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SUMMARY

Here, we present a wearable, non-invasive contact lens bioelectronic platform designed to enable a more 

fundamental treatment of depression. Through the implementation of temporal-interference-based transcor

neal electrical stimulation (TI-TES), the contact lens platform enables effective delivery of stimulation from the 

corneal surface to the retina and ultimately to the brain. The TI-TES platform features ultrathin gallium oxide 

and platinum layers as transparent, flexible electrodes, enabling seamless integration into soft contact 

lenses. This approach preserves vision and ensures conformal ocular coupling. In a preclinical stress- 

induced mouse model that recapitulates key behavioral and biological features associated with depression, 

TI-TES enhanced behavioral resilience, restored prefrontal-hippocampal oscillatory synchrony, and normal

ized depression-related biomarkers. Machine-learning integration of behavioral, electrophysiological, and 

biological data consistently distinguished treated from control groups. These preclinical findings establish 

TI-TES as a non-invasive bioelectronic strategy that overcomes current limitations, enabling selective eye- 

brain pathway modulation for depression and potentially other brain disorders.

INTRODUCTION

Wearable electronics have advanced rapidly, providing versatile 

platforms for health monitoring1–4 and physiological interven

tion.5–7 In particular, the development of wearable systems for 

bioelectrical signal interfacing has been especially pro

nounced,8–10 with devices designed to record bioelectrical sig

nals for monitoring various conditions.11–14 For example, contact 

lens-based biosignal acquisition has been explored, such as 

measuring tear glucose or intraocular pressure. These smart 

contact lens devices enable the non-invasive real-time moni

toring of biomarkers, introducing a new paradigm for personal

ized healthcare. However, most of the smart contact lenses 

developed to date have been limited to applications in the diag

nosis of metabolic diseases or the monitoring and treatment of 

ocular disorders, leaving broader therapeutic opportunities un

explored. One area that has remained largely unaddressed is 

the application of contact lens platforms to mental health disor

ders, such as depression.

Depression is increasingly recognized as a disorder of distrib

uted brain networks, involving structural and functional abnor

malities such as reduced limbic volume, disrupted hippocampus 

(HPC)-prefrontal cortex (PFC) connectivity, and impaired neural 

plasticity.15–19 Conventional treatments, including pharmaco

logical therapy, electroconvulsive therapy, and deep brain 

stimulation, target these abnormalities but are often limited by 

variable efficacy, invasiveness, or tolerability.20–23

The eye provides a compelling gateway for indirect brain mod

ulation due to its embryological derivation from the brain24 and 

its extensive connectivity with both image-forming pathways, 

including the primary visual cortex, and non-image-forming cir

cuits implicated in mood regulation, such as the HPC, PFC, 

and amygdala.25,26 Epidemiological evidence linking visual 

impairment with higher prevalence of depression further 
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emphasizes the functional relevance of the eye-brain axis.27,28

Nevertheless, existing ocular electrical stimulation approaches 

are largely limited to ocular disease treatment29 and rely on bulky 

corneal-periocular electrodes that are impractical for chronic or 

repeated use.30

Here, we present a soft, wearable contact lens with a tempo

ral-interference-based transcorneal electrical stimulation (TI- 

TES) system designed for non-invasive depression therapy. All 

electrodes are integrated into a single transparent lens, enabling 

conformal contact with the cornea while preserving natural 

vision. To ensure both transparency and high flexibility for wear

ability, the electrodes were constructed on an ultrathin gallium 

oxide layer with platinum (Pt) decoration. This lens delivers tem

poral interference (TI) stimulation, in which two high-frequency 

electrical signals intersect at the retina to generate a low-fre

quency envelope field, enabling targeted modulation of deeper 

eye-brain circuits while minimizing off-target stimulation.31–34

To reduce impedance and improve charge transfer as well as 

stimulation efficiency, Pt nanocluster coatings are applied to 

the electrodes.35,36

To comprehensively evaluate the therapeutic effects of our TI- 

TES contact lens, we employed a multidomain assessment 

framework that included electrophysiological brain recordings. 

To minimize tissue damage and preserve recording integrity, 

we fabricated an exceptionally soft neural probe using liquid 

metal and a fluorinated elastomer, materials chosen for their me

chanical compliance with brain tissue. We evaluated this TI-TES 

platform in a corticosterone-induced mouse model recapitu

lating depression-associated phenotypes using multiple assess

ment approaches. Behavioral assays measured both individual 

and social-depression-related phenotypes. Electrophysiological 

brain recordings quantified HPC-PFC functional connectivity. 

Figure 1. Conceptual framework and evaluation strategy of a contact lens-based TI-TES system for depression treatment 

Schematic overview of a contact lens-based TI-TES system for depression treatment, illustrating the stimulation principle, eye-brain neural pathway, and 

therapeutic evaluation using machine learning.
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Molecular analyses examined mRNA expression, neuronal his

tology, and stress-related hormone levels. A machine-learning 

pipeline was then applied to integrate these behavioral, electro

physiological, and biological datasets, enabling high-dimen

sional pattern recognition and multiparametric classification of 

individual animals. TI-TES-treated mice consistently clustered 

apart from depression controls, revealing restorative neuromo

dulatory effects across behavioral, electrophysiological, and 

molecular domains.

Together, these findings demonstrate that this TI-TES contact 

lens provides a pathway-targeted, non-invasive neuromodula

tion modality while integrating machine-learning-based analytics 

for robust, multidimensional evaluation of therapeutic efficacy. 

This approach addresses limitations of previous wearable neuro

modulation strategies, providing a versatile platform for the 

treatment of depression and, potentially, other brain disorders.

RESULTS

Overview of the TI-TES system and therapeutic efficacy 

evaluation in depression

Figure 1 presents a conceptual overview of our non-invasive TI- 

TES system for depression therapy along with the validation 

methods used for efficacy assessment. This system employs a 

contact lens with integrated electrodes for non-invasive neuro

modulation. To realize a mechanically compliant TI-TES contact 

lens, we designed a microstructured electrode array composed 

of serpentine interconnects and localized stimulation electrodes 

(Figure 2A). The serpentine geometry enabled mechanical 

stretchability while maintaining electrical continuity, thereby 

ensuring stable operation under lens deformation. To construct 

transparent and highly flexible electrodes, an ultrathin gallium 

oxide (GaOx) layer with a thickness of 3 nm was first printed.37

A Pt layer was then vacuum deposited, followed by additional 

Pt decoration to further enhance electrical conductivity. Fabrica

tion details for the TI-TES contact lens are described in methods

and Figure S1. A schematic cross-sectional view illustrates the 

layered structure, where a thin Pt layer (1 nm) was deposited 

on GaOx (3 nm), while Pt nanoclusters, denoted as platinum 

black (PtB), were selectively coated only on the stimulation elec

trodes to enhance charge injection capability (Figures 2B and 

S2). The patterned architecture was well defined, as confirmed 

by optical microscopy (OM) and scanning electron microscopy 

(SEM) (Figures 2C and 2D), demonstrating the precise formation 

of serpentine interconnects and stimulation electrodes. The 

fabricated electrodes on glass substrates exhibited excellent 

optical transparency, as shown in Figure 2E, highlighting their 

suitability for integration into vision-related platforms. Following 

the molding process, the electrode array was seamlessly 

embedded within the curved lens without any structural defor

mation while retaining its high optical clarity (Figure 2F). Optical 

transmittance spectra confirmed that the device maintained 

>80% transparency across the visible range, with negligible 

changes after molding (Figure 2G). Electrochemical modification 

of the stimulation electrodes with Pt nanoclusters was confirmed 

by both OM and SEM imaging, showing a clustered morphology 

with densely distributed nanostructures across the electrode 

surface (Figure 2H). This modification markedly reduced 

electrode impedance across a broad frequency range, as 

demonstrated by electrochemical impedance spectroscopy 

(Figure 2I). Specifically, pristine Pt-GaOx electrodes exhibited 

an impedance of 20.3 kΩ at 1 kHz, whereas Pt nanocluster- 

modified Pt-GaOx electrodes (PtB-Pt-GaOx) showed a mark

edly reduced impedance of 2.8 kΩ (with an electrode area of 

0.0314 mm2). Concurrently, the charge storage capacity (CSC) 

increased substantially from 7.17 mC cm− 2 to 15.60 mC cm− 2 

after Pt nanocluster modification, confirming the improved 

charge transfer capability (Figure 2J). In addition, the charge in

jection capacity (CIC), which represents the maximum reversible 

charge that can be safely delivered during stimulation, was 

calculated to be 254.6 μC cm− 2 for the PtB-Pt-GaOx electrodes 

(Figure 2K). This value is well within the range reported for high- 

performance neural stimulation electrodes, confirming that the 

TI-TES electrodes can deliver sufficient charge while maintaining 

electrochemical safety.38 Furthermore, accelerated aging tests 

(12 days at 87◦C, which corresponds to 12 months at 37◦C) 

showed minimal impedance change over time (from 2.78 ± 

0.01 kΩ to 3.02 ± 0.09 kΩ), validating the system’s long-term sta

bility and suitability for sustained stimulation (Figure 2L).

This TES system utilizes TI stimulation. Each electrode pair 

positioned on the corneal surface delivers a high-frequency 

electric field at frequencies exceeding 1 kHz. These fields are 

configured to intersect precisely at the retina, where they inter

fere to generate a localized, low-frequency envelope wave 

(Figures S3A and S3B). This TI-mediated approach is critical, 

as it leverages the principle that high-frequency biases can 

pass through neural tissue with minimal direct neural activation. 

However, when two such biases with slightly different fre

quencies intersect, their interference generates a low-frequency 

envelope field that effectively modulates neuronal membrane 

potentials and can trigger action potentials. This mechanism al

lows for targeted stimulation of deep retinal-brain pathways 

while minimizing off-target effects on surrounding ocular re

gions.31,32,34 To experimentally examine the spatial characteris

tics of the TI-induced field within the retina, we performed 

multisite measurements using an epiretinal recording approach. 

A nine-channel Au epiretinal multielectrode array was fabricated 

and surgically inserted into the mouse epiretinal region 

(Figure S4), and the positions of individual channels across the 

retinal surface were verified using fundus imaging (Figure S5). 

