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Transcranial optogenetic brain modulator
for precise bimodal neuromodulation in
multiple brain regions

Hyogeun Shin1, Min-Ho Nam 2, Seung Eun Lee3, Soo Hyun Yang 4,5,
Esther Yang4,5, Jin Taek Jung 4,5, Hyun Kim 4,5, Jiwan Woo 3, Yakdol Cho3,
Youngsam Yoon6 & Il-Joo Cho 4,5,7

Transcranial brain stimulation is a promising technology for safe modulation
of brain functionwithout invasive procedures. Recent advances in transcranial
optogenetic techniques with external light sources, using upconversion par-
ticles and highly sensitive opsins, have shown promise for precise neuromo-
dulation with improved spatial resolution in deeper brain regions. However,
these methods have not yet been used to selectively excite or inhibit specific
neural populations in multiple brain regions. In this study, we created a wire-
less transcranial optogenetic brain modulator that combines highly sensitive
opsins and upconversion particles and allows for precise bimodal neuromo-
dulation of multiple brain regions without optical crosstalk. We demonstrate
the feasibility of our approach in freely behaving mice. Furthermore, we
demonstrate its usefulness in studies of complex behaviors and brain dys-
function by controlling extorting behavior in mice in food competition tests
and alleviating the symptoms of Parkinson’s disease. Our approach has
potential applications in the study of neural circuits and development of
treatments for various brain disorders.

Transcranial brain stimulation (TBS) has received significant attention
as a technology that can treat brain diseases and improve brain func-
tion, owing to its safety and few side effects1–4. Specifically, prominent
noninvasive brain stimulation technologies, such as transcranial
magnetic stimulation (TMS), transcranial direct current stimulation
(tDCS), and transcranial near-infrared stimulation (tNIRS), have been
widely used as clinical tools for treating brain diseases4–6. However,
most TBS techniques suffer from poor spatial resolution due to the
spread of stimulation signals and nonspecific stimulation across dif-
ferent cell types, which makes precise neuromodulation difficult and
may result in side effects1. To overcome these limitations, several

transcranial optogenetic neuromodulation techniques have recently
been developed7–12. In general, optogenetics allows cell type-specific
activation or inhibition using photosensitive opsins13,14. These opsins
are typically delivered to target neurons via viral vectors, which
necessitates a craniotomy to enable the virus to infect specific brain
regions. Once the opsins are expressed, light must be delivered to the
target region using an implanted fiber, light-emitting diode (LED), or
waveguide-based implant to excite or inhibit opsin-tagged neurons.

Highly sensitive opsins and upconversion particles (UCPs) have
recently been introduced for transcranial optogenetics. The opsins
allow transcranial neuromodulation of the mouse brain, despite the
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scattering and absorption of visible light in the brain tissue7–10. UCPs
emit visible light by near-infrared (NIR) excitation with low scattering
and absorption of light in tissues11,12. Although viral and UCP injections
via craniotomy are similar to traditional optogenetic techniques, the
key difference in transcranial optogenetic neuromodulation is that
subsequent light delivery is performed extracranially. Following the
initial viral and UCP injections, neural activity can be continuously
modulated using only external light sources, eliminating the need for
invasive implants.

The recent development of trichromatic UCPs with excitation-
specific luminescence has allowed for the selective activation of var-
ious types of cells12. However, these studies were performed in an
environment that transmitted light to the entire chamber in which the
animal was located,making it difficult to selectivelymodulatemultiple
brain regions (i.e., multi-site optogenetic neuromodulation). Bimodal
neuromodulation (i.e., selectively exciting or inhibiting specific neural
populations) is challenging but essential for the diverse interrogation
of neural circuits. To achieve accurate and diverse modulation of
neural circuits, invasive devices (e.g., fibers, micro-LED probes, and
OLED probes, referring to organic light-emitting diode probes) have
been developed for multi-site15–19 or bimodal optogenetic
neuromodulation20. However, their invasiveness induces significant
tissue damage, which prevents long-term use. Therefore, the devel-
opment of a transcranial optogenetic technique with bimodal neuro-
modulation capability across multiple sites is crucial for precise and
diverse modulation of neural circuits in animals while minimizing tis-
sue damage.

To address these challenges, this study presents a synergistic
strategy by combining highly sensitive opsins and UCPs with wireless
optoelectronic devices, resulting in transcranial and precise brain
modulation with multi-site and bimodal optogenetic neuromodula-
tion. To transcranially activate or inhibit the same group of neurons,
we co-expressed two different opsins (ReaChR and stGtACR2) that
induce cell depolarization of the same neurons using red light (i.e.,
activation) and cell hyperpolarization using blue light (i.e., inhibi-
tion) (Supplementary Fig. 1). For one of the two opsins, we selected
the highly photosensitive opsin (ReaChR) because the efficacy of
transcranial stimulation by red light was confirmed in a previous
study7. In addition, we applied a UCP with blue emission to tran-
scranially activate another opsin (stGtACR2) using NIR light21. Fur-
thermore, we successfully developed and utilized a wireless
optoelectronic device featuring a small LED array that can deliver
two wavelengths (red and NIR light) to multiple brain regions in
freely behaving mice. In summary, our method enables the tran-
scranial and selective activation of neurons in multiple brain regions
using red light and inhibition using NIR light (Fig. 1 and Supple-
mentary Table 1). We demonstrated the ability of the device to per-
form multi-site bimodal neuromodulation in mice in open-field and
closed-tube tests and showed its applicability in complex behavior
studies through the control of extortion behavior in a food compe-
tition test. Additionally, we verified its potential for treating neuro-
logical disorders by reducing behavioral deficits in a mouse model of
Parkinson’s disease induced by MPTP (1-methyl-4-phenyl-1,2,3,6-tet-
rahydropyridine).We believe that our strategy has the potential to be
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Fig. 1 | Design and features of the transcranial optogenetic brainmodulator for
precise neuromodulation. a Schematic illustrations of the transcranial brain
modulator and its capabilities for multiple-site and bimodal neuromodulation.
b Schematic illustrations of the features of the transcranial brain modulator. This

device enables transcranial, multi-site, and bimodal neuromodulation in multiple
animals to precisely modulate brain activity. c Photograph showing the overall
configuration of the optoelectronic system. d Photograph showing the optoelec-
tronic system mounted on the head of a mouse.
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a valuable tool for treating neurological disorders caused by dys-
functions in multiple brain regions.

Results
Design and fabrication of wirelessly operated transcranial brain
modulator
To achieve transcranial bimodal neuromodulation, two highly sensi-
tive opsins with distinct wavelengths and UCPs were used simulta-
neously. The two opsins (ReaChR and stGtACR2) depolarize or
hyperpolarize neuronalmembrane using red or blue light, respectively
(λmax = 617 nm (ReaChR7), λmax = 480 nm (stGtACR222)) (Supplemen-
tary Fig. 1). The highly sensitive ReaChR opsin enables activation
through red-light delivery outside the skull, resulting in transcranial
neuromodulation7. To transcranially activate the stGtACR2 opsin as
well, we used a UCP that emits visible (NIR) light. We utilized a com-
bination of stGtACR222 and a blue-emitting lanthanide particle21, thus
enabling the selective activation of both opsins via transcranial light
delivery through the transmission of red and NIR light outside
the skull.

