularly defibrillation and cardiac
pacing®™*’. However, implementing light-based interventions in the heart
presents significant challenges, including the need for deep tissue penetra-
tion and risks associated with light source implantation'”***,

Recent advances in cardiac optogenetics have shown promising results
in overcoming these challenges. A recent study in cardiac optogenetics
showed that ChRmine can induce contractions in the mouse cardiac cells at
extremely low light intensities (~0.1 mW/mm?)*. Optogenetics also enables
dynamic and specific modulation of AP duration, which is particularly
beneficial for treating conditions like short or long QT syndrome®".
Additionally, computational studies have shown that low-energy defi-
brillation (~5uW/mm?®) in ventricular models is achievable using
GtACRI1”. Recent theoretical advancements with red-shifted opsins, such as
ChRmine and bReaChES, can achieve deep tissue excitation (up to
~10 mm) at safe irradiance levels. This capability is critical for terminating
re-entry and achieving synchronized cardiac activation**”'. A recent com-
putational study demonstrated the effects of light attenuation in different
opsins-expressing cardiac cells for effective cardioversion and treatment of
tachycardia’'. The study showed that a five-fold increase in opsin expression
levels enhances the tissue suppression depth. Specifically, with
ChR2(H134R), the depth increased from 2.24 mm to 3.73 mm, with
GtACRI1 from 3.78 mm to 5.12 mm, and with ChRmine from 6.63 mm to
9.31 mm’". Hence, the proposed synsonoptogenetic method would also be
very useful for low-power, deeper excitation or suppression in cardiac
optogenetics.

Further, sonogenetics also plays a pivotal role in cardiology. It offers a
non-invasive alternative to traditional pacemaker implantation by activat-
ing the US-sensitive channel, namely Piezol, in human cardiomyocytes®.
This approach enables precise control over cardiac cell activity, allowing for
the selective activation or inhibition of cardiomyocytes. Such capability
holds significant potential as a defibrillatory mechanism, providing a means
to treat severe cardiac arrhythmias®. In addition to its potential in
arrhythmias, Piezol and its gain-of-function mutation (M2241R) are
involved in cardiac hypertrophy’* . Regulation of mechano-sensitive ion-
channels triggers precise cellular response such as apoptosis which plays a
critical role in tumor therapy by eliminating abnormal cells and preventing
tumor progression”. However, tumor cells resistant to apoptosis often
develop therapy resistance, limiting the effectiveness of conventional

treatments. Traditional methods such as chemotherapy, radiotherapy, and
high-temperature approaches induce apoptosis, but they lack precision,
leading to non-specific cell death and significant side effects, including
immune suppression, organ damage, and thermal injury to healthy tissues™.
These limitations underscore the need for more targeted and controlled
therapeutic strategies such as sonogenetics. Recently, a promising applica-
tion of this approach was reported that developed a logic AND-gated
nanosystem that employed cationic nanoliposomes to express the MscL-
1921 mechano-sensitive ion-channel on tumor cell membranes”.

Given the unique advantages of sonogenetics, it presents a promising
platform for translating remote-control technologies into clinical applica-
tions, offering distinct advantages over other techniques. Its applications
extend across diverse fields, including neuromodulation, ophthalmology,
oncology, stem cell research, and the control of neural reward
circuitry’®"*>**”, Additionally, sonogenetics holds promise for visual
restoration and advancing treatments for various nervous system
disorders®™”. The proposed synsonoptogenetic method will provide
synergistic control of cardiac cells using both light and US, offering a
approach for achieving low-power and deep-tissue cellular control.

However, despite its many advantages, sonogenetics faces challenges in
ensuring specificity, particularly in preventing nonspecific activation of
neurons through intrinsic mechano-sensitive ion-channels or peripheral
auditory pathways. To minimize these nonspecific effects, recent studies
have used short US pulse trains at the lowest effective acoustic pressure'”.
However, the presence of endogenous mechano-sensitive ion-channels
might limit the range of usable pressures, emphasizing the need to enhance
the sensitivity of sonogenetic mediators and develop strategies for precise
in situ monitoring of acoustic pressure. The present study has determined
effective photostimulation and US stimulation conditions for low-power
and deep control of neural activity (Figs. 3¢, d and 5g). The proposed
synsonoptogenetic method would also be helpful in enhancing spatial
precision in targeting the desired neuron population.