TI envelope signals evoked by TI-TES stimulation (frequency 

20 Hz, peak-to-peak amplitude 200 mV) were then recorded 

simultaneously from nine retinal locations (Figure S6). The mea

surements revealed that the peak-to-peak amplitude was 

maximal at the central retinal region (channel 5), corresponding 

to the designed interference zone of the TI-TES contact lens 

(Figure S7A). The peak-to-peak amplitude at this location was 

closest to the intended 200 mV stimulation level, whereas chan

nels located progressively farther from the center exhibited lower 

envelope amplitudes. Spatial peak-to-peak amplitude mapping 

further demonstrated a gradual decrease in TI envelope magni

tude from the center toward peripheral retinal regions 

(Figure S7B). These findings experimentally confirm that the 

effective stimulation field generated by TI-TES is not uniform 

but spatially shaped within the retinal volume, with maximal 

modulation occurring at the designed interference region. This 
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supports the targeted neuromodulation capability of the TI-TES 

approach and distinguishes it from conventional low-frequency 

stimulation, which primarily activates tissue near the electrode 

interface.

We assessed the safety of the TI-TES system by evaluating its 

potential adverse effects on ocular tissues. For these experi

ments, C57BL/6 mice were used instead of rd1 mice, as this 

strain possesses normal retinal anatomy and is therefore 

Figure 2. Characterization of the Pt nanocluster-coated electrode 

(A) Schematic illustration of the TI-TES electrode. 

(B) Cross-sectional schematic showing the layered structure of the electrodes. 

(C) Optical microscopy (OM) image of the patterned electrode placed on paper. 

(D) Scanning electron microscopy (SEM) images showing the well-defined serpentine interconnects and stimulation electrodes. Scale bars, 200 μm. 

(E) Photograph of a fabricated transparent TI-TES electrode on a glass substrate. Scale bar, 1 cm. 

(F) Photograph of the TI-TES lens. Scale bar, 2 mm. 

(G) Optical transmittance spectra of the TI-TES electrode before (blue) and after (red) molding. 

(H) OM (left) and SEM (right) images of stimulation electrodes after Pt nanocluster deposition, showing clustered nanostructures. Scale bars, 200 μm (OM) and 

5 μm (SEM). 

(I) Electrochemical impedance spectroscopy of pristine Pt-GaOx electrodes (black) and PtB-Pt-GaOx electrodes (red). 

(J) Representative cyclic voltammetry curves comparing the charge storage capacity (CSC) of Pt-GaOx and PtB-Pt-GaOx electrodes. 

(K) Representative voltage transients used to determine the charge injection capacity (CIC) of PtB-Pt-GaOx electrodes. 

(L) Accelerated aging test of PtB-Pt-GaOx electrodes conducted at 87◦C (equivalent to 12 months at 37◦C). The data are presented as mean ± SD.
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appropriate for reliable evaluation of ocular tissue integrity. The 

animals were divided into a TES-off group (no stimulation) and 

a TES-on group following TI-TES treatment. TI-TES was applied 

using the optimized stimulation protocol established in this 

study: two high-frequency signals (2,000 Hz and 2,020 Hz) 

were combined to generate a 20-Hz temporal interference enve

lope (peak-to-peak amplitude 200 mV) for 30 min per day over a 

3-week treatment period. First, corneal safety was examined. 

Histological analysis (H&E staining) showed no structural abnor

malities, and corneal thickness did not differ between the TES- 

on and TES-off groups (Figure S8). To further assess cellular 

damage and inflammatory responses, immunofluorescence an

alyses for TUNEL and CD45 were performed. TUNEL staining, 

which detects DNA fragmentation associated with apoptotic 

cell death, revealed only minimal signal in both groups 

(Figure S9A). CD45 staining, a pan-leukocyte marker indicative 

of inflammatory immune cell infiltration, also showed no detect

able increase following stimulation (Figure S9B). Next, retinal 

safety was evaluated. H&E staining revealed preserved laminar 

organization and no change in total retinal thickness following 

TI-TES treatment (Figure S10). Retinal immunofluorescence an

alyses, including TUNEL staining and microglial activation as

sessed by Iba1 immunostaining, showed no increase in 

apoptosis or neuroinflammatory response. Specifically, TUNEL 

labeling demonstrated the absence of stimulation-induced 

retinal cell death (Figure S11A), while Iba1 staining, a marker of 

activated microglia associated with retinal neuroinflammation, 

showed no elevation in microglial activation (Figure S11B). Taken 

together, these findings demonstrate that TI-TES delivered 

through the contact lens does not cause detectable structural 

damage, apoptosis, or inflammatory activation in ocular tissues 

and is biocompatible during long-term application.

To further examine the broader effects of TI-TES on the ocular 

environment, intraocular pressure (IOP) was measured before, 

during, and after the treatment period. No significant alterations 

in IOP were observed, confirming that TI-TES did not adversely 

affect ocular homeostasis (Figure S12). Biocompatibility with hu

man corneal epithelial cells (HCE-2) was also confirmed. A live/ 

dead assay showed no evidence of dead cells, and the CCK-8 

assay indicated a cell viability of 99.25% ± 5.82%, indicating 

no significant cytotoxicity compared to the control group 

(Figure S13). These results collectively demonstrate that the TI- 

TES system is safe and stable, showing no adverse effects dur

ing the treatment period.

Figure 1 also illustrates the activation of the eye-brain connec

tion via TI-TES. The TI-TES-generated low-frequency envelope 

waves at the retina stimulate both retinal ganglion cells (RGCs) 

and intrinsically photosensitive RGCs (ipRGCs). This stimulation 

activates two distinct neuroanatomical pathways that connect 

the eye to the brain, leading to neuromodulation in brain regions 

associated with depression, such as the HPC and PFC.25,39 The 

detailed RGC and ipRGC neural pathways are presented in Note 

S1. To provide direct functional evidence that TI-TES engages 

the RGC pathway, we performed in vivo epiretinal recordings 

during TI-TES application. The TI-TES contact lens was placed 

on the cornea, and stimulation was delivered with optimized pa

rameters established in this study (Figure S14). At the same time, 

a recording electrode was inserted into the retina in an epiretinal 

configuration to directly record retinal neural activity originating 

from RGCs. As shown in Figure S15, raw epiretinal traces exhibit 

clear spike events that emerge immediately following TI-TES 

application, whereas only sparse spontaneous activity is 

observed during the prestimulation baseline period. A raster 

plot shows a pronounced clustering of spike events around the 

TI-TES time window. Consistently, spike-count histograms 

reveal a marked increase in the number of detected spikes 

shortly after TI-TES compared to baseline. These stimulation- 

evoked spike responses indicate that TI-TES induces action-po

tential firing in RGCs, including ipRGCs, rather than producing 

only subthreshold or localized retinal effects. To further deter

mine whether TI-TES-evoked retinal activation propagates to 

the brain along the RGC pathway, we measured visual evoked 

potentials (VEPs) from the visual cortex before and after TI- 

TES. TI-TES was applied through the contact lens on the cornea, 

while an active recording electrode for VEPs was positioned in 

the visual cortex at a standard location (Figures S16A and 

S16B). This experimental configuration enabled direct assess

ment of whether stimulation delivered at the eye produces 

measurable changes in cortical responses, thereby reflecting 

signal transmission from the retina to the brain. The representa

tive VEP waveform shown in Figure S16C highlights the charac

teristic negative (N1) and positive (P1) components of the cortical 

visual response.40 In particular, the N1 peak reflects early 

cortical activation driven by retinal input along the RGC pathway 

and is widely used as a quantitative marker of visual signal trans

mission from the retina to the visual cortex. VEP waveforms were 

first recorded under baseline conditions prior to TI-TES and then 

recorded again after TI-TES using the same stimulation and 

recording parameters. Before TI-TES, cortical signals remained 

close to baseline with no clear VEP components (Figure S17A). 

In contrast, following TI-TES, VEP waveforms exhibited a clear 

canonical pattern characterized by a pronounced negative 

deflection followed by a positive deflection, corresponding to 

the N1 and P1 components (Figure S17B). To quantitatively eval

uate this change, we measured the N1 amplitude at 50 ms. The 

post-TI-TES condition showed a marked increase in N1 ampli

tude compared to the prestimulation baseline (Figure S17C), 

indicating a strong enhancement of cortical VEP responses 

following TI-TES. Taken together, the epiretinal recording and 

VEP results provide converging electrophysiological evidence 

that TI-TES engages functional RGC-mediated pathways from 

the retina to the brain. The observation of stimulation-evoked ac

tion-potential firing in RGCs demonstrates that TI-TES directly 

activates retinal output neurons, while the enhanced cortical 

VEP responses confirm that this retinal activation is effectively 

transmitted to downstream brain regions. These findings sup

port the conclusion that TI-TES modulates brain activity through 

established RGC- and ipRGC-associated eye-brain circuits.

The therapeutic effects observed in this study, including 

restored brain connectivity, increased neurotrophic factors, 

and reduced inflammation associated with depression, were 

rigorously validated through a multidomain assessment frame

work encompassing behavioral, neural, and biological analyses. 

Notably, all primary therapeutic efficacy experiments were con

ducted in rd1 mice, which exhibit photoreceptor degeneration. 

This experimental choice was intentional. Because TI-TES 
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engages retina-brain pathways, including both image-forming 

and non-image-forming circuits, we sought to eliminate photore

ceptor-driven visual input as a potential confounding variable. By 

using rd1 mice, we ensured that the observed behavioral and 

neurobiological improvements could not be attributed to altered 

visual perception or visually mediated environmental cues, 

thereby isolating the contribution of direct retinal output neuron 

activation to downstream neuromodulation.

In addition, we employed a machine-learning approach to 

integrate and classify the comprehensive dataset, providing a 

robust, multidimensional validation of the TI-TES system’s effi

cacy. The TES-treated mouse group was consistently classified 

with the sham group and clearly separated from the depression 

group, underscoring the ability of TI-TES to reverse depression- 

related biomarkers effectively.

Optimization of TI-TES parameters and behavioral 

efficacy assessment

Behavioral analysis provides a primary and intuitive measure of 

depression severity in animal models. The mice were divided 

into three groups: a sham group, a corticosterone-induced 

depression-like (Dep) group, and a TI-TES-treated Dep group 

(TES). Details of the model preparation are provided in Note 

S2. To evaluate the therapeutic effects of TI-TES, we conducted 

standard individual behavioral tests, including the open-field test 

(OFT), tail-suspension test (TST), forced swim test (FST), social 

behavioral test, and three-chamber test (Figure 3A). We first opti

mized the TI-TES parameters by assessing time spent in the cen

ter zone of the OFT. For parameter screening across multiple 

stimulation conditions, a single sensitive and low-variance 

behavioral metric was selected to enable stable and reproduc

ible comparisons. The OFT provides a continuous readout with 

minimal influence from task-specific stress, fatigue, or learning 

effects, making it well suited for repeated measurements. In 

contrast, other behavioral assays may introduce additional vari

ability under repeated testing conditions. To avoid bias from 

composite scoring schemes and potential overfitting, integrated 

behavioral indices were not used at this stage and were instead 

reserved for evaluating the overall therapeutic effects after 

parameter optimization. Future studies may incorporate addi

tional behavioral metrics or composite indices during the optimi

zation process to further refine this approach. TI stimulation was 

used to generate envelope signals with frequencies of 10, 20, or 

30 Hz, produced by pairing a 2,000-Hz carrier with secondary 

frequencies of 2,010, 2,020, or 2,030 Hz, respectively, and 

peak-to-peak envelope amplitudes of 50, 100, 200, or 400 mV. 