We developed a wireless optoelectronic device to transcranially
activate the two opsins. The device has several key advantages,
including 1) bimodal neuromodulation using high-power, dual-color
(Red and NIR) LEDs; 2) multi-site stimulation using an array of four
LEDs, each with a small size of 1.6mm × 1.6mm; 3) smartphone-
controlled wireless operation; 4) a lightweight design that allows the
mice to move freely; and 5) Bluetooth wireless communication that
allows for selective or simultaneous control of multiple animals with-
out interference. The total weight of the system (four dual-color LED
arrays (0.1 g), wireless control module (0.9 g), and 30mAh battery
(0.9 g)) is 1.9 g, which does not affect the behavior of the mice (Sup-
plementary Movie 1, Supplementary Table 1, and Supplementary
Fig. 2). To deliver sufficient light to specific brain regions from outside
the skull, we chose 1W high-power red and NIR LEDs with active areas
of 1 mm2 and 0.5625 mm2, respectively (the packaging process of the
LED array is described in the Methods section). The wireless control
module, which is designed to control each LED, includes pulse width
and frequency modulation capabilities. It features a low-power Blue-
tooth embedded chip with a microcontroller unit for wireless control,
an oscillator integrated circuit (IC) for controlling the LED on/off time,
switch ICs for selecting the on/off time, and a p-channel metal-oxide-
semiconductor field-effect transient (MOSFET) for a stable supply of
high power to the LEDs (Supplementary Fig. 3). This module enables
control over the LED selection, stimulation frequency (1Hz or 10Hz),
and on-time (5ms or 10ms) through an Android-based smartphone
application (Supplementary Fig. 4; details of the wireless control
module are provided in the Methods section). In the behavioral
experiments, we primarily used a modulation pattern of 10Hz with
an ON time of 10ms. This pattern was selected based on
previous behavioral studies, including the openfield test23, preference/
aversion tests24, and closed-tube tests25, which commonly employ
frequencies between 5 and 20Hz to effectively induce behavioral
changes. Specifically, increasing the stimulation frequency (5 and
100Hz) in the closed-tube test led to more pronounced behavioral
changes25. Thus, we selected 10Hz, as it represents a midpoint within
this range, balancing efficacy and minimizing heat accumulation from
the LEDs.

Additionally, we assessed the operating duration of the system
using a fully charged 30mAh battery. The red and NIR LEDs were
operated for approximately 53min each. However, when both the
LEDs were operated simultaneously, the battery life decreased to
approximately 26min. Consequently, the high-power consumption of
LEDs limited their operating time to approximately 1 h, which
decreased further when multiple LEDs were used concurrently. An
operating time of approximately 1 h is sufficient for conducting short-
term behavioral experiments25–27.

To further investigate the feasibility of bimodal neuromodulation
using different combinations of viruses, UCPs, and LEDs, we analyzed
the overlapping spectra of each component (Supplementary Fig. 5).
Our analysis showed no overlap between the emission wavelength of
the Red LED and the response wavelength of stGtACR2 (Supplemen-
tary Fig. 5b); however, therewas a significant overlapwith the response
wavelength of ReaChR (Supplementary Fig. 5b). This indicates that
neuronal activation via ReaChR using the Red LED is feasible. Addi-
tionally, the emission wavelength of the Blue UCP generated by the
NIR-Blue UCP combination overlaps with the response and peak
wavelengths of stGtACR2 (Supplementary Fig. 5c). However, the
response of ReaChR to the NIR-Blue UCP combination was approxi-
mately 60% of that of stGtACR2, enabling selective neuronal inhibition
through stGtACR2. Furthermore, the Green UCP exhibited a narrow
emission spectrum with a peak at 550nm, and the response efficiency
of ReaChR was substantially higher than that of stGtACR2 (Supple-
mentary Fig. 5d). Thus, to control neural activity in deep brain regions,
we used blue and green UCPs to selectively activate ReaChR and
stGtACR2, respectively. Overall, these results confirm that bimodal
neuromodulation is feasible using various combinations based on the
spectral overlap analysis.

In conclusion, by integrating a combination of opsins and parti-
cles, our system can provide transcranial, multi-site, and bimodal
neuromodulation in freely behaving small animals.

Thermal effects of LED operation
To evaluate the potential for tissue damage by heat from LED opera-
tion, we measured the surface temperature of the LEDs and estimated
the corresponding temperature increase in the brain tissue (Supple-
mentary Table 2 and Supplementary Fig. 6). During continuous
operation, the LED temperature rapidly increased, reaching a max-
imum of 77.9 °C for the Red LED and 88.1 °C for the NIR LED due to
overheating (Supplementary Fig. 6b). However, when operated with a
10% duty cycle, the LEDs maintained stable temperatures of 37 °C for
the Red LED and 39.1 °C for the NIR LED, aided by adequate cooling
(Supplementary Fig. 6c). In addition, we attached a plastic-based
thermal isolator to limit light dispersion and measured the tempera-
ture at the end. Under the 10% duty cycle with the thermal isolator
attached, during 10minutes of operation, themaximum temperatures
were 34.5 °C for the Red LED and 36.8 °C for the NIR LED (Supple-
mentary Fig. 6d). These temperatures are below body temperature
(37 °C), indicating that the heat from the LED is unlikely to cause brain
damage.

However, operating the NIR LED at 10% duty cycle without the
thermal isolator resulted in temperatures exceeding 39 °C, which
could potentially cause brain damage28. Using Fourier’s Law of heat
conduction, we calculated the temperature change across the skull
and found that the heat transferred to the brain could exceed 39 °C,
indicating a risk of brain damage with prolonged exposure (Supple-
mentary Note 1).

These results suggest that under specific conditions (LED with
thermal isolator, 10% duty cycle), the potential for thermal stimulation
or cell damage due to LED operation is low.

Transcranial optogenetic modulation of neurons in vivo
The initial objective of our study was to evaluate the feasibility of our
optogenetic strategy in animals by determining the efficacy of tran-
scranialmodulation and the stimulation depth, which is dependent on
the combination of the virus, LED, and particles (e.g.,
stGtACR2–NIR–Blue UCP) in vivo. To achieve this goal, we conducted
electrophysiology experiments using three combinations
(ReaChR–Red LED, ReaChR–NIR LED–Green UCP, and stGtACR2–NIR
LED–Blue UCP) (Supplementary Fig. 7) (The detailed experimental
protocol, including surgery and experimental setup, is provided in the
Methods section). After injecting viruses and particles into various
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brain regions (cortex, hippocampus, and thalamus) (Supplementary
Fig. 7), we allowed four weeks for sufficient infection.We then inserted
a neural probe with 16 black platinum microelectrodes into the
infected regions of each mouse (Supplementary Fig. 7).

In the first experiment, we measured neural activation using red
light on the skull of a mouse infected with the ReaChR virus. In the
sensory cortex region, we successfully observed a statistically sig-
nificant increase in neural signals with red light illumination at
63mW·mm−2 (2.1 V, 0.25 A) with 0.5Hz, 50% duty cycle (Supplemen-
tary Figs. 8a–c). However, no increase in neural activity was observed
in the hippocampal CA3 region (Supplementary Figs. 8d–e). Our
results confirm the feasibility of transcranial neural activation up to a
depth of approximately 0.7mm, including the skull thickness
(approximately 0.2mm), using the ReaChR virus and red LED.

Next, wemeasured neural activation usingNIR light on the skull of
a mouse infected with the ReaChR virus and injected with green UCPs.
We observed a statistically significant increase in neural signals in the
thalamus region when NIR light was applied at 275.5mW·mm−2 (2.6 V,
0.25 A) with 0.5Hz, 50% duty cycle (Supplementary Figs. 9a–c). Our
results confirmed that transcranial neural activationwaspossible up to
a depth of approximately 3mm, accounting for skull thickness, using
the ReaChR virus, NIR LED, and green UCPs.