Prior research has shown that transcranial direct current sti-
mulation can enhance the recovery of consciousness in patients with
chronic minimally conscious states, and bilateral deep brain electrical
stimulation of the central thalamus in disorders of consciousness
(DOC) patients can change behavioral responsiveness. However,
these technologies are invasive and involve complicated surgery''.
Intense efforts are focused on improving the spatial resolution and
penetration depth of these techniques. Optogenetics has already been
widely employed to investigate the causal role of specific neurons or
circuits in a variety of behaviors, such as motor control, fear reac-
tions, and decision-making'**'”. Prior studies have revealed that
optogenetic manipulation of neuronal activity in the amygdala using
optogenetics can induce or reduce fear responses in animal models'*.
The role of amygdala in modulating fear was confirmed by optoge-
netic suppression of specific circuits in this brain region, which
resulted in a decrease in fear-related behaviors'”’. However, by spe-
cifically manipulating neuronal networks thought to be involved in
conscious experience, optogenetics also offers a singular chance to
investigate the neural correlates of consciousness'*'”. It gives new
insights into the neural mechanisms underlying sleep and anesthesia,
two states associated with altered consciousness. Various circuits
have been identified for regulating sleep-wake transitions and
anesthetic-induced unconsciousness by controlling neurons in the
hypothalamus and other brain regions'”. Several studies have shown
effective ultrasonic activation of human cortical, subcortical, and
related networks'”""”. Clinical trials have shown that US can
improve specific behavioral outcomes, such as enhanced mood and
increased responsiveness in patients with chronic DOC'*'""*. These
studies have reported no side effects even with long-term stimulation.
The proposed synsonoptogenetic method would provide greater
flexibility in controlling specific regions in the brain to study different
states of consciousness, recovery of patients from DOC, and beha-
vioral responses.
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Limitations

In the present study, a well-established 4-state photocycle model has been
adapted to accurately replicate reported experimental findings***"*.
Incorporating more intermediate states in the model could increase the
accuracy of the simulations at the expense of increased complexity. Tem-
perature and pH variations that may change in clinical settings have not
been incorporated in the present model”. Similarly, the light attenuation
model assumes uniform illumination on the tissue surface, without con-
sidering diffraction and reflection losses™. In scenarios involving optical
fiber light delivery, the intensity distribution within the tissue depends on
factors such as the numerical aperture and core diameter of the fiber’.
Consequently, neurons at the same depth may receive varying levels of
irradiance. To enhance accuracy, these factors should also be incorporated
to enable more precise predictions of excitable regions in tissue and organ-
scale simulations. The present study also incorporates opsin-specific para-
meters by fitting the conductance of each opsin to match experimental
photocurrent amplitudes. The experimental results of Sridharan etal.'® were
used for opsins ChroME2s and ChRmine, and experimental results of Chen
et al.” were used for CoChR. The proposed theoretical model is flexible to
accommodate variations in opsin conductance. However, the simulations
are based on the biophysical properties of healthy mouse tissue, which may
differ from those of diseased tissue. Alterations in ion concentrations or ion-
channel densities in pathological states could affect irradiance thresholds
and frequency responses during optogenetic excitation. These factors also
need to be incorporated for further refinement of the models.

The 4-state model of MscL has several limitations. It does not
account for unique US-induced mechanical forces, such as cavitation,
acoustic streaming, or pressure waves, which may impact gating
dynamics differently than static forces***". Additionally, it neglects lipid-
mediated effects, which play a critical role under US-induced membrane
deformations. The model also focuses primarily on gating dynamics,
overlooking essential aspects such as ion selectivity, conductance, and
permeation changes under varying mechanical stimuli key factors for
precise sonogenetic neuromodulation. Lastly, US-induced changes in
local temperature and viscosity, which can alter MscL behavior, are not
incorporated in the model.