The stimulation durations were set to 10, 30, or 50 min. The high

est OFT score, defined as the time spent in the center zone, was 

achieved with a 20-Hz frequency, 200-mV peak-to-peak ampli

tude, and 30-min duration (Figure 3B). This optimal setting was 

then applied for up to 4 weeks to determine the most effective 

treatment period. The results showed that 3 weeks of treatment 

were sufficient to achieve a significant therapeutic effect, and 

this was chosen as the standard treatment period (a frequency 

of 20 Hz, a peak-to-peak amplitude of 200 mV, and a duration 

of 30 min per day for 3 weeks) for all subsequent experiments 

(Figure 3C).

In the OFT test, the Dep group showed reduced locomotor ac

tivity (measured by traveled distance) and increased anxiety 

levels (measured by time in center zone). Over the 10-min obser

vation, the TES group demonstrated a 76% increase in traveled 

distance (Figures 2D and 2E) and a 132% increase in time spent 

in the center zone (Figure 3F) compared to the Dep group. Simi

larly, in the TST and FST, which measure helplessness, the Dep 

group showed significantly higher immobility. TI-TES treatment 

reduced immobility by 48% in the TST (Figures 3G and 3H) 

and 45% in the FST (Figures 3I and 3J), indicating a reversal of 

depressive behavior. The three-chamber test is a widely used 

behavioral assay designed to evaluate social preference and so

cial novelty in rodents (Figure 3K).41,42 Details of the three-cham

ber test procedure are provided in Note S3. This test revealed 

that the Dep group exhibited reduced social interaction, whereas 

the TES group showed a significant improvement in social pref

erence and novelty indices, approaching the levels of the sham 

group (Figures 3L and 3M). These results collectively and 

robustly confirm that the TI-TES treatment effectively alleviates 

depressive behaviors in mice.

To evaluate whether these antidepressant-like effects were 

dependent on photoreceptor degeneration, we conducted addi

tional validation experiments in wild-type C57BL/6 mice with 

intact visual systems. Using the same corticosterone-induced 

depression model and TI-TES protocol, behavioral assessment 

was performed using the OFT (time in center zone). As shown 

in Figure S18, TI-TES treatment significantly increased time 

spent in the center zone relative to the Dep group, restoring 

behavioral performance toward sham levels. These results 

demonstrate that TI-TES-induced antidepressant-like effects 

are reproducible in animals with intact photoreceptor function 

and are not dependent on retinal degeneration.

To further examine whether the therapeutic effects of TI-TES 

are mediated through the RGC- and ipRGC-associated path

ways, we next performed a pathway-disruption experiment us

ing intravitreal N-methyl-D-aspartic acid (NMDA) injection to 

ablate RGCs. NMDA injection, a well-established method for 

inducing excitotoxic degeneration of RGCs, resulted in a marked 

reduction in the number of cell nuclei within the ganglion cell 

layer (GCL), confirming effective RGC ablation (Figure 

S19).43,44 Following confirmation of RGC loss, TI-TES was 

applied using the same stimulation parameters as in the behav

ioral experiments described above. Therapeutic outcomes were 

then evaluated using the OFT, with time spent in the center zone 

used as the primary quantitative metric of depression-like 

behavior. As described above, in mice that did not receive 

NMDA injection (TI-TES group), TI-TES significantly increased 

time spent in the center zone. In contrast, this behavioral 

improvement was not observed in NMDA-treated mice 

(NMDA + TES group) (Figure S20), indicating that disruption of 

RGC pathways abolishes the therapeutic efficacy of TI-TES. 

These results demonstrate that intact RGC-dependent down

stream pathways are required for TI-TES-induced behavioral 

improvement.

To place the behavioral efficacy of TI-TES in the context of an 

established pharmacological treatment, we additionally included 

a fluoxetine-treated group as a reference antidepressant control. 

Fluoxetine is a selective serotonin reuptake inhibitor widely used 

6 Cell Reports Physical Science 7, 103303, May 20, 2026 

Article

ll
OPEN ACCESS



in both clinical practice and preclinical depression models and is 

commonly employed as a benchmark for antidepressant effi

cacy.45 In this study, fluoxetine was administered by daily subcu

taneous injection (20 mg kg− 1) for 3 consecutive weeks, 

following the same experimental timeline and behavioral assess

ment schedule as the TI-TES treatment. Behavioral outcomes 

were compared across four groups: sham, Dep, Dep + TI-TES, 

and Dep + fluoxetine. In the OFT, fluoxetine treatment signifi

cantly increased time spent in the center zone compared to 

the Dep group, indicating reduced anxiety- and depression-like 

behavior. Notably, the TI-TES group exhibited a comparable in

crease in center-zone time, reaching levels similar to those 

Figure 3. Optimization of TI-TES parameters and behavioral evaluation across sham, depression, and TI-TES-treated mouse models 

(A) Overview of behavioral tests conducted to evaluate depression severity in mice. 

(B) 3D scatterplot showing OFT scores (time in center zone) across 36 TES stimulation conditions. Parameters varied by frequency (10, 20, and 30 Hz), peak-to- 

peak amplitude (50, 100, 200, and 400 mV), and duration (10, 30, and 50 min). 

(C) Weekly OFT scores under the optimized TES condition (20 Hz, 200 mV, 30 min/day) over 4 weeks of treatment. Data represent the mean ± SD (n = 5, bio

logically independent mice model of depression). 

(D) Representative tracking paths of mice from the OFT in sham, Dep, and TES groups. 

(E and F) Quantification of locomotor activity in the OFT, including total distance traveled (E) and time spent in the center zone (F) across sham, Dep, and TES 

groups. 

(G) Image of the TST setup. 

(H) Immobility time measured in the TST. 

(I) Image of the FST setup. 

(J) Immobility time measured in the FST. 

(K) Setup of the three-chamber test for assessing social preference and novelty. 

(L and M) Quantification of social interaction behavior from the three-chamber test, including the social preference index (L) and social novelty index (M) (n = 10 for 

each group). 

All data in graphs are presented as mean ± SD. Statistical comparisons were performed using unpaired, one-sided t tests with Holm-Bonferroni correction; 

****p < 0.0001. In boxplots presented in (L) and (M), data are presented as median with interquartile range (IQR), with individual data points overlaid.
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observed in the fluoxetine-treated group (Figure S21A). Consis

tent trends were observed in the TST and FST, which assess 

behavioral despair. While the Dep group showed significantly 

increased immobility, both fluoxetine and TI-TES treatments 

markedly reduced immobility times in these assays 

(Figures S21B and S21C). Across all three behavioral paradigms, 

the magnitude of improvement induced by TI-TES was compa

rable to that achieved with fluoxetine treatment. These results 

demonstrate that the antidepressant-like effects of TI-TES are 

comparable to those of a widely used pharmacological treat

ment across multiple, well-established behavioral assays, 

providing a direct benchmark for estimating the relative thera

peutic efficacy of the proposed neuromodulation strategy.

Neural signal analysis for assessing TI-TES effects on 

brain functional connectivity

Depression is known to disrupt not only single brain regions but 

also the functional connectivity between brain regions, particu

larly between the HPC and PFC.46–49 To investigate the effects 

of TI-TES on this connectivity, we simultaneously recorded neu

ral signals from the HPC and PFC of mice using implanted 

probes (Figures 4A and S22). To ensure the accurate evaluation 

Figure 4. Neural signal recording and analyses 

(A) Schematic diagram of neural signal recording and analyses. Neural probes were inserted into the HPC and PFC to record SU and LFP signals. 

(B) Representative power spectrum analysis showing changes in neural oscillations before and after TES. 

(C and D) Rose plots of phase-locking results between HPC-PFC (C) and HPC-HPC (D) in sham, Dep, and TES groups (n = 10 mice per group). Green, purple, and 

orange represent the sham, Dep, and TES groups, respectively. 

(E and F) Quantified phase-locking values across five frequency bands (delta, theta, alpha, beta, and gamma) for HPC-PFC (E) and HPC-HPC (F) regions. 

(G) Representative phase-coherence spectra of the three groups. Delta and theta frequency ranges, where the discrepancies are most pronounced, are 

highlighted in blue. 

(H and I) Phase-coherence values in the theta (H) and gamma (I) bands (n = 10 mice per group). 

All data in bar graphs are presented as mean ± SD. Statistical comparisons were performed using unpaired, one-sided t tests with Holm-Bonferroni correction. 

ns, p > 0.05 (not significant); *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. NS indicates no significance by one-way ANOVA.
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of the effects of TES on neural circuitry, it is essential to minimize 

tissue damage caused by implanted neural probes and thereby 

preserve the integrity of neural signal recordings. To this end, we 

fabricated neural probes using materials with softness compara

ble to that of brain tissue. Specifically, a fluorinated elastomer 

(Axoft, USA) was employed as the encapsulation material owing 

to its mechanical compliance with neural tissue, biocompatibility 

that reduces chronic immune response, long-term stability in 

physiological environments, and compatibility with microfabri

cation processes enabling precise patterning (Figure S23A).50

Following the patterning of the fluorinated elastomer bottom 

layer, liquid metal (EGaIn; 75.5 wt % gallium, 24.5 wt % indium) 