Finally, wemeasured neural inhibition using NIR light on the skull
of a mouse previously infected with the stGtACR2 virus and injected
with blue UCPs. We observed a statistically significant decrease in
neural signals in the thalamus with NIR illumination at 275.5mW·mm−2

(2.6 V, 0.25 A) (Supplementary Figs. 10a–c). Our results confirmed the
feasibility of transcranial neural inhibition up to a depth of approxi-
mately 3mm, accounting for the skull thickness, using the stGtACR2
virus, NIR LED, and blue UCPs.

In conclusion, we successfully demonstrated transcranial neural
modulation in vivo up to a depth of approximately 3mm. Additionally,
we expect that transcranial bimodal neuromodulation in vivo will be
possible to a depth of approximately 0.7mm without optical inter-
ference. This can be achieved by combining the ReaChR virus with a
Red LED and the stGtACR2 virus with an NIR LED and Blue UCPs.

Evaluation of spatial resolution and stimulation control in
transcranial optogenetic stimulation using UCPs
To precisely modulate specific brain functions or neural circuits, it is
crucial to stimulate local brain regions with high spatial resolution. In
this study, we evaluated the spatial resolution of transcranial optoge-
netic stimulation and the ability to control the stimulated region by
varying the quantity of injected UCPs. To assess the stimulated region,
we compared the number of c-Fos-expressing cells after stimulation
with varying quantities of injected particles. Mice infected with the
ReaChR virus were injectedwith 100, 400, or 800 nL of green-emitting
UCPs and underwent optical stimulation outside the skull for 10min
(Fig. 2a). NIR light was applied at an intensity of 275.5mW·mm−2 (2.6 V,
0.25 A), pulsing at 10Hz with a 10ms on-time duration (The details of
the experimental protocol and analysis are provided in the Methods
section). We observed a proportional increase in the number of c-Fos-
positive cells with increasing particle volume, indicating expansion of
the activated cell area (Fig. 2b–e). Specifically, c-Fos expression was
observed in 9%, 15%, and 22% of the total cells in the groups injected
with 100, 400, and 800 nL of particles, respectively (Fig. 2c and Sup-
plementary Figs. 11 and 12). In contrast, only 3% of the cells expressed
c-Fos in the control group, which did not receive virus or particle
injections (Fig. 2c and Supplementary Figs. 12 and13). These results
indicate that, under our experimental conditions, the effect of tNIRS
alone was minimal, whereas the proportion of stimulated cells
increased progressively with the quantity of particles injected.

Additionally, the average number of c-Fos positive cells per 40
μm-thick slice increased progressively with the injected volume, with
42 ± 28 cells for 100nL, 66 ± 51 cells for 400nL, and 142.8 ± 116 cells for

800 nL (Fig. 2f). We quantified the number of slices containing c-Fos-
positive cells to estimate the spatial resolution of stimulation and sti-
mulation ranges. The stimulation ranges were measured as
520± 40 µm for 100 nL, 600 ± 160 µm for 400 nL, and 1200± 200 µm
for 800 nL, demonstrating a proportional increase with the injected
volume of UCPs (Fig. 2e). Importantly, the spatial resolution achieved
using our technique (approximately 0.5mm) exceeds the roughly
1mm resolution offered by transcranial focused ultrasound stimula-
tion (tFUS), which was previously considered the most precise tran-
scranial brain stimulation method (Supplementary Fig. 14)29–31.
Additionally, the spatial resolution of our technique surpasses that
attained by transcranial optogenetics (approximately 1mm) using only
high-sensitivity opsin10. Consequently, our findings suggest that both
the stimulated range and the number of activated cells increase line-
arly with the quantity of injected particles, and the minimum spatial
resolution (520 µm) offers superior resolution to that of existing
transcranial brain stimulation techniques29.

Motion control by multiple-site optogenetic neuromodulation
Through electrophysiological experiments utilizing a neural probe, we
demonstrated the viability of our strategy for the transcranial mod-
ulation of neural activity in vivo. Subsequently, we assessed the pos-
sibility of behavioral control using the developed system in freely
behaving animals. As a control, we evaluated the behavioral impact of
LED irradiation onnormalwild-typemice. After attaching the LEDarray
to the skull above the left premotor cortex (M2) region, we observed
the behavioral activity of themice in response to the LED in theON and
OFF states in anopen-fieldmaze (as described in theMethods section).
We found no differences in behavioral activity during the red and NIR
LED on- and off-states (Supplementary Movie 2 and Supplementary
Fig. 15). This suggests that the weight of the system and LED operation
did not significantly affect the locomotor activity of the mice (Sup-
plementary Fig. 2 and Supplementary Fig. 15).

Next, we assessed the feasibility of the motion control system by
selectively stimulatingmultiple brain regions. Specifically, we targeted
theM2 and superior colliculus (SC) regions, and immediate behavioral
changes were observed upon stimulation. The M2 region has been
associated with circling behavior32,33, while the SC region has been
linked to arrest behavior34. To activate the left and right M2 neurons,
we utilized a combination of the ReaChR virus and red LEDs. To acti-
vate SC neurons located in a relatively deep region ( ~ 1.2mm from the
skull), we employed a combination of ReaChR virus, NIR LED, and
Green UCPs.

After injecting the virus and particles into each region, two red
LEDs and one NIR LED were attached to each injection site (Fig. 3a and
Supplementary Figs. 16 and 17) as described in the Methods section.
We anticipated three different behavioral changes upon selective sti-
mulation of each region (e.g., left-circling behavior upon left
M2 stimulation) (Fig. 3b). As expected, upon stimulation of the left M2
region using red light (10Hz, 10ms, 63mW·mm−2 of light intensity)
with our system, themousewas observed to turn to the left (Fig. 3c and
Supplementary Movie 3). By comparing the number of turns in each
direction before and after stimulation, we confirmed a rapid increase
in the number of turns to the left, demonstrating the selective stimu-
lation of the left M2 region (Fig. 3c). Similarly, upon stimulation of the
right M2 region using red light (10Hz, 10ms, 63mW·mm−2 of light
intensity), the mouse turned to the right (Fig. 3d and Supplementary
Movie 3). The increase in the number of turns to the right confirmed
selective stimulation of the right M2 region (Fig. 3d). Finally, upon
stimulation of the SC region with NIR light (single pulse, 10ms,
275.5mW·mm−2 of light intensity), we observed that the mouse tem-
porarily slowed down before returning to normal movement after a
few seconds (Fig. 3e and Supplementary Movie 3).

Simulations were also conducted to evaluate the spatial resolu-
tion achievable with external light stimulation using a red LED. Prior to
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Fig. 2 | Spatial resolution of transcranial brain optogenetic method in vivo.
a Schematic diagrams of virus/particle injection and experimental process. ReaChR
virus was injected into striatum (STR). Green upconversion particles of varying
quantities (100, 400, and 800 nL at a concentration of 20mg·mL−1) were injected
into the same region. After 4 weeks, the c-Fos expression experiment was con-
ducted.bThe expression of c-Fos in the target region according to the quantities of
the particles. c High magnification image of c-Fos expression. The control group
consists of mice that underwent NIR stimulation without any injection of virus or
particles. In the image, red represents c-Fos expression, green indicates ReaChR
virus-infected neurons, and blue represents DAPI (labeling cell nuclei). d The
number of c-Fos positive cells according to the volume of particles injected into
individual mice. Three mice were used for each condition. Each data point