In conclusion, an innovative method of low-power deep synsonopto-
genetic control of neurons by co-expressing light-sensitive and mechano-
sensitive ion-channels has been presented. The proposed method is
important as it makes a significant advancement in overcoming a basic
challenge in neuroscience by combining the strengths of optogenetics and
sonogenetics. Comprehensive theoretical analysis offers valuable insights
for designing new experiments involving crosstalk-free bidirectional con-
trol, dual-mode regulation of neurons and human ventricular cardiomyo-
cytes, as well as for neural and cardiac prosthesis to enhance recoveries of
sensory functions.

Methods

To simulate the activity of hippocampal neurons co-expressed with both
light- and mechano-sensitive channels, it is necessary to model the currents
that these channels generate in response to stimuli. The natural ion-
channels found in hippocampal neurons, when combined with the circuit
dynamics of externally produced channels, would thus yield a full circuit for
replicating instantaneous voltages in response to various stimuli.

Model for ultrasound-induced current in MscL-192L
The mechano-sensitive channel (MscL-192L) from Escherichia coli is sen-
sitive to pressure'”’. US waves can produce mechanical pressure over the
neuron membrane and activate the MscL-I92L*, On activation, it allows
ions to flow across the membrane through a non-selective ionic pore.

In general, the US-evoked current in the mechano-sensitive channel
(Ipsser—1201) can be expressed as,

(1

IMscL—129L = 8MscL—192L (Vm - EMSCL—IQZL)S(p7 t)

where, g,/ 1o, accounts for both the maximum conductance and
expression density, V,, is the membrane potential, E;,; _q,; is the reversal
potential, and S(p, t) is the US dependent function that explains the like-
lihood of opening of MscL-I92L molecule due to time-varying US pressure,
p is the US pressure wave ampitude, and ¢ is time.

We consider a four-state kinetic model for MscL-I92L to model the
channel-opening probability**. The model consists of a closed state (C), an
open state (O) and two inactivation states (I, and I,). The molecule remains
in state C, when there is no pressure, whereas the state O indicates that the
channel is in open state, allowing ions to flow across the membrane due to
potential gradient. The following set of equations can be used to characterize
the transition rates for the kinetics, taking C, O, I, and I, to represent the
fraction of channel molecules in each of the four states at any given moment,

C=e(p)l,+b0— (f+a(p))C )
O=a(p)C+dl,+hl,— (b+c+g)O (3)
IL=co+fC—(d+e(p) )
I,=¢g0—hl, (5

where, C4+ 041, +1, =1. e(p) and a(p) are US-dependent transi-
from C— O and I, — C, defined as a(p)=

w1/ (14 e () +1) —a (1/(1 +e(il)) +1)
e(p) = eo(1/(1+ exp(BER) ) +1) — e (1/(1+ exp (7)) +1)-

MI is also considered for assessing the safety of US stimuli concerning
thermal effects. The MI is defined as, MI = p/_ /f, where p is the US
amplitude in MPa and f;, is the ultrasonic frequency in MHz. Simulations
in the present study have been carried out at the experimentally reported

frequency of 29.92 MHz*. Fitting experimental results have established the
remaining model parameters (Table 1).

tions

and

Model for two-photon induced current in CoChR/ChroME2s/
ChRmine

On illumination, photoisomerization of the retinal molecule bound with
opsin results in opening of ionic pore across the cell membrane due to
conformational changes in its structure. Ions pass across the membrane due
to the ionic concentration gradient, which alters the neuron membrane
potential’. The photocurrent that travels across the cell membrane via opsin
channels is generally expressed as,

IOp:in = g/Opsin(Vm - EOpsin) (6)
where, g6, = 8opeinf (§: 1), With g,,;, as the maximum conductance and
f(¢,t) as a normalized light-dependent function that accounts for the
probability of opening of ion-channel. ¢ = AI/hc, is the photon flux per
unit area per unit time, where I is irradiance, A is wavelength, % is Planck’s
constant, and c is the speed of light in vacuum®">"*"*%,