was directly printed (Figure S23B). Subsequently, the fluorinated 

elastomer top layer was coated, and the recording sites were 

exposed (Figure S24A). Pt nanoclusters were then deposited 

onto the exposed recording areas to enhance the electrochem

ical surface properties (Figure S24B). The deposition of Pt nano

clusters substantially reduced impedance as a result of the 

enlarged electrochemical surface area induced by the nano

structures. Figure S24C presents the impedance spectroscopy 

comparing Pt-nanocluster-coated liquid metal (PtB-EGaIn) and 

pristine EGaIn. At 1 kHz, PtB-EGaIn exhibited an impedance of 

209.2 kΩ, which is approximately five times lower than that of 

pristine EGaIn (1,103.6 kΩ). Detailed fabrication/implantation 

procedures and setup for neural recording are described in the 

methods section. The recorded signals were separated into local 

field potentials (LFPs) and single-unit potentials (SUs) by band- 

pass filtering. The LFPs were further filtered into five distinct fre

quency bands—delta (0.5–4 Hz), theta (4–8 Hz), alpha (8–12 Hz), 

beta (12–28 Hz), and gamma (28–100 Hz)—and spikes were 

sorted from the SUs. The signals were analyzed for changes in 

power spectrum and functional connectivity on the depres

sion-like mouse model. As shown in Figure 4B, short-term TI- 

TES application modulated neural oscillations, particularly in 

the low-frequency bands (0–20 Hz). The average spectral power 

before and after the TI-TES treatment is also shown in 

Figure S25. These findings indicate that TI-TES exerts a restor

ative effect on depression by promoting the recovery of impaired 

neuronal functional connectivity, as evidenced by increased 

neural power. This observation aligns with previous reports sug

gesting that depression is closely associated with abnormalities 

in the low-frequency band of neural signals and that electrical 

stimulation alleviates these neural dysfunctions to restore func

tional connectivity.51,52

Beyond short-term spectral changes, we conducted phase- 

locking and phase-coherence analyses to quantify long-term 

changes in synchronization between HPC and PFC. Our analysis 

focused on the theta band, as it is a major medium for inter- 

regional communication between the HPC and PFC. In phase- 

locking analysis, we assessed the synchronization between 

LFP and SU spikes within and between regions (HPC-PFC and 

HPC-HPC). This analysis identifies instances where an SU spike 

is aligned to a specific phase of the LFP, thereby providing 

insight into the functional coupling of distinct brain regions. We 

recorded and counted these occurrences from ten mice in 

each group, and the results were visualized using rose plots 

with the number of counts and the corresponding phase as the 

axes (Figures 4C and 4D). This analysis provided insight into 

how well neuronal firing was temporally aligned with ongoing os

cillations in connected brain regions, serving as an indicator of 

functional coupling between distinct brain regions. The strength 

of locking was evident from the clustering of spikes. We used 

Rayleigh’s test to calculate a p value for each instance, where 

a lower p value indicated a stronger locking.53 The phase-locking 

value (PLV), a quantitative measure of phase locking, was also 

plotted (Figures 4E and 4F).

Consistent with the importance of the theta band, the TES 

group exhibited notably higher PLVs than the Dep group for 

both HPC-PFC and HPC-HPC, with increases of 163.6% and 

192.6%, respectively. We also observed an ascending trend 

from the Dep group to the TES group in the delta and alpha 

bands. For HPC-PFC, the delta band showed a 150.8% rise 

and the alpha band a 102.1% rise. In contrast, the beta band 

showed only a 38.3% increase, and the gamma band showed 

a 24.6% decrease. A similar pattern was seen in HPC-HPC: 

the delta band showed a 172.2% increase and the alpha band 

a 227.3% increase, while the beta band had a 97.7% increase 

and the gamma band only a 1.1% increase. These significant 

changes in the delta and alpha bands are consistent with prior 

studies.54–56 Statistical significance of the PLVs from these 

bands was verified by t tests, as shown by the asterisks on the 

graphs. The average Rayleigh’s p values for each group across 

all five bands were also plotted (Figure S26). All three compo

nents of this analysis (rose plots, PLVs, and Rayleigh’s p values) 

showed a consistent trend: the sham group exhibited the stron

gest locking, the Dep group significantly lower values, and the 

TES group values that were higher than the Dep group and closer 

to the sham group. These results indicate that TI-TES treatment 

effectively restored neural synchronization within the HPC and 

between the HPC and PFC.

In phase-coherence analysis between LFP bands of different 

regions (HPC-PFC), we determined the degree of synchroniza

tion between the signals. Phase coherence measures the con

sistency of the phase relationship, thereby reflecting functional 

connectivity between distinct brain regions.57 The representative 

plot in Figure 4G shows significant differences among the three 

groups, particularly in the theta band, where the Dep group ex

hibited the lowest coherence. The TES and sham groups, in 

contrast, showed similarly high levels of coherence. As shown 

in Figure 4H, the TES group had a 77.8% greater average coher

ence value than the Dep group. This finding is consistent with the 

phase-locking results, indicating that TI-TES treatment reversed 

the functional connectivity impairments associated with the 

depressive state, restoring connectivity to levels closer to the 

sham group. The coherence values in the gamma band showed 

no pronounced differences among the three groups (Figure 4I). 

These findings are consistent with prior studies reporting that 

depression-related neural alterations are most evident in the 

theta band.47,54,58

Overall, the results demonstrate the therapeutic potential of 

TI-TES in modulating functional connectivity within and between 

the HPC and PFC. The robust phase locking and high coherence 

values seen in the TI-TES group are hallmarks of a healthy neural 

state, as evidenced by the difference between the sham and Dep 

groups. Therefore, while these results confirm that neural con

nectivity is disrupted by depression,33,58 they also verify the 
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capability of TI-TES to counteract such disruption to restore 

connectivity.

Comprehensive biological analysis to assess TI-TES 

therapeutic effects

To systematically investigate the therapeutic potential of TI-TES, 

we designed a series of biological experiments that integrated 

morphological, transcriptional, and biochemical analyses to 

thoroughly assess the underlying mechanisms of its efficacy. 

We first explored the effects of TI-TES on neural morphology, 

as dendritic and synaptic deficits are a core feature of depres

sion pathophysiology.59 We used the FD Rapid GolgiStain Kit 

(FD NeuroTechnologies, USA) to analyze dendritic spine 

morphology in hippocampal neurons, which revealed a strong 

pattern of Golgi-positive dendritic spines (Figure 5A, middle 

panel). Detailed protocols are provided in the methods section. 

The spine morphology for each group is presented in Figure 5A 

(right panel). As shown in Figure 5B, the total dendritic spine den

sity was reduced in the Dep group compared to the sham group, 

indicating decreased synaptic connectivity associated with 

depressive states. In contrast, TI-TES treatment significantly 

restored dendritic morphology, reflected in a 48.6% recovery 

Figure 5. Comprehensive biological assessment of TI-TES efficacy in a mouse model 

(A) Representative images of hippocampal sections stained with H&E (top left), Golgi stain (bottom left), and high-magnification views of dendritic spines across 

sham, Dep, and TES groups (right). 

(B) Quantification of total dendritic spine density per 20 μm in each group (n = 5 mice per group, three measurements per mouse; total of 15 data points per group). 

(C) Subtype-specific dendritic spine densities, including mushroom, thin, and stubby spines. 

(D) Representative immunohistochemistry images of hippocampal sections stained for NeuN (orange), GFAP (green), and DAPI (blue). Top: overview of the 

hippocampus; bottom: magnified CA1 region. DG, dentate gyrus; s.r., stratum radiatum; s.l.-m., stratum lacunosum-moleculare; and s.m., stratum moleculare. 

(E) Quantification of labeled areas for GFAP and NeuN markers across groups (n = 3 mice per group). 

(F and G) Relative mRNA expression levels of IL-6 (F) and TNF-α (G) in the hippocampus and cortex, measured by RT-qPCR (n = 10 mice per group). 

(H) Mature BDNF (mBDNF) concentrations of all three groups in hippocampal tissue measured by ELISA. 

(I and J) Plasma concentrations of corticosterone (I) and serotonin (5-HT) (J) measured by ELISA (n = 10 mice per group). 

All data in bar graphs are presented as mean ± SD. Statistical comparisons were performed using unpaired, one-sided t tests with Holm-Bonferroni correction. 

ns, p > 0.05 (not significant); *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. NS indicates no significance by one-way ANOVA.
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in total spine density relative to the Dep group. Furthermore, we 

assessed synaptic plasticity by classifying dendritic spines into 

three morphological types: mushroom, thin, and stubby (Note 

S4).60 The Dep group showed a significant reduction in both 

mushroom and thin spine density (Figure 5C) compared to the 

sham group, suggesting a global impairment in synaptic 

plasticity. TI-TES treatment effectively reversed these depres

sive-induced synaptic deficits, with mushroom spine density 

recovering by 46.9% and thin spine density increasing by 

60.1% relative to the Dep group. No significant differences were 

observed in the spine density of stubby-shaped spines. These re

sults demonstrate that TI-TES treatment not only mitigates the 

loss of mature synapses but also supports synaptic plasticity by 

promoting both stable and dynamic synaptic connections.

The pro-inflammatory cytokines, such as interleukin-6 (IL-6) 

and tumor necrosis factor alpha (TNF-α), are deeply associated 

with depressive disorder and psychological stress. Activated 

astrocytes play a significant role in neuronal degeneration by 

producing pro-inflammatory cytokines.61,62 To examine the 

anti-inflammatory effects of TI-TES, we used immunohisto

chemistry to investigate the expression of neuronal nuclei 

(NeuN)-positive neurons and glial fibrillary acidic protein 

(GFAP)-positive glial cells in the HPC. The coronal section of 

the HPC was stained with anti-NeuN, GFAP, and 4′,6-diami

dino-2-phenylindole (DAPI) (Figure 5D). Following depression in

duction, GFAP protein levels, a marker for astrocyte activation, 

significantly increased by 85.5% relative to the sham group 

(Figure 5E). In contrast, TI-TES effectively mitigated this activa

tion, reducing GFAP-labeled regions by 48.1% compared to 

the Dep group. Additionally, the viability of hippocampal neurons 

(NeuN-positive cells) decreased by 52.6% in the Dep group rela

tive to the sham group, and this loss was partially restored by TI- 

TES treatment, which achieved a 65.5% recovery relative to the 

Dep group. These results collectively demonstrated that TI-TES 

mitigates glial activation and protects neuronal integrity in the 

depression-affected hippocampal region.

To further quantify the inflammatory response and other key 

biological markers, we conducted a series of transcriptional 

and biochemical analyses. Using RT-qPCR, we measured the 

relative mRNA expression levels of two key pro-inflammatory cy

tokines, IL-6 and TNF-α. In the HPC, the Dep group exhibited a 

marked upregulation of both IL-6 and TNF-α compared to the 

sham group (Figures 5F and 5G). TI-TES significantly alleviated 

this inflammation, reducing IL-6 and TNF-α levels by 65.8% 

and 56.8%, respectively. While IL-6 expression in the cortex 

was similarly elevated and reduced by TI-TES (48.5% decrease), 

TNF-α expression showed no significant differences across 

groups in the cortex, possibly due to regional heterogeneity in in

flammatory responses.63,64 We also measured the levels of 

brain-derived neurotrophic factor (BDNF), a crucial regulator of 

synaptic plasticity and neurogenesis.65,66 As shown in 

Figure 5H, depression led to a significant 64.2% reduction in 

mature BDNF (mBDNF) levels in the HPC. TI-TES treatment 

robustly restored mBDNF levels, achieving a remarkable 

131.1% recovery relative to the Dep group, suggesting 

enhanced neurotrophic signaling. Furthermore, we assessed 

systemic stress markers. Depression induction with corticoste

rone resulted in elevated plasma corticosterone concentration 

and decreased serotonin (5-HT) levels. As shown in Figures 5I 

and 5J, TI-TES treatment effectively normalized these markers: 

it reduced plasma corticosterone levels by 48.1% and restored 

5-HT levels, achieving a 46.9% recovery relative to the Dep 

group.