represents the numberof c-Fos positive cells in a 40-µmbrain slice. eThenumberof
c-Fos positive cells according to the volume of particles. The bold colored lines
represent the mean value from the three mice. The lighter shade represents the
standard error of the mean (SEM). f The number of c-Fos positive cells per slice
according to the volume of particles (100 nL-400 nL: t(82) = 2.616, p =0.1057445,
400 nL-800nL: t(134) = 3.708,p =0.00030456; n = 39 for 100nL;n = 45 for 400nL;
n = 91 for 800 nL where n is the number of slices exhibiting c-Fos expression from
three mice.). Statistical analysis was performed by the two-tailed unpaired t test,
and p <0.05 was considered significant. *p <0.05, ***p <0.001. The c-Fos experi-
ments were independently repeated in three mice with similar results to ensure
reproducibility, and the representative images are shown in the figure.
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the simulations, wemeasured the light dispersion angle of the red LED
with the square thermal isolator attached to limit the light spread.
These measurements were conducted in a dark environment, with
distances ranging from 1 to 4mm between the LED and a paper ruler
(Supplementary Fig. 18a). We observed that the light spread ranged
from 2, 3, 4, and 5mm at distances of 1, 2, 3, and 4mm, respectively
(Supplementary Table 3). Using basic mathematical calculations, we
determined that the light dispersion angle in air was approximately
53.14° (Supplementary Note. 2). Using this dispersion angle and the
optical properties of the mouse skull and tissue for red light17,35, we
performedMonte Carlo simulations to evaluate light spreadwithin the
brain36,37. The simulations indicated that approximately 10%of the light
reached a depth of 1.25mm and extended laterally up to 0.75mm at a
depth of 1mm (Supplementary Fig. 18b). Hence, the estimated spatial
resolution of the light when targeting ReaChR-infected neurons was
approximately 0.75mm. To avoid overlap and crosstalk between the
two light sources, a minimum separation of 1.5mm would be neces-
sary. In our behavioral experiments, we successfully achieved the
expected effects by independently stimulating the left or right cortex
(left M2 or rightM2). This success was likely due to a larger population
of neurons respondingwithin the targeted region. Although the spatial

resolution of our LED-based system has certain limitations, clear dif-
ferences in the extent of stimulation and the number of responsive
cells in adjacent areas allowed for successful selective behavioral
modulation.

In conclusion, we successfully induced various behavioral chan-
ges in freely behaving mice through multiple-site transcranial stimu-
lation using the developed system. This validates the potential for
motion control through transcranial and multisite modulation.

Behavioral control by bimodal optogenetic neuromodulation
The combination of two different opsins enables the activation or
inhibition of neural activity in a single brain region. To evaluate the
functionality of bimodal optogenetic neuromodulation in freely
behaving mice, we targeted the medial prefrontal cortex (mPFC)
region because of its involvement in social competition25,38. The mPFC
was chosen as the stimulation site because of its role in determining
the outcome of competition; activation of mPFC neural activity leads
to a win, whereas inhibition results in a loss25. For bimodal neuromo-
dulation, we injected ReaChR, stGtACR2 viruses, and Blue UCPs into
the mPFC (Fig. 4a and Supplementary Fig. 19). Red and NIR LEDs were
attached to the injection site, and each mouse underwent individual
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changes. a The schematic diagrams of virus/particle injection and LED attachment
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superior colliculus (SC). The green upconversion particles were injected into the
SC. After 4weeks, twoRed LEDs andoneNIR LEDwere attached above the left/right
M2 and SC regions. b Schematic diagrams for behavioral modulation (i.e., left/right
circling behaviors (10Hz, 10ms ON time) and arrest behavior (1 time, 20ms ON
time)) by selective, multi-site neuromodulation. c Representative trajectory and
comparison of the number of left or right circling behaviors per minute according

to local neuromodulation off and on for left M2 neurons (Left: p =0.0079, Right:
p >0.9999; n = 5mice.).dRepresentative trajectory and comparison of the number
of left or right circling per minute according to local neuromodulation off and on
for right M2 neurons (Left: p >0.9999, Right: p =0.0079; n = 5 mice.). e Speed
change by local neuromodulation of SCneurons. Blue arrow indicates the timing of
NIR light on. The data are presented as mean values ± s.d. All statistical analyses
were performed using the two-tailed Mann-Whitney test, and p <0.05 was con-
sidered significant. **p <0.01. ns: no statistical significance.
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training in the closed-tube setup (Fig. 4a) (as described in theMethods
section).

Well-trained mouse pairs were used in the closed-tube test.
On the first day, no light was applied. On the second day, we
either activated or inhibited mPFC neurons by applying red light
(10 Hz, 10ms, 63mW·mm−2 of light intensity) or NIR light (10 Hz,
10ms, 275.5 mW·mm−2 of light intensity) to one mouse (Fig. 4b
and Supplementary Movie 4). After conducting the same experi-
ment on four pairs of mice, we compared the competition results.
In the absence of stimulation, the numbers of wins and losses
were similar (Fig. 4c). However, the activation of mPFC neurons
by the red LED resulted in a rapid increase in wins without any
losses, whereas the suppression of mPFC neurons by the NIR LED
led to a rapid increase in losses without wins (Fig. 4c). These
results demonstrate successful control of competitive behavior
through transcranial bimodal neuromodulation.

We also analyzed the behavior of mice in the closed-tube
test, categorizing it into four sub-behaviors: push, resist, retreat,
and other (as described in the Methods section). Activation of the
mPFC by the red LED increased both the number and duration of
push behaviors, whereas suppression by the NIR LED decreased
push behaviors (Fig. 4d). Similarly, the duration of resistance
increased during the red LED-on trials and decreased during the
NIR LED-on trials (Fig. 4e). Conversely, retreat behavior decreased
when the red LED was on and increased when the NIR LED was on
(Fig. 4f). These results demonstrate that our system enables

transcranial bimodal neuromodulation in freely behaving mice,
allowing control of behavior-related cognitive functions in the
closed-tube test.

Modulation of complex social behaviors in food
competition test
This synergistic strategy for transcranial optogenetic methods enables
precise transcranial brain modulation with multi-site and bimodal
optogenetic neuromodulation. Additionally, we developed a wireless
system to facilitate the simultaneous control of the brain activity in
multiple mice. To demonstrate the utility of the system, a food com-
petition test was performed, which is a complex social experiment
performed between two mice (Fig. 5a) (The detailed experimental
protocol, including surgery, experimental setup, and training, is pro-
vided in the Methods section). In this experiment, two mice ran to a
food pellet contained in a square space. One mouse started eating the
food pellet, and the competitive behavior of both mice was simulta-
neously controlled using the system (Fig. 5b). The NIR LED (10Hz,
10ms, 275.5mW·mm−2 of light intensity) attached to the head of the
mouse that reached the food pellet first was turned on to suppress
competitive behavior by suppressing neural activities in mPFC region.
Meanwhile, the red LED (10Hz, 10ms, 63mW·mm−2 of light intensity)
attached to the head of the other mouse was turned on to activate
competitive behavior by activating neural activities in mPFC region,
inducing competition and extortion for the food pellet by modulating
the brain activities of both mice (Supplementary Movie 5). The results
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showed a sharp increase in the participation rate in food competition
during the stimulation-on trials (Fig. 5c and Supplementary Fig. 20). In
addition, the number of successful food extortion trials increased
(Fig. 5d–e and Supplementary Figs. 21 and 22). The time required to
extort the food pellets also increased during the stimulation-on trials
(Fig. 5f). In conclusion, the wireless system successfully controlled the
competitive behavior of twomice simultaneously through transcranial
brain modulation, demonstrating its potential for use in complex
social experiments.