We consider a well-established four-state photocycle model of ChR2 to
explain the bi-exponential decay kinetics of photocurrent in CoChR,
ChroME2s and ChRmine. The model consists of two closed-states (C; and
C,) and two open-states (O, and O,). On illumination with light, the opsin
molecule switches from the first closed ground state-C; to the open state-O;.
From O, the molecule either decays back to C; or transits into the second
open state-O, which is less conductive in comparison to O; but has a longer
lifetime. The reversible transition between O, and O, can be both photo and
thermal-induced. From C,, the molecule thermally relaxes to the ground
state C; or can be photo-excited back to O,. The transition from C, to C;,
also called recovery process of ChRs, is the slowest process in the photocycle.
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Experimental results show that ChRmine is the fastest ChR to recover its
dark state.

The following set of differential equations can be used to characterize
the transition rates of molecules between various states, considering that C,,
0,,C,,and O, represent the instantaneous proportion of opsin molecules in
each of the four states in response to light pulse,

Cl =Gy0, =G, C, +G,C, @)

0, =G,C, — (Gd1 + Gf> 0, + G,0, ®)

Oz =GpG, — (Gdz + Gb) 0, + Gfol ©)

C, = G0, — (G,+G,)C, (10)

where, C,+0,+0,+C,=1 G, , Gp, Gz, Gp GG,
and G, are the rate constants for transitions C, — O,, C, — 0,,0, —

C,0, = C,,0, = 0,,0, — O, and C, — C, respectively, defined as
Gu(9) =kig?/ (9 + ). Gualo) =kog?/ (9" + ),  Gilo) =
Gro +k,91/ (97 + ¢m), Gy(9) = Goo +ko?/ (97 + o). f(¢, 1=
O, + yO, where, y is the ratio of conductances of states O, and O,. Fitting
published experimental results has yielded the model parameters (Table 2).

Integrated model of hippocampal neurons co-expressed with
mechano-sensitive and light-sensitive ion-channels

The theoretical model of hippocampal neurons co-expressed with light-
sensitive and mechano-sensitive ion-channels can be formulated by inte-
grating I, and Iy _je; with the biophysical neuron circuit model
(Fig. 1). The rate at which the membrane potential changes in response to
light and US can be expressed as,

CuV = —lignic +Ipc + IOpsin + Dngser—roar (11

where, C,, is the membrane capacitance, I’ is the external DC current that
controls the excitability of the neuron. I,,,; is a sum of ionic currents
through naturally occurring voltage-gated ion-channels in the neuron
membrane. For hippocampal neurons, each ionic current in I,,,;, can be
expressed as

ionic

Lignic = (Una + Trgy + Ty + Tear + Tiea + Tis +11) (12)

Each ionic current in I, can be expressed as, I; = g-m’h'(V — E),
except I = g;(V — E;), where, g; is the maximal conductance, m is
activation variable (with exponent p), h is inactivation variable (with expo-
nent g), and E is the reversal potential of the channel. The rate of change of
m and h obey the first-order kinetics according to x = (x,, — x)/7,. The
voltage-dependent functions (x,, and 7,) and values of parameters for
hippocampal neuron model are given in Tables 3 and 4, respectively”*”. All
the simulations have been carried in MATLAB.

Model of light attenuation
Light attenuation due to absorption and scattering by brain tissue can be
written as,

I(z) = I, exp(—z * 6) (13)
where, I, is the irradiance from the light source, I is the irradiance reached at
cell surface after propagating tissue of thickness z, § = /D/y,, is the optical
penetration depth, and D = 1/(3(y, + ) ) is the diffusivity of light in the
medium'*""*'*’. The absorption coefficient (4,) and reduced scattering
coefficient (i) depend on the wavelength of light and nature of the illu-

minated tissue. The values of 1, and ¢/ at 1040 nmare 0.1 cm'and 10 cm ™,

respectively'”.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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