Our integrated morphological, immunohistochemical, tran

scriptional, and biochemical findings provide compelling 

evidence that TI-TES exerts a multifaceted therapeutic effect, 

encompassing the restoration of synaptic integrity and plasticity, 

the suppression of neuroinflammation, and the normalization of 

key neurotrophic and systemic stress markers.

Machine-learning-based group classification for 

efficacy assessment

To provide a comprehensive, holistic assessment of TI-TES effi

cacy, we developed an integrated machine-learning framework 

using a support vector machine (SVM) classifier to classify the 

three groups (sham, Dep, and TES, n = 10 for each group) based 

on behavioral, neural, and biological data (Figure 6A).67,68 Clas

sification with an SVM necessitates preprocessing for efficient 

training, especially considering the heterogeneity in various as

pects of our data such as the scales and proportionality.69

Here, an SVM was employed to classify depression-like and 

normal-like states based on integrated behavioral, neural, and 

biological features, and to determine whether TI-TES-treated an

imals were positioned closer to the depression or sham group in 

the multidimensional feature space. Thus, the SVM served as an 

objective tool to evaluate system-level recovery rather than to 

infer causal mechanisms.

As a preliminary and purely exploratory step, we used 

t-distributed stochastic neighbor embedding (t-SNE), projecting 

high-dimensional data into a two-dimensional (2D) space in an 

unsupervised manner (Figure 6B).70 This visualization illustrates 

that samples from the depression group tend to occupy a 

different region of the 2D space, while the TES and sham groups 

appear intermingled.

To investigate inter-factor relationships, we conducted a se

ries of correlation analyses across all features collected from 

behavioral, neural, and biological assessments. Although the p 

value quantifies evidence against null hypothesis, handling a 

large number of correlations increases the risk of chance find

ings. Therefore, the Benjamini-Hochberg false discovery rate 

(FDR) correction was applied to control for multiple testing. 

FDR correction was applied separately to Pearson and 

Spearman correlation coefficients. Moreover, a partial correla

tion analysis controlling for experimental group was conducted 

to assess the influence of potential covariates. After adjusting 

for group effects, most of the correlations were no longer statis

tically significant. This suggests that the observed correlations 

were largely driven by differences between groups among the 

sham, Dep, and TES conditions, rather than within-group asso

ciations. A chord diagram was constructed based on the Pear

son correlation coefficient of the resulting pairs (Figure 6C). An 

enlarged version of the chord diagram and the list of correlation 

coefficients and p values with FDR correction (q values) are pro

vided in Figure S27. This series of analyses served as part of our 

data preprocessing, providing insights into how factors from 

different domains interact. Notably, behavioral features showed 
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Figure 6. Machine-learning analyses 

(A) Schematic showing the flow of the machine-learning analyses. 

(B) t-SNE plot from the collected data, visualizing spatial distribution of the samples of the three groups. Perplexity: 5; learning rate: 200; initialization: PCA; 

random seed = 42. 

(C) Chord diagram showing the relative correlations between all factors. 

(D) Sankey diagram showing the relevance of each feature in biological and neural data with respect to the depression score. 

(E and F) Normalized scores of each factor in (E) neural signal and (F) biological data. 

(G) Rose plot showing scores of all three groups. 

(H) Confusion matrix of the support vector machine classifier demonstrating the classification accuracy for predicting Dep, sham, and TES groups in a test set. 

The SVM classifier was trained based on scores from all three analyses and was used to predict the class of each model through a 5-fold cross-validation 

procedure. 

(I) Support vector machine-assisted data classification. Two hyperplanes were computed to separate Dep, TES, and sham groups. 

(J) Mean Euclidean distances between the three groups. Data are presented as mean ± SD.
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strong and consistent correlations with both neural and biolog

ical domains, suggesting their suitability as a reference point. 

Based on these results, behavioral data were normalized and 

used to define a ‘‘depression score’’ that reflects the progression 

toward a depressive state. The normalized scores of behavioral 

factors are shown in Figure S28. The p values between this score 

and each neural or biological factor were then calculated and 

visualized using a Sankey diagram (Figure 6D). Factors with min

imal contribution included stubby spine density, cortical TNF-α, 

gamma-band coherence, and beta-band phase locking. Appli

cation of FDR revealed high q values for the five features, as 

shown in Figure S29. Therefore, these features were discarded 

for the subsequent analyses, and the remaining dataset was 

normalized for supervised machine learning. Normalization was 

important as multiple data modalities were concatenated, which 

could cause dominance of one modality. A detailed explanation 

of min-max scaling is included in methods. The resulting normal

ized values of the neural and biological factors are presented in 

Figures 6E and 6F, respectively. The normalized values of behav

ioral factors are shown in Figure S30. These plots demonstrate a 

clear separation between the sham and Dep groups, with the 

TES group trending toward the sham group, further supporting 

the therapeutic effect. To visualize multivariate relationships 

and to intuitively compare the relative contributions of each 

data domain, a rose plot was generated to represent the propor

tional influence of neural, behavioral, and biological factors 

across groups (Figure 6G). In this plot, the TES group closely 

resembled the sham group, indicating that TI-TES treatment 

restored the overall profile toward a healthy state.

Finally, we applied a supervised learning approach using an 

SVM classifier trained on the refined feature set. Classification 

performance was evaluated using a confusion matrix across 

the three groups, which confirmed accurate group discrimina

tion (Figure 6H). To prevent data leakage due to repeated mea

sures, stratified 5-fold cross-validation was performed with 

grouping at the animal level, ensuring that all samples from the 

same animal were assigned exclusively to either the training 

set or test set within each fold. For visualization, all data points 

were placed in a three-dimensional (3D) space defined by neural, 

biological, and behavioral scores. Linear decision boundaries 

derived from the trained three-class SVM frameworks were 

then projected onto this space to illustrate the separation be

tween Dep, TES, and sham groups (Figure 6I). For quantification 

of the relative positioning of the TES group within the feature 

space, the Euclidean distances between sham and TES groups 

and between the Dep and TES groups were measured, which 

showed that all TES group data points clustered closer to the 

sham group, whereas Dep group data points were clearly sepa

rated and located on the opposite side of the hyperplane 

(Figure 6J).

To assess the model performance beyond accuracy, we eval

uated various statistical metrics derived from the results of the 

SVM. Specifically, F1 score, sensitivity, and specificity were 

evaluated to characterize class-wise discrimination under the 

one-versus-rest (OVR) framework, while the precision-recall 

area under the curve (PR-AUC) was used to assess ranking per

formance under moderate class imbalance. In addition, calibra

tion was evaluated using the Brier score to quantify the reliability 

of predicted probabilities. Although the primary purpose of the 

pipeline was to investigate the separation effects of the TI-TES 

intervention on depression, such metrics were necessary to 

evaluate the stability of the resulting decision boundaries. The 

SVM pipeline involved classifying three groups (Dep, sham, 

and TES) through 5-fold cross-validation, so we examined per

formance at both the fold level (Figures S31 and S32) and the 

class level (Figure S33). Given the multiclass structure and the in

terest in class-specific separation, performance was evaluated 

under an OVR framework. Although the trained model showed 

high classification performance overall, occasional reductions 

in F1 score and sensitivity, accompanied by elevated Brier 

scores, were observed in specific folds. These patterns suggest 

fold-dependent variability in performance, which may reflect 

small-sample effects and sensitivity of the decision boundary 

to the composition of the training data rather than systematic 

model failure. Nonetheless, PR-AUC showed a consistent value 

of 1.00 under the OVR formulation, indicating perfect ranking of 

positive versus negative samples at the score level across folds. 

This result suggests that, despite variability in threshold-depen

dent metrics, the underlying score distributions for the classes 

remained well separated. This is in parallel with the purpose of 

the TI-TES treatment, which is to shift Dep individuals away 

from the depressive state and toward a sham-like profile. 

Class-wise performance assessment under the OVR framework 

further demonstrated that the Dep group was classified with high 

confidence across all folds, exhibiting minimal ambiguity and 

narrow variability across metrics. In contrast, the sham and 

TES groups showed lower mean performance values and larger 

error bars. This fold-dependent variability suggests partial over

lap between sham and TES groups in feature space, reflecting 

their biological and behavioral proximity.

Having evaluated overall performance and stability, we next 

assessed whether the observed separation could be attributable 

to chance. To this end, a permutation test with 1,000 group-level 

label shuffles was performed (Figure S34). The observed cross- 

validated PR-AUC (1.00) exceeded all values obtained under 

permutation, yielding a significant empirical p value (one-sided 

permutation test, p = 0.001). This finding indicates that the 

observed separation is unlikely to be attributable to random label 

assignment. This conclusion was further supported by the 

aggregated confusion matrix, which showed high self-classifica

tion accuracy across all groups. In particular, the Dep group was 

classified without error, indicating a robust and stable separation 

from the other groups.

Next, standardized feature weights were analyzed to find 

directional patterns across cross-validation folds (Figure S35). 

Biological and neural feature groups showed positive weights 

for the TES class and negative weights for the sham and Dep 

classes, whereas behavioral features exhibited differences of 

largest magnitude, particularly in the depression group. Impor

tantly, the sign of feature weights was highly stable across folds, 

suggesting that the computed decision boundaries were not 

driven by noise. Furthermore, bootstrap resampling (iteration 

n = 2,000) was conducted (Figure S36). For the TES class, bio

logical, neural, and behavioral feature groups consistently ex

hibited positive coefficients, with 95% confidence intervals that 

did not overlap zero in most folds. In contrast, the depression 
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class showed consistently negative coefficients across feature 

groups, particularly for behavioral features, with larger magni

tudes and narrower confidence intervals. Sham-related coeffi

cients were clustered near zero but remained directionally 

consistent across folds, indicating a stable but weaker contribu

tion to class separation. Importantly, the robust group discrimi

nation achieved by the linear SVM cannot be attributed to any 

single strongly discriminative feature. Although several pairwise 

associations were observed at the univariate level, most did not 

remain significant after controlling group effects, indicating that 

these correlations were largely driven by between-group differ

ences rather than intrinsic feature-feature relationships. Consis

tent with this observation, no individual variable exhibited a 

dominant effect capable of independently separating groups. 