Reverting motor dysfunctions through the activation of neural
activity in a mouse model of Parkinson’s disease
One of themost important applications of TBS is the potential delivery
of treatment protocols for various brain diseases. The developed
wireless TBS system can serve as an effective tool for exploring treat-
ment methods for brain diseases associated with motor dysfunction.
Thus, we applied the developed system to relieve symptoms related to
motor dysfunction in a mouse model of Parkinson’s disease. Our goal
was to reverse motor dysfunction by transcranially activating motor
neurons related to motor function39 (The detailed experimental pro-
tocol, including surgery, experimental setup, and induction of Par-
kinson’s symptoms, is provided in the Methods section). Initially, we
injected the ReaChR virus into the M2 region and green UCPs into the
dorsomedial striatum (dmST) region to activate the M2 neurons and
M2 axons (Fig. 6a). Our system utilizes two types of light sources and
UCPs, enabling multiple stimulations using different light sources and
UCP combinations. This dual-modality approach allows for the

selective targeting of both M2 cell bodies and M2 axons, providing
distinct contributions of somatic versus axonal activation in mod-
ulating motor functions. After allowing four weeks for sufficient
infection, red and NIR LEDs were attached above the M2 and dmST
regions for selective stimulation with different light sources (Fig. 6a).
Following a one-week recovery period, Parkinson’s symptoms were
induced through continuous intraperiotoneal MPTP (1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine) injection40 (Fig. 6b). We confirmed that
both the normalmice and LED-attachedmice experienced a significant
decrease in their behavioral activity following continuous MPTP
injection compared to before the injection (SupplementaryMovies 6-7
and Supplementary Fig. 23). In contrast, sham mice that were con-
tinuously injected with saline maintained similar activity levels (Sup-
plementary Movie 8 and Supplementary Fig. 24). Thus, we confirmed
the successful induction of Parkinson’s disease symptoms through
MPTP injection in virus-infected and LED-exposedmice. Subsequently,
we stimulatedM2 neurons andM2 axons of freely behavingmice in an
open-fieldmaze through transcranialM2 and dmST stimulation via red
and NIR LEDs, respectively, with a frequency of 10Hz and pulse
duration of 10ms (63mW·mm−2 and 275.5mW·mm−2 of light intensity
from red andNIR LEDs, respectively) (Fig. 6c).Weobserved an increase
in locomotor activity in all three mice during transcranial M2 and
dmST stimulation (Fig. 6d–f and Supplementary Movie 9). Further-
more, we confirmed that the activation of the M2 neurons and M2
axons rescued motor functions, with a significant increase in both
locomotor activity and speed (Fig. 5g–j). As a control experiment, we
investigated whether NIR stimulation could affect motor activity in
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MPTP-injected mice (a Parkinson’s disease model) without genetic
modifications or UCPs. MPTP injection significantly reduced the
activity levels (Supplementary Movie 10 and Supplementary
Figs. 25a, b), and NIR stimulation, applied using the same protocol, did
not lead to increased activity in these mice (Supplementary Movie 11,
Supplementary Figs. 25c–e, and Supplementary Fig. 26). These results
suggested that the improvements observed in our experiments were
specifically attributable to optogenetic modulation. Consequently, we
successfully improved motor dysfunction in Parkinson’s disease-
induced mice through transcranial optogenetic neuromodulation
using the system.

Discussion
We introduced and implemented a synergistic approach to achieve
transcranial, multi-site, and bimodal neuromodulation in freely
behaving animals. This method uses two transcranial optogenetic
methods (highly sensitive opsins and UCPs) in conjunction with a
wireless optoelectronic device. This approach enables simultaneous
and precise behavioral modulation across multiple sites. Through in
vivo electrophysiological experiments, we validated the effectiveness

of transcranial neuromodulation and achieved a stimulation depth of
approximately 3mm, including the skull thickness, using three com-
binations of transcranial optogenetic methods: (1) ReaChR–Red LED,
(2) ReaChR–NIR LED–Green UCP, and (3) stGtACR2–NIR LED–Blue
UCP. Additionally, we achieved a spatial resolution of approximately
0.5mm, surpassing that of previous transcranial brain stimulation
techniques10,29,30. This superior spatial resolution enablesmore precise
targeting of specific brain areas, marking a significant advancement in
the field of transcranial brain stimulation. In particular, compared with
tNIRS6, our approachallows for localized, cell-type-specific stimulation
within the regions in which the virus and UCPs have been injected.
Furthermore, using a wireless optoelectronic device, we successfully
controlled the behavior of mice in open-field and closed-tube tests.
Our strategy allowed for unprecedented transcranial, multi-site, and
bimodal neuromodulation in freely behaving mice. Furthermore, we
applied this strategy in a complex social experiment involving food
competition, effectively controlling competition between the mice
and increasing their participation and success rates. Finally, we suc-
cessfully alleviated decreased locomotor activity in a mouse model of
Parkinson’s disease through transcranial modulation using the system.
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This strategy holds potential for various applications in neuroscience
research, including complex behavioral and brain disease studies, by
transcranially and precisely controlling brain circuits.

In future work, incorporating laser diodes (LDs) with superior
directionality can significantly enhance system performance. Unlike
LEDs, LDsprovidedistinct advantages suchas higher directionality and
improved power efficiency. LDs with high directionality can provide
superior spatial resolution and enable the stimulation of deeper brain
regions. Additionally, LDs can handlemuchhigher power densities and
maintain power conversion efficiencies of approximately 30%, making
them ideal for experiments requiring concentrated and intense light41.
Moreover, LDs do not experience an efficiency droop at higher power
levels, which is a common issue with LEDs41, making them more sui-
table for sustained high-power use. Therefore, integrating high-power
LDs could extend the applicability of our approach from animal
models such as mice to potential human applications.

Furthermore, our previous research indicated that mice exhibit
minimal impact on activity levels with weights up to 5 g26. Given that
our current device weighs <2 g, there is substantial room to increase
the battery capacity without adversely affecting the behavior of the
mice. Enhancing battery capacity is both feasible and critical for the
success of long-termbehavioral studies, as it would allow for extended
operational times, effectively meeting the demands of such
experiments.

Ultimately, we hope to utilize this strategy to treat brain diseases
and enhance brain function in humans. However, certain limitations
must be addressed prior to its application in humans. First, the limited
stimulation depth ( ~ 3mm) could limit its applicability in humans,
necessitating advancements in light sources, such as LDs. Second, the
need for intracranial surgery for viral and particle injections may limit
accessibility, highlighting the importance of simpler surgical methods.
A safe and simple surgical method is required to overcome this lim-
itation, and the recent announcement by Neuralink of a surgical robot
could be a solution42. Finally, ensuring the in vivo stability against
viruses and particles is essential. Although some viruses for optoge-
netics have been created, the in vivo stability of the particles still needs
to be verified, and the development of particles that can be safely
verified in the body is required.

Despite these challenges, our study presents a highly effective
strategy for precise transcranial brain modulation that combines
transcranial optogenetic methods with a wireless optoelectronic
device. In the short term, we anticipate that our approach will be used
in various brain studies related to brain circuits and diseases, thereby
enabling precise bimodal neuromodulation in freely behaving animals.
In the long term, we hope that our strategy will play a key role in the
treatment of brain diseases and enhancement of brain function in
humans.

Methods
Packaging of the LED array
Small red and NIR LEDs (Red LED: XQERDO-H0-0000-000000701,
Cree Inc, USA; NIR LED: SFH 4180S A01, OSRAM, Germany) were used
in this study. The size of both LEDs is 1.6mm × 1.6mm. The active area
of the LEDs is 1mm× 1mm for the Red LED and0.75mm×0.75mm for
the NIR LED. Both LEDs were soldered onto a custom-printed circuit
board (PCB) withmetal pads on both sides. A thin, coated copper wire
(0.09mm, SBYC40, SME, Republic of Korea) was soldered to the
opposite side of the PCB. After being cut to a length of approximately
1.5 cm, the wire was soldered to another custom PCB connected with a
1.27mm pitch 5-pin header. The four wires connected to the cathode
of the four LEDswere soldered to the center pin. Toblock the spreadof
light transmitted from the LED, a 1-mm high square piece with black
color was fabricated using a 3D printer (Ultimaker 2 + , Ultimaker, The
Netherlands). The piece had an inner size equal to the active area size
of the red LED (1mm × 1mm) and an outer size equal to the LED size

(1.6mm × 1.6mm). The fabricated pieces were attached to each LED
using an instant adhesive (Loctite 401 liquid super glue, LOCTITE,
Germany). The fabricated LED arraywas very light, weighing only 0.1 g.
Additionally, the active area of each LED was very narrow at 1mm ×
1mm, which made it suitable for simultaneous application to multiple
regions of the mouse’s brain.

Design and configuration of the wireless control module
We designed a lightweight wireless control module for operating each
LED in freely-behavingmice. To simultaneously control eachmodule in
social experiments using multiple animals, we integrated a Bluetooth
4.0 communication embedded chip, which allowed remote control of
each module without signal interference using an Android-based
smartphone through the application provided by themanufacturer. In
addition, to control individual LEDs, two dual SPST switch ICs were
integrated. To supply stable power to themodule and LED, a 3.3 V LDO
regulator and pMOSFET were integrated. Also, to control the LED’s
operating frequency and pulse width, we integrated an oscillator IC.
The set frequency and pulse width are changeable by soldering other
resistors and capacitors. Below is information for each electronic part
integrated with the module and a brief description (Supplemen-
tary Fig. 3).

• Bluetooth 4.0 communication embedded chip (FBL770BC, Firm-
tech, Republic of Korea): Enables wireless control of the LED
without signal interference

• Dual SPST switch IC (TS3A4742DCNR, Texas Instruments, USA):
Allows for selection of LED and the frequency (1 Hz or 10Hz) and
pulse width (5 Hz or 10ms)

• 3.3 V LDO regulator (TPS73733DRVR, Texas Instruments, USA):
Supplies stable power to the entire ICs

• pMOSFET (NTJD4152PT1G, On Semiconductor, USA): Controls
LED operation and provides stable current supply to the LED

• Oscillator IC (LTC6991CBCB, Analog Devices, USA): Sets fre-
quency and pulse width

• Other passive components (e.g., resistors and capacitors): Ensure
stable operation of each IC.

Each componentwas soldered to a thin customPCBwith a0.5mm
thickness. After soldering the ICs andpassive components, this control
module can be used directly through the Android application without
downloading a separate program into themodule. Through a compact
design and minimal component integration, the total weight of the
module is only 0.9 g, which is light enough to apply to small animals
such asmice. Themodule is powered by a 30mAh lithiumpolymer (Li-
Po) battery and has a total weight of 1.9 g, including the weight of the
battery (0.9 g) and the LED array (0.1 g). When the LED was con-
tinuously operated at 10% duty cycle (10Hz, 10ms) using the wireless
control module, it could be operated for about 1 hour, which was
sufficient time to perform most behavioral experiments, including
in vivo tests in this study.

Optical power measurement
We used a photodetector (918D, Newport Inc., Irvine, CA, USA) in
combinationwith anoptical powermeter (1936-R, Newport Inc., Irvine,
CA, USA) to characterize the light output power from the LEDs. The
end of the LED, coupled with the square piece (i.e., thermal isolator),
was positioned near the photodetector to ensure accurate light
intensity measurements. The fluctuation in output power was mea-
sured to be within ±0.002mW, indicating stable light emission from
the LED.

Thermal measurements of LED operation
Toaddress thepotential thermal issues associatedwith thehigh-power
operation of LEDs, we employed a 10% duty cycle to prevent con-
tinuous temperature increases. Thermal measurements were
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performed under various conditions, including constant LED opera-
tion, 10%duty cycle operation, andwith andwithout the attachment of
a plastic-based thermal isolator of thermal isolator used in the
experimental setup.

A small PTC thermistor (NB-PTCO-001, Measurement Specialties)
was attached to themeasurement pad tomonitor surface temperature
(Supplementary Fig. 6a). We continuously tracked the changing
resistance of the thermistor in real time and calculated the tempera-
ture using the formula provided in the datasheet. This setup enabled
us to capture the maximum temperature under conditions closely
mimicking the experimental setup, ensuring accurate assessments of
the potential impact on brain tissue. Maximum temperature was
recorded after 10minutes of LED operation under each condition.

Ethics
Every animal experiment has been carried out following a protocol
approved by an ethical commission.

Animal preparation
All of the procedures were approved by the Korea Institute of Science
and Technology (KIST) in Seoul, Republic of Korea. Also, the proce-
dures were conducted in accordance with the ethical standards stated
in the Animal Care and Use Guidelines of KIST. Mice were provided by
the animal facility in KIST. Adult male C57BL/6 J mice (8 weeks of age;
average weight of 30 g) were used in this study. Five or six mice were
housed in a cage that had a 12:12 light-dark cycle and the temperature
and humidity of the animal facility were maintained at 22± 2 °C and
50± 5%. The number of mice used is specified for each experiment.

Virus and particle injection and LED attachment
We performed a craniotomy and injected AAV virus into the target
region using 1 µL of AAV-hSyn-ReaChR-citrine (titer: 4.29 × 1013

GC·mL−1; KIST virus facility, Seoul, Republic of Korea) or AAV-hSyn-
stGtACR2-FusionRed (titer: 6.67 × 1013 GC·mL−1; KIST virus facility,
Seoul, Republic of Korea) via a conventional method43. We also injec-
ted blue- or green-emitting upconversion particles (UCPs) into the
target region with 1 µL of blue- or green-emitting lanthanide micro-
particles (LMP; Shanghai Keyan Phosphor Technology, China) dis-
persed in saline (20mg·mL−1). The photon conversion efficiency of the
blue-emitting UCP is 0.1%, while that of the green-emitting UCP is
0.38%21. After waiting for four weeks for sufficient virus infection, the
mice were anesthetized with 4% isoflurane for induction and with 1.5%
isoflurane using an isoflurane vaporizer (SurgiVet Classic T3 vaporizer,
Smiths Medical, Inc., USA). After fixing the anesthetized mice on a
stereotaxic instrument (David Kopf Instruments, USA), we attached
the LEDs to the skull over the injection site usingdental cement (Vertex
Self Curing, Vertex Dental, Netherlands). The mice were allowed to
recover for one week before being subjected to the experiments.

In the experiment for expression of c-fos, we injected ReaChR
virus and green-emitting UCPs into the dorsal striatum (0.7; ±2; −2.95,
AP; ML; DV, in millimeters from the bregma) region (Fig. 2a). To
compare the number of activated cells and the range of stimulation
according to the amount of particles, we injected 1 µL of virus was
injected, and particles dispersed in saline (20mg·mL−1) of 100, 400,
and 800 nL were injected into the target region. We waited for four
weeks for sufficient virus infection before conducting the experiment.

In the electrophysiological experiment, we injected ReaChR or
stGtACR2 viruses and blue- or green-emitting UCPs into the sensory
cortex (-1.5; −1.25; −0.75, AP; ML; DV, in millimeters from the bregma),
hippocampal CA3 (-1.5; −1.25; −2, AP; ML; DV, in millimeters from the
bregma), and thalamus (-1.5; −1.25; −3, AP; ML; DV, in millimeters from
the bregma) regions (Supplementary Fig. 7). We waited for four weeks
for sufficient virus infection before conducting the experiment.