Instead, classification performance appears to have emerged 

from the joint integration of multiple weak but complementary 

features spanning neural, behavioral, and biological domains. 

In such settings, multivariate classifiers can exploit coordinated 

patterns across features, including subtle covariation and partial 

redundancy, that are not detectable through univariate analyses 

alone. Thus, the observed separation in the linear feature space 

likely reflects distributed group-specific signatures encoded 

across multiple modalities rather than reliance on a single 

biomarker. While non-linear interactions cannot be entirely 

excluded in complex biological systems, the stability and inter

pretability of the linear decision boundary suggest that feature 

aggregation in a high-dimensional space was sufficient to cap

ture the relevant group structure.

To assess model efficiency, we conducted a baseline classifi

cation using a logistic regression model trained on the identical 

dataset, with the same preprocessing and cross-validation pro

tocol as the SVM in our framework (Figure S37). While sham and 

Dep were classified with accuracy similar to that of the SVM, TES 

showed a substantially lower classification accuracy of 30%. 

This discrepancy suggests that the linear decision boundaries 

learned by logistic regression were insufficient to capture the 

feature distributions associated with the TES class. This result in

dicates that the improved performance of the SVM is not attribut

able to trivial class separability but rather to its ability to construct 

more effective class margins under the same data and validation 

conditions.

Overall, we have classified the three groups with a trained 

SVM model pipeline and assessed its reliability. Linear scaling 

(depression score) and the SVM were conducted to validate 

the therapeutic effects of TI-TES, which together demonstrated 

that Dep and sham groups were clearly separable. The TES 

group consistently aligned with the sham group, supporting 

the therapeutic capacity of TI-TES.

DISCUSSION

While most smart contact lenses have been limited to monitoring 

metabolic or ocular diseases, this study introduces a wearable, 

non-invasive TI-TES contact lens as a bioelectronic strategy 

for depression treatment. By utilizing the retina as an accessible 

interface to the eye-brain axis, this platform circumvents the 

invasiveness and limited tolerability of conventional brain 

stimulation therapies. The contact lens integrates ultrathin 

Pt-decorated GaOx electrodes with selective Pt-nanocluster 

modification, achieving high transparency, mechanical compli

ance, and enhanced electrochemical performance. Through TI 

stimulation, localized low-frequency envelope fields are gener

ated at the retina, and neural activations propagate along estab

lished eye-brain pathways, enabling targeted modulation of 

mood-related circuits while minimizing off-target ocular effects.

A key contribution of this work lies in its comprehensive multi

disciplinary validation. Our behavioral analysis provided clear ev

idence of therapeutic efficacy. TI-TES-treated mice exhibited 

significant behavioral improvements in the OFT, indicating a 

reduction in anxiety and restoration of locomotor activity. 

Furthermore, immobility in the TST and FST was reduced signif

icantly, demonstrating a reversal of depressive-like despair be

haviors. In the three-chamber test, the TES group showed a 

remarkable improvement in social preference and novelty, 

restoring social interaction to levels comparable to those of the 

sham group. These behavioral findings were supported by elec

trophysiological and biological analyses, which revealed that the 

treatment restored disrupted neural connectivity, evidenced by a 

remarkable increase in phase locking and phase coherence in 

the theta band (HPC-PFC and HPC-HPC). To ensure the accu

racy of these neural recordings and minimize tissue damage, 

we fabricated soft, biocompatible neural probes using liquid 

metals and a fluorinated elastomer. Our biological findings 

further confirmed that TI-TES treatment promoted neural recov

ery, as shown by a substantial recovery in total dendritic spine 

density, a significant increase in mature BDNF levels relative to 

the Dep group, and the mitigation of neuroinflammation. We uti

lized a machine-learning approach that provided an objective 

data-driven validation whereby the TI-TES-treated group was 

consistently aligned with the non-depressed control group 

across all behavioral, neural, and biological markers. These re

sults underscore the therapeutic potential of using the retina as 

a precise interface for brain stimulation.

Our approach can be compared with light stimulation in terms 

of the mode of retinal activation. While both light-based and 

electrical stimulation engage retinal output pathways and prop

agate signals through overlapping eye-brain circuits, their 

mechanisms of activation differ. Photic stimulation activates 

retinal circuits through natural phototransduction in photore

ceptors followed by synaptic relay to RGCs, providing physio

logically natural retinal responses and being primarily optimized 

for visual and perceptual outcomes. However, its stimulation 

parameters are constrained by optical conditions, and repeated 

or prolonged use may induce visual percepts or visual fatigue, 

limiting its suitability for non-visual neuromodulation. In 

contrast, TI-TES directly depolarizes RGCs and inner retinal cir

cuits through applied electric fields, enabling precise temporal 

control of neuronal firing independent of upstream phototrans

duction processes. Electrical stimulation is largely independent 

of external visual environments and reduces visual perceptual 

load, making it more suitable for repeated or prolonged neuro

modulatory applications targeting non-visual brain circuits. 

These features make TI-TES advantageous for brain modulation 

via the retina-brain axis, particularly in psychiatric contexts. A 

summary comparison of the two stimulation modalities is pro

vided in Table S1.
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Recent studies have increasingly suggested that TES can in

fluence brain function through the eye-brain axis, supported by 

well-established retinofugal pathways linking retinal output to 

thalamic, hypothalamic, and corticolimbic regions involved in 

mood and cognitive regulation.71–73 Consistent with this frame

work, prior investigations have reported TES-associated modu

lation of neural oscillatory activity and functional connectivity as 

well as antidepressant-like behavioral and histological changes 

in preclinical models. For example, a previous study has re

ported that prolonged TES can induce long-lasting enhance

ments in functional and directional brain connectivity, including 

increased coherence and cross-frequency coupling between vi

sual and prefrontal cortices, highlighting the capacity of retinal 

stimulation to modulate neural network dynamics relevant to 

higher-order brain functions.74 Separately, other studies 

observed antidepressant-like behavioral effects of TES in rodent 

models accompanied by histological and molecular changes 

related to neuroplasticity, neurogenesis, and stress-related 

signaling pathways, supporting the biological plausibility of 

TES-mediated therapeutic effects.75,76 Together, these prior 

studies establish an important foundation indicating that retinal 

electrical stimulation can influence both neural activity and 

behavior through the eye-brain axis. Building upon this body of 

work, the present study integrates these perspectives within a 

single experimental framework and further explores a refined 

stimulation paradigm based on TI-TES. By employing a tempo

rally interferential electric field rather than conventional uniform 

stimulation, we were able to examine retina-brain neuromodula

tion while simultaneously evaluating behavioral, electrophysio

logical, and biological outcomes. In this regard, our findings 

complement existing TES literature and collectively support the 

concept that TES can serve as a viable route for modulating brain 

circuits relevant to psychiatric and neurodegenerative disorders.

In addition to demonstrating therapeutic efficacy, this study 

provides mechanistic evidence that TI-TES engages specific 

retinal-to-brain pathways to exert its antidepressant effects. Using 

in vivo epiretinal recordings, we showed that TI-TES evokes ac

tion-potential firing in RGCs, including ipRGCs, indicating direct 

activation of retinal output neurons. Importantly, VEP recordings 

further revealed that this retinal activation propagates to the visual 

cortex, as evidenced by a pronounced enhancement of the N1 

component following TI-TES. Together, these electrophysiolog

ical findings establish that TI-TES engages functional RGC-medi

ated eye-brain circuits. To further determine whether these 

pathways are required for the therapeutic effects of TI-TES, we 

performed a pathway-disruption experiment using intravitreal 

NMDA injection to ablate RGCs. NMDA-induced RGC loss abol

ished the behavioral benefits of TI-TES in the OFT, demonstrating 

that intact RGC-dependent downstream pathways are necessary 

for the expression of TI-TES-induced antidepressant-like effects. 

This loss-of-function result, combined with the retinal and cortical 

electrophysiological evidence, provides causal support for the 

role of RGC- and ipRGC-associated pathways in mediating the 

therapeutic effects of TI-TES.

Despite the promising preclinical outcomes reported in this 

study, several practical challenges must be addressed to trans

late the TI-TES contact lens platform to human applications. 

First, the current study employed a wired configuration to ensure 

precise waveform control and stimulation stability during proof- 

of-concept validation. While suitable for controlled animal exper

iments, long-term human use will require full wireless integration 

encompassing power delivery, stimulation control, and real-time 

safety monitoring to ensure comfort, compliance, and robust

ness under natural eye movements and blinking. Second, in

ter-individual variability in ocular anatomy, tear film composition, 

corneal curvature, and tissue impedance may substantially influ

ence stimulation efficiency and dosing, necessitating personal

ized calibration strategies and, potentially, closed-loop control 

schemes in clinical settings. Third, chronic and repeated use in 

humans introduces additional considerations related to long- 

term biocompatibility, ocular surface health, and inflammatory 

responses that cannot be fully captured in short-duration animal 

studies. Addressing these factors will be critical for ensuring 

safety and tolerability during extended wear.

The TI-TES strategy presented here, given the retina’s deep 

anatomical and functional connections with the brain, has broad 

implications beyond depression. Future work will therefore focus 

on refining this platform toward a fully integrated, patient-friendly 

system, including wireless operation, personalized stimulation 

protocols, and long-term safety validation in large animal 

models, followed by rigorously designed human clinical trials. 

In addition, to further elucidate the broader neurophysiological 

impact of TI-TES, future studies will incorporate more compre

hensive electrophysiological analyses, including power spectral 

characterization across the five frequency bands and compari

sons across different subject groups. This will also include trials 

of TI-TES treatments on non-depressive individuals, which may 

help clarify both therapeutic and baseline neuromodulatory ef

fects. Additionally, a more detailed exploration of the specific 

retinal cell types and pathways that are most responsive to TI- 

TES could inform the treatment of a wider spectrum of neurolog

ical and psychiatric conditions. Such large-scale, long-term 

studies represent the next major steps in advancing eye-based 

neurotherapies to clinical reality.

METHODS

Fabrication of TI-TES contact lens

The fabrication process of the TI-TES contact lens involves the 

following major steps.

(1) GaOx printing. To prepare the printing substrate, PDMS 

was first spin coated (4,000 rpm, 40 s) onto an SiO2 wafer 

(Dasom RMS) as an adhesive layer, and a 25-μm-thick 

polyimide film was laminated. The printing procedure for 

GaOx was adapted from a previously reported study.37

The liquid metal (EGaIn: 75.5% gallium, 24.5% indium 

alloy by weight; Changsha Santech Materials) was intro

duced into a custom-designed printer head, which was 

assembled by fixing two parallel glass slides with a 

1-mm gap. After the printer head made initial contact 

with the substrate, it was retracted to a defined height 

of 300 μm to establish a stable meniscus. Printing was 

then carried out by translating the substrate on a motor

ized stage at a constant speed of 0.2 mm s− 1, while the 

printer head remained fixed.

Cell Reports Physical Science 7, 103303, May 20, 2026 15 

Article

ll
OPEN ACCESS



(2) Pt-GaOx patterning. A sacrificial layer (LOR 3A photore

sist, Kayaku) was photopatterned on printed GaOx layer 

followed by the deposition of Pt (1 nm) using e-beam 

evaporator on the TI-TES electrode. The sacrificial layer 

was subsequently removed through a lift-off development 

step (MR-REM 700, MicroChem), leaving Pt selectively on 

the designated TI-TES electrode regions. After Pt-GaOx 

patterning, a 1-μm-thick parylene layer was deposited 

via chemical vapor deposition for passivation. Openings 

for electrodes and pads were formed by patterning an 

additional photoresist layer (2,000 rpm, 40 s) and dry 

etching with oxygen plasma (reactive ion etching [RIE]; 

100 W, 40 sccm O2, 240 s).

(3) Deposition of Pt nanoclusters. A platinum electrodeposi

tion solution was prepared by dissolving 0.25 g of plat

inum tetrachloride and 5 mg of lead acetate trihydrate 

(both from Sigma-Aldrich) in 25 mL of isopropyl alcohol 

at room temperature. The solution was ultrasonicated 

for 20 min and filtered to remove impurities. For electro

plating, the TES electrode (cathode) and a Pt electrode 

(anode) were immersed in the solution and connected to 

a source meter (Keithley 2400, Tektronix). Electroplating 

was conducted by applying 2 V with a compliance current 

limit of 0.1 mA for a duration of 120 s.

(4) Lens molding. Prior to molding, a water-soluble polyeth

ylene oxide (PEO) layer was coated onto the TI-TES elec

trode for protection during lens fabrication. The TI-TES 

electrode was then placed into a contact lens mold, which 

was filled with a silicone elastomer precursor (Interojo). 

The filled mold was cured at 70◦C for 5 h under a pressure 

of 313 kPa. After curing, the lens material covering the TI- 

TES electrode was carefully removed, and the device was 

immersed in deionized water at 60◦C for 2 h to fully 

dissolve the PEO layer.

Electrical characterization of electrodes

Impedance characterization of the TI-TES electrodes was car

ried out in phosphate-buffered saline (PBS, Sigma-Aldrich). A 

multichannel potentiostat (PMC-1000, AMETEK) was used to re

cord impedance data across a frequency range spanning from 

0.01 kHz to 100 kHz.

Cyclic voltammetry measurements were performed in PBS us

ing a PMC-1000 multichannel potentiostat (AMETEK). The po

tential was swept from − 0.6 V to 0.8 V versus Ag/AgCl reference 

electrode at a scan rate of 50 mV s− 1.

For voltage transients, after immersing the TI-TES electrodes 

in PBS, current-controlled biphasic pulses with cathodic ampli

tudes ranging from 0.4 to 1.6 mA in 0.4-mA increments were 

applied (pulse width 200 μs, interpulse interval 40 μs). Electrode 

was monitored by recording voltage waveforms against an Ag/ 

AgCl reference electrode, using a multichannel potentiostat 

(PMC-1000, AMETEK). The CIC was extracted from these 

voltage transients by determining the maximum charge deliv

ered before reaching the water window potential (− 0.6 V).

Biocompatibility and cytotoxicity assessment

The human corneal epithelial cell line HCE-2 (ATCC, CRL-11135, 

clone 50.B1) was maintained in a mixed culture medium 

consisting of DMEM/F-12 and RPMI-1640 (Gibco, MD, USA), 

supplemented with 10% heat-inactivated fetal bovine serum 

(FBS), 50 U mL− 1 penicillin, and 50 μg mL− 1 streptomycin. Cells 

were seeded at a concentration of 1 × 105 cells ml− 1 in 96-well 

plates. Prior to testing, the TI-TES lenses were sterilized by im

mersion in 70% ethanol for 3 min, followed by three rinses in 

PBS, each lasting 2 min. To prepare the extraction medium, TI- 

TES lenses (TES group) and commercial soft contact lenses 

(control group) were incubated separately in culture medium 

containing 2% FBS at 37◦C for 24 h. The resulting soaking solu

tions—referred to as soaking-induced medium (SIM)—were 

collected and stored at − 80◦C until analysis. For testing, 

100 μL of either SIM was added to each well and incubated 

with the cells for 24 h. Cell viability was assessed using a combi

nation of fluorescence imaging and metabolic assay. Live cells 

were stained with calcein (excitation/emission ∼495/515 nm) 

and dead cells with SYTOX Deep Red (excitation/emission max

ima ∼660/628 nm) according to the manufacturer’s protocol (In

vitrogen, MA, USA). Following staining and several PBS washes, 

images were captured using a fluorescence microscope (BX51; 

Olympus, Tokyo, Japan).

In parallel, a colorimetric viability assay was performed using 

Cell Counting Kit-8 (CCK-8, Dojindo). After 24-h exposure to 

the test extracts, 10 μL of CCK-8 reagent was added to each 

well, followed by a 2-h incubation at 37◦C in a 5% CO2 atmo

sphere. Absorbance was measured at 450 nm using a micro

plate reader (VersaMax, Molecular Devices), and cell viability 

was calculated based on the optical density values.

Animal experiments

All experimental protocols were approved by the Yonsei Univer

sity Institutional Animal Care and Use Committee (IACUC- 

202307-1709-03 and IACUC-202501-1997-01) and followed 

the institutional guidelines outlined in the Guide for the Care 

and Use of Laboratory Animals. Male C3H/HeNCrlOri (rd1) 

mice (8 weeks old) and male C57BL/6 mice (8 weeks old) were 

individually housed in stainless-steel cages (26 × 20 × 13 cm) 

under controlled environmental conditions: 24◦C room tempera

ture, 55% relative humidity, and a 12/12-h light/dark cycle. 

Because TI-TES engages vision-related neural pathways, rd1 

mice—characterized by photoreceptor degeneration—were 

used to eliminate visual input as a confounding variable in neural 

pathway activation. Accordingly, all experiments related to 

depression evaluation and therapeutic efficacy, including behav

ioral tests, neural electrophysiology, and brain histological ana

lyses, were conducted exclusively in rd1 mice. In contrast, 

C57BL/6 mice were used solely for ocular safety and biocompat

ibility assessments, including corneal and retinal H&E staining 

and evaluation of tissue integrity following TI-TES application, 

as their intact ocular structures allow reliable histological assess

ment. No behavioral, neural, or depression-related analyses 

were performed in C57BL/6 mice.

Corticosterone treatment

A chronic corticosterone-induced stress mouse model recapitu

lating depression-associated behavioral phenotypes was estab

lished following the protocol outlined by Pereira et al.77 C3H/ 

HeNCrlOri (rd1, 25–30 g, male) mice were randomized into three 
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groups, including the control (sham group), depression (Dep 

group), and TI-TES treatment (TES group). For depression induc

tion, corticosterone by subcutaneous administration (s.c.) of a 

total 100 μL of corticosterone cocktail (20 mg kg− 1 body weight) 

dissolved in 20% Tween 80, 0.2% DMSO (all purchased from 

Sigma, St. Louis, MO), and 0.9% saline were chronically treated. 

It should be noted that the corticosterone paradigm used in this 

study does not represent human major depressive disorder itself 

but rather a preclinical stress model that recapitulates specific 

behavioral and biological features associated with depression. 

Therefore, the therapeutic effects demonstrated here should 

be interpreted as modulation of depression-like phenotypes 

rather than direct treatment of the human disorder.

Different administration periods were applied for the Dep and 

TES groups. The Dep group received corticosterone for 3 weeks, 

whereas the TES group received corticosterone for 6 weeks. 

This difference was intentional and reflected the experimental 

design, in which TI-TES treatment was initiated after induction 

of depressive behaviors while corticosterone administration 

was maintained during the intervention period. The rationale 

for this design is described in detail in Note S2.

Fluoxetine treatment

Following the establishment of the depression model by chronic 

corticosterone administration, a subset of depressed mice was 

subjected to fluoxetine treatment as a pharmacological refer

ence group. After 3 weeks of corticosterone treatment at the 

full dose (20 mg kg− 1, s.c.), fluoxetine hydrochloride (Sigma) 

was administered by daily subcutaneous injection for an addi

tional 3 consecutive weeks. Fluoxetine hydrochloride was pre

pared based on a previously established protocol by dissolving 

the compound in a vehicle containing DMSO, NaCl, and distilled 

water to achieve a final dose of 20 mg kg− 1, with the injection vol

ume adjusted according to body weight (192–208 μL for mice 

weighing 24–26 g). During the fluoxetine treatment period, corti

costerone administration was continued to prevent spontaneous 

recovery from depressive-like behaviors, thereby maintaining a 

stable depression state throughout the treatment phase.

Soft neural probe fabrication

The soft neural probe was fabricated through the following 

sequence of steps. (1) A silicon wafer (Dasom RMS, Republic 

of Korea) was first coated with an LOR 3A lift-off resist 

(MicroChem) by spin coating, serving as a sacrificial layer. (2) 

For the bottom soft layer, fluorinated soft negative photoresist 

(Fleuron PR-USF, Axoft) was spin coated on the wafer 

(1,000 rpm) to obtain a thickness of 2.5 μm. (3) A spin-coated 

bottom layer was patterned by UV light with a nitrogen diffuser. 

The exposed layer was then baked at 115◦C and developed in 

developer (DEV-10, Axoft). (4) For surface treatment, oxygen 

plasma at 100 W for 60 s under an O2 flow of 40 sccm was 

treated using RIE. (5) EGaIn was printed to 4-μm-wide lines on 

this bottom layer. (6) An additional 2.5-μm-thick layer of fluori

nated soft negative photoresist was spin coated to serve as 

the top encapsulation layer of the neural probe. (6) The fluori

nated soft negative photoresist layer was photolithographically 

patterned so that the electrode tip regions were exposed. (7) 

Pt nanocluster was deposited on exposed the EGaIn tip region 

by electroplating as mentioned above (applying 2 V with a 

compliance current limit of 0.1 mA for a duration of 120 s).