In the motion control experiment, we injected the ReaChR virus
into the left/right premotor cortex ( + 1.1; ± 0.6; −1.25, AP; ML; DV, in

millimeters from the bregma) and superior colliculus (-4; −0.75; −1.1,
AP; ML; DV, in millimeters from the bregma) regions, respectively. We
only injected the green-emitting UCPs into the superior colliculus
region. For this setup, the two LEDs were placed closely side by side to
enable localized, direct stimulation of adjacent regions, enhancing
motion control precision.

In the behavioral control and food competition experiments, we
injected ReaChR and stGtACR2 viruses and blue-emitting UCPs parti-
cles into themedial prefrontal cortex region ( + 2.6; +0.12; −1.5, AP;ML;
DV, in millimeters from the bregma). To enable effective simultaneous
stimulation, the LEDs were positioned facing each other at approxi-
mately a 30-degree angle, ensuring consistent light delivery to the
target behavioral area.

In the behavioral experiment using Parkinson’s disease-induced
mice, we injected ReaChR virus into the premotor cortex region ( + 1.1;
−0.6; −1.25, AP; ML; DV, in millimeters from the bregma) and green-
emitting UCPs into the dorsomedial striatum region ( + 0.5; −1.5; −3.2,
AP; ML; DV, in millimeters from the bregma).

Additionally, in experiments where only activation or inhibition
was applied independently to separate regions, each LED was posi-
tioned directly above the respective target area to deliver light per-
pendicularly onto the skull.

After injecting viruses and particles in all behavioral experiments,
we followed the rest of the experimental procedure, including LED
attachment and waiting time for virus infection and recovery,
according to the method described above.

Histology
After each experiment was completed, the mice were transcardially
perfused with physiological saline followed by 4% paraformaldehyde
(PFA) in 0.1M PBS. After carefully removing the LED array from the
skull, the brains were extracted and post-fixed in the 4% PFA solution
for 24 hours. The fixed brains were then cut into 100-μm coronal
sections using a vibrating microtome (VT1200S, Leica, USA) and
mounted on cover slides. Brain images were captured using a confocal
fluorescent microscope with a 5x and 20x objective lens (LSM 700,
Carl Zeiss, Germany) to confirm virus and particle injection sites.

c-Fos staining and Immunohistochemistry
In anesthetized mice, after a 10-minute period of optical stimulation
(NIR light, 10Hz, 10ms, 275.5mW·mm−2 of light intensity), followed by
a 30-minute delay, the brains were extracted and fixed using the same
method as in Histology section. Subsequently, c-fos staining and
immunohistochemistry were performed following a previously estab-
lished method44. The brains were coronally sectioned at a thickness of
40 micrometers using a cryotome (CM300, Leica). The brain sections
underwent a 1-hour incubation at 37 °C in primary antibodies. The
primary antibody, an anti-c-Fos solution (1:500, #SC-52G, Santa Cruz
Biotechnology, Inc., Dallas, TX, USA), was prepared in a PBS containing
3% BSA and 0.2% Triton X-100. Following the incubation, the sections
were rinsedwith PBS and then incubated with the secondary antibody,
Alexa Fluor 647 conjugated to donkey anti-rabbit (1:500; #711-605-152,
Jackson Immuno Research Inc., West Grove, PA, USA), in PBS with 3%
BSA and 0.2% Triton X-100, maintained for 2 hours at room tempera-
ture. After washing away the secondary antibodies with PBS, the sec-
tions were embedded in a mounting medium, and images were
subsequently obtained using a TCS SP8 microscope with dichroic/CS
optics (Leica). The number of c-Fos positive cells in each slice was
counted based on the virus-infected area (i.e., the region where
citrine fluorescence was observed). The number of c-Fos positive cells
was automatically calculated using analysis software. Additionally, to
analyze the ratio of c-Fos-expressing cells relative to the total cell
nuclei (DAPI), we used the particle count function in ImageJ (open-
source software). Particles smaller than 5 µm were excluded from the
analysis.
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Electrophysiological experiment and neural signal analysis
To evaluate transcranial neuromodulation in vivo under various
combinations of viruses, LED, and particles, we used a silicon-based
neural probe integrated with 16 black Pt microelectrodes (14 ×14 μm2)
to measure neural activity by light. The neural probe was prepared
using a previously reported method38, with 16 recording electrodes
spaced40μmapart on a single shank. Theprobe hadawidth of 128μm
and a thickness of 20 μm. The average impedance of the electrodes
was 17 ± 1 kΩ at 1 kHz. Additionally, the LED was operated at 2.1 V and
0.25 A with a 0.5 Hz, 50% duty cycle. An external power supply was
used for LED operation for these experiments as the mice were anes-
thetized. A small heatsink (9 ×9 x 5mm³) was attached to the LED to
dissipate heat, and the LEDwas positioned 1-2mm away from the skull
due to the difficulty of attaching the LED directly to the skull with the
probe implanted in the brain.

We performed stereotaxic surgery on mice under anesthesia with
0.5%urethane (400mg·kg−1) administeredby intraperitoneal injection.
After positioning the anesthetizedmice on a stereotaxic frame (Model
940 small animal stereotaxic instrument, David Kopf Instruments,
USA), we removed the scalp and drilled the skull at the target site. We
slowly inserted the neural probe into the sensory cortex, hippocampal
CA3, and thalamus regions (-1.5; −1.25, AP; ML in millimeters from the
bregma). After placing the neural probe in each target site, we mea-
sured the spontaneous neural activities. Neural signals were recorded
using an RHD2132 amplifier connected to an RHD2000 Evaluation
System (20kS·s−1 per channel, 300Hz high pass filter, 6 kHz low pass
filter, 16-bit ADC for spike recording; Intan Technologies, USA). After
stabilization for 10minutes, red or NIR light was delivered obliquely
from outside the skull to the target site, with the LEDs turned on at the
same power used in behavioral experiments. During transcranial
optical stimulation (0.5 Hz, 50%duty cycle),we recordedneural signals
for at least 5minutes in each target site. The recorded neural signals
were analyzed using a previously reported spike-sorting algorithm45

andwere expressed on a raster and bar plot for quantitative analysis of
the change in neural activity by the light.

Open-field test
To evaluate the effects of the system’s weight or drug injection (i.e.,
MPTP and saline) on behavior, we conducted the open field test
(OFT)46,47. To explain in more detail, four C57BL/6mice were placed in
an opaque white chamber (50 cm × 50cm×40 cm) for 30minutes,
either after a recovery period or intraperitoneal injection of the drugs,
and their behavioral movements were video-recorded using a Win-
dows10 camera. The videos were analyzed using idTracker48. To eval-
uate the effect of LED activation on behavior, we conducted an
additional OFT for 20minutes with four C57BL/6 mice in the same
chamber. The LED was turned on and off alternately for 5-minute
intervals during the 20-minute test. We compared the distances tra-
veled by the mice during LED-off and LED-on periods using data
extracted through idTracker.

Motion control experiment in open-field test
To evaluate the behavioral changes induced by transcranial neuro-
modulation of multi-site regions (i.e., left/right premotor cortex and
superior colliculus), we performed open-field maze experiments
(50 cm × 50 cm x 40 cm) with four virus- and particle-injected mice.
Each mouse underwent three open-field tests (OFTs), and during each
OFT, we turned on one LED to observe behavioral changes induced by
neural activation in one brain region. We conducted each OFT with a
time interval of at least 2 hours between each session. Each OFT was
performed for a total of 10minutes, where no stimulation was applied
for the first 5minutes, and stimulation was applied by turning on one
LED for the remaining 5minutes. For OFTs that induce left/right cir-
cling behaviors, we turned on the LED with a 10% duty cycle (10Hz,
10ms). In tests that induce arrest behavior, wemanually turned on the

LED for 20mswhile walking randomly. In the circling behavior test, we
counted the number of turns in each direction before and after sti-
mulation and compared and analyzed the results quantitatively. In the
arrest behavior test, we observed the change in speed just before and
after stimulation.

Simulation of light distribution within the brain
To estimate the light distribution from the red LEDwithin the brain for
optical stimulation, we utilized Monte Carlo simulations (Monte Carlo
eXtreme; MCX)36,37. In the simulation, we modeled the skull and brain
tissue using a domain size of 250 × 250 × 250 with 0.1mm voxels.

For the skull (250 × 250 x 25 of domain size), we applied an
absorption coefficient of 0.6mm-1, a scattering coefficient of 2.5mm-1,
an anisotropy factor of 0.92, and a refractive index of 1.3649. For brain
tissue (250 ×250 x 225 of domain size), we used an absorption coeffi-
cient of 0.4mm−1, a scattering coefficient of 4mm−1, an anisotropy
factor of 0.92, and a refractive index of 1.3650. These parameters were
chosen to accurately represent the optical properties of both the skull
and brain tissues under red light illumination.

The light source was positioned at voxel (125, 125, 0) with a dis-
persion angle of 53.14°. A total of 1.96 × 1017 photons⋅ms−1 were emitted
from the light source, reflecting the optical power of the red LED. This
setup allowed us to evaluate the light intensity and spread across the
cortical regions.

Behavioral control experiment in closed-tube test
To evaluate behavioral change using transcranial bimodal neuromo-
dulation, we performed a closed-tube test with four pairs of mice
based on a previously reportedmethod51. The tests were conducted in
an acrylic tube (30 cm× 3 cm× 5 cm) in an activity box. A Full HD
camerawas installed in front of the chamber to record the competition
between the mice. We paired mice of the same age that were grown in
separate cages to prevent unilateral winning in the test. Themice were
starved for a day and trained in the chamber for two successive
training days. With the system mounted, each mouse was trained to
enter the tube and exit through the opposite end for 10 trials. The test
was conducted over two days. On the first day of the test, there was no
stimulation, and a total of 10 trials were performed. Pairs of mice were
entered at the two inlets of a tube and met in the middle. We desig-
nated themouse that retreated first outside from the tube as the loser.
On the second day, we applied either red light or NIR light (10Hz,
10msON time) to onemouseusing the system. Thus, a total of 20 trials
were performed on the secondday, with 10 trials using red light and 10
trials using NIR light delivered to the mouse. We counted and com-
pared the number of wins and losses of mice for each trial (no stimu-
lation, red-light stimulation, and NIR-light stimulation). We also
classified observed behaviors into four sub-behaviors (i.e., push, resist,
retreat, and others) by referring to a previously reported study25 and
comparatively analyzed each behavior by stimulus condition.

Behavior definitions and annotations in closed-tube test
We classified the behaviors observed in the closed-tube test into dis-
tinguishable categories by referring to a previously reported study25.
The behavior categories and their definitions in this test are as follows:

• Push: Behavior of pushing the opponent back out of the
closed-tube.

• Resist: Behavior of resisting the opponent’s push.
• Retreat: Behavior of retreating from the opponent’s push.
• Others: Behaviors other than the abovebehaviors, suchas stillness
without pushing each other or self-sniffing.

The behaviors of the mice were manually annotated frame by
frame through video analysis. The videos were reviewed in detail by an
observer who did not participate in the experiment, using a 50-
millisecond scale.
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Food competition test
To evaluate the feasibility of the system in a complex social experi-
ment, we conducted a food competition test in an acrylic chamber
(50 cm × 10 cm x 30 cm) in the activity box, based on previous
studies26,38. The chamber was divided into two zones by a square
opaque acrylic plate. The starting zone was 10 cm × 10 cm, and the
competition zone was 40 cm × 10 cm in size. The acrylic plate was
inserted into the groove of the chamber to divide it into two zones and
pressed the push switch. The push switch controlled the state of the
RGB LED array connected to the controller (Arduino Pro mini 328,
Arduino.cc, Italy). When the push switch was on, the red light turned
on, andwhen the push switchwas off by removing the acrylic plate, the
green LED light turned on for 5 seconds. The mice learned the rule
through the LED’s status. Two mice were placed in the starting zone,
and a small food pellet of 45mg (F0165, Bio-Serv, USA) was placed at
the end of the competition zone. When the acrylic plate was removed,
the food competition proceeded with the green LED turned on. The
two mice ran for food, and the competition ended when the food ran
out. We defined this procedure as one trial, and 10 trials were per-
formed per day per mice pair.

To prevent unilateral winning in the food competition,miceof the
same age, grown in different cages, were paired. The mice were
adapted to the small food pellet (45mg) during the 1-week calorific
restriction period, duringwhich their weightwasmaintained at 85-90%
before the calorific restriction. Each mouse was trained in the same
chamber during this period. The training was conducted in the same
way as the food competition test, but with no competitors. Individual
training was conducted for 5 trials.

After individual training, we performed the food competition test
for 4 days. The test was conducted in 10 trials per day. On the first and
third days, the test was performed on both mice without stimulation.
On the second and fourth days, the test was performed while stimu-
lation was applied to the twomice by turning on the LED (10Hz, 10ms
ON time) during the competition. NIR light was applied to the mice
that arrived first to induce inhibition of mPFC neurons, and red light
was applied to the mice that followed to induce activation of mPFC
neurons. Accordingly, competition was urged in the following mice to
extort the food pellet easily.

Induction of Parkinson’s disease and behavioral test
To evaluate the feasibility of the system in animals with brain disease,
we targeted a mouse model with Parkinson’s disease. For inducing
Parkinson’s disease symptoms, we used MPTP (1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine), which is commonly used inmousemodels
to induce Parkinson’s disease symptoms40. We injected MPTP
(30mg·kg−1) daily through intraperitoneal injection for 5 days, fol-
lowing a previously reported study40. Due to the toxicity of MPTP, all
injection procedures were performed in a fume hood. We provided
sufficient water and food to the cage in the fume hood during the
injection period, and we maintained a 12:12 light-dark cycle, as well as
the same temperature and humidity as the animal facility. The control
group, consistingof saline-injectedmice, followed the sameprocedure
in the same hood. To ensure there was no residual MPTP in the
hood, normal mice of the same age were injected with saline in the
same hood seven days after it was thoroughly cleaned. After con-
firming a decrease in behavior due to the induction of Parkinson’s
symptoms through MPTP injection, the mice were used in behavioral
tests seven days after the injection (Fig. 6b). In the behavioral test, we
conducted the OFT for 20minutes with three Parkinson’s disease-
induced mice in an opaque white chamber (50 cm × 50cm×40 cm).
For 20minutes, the LED turned on and off alternately for 5minutes
(10Hz, 10msON time).We compared the traveleddistances and speed
during the LED-off and LED-on periods based on data extracted
through idTracker.

Statistical analysis
The statistical analyses were performed using GraphPad Prism
(GraphPad, USA). The normality of distribution of all statistically ana-
lyzed data was assessed by GraphPad Prism. If normality was met, the
statistical analyses were performed by parametric analysis (e.g., two-
tailed t-test). If normality was not met, the statistical analyses were
performed by non-parametric analysis (e.g., Mann-Whitney test).
Additionally, all statistical analyses were based on independent sam-
ples. The specific statistical test used for each set of data is included in
the legend of each figure.

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

Data availability
All data supporting the findings of this study are available within the
article and its supplementary files. Any additional requests for infor-
mation can be directed to, and will be fulfilled by, the corresponding
authors. Source data are provided with this paper.

Code availability
The signal analysis for this studywas performedusingMatlab.Also, the
code used for the spike-sorting process is available at https://doi.org/
10.1038/s41467-019-11628-5.
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