Neural probe implantation and electrophysiological 

recording

Neural probes were implanted into specific stereotaxic coordi

nates of HPC and PFC of mouse brain. One electrode was im

planted into the PFC (anteroposterior [AP] +1.7 mm, mediolateral 

[ML] +0.7 mm, dorsoventral [DV] − 2.5 mm), and two electrodes 

were implanted into the HPC (AP − 2.0 mm, ML ±2.0 mm, DV 

− 2.0 mm), one on each side about the bregma, of which one is 

used as the working electrode and the other as the reference 

electrode. An electrophysiological recording system was used 

for the recording of LFPs and SUs. The system is composed of 

an RZ2 amplifier processor, PZ5 neurodigitizer, MZ60 MEA inter

face (Tucker-Davis Technologies, USA), and Synapse software 

on a computer. Different band-pass filters were used for LFP 

and SU recording. For LFPs, a 0.1- to 300-Hz band-pass filter 

was used, and for SUs a 300- to 3,000-Hz band-pass filter 

was used.

H&E staining of mouse cornea and retina

H&E staining was performed on mouse ocular tissue to evaluate 

histological changes before and after TI-TES treatment. H&E 

staining was conducted using C57BL/6 mice instead of rd1 

mice, as rd1 mice already exhibit retinal tissue damage, which 

would hinder accurate evaluation of TI-TES-induced changes 

in both the cornea and retina. The eyeballs were initially fixed 

in 4% paraformaldehyde, followed by paraffin embedding. Serial 

sections with a thickness of 5 μm were obtained using a micro

tome. For nuclear staining, the sections were incubated in Harris’ 

hematoxylin at 60◦C–70◦C for 6 h and then rinsed thoroughly 

with deionized water. To differentiate the stained nuclei, tissues 

were treated sequentially with 10% acetic acid for 2 h and 85% 

ethanol for 10 h, followed by rinsing in running tap water. Bluing 

was achieved by immersing the sections in a saturated lithium 

carbonate solution for 12 h. After another rinse with tap water, 

cytoplasmic staining was performed using eosin Y dissolved in 

ethanol, with an incubation period of 48 h.

NMDA-induced RGC degeneration model

To induce excitotoxic RGC degeneration, NMDA (Sigma- 

Aldrich, M3262) was administered via intravitreal injection as 

previously described, with minor modifications. In brief, mice 

were anesthetized by intraperitoneal injection of a Zoletil/ 

Rompun cocktail, and pupils were dilated using topical tropica

mide. NMDA was dissolved in sterile PBS at a concentration of 

20 mM, and 2 μL of the solution was intravitreally injected into 

the right eye using a Hamilton syringe fitted with a 33-gauge nee

dle. The contralateral eye received an equal volume of PBS as a 

vehicle control. Care was taken to avoid lens injury during the in

jection procedure. Seven days after injection, mice were eutha

nized and eyes were enucleated for histological analysis. Retinal 

sections were subjected to H&E staining. Cell loss in the GCL 

was assessed by counting the number of nuclei within the GCL 

per high-power field (HPF) in a masked manner. HPFs were ac

quired using a 40× objective, and values from multiple represen

tative fields were averaged for each biological replicate. GCL cell 
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counts were used as a surrogate measure of NMDA-induced 

RGC degeneration.

Corneal and retinal immunofluorescence staining

For immunofluorescence analysis, paraffin sections were depar

affinized and rehydrated, followed by heat-induced antigen 

retrieval using citrate buffer (pH 6.0) in a microwave oven. Sec

tions were permeabilized with 0.1%–0.3% Triton X-100 in PBS 

and blocked for 1 h at room temperature with blocking buffer 

containing 5% bovine serum albumin and 2% normal donkey 

serum. Primary antibodies against CD45 (Invitrogen, 14-0451- 

82) or Iba1 (Abcam, ab178846) were applied overnight at 4◦C. Af

ter washing, donkey-derived fluorescent secondary antibodies 

were incubated at room temperature, and nuclei were counter

stained with DAPI. Images were acquired using a fluorescence 

microscope under identical exposure settings for all experi

mental groups.

For the TUNEL assay, apoptotic cells were detected using a 

commercially available TUNEL assay kit according to the manu

facturer’s instructions. TUNEL-positive cells were quantified per 

HPF within anatomically defined corneal or retinal tissue regions, 

as identified by DAPI staining. Fluorescence signals detected 

outside tissue boundaries were excluded from analysis. HPFs 

were acquired using a 40× objective, and values from multiple 

fields were averaged for each biological replicate.

Mouse brain immunohistochemistry and Golgi-Cox 

staining

Mouse brains were removed and fixed in 4% paraformaldehyde 

(Biosesang, Seoul, Korea) overnight at 4◦C and washed with 

PBS three times. Tissues were embedded in paraffin and 

sectioned at a thickness of 5 μm using a Leica HisoCore Nanocut 

microtome. Sections were stained with an H&E stain kit accord

ing to the protocol provided by Vector Laboratories (CA, USA), 

and images were obtained under a microscope (Olympus 

BX53M, Tokyo, Japan). For immunohistochemical staining, sec

tions were immersed in 100% MeOH for 5 min, followed by incu

bation in 10 mM citrate (Sigma-Aldrich, pH 6.0) for 10 min at a 

temperature higher than 90◦C. After three washes in PBS, tissue 

was blocked with 5% horse serum for 1 h and then incubated 

overnight at 4◦C with anti-NeuN-AF555 (Merck, cat. #53-9892- 

82) and anti-GFAP-AF488 (Thermo Fisher, cat. #MAB377A5) 

conjugated antibodies (1:300). Nuclei were visualized using a 

fluorescence microscope with an antifade mounting medium 

containing DAPI (Vector Laboratories). Fluorescence images 

were captured using an Axio Observer Z1 LSM780 confocal mi

croscope (Carl Zeiss, Oberkochen, Germany). The densities of 

GFAP-positive and NeuN-positive cells were analyzed using 

ImageJ.

Golgi-Cox staining of the mouse brain was performed using an 

FD Rapid GolgiStain Kit according to the protocol provided by 

FD NeuroTechnologies (Columbia, MD, USA). The Golgi-Cox 

kit is based on the principle of the methods described by Ra

món-Moliner78 and Glaser and Van der Loos.79 Fresh, non- 

perfused brain from each group was used and immersed in 

various solutions. The brain was coronally sectioned at a thick

ness of 100 μm using a cryomicrotome (model CM3050 S, Leica, 

Germany) and dried for 48 h at room temperature in the dark 

room. After staining, the slice was cleaned and mounted with Eu

kitt Quick-hardening mounting medium. Images were captured 

using an Olympus microscope equipped with a 100× objective 

lens (Olympus BX53M, Tokyo, Japan).

RT-qPCR

Total RNA was purified using TRIzol reagent (Invitrogen, cat. 

#15596-026), and 1 μg μL− 1 of total RNA was reverse transcribed 

in a thermal cycler using a Revert First Strand cDNA Synthesis Kit 

(Fenmentas-Thermo, cat. #K1622) following the manufacturer’s 

protocol (Thermo Fisher). RT-qPCR for IL-6 and TNF-α was per

formed using specific primers and SYBR Green master mix (2×

Roche, 04707516001) on a LightCycler 480 Instrument II (Roche) 

according to the user manual. The cycling conditions were as fol

lows: 50◦C for 2 min, 95◦C for 10 min, followed by 40 cycles of 

15 s at 95◦C and 1 min at 60◦C, and a final step of 15 s at 

95◦C. The primers sequences used for amplification were as 

follows: IL-6 (GenBank: NM_031168.1) forward, 5′-TACCACTT

CACAAGTCGGAGGC-3′ and reverse, 5′-GAACAACGATGATG

CACTTGCAG-3′; TNF-α (GenBank: NM_013693.3) forward, 

5′-GGTGCCTATGTCTCAGCCTCTT-3′ and reverse, 5′-CTCCC 

TCTCATCAGTTCTATGGC-3′; GAPDH (GenBank: NM_002046. 

7) forward, 5′-GTCTTCACCACCATGGAGAAGG-3′ and reverse, 

5′- CTGGCCAAGGTCATCCATGA-3′ (Cosmo Genetech, Seoul, 

Korea). RT-qPCR reactions were performed using 1 μL of 

cDNA per reaction. To control potential effects of TES on cyto

kine expression levels, the housekeeping gene glyceralde

hyde-3-phosphate dehydrogenase (GAPDH) was used as an 

endogenous control.

ELISA

Blood samples were collected from the cardiac puncture into 

EDTA tubes (BD, Vacutainer K2 EDTA 5.4 mg, cat, #367856) 

and allowed to stand for 30 min at room temperature. They 

were then centrifuged at 3,000 rpm for 15 min, and the superna

tant was collected and stored at − 80◦C until analysis. The corti

costerone (mouse Corticosterone ELISA Kit, Elabscience, cat. 

#E-EL-0161) and serotonin (mouse Serotonin ELISA Kit, Elabs

cience, cat. #E-EL-0033) levels were measured in duplicate us

ing the ELISA kit according to the manufacturer’s recommended 

protocol.

The brain tissue was homogenized in RIPA buffer (Thermo 

Fisher, cat. #89900) and centrifuged at 12,000 rpm for 30 min. 

The supernatant was collected and stored at − 80◦C until anal

ysis. BDNF levels were quantified in duplicate using the mouse 

mature BDNF Rapid ELISA Kit (Biosensis, cat. #BEK-2211-1P) 

following the manufacturer’s instructions. Absorbance was 

measured at 450 nm using a microplate reader to determine 

the BDNF concentration in the sample.

Power spectrum measurement

The same pipeline was applied to two pieces of signal recording 

(before and after TI-TES treatment), both with a duration of 10 s. 

The time-frequency and band-specific features were extracted 

from the raw time-domain signals using a short-time Fourier 

transform (STFT)-based analysis. The raw signal was firstly 

transformed into the time-frequency domain via STFT, yielding 

a spectrogram along with corresponding frequency and time 
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axes. Both the original STFT and a normalized version of the 

STFT were computed using identical analysis parameters. The 

normalized spectrogram was used to facilitate relative compari

sons of spectral dynamics across time, while the original spec

trogram was retained to examine absolute power distributions. 

To reduce local fluctuations and enhance the stability of spectral 

estimates, a 2D averaging filter of size 2 × 16 was applied to the 

STFT matrices. This smoothing operation was performed across 

both the frequency and time dimensions, thereby attenuating 

transient noise and emphasizing broader spectral patterns at 

the band level. Using the normalized spectrogram, band-specific 

power measures were calculated for predefined frequency 

ranges (delta, 0.5–4 Hz; theta, 4–8 Hz; alpha, 8–12 Hz; beta, 

12–28 Hz; gamma, 28–100 Hz). For each frequency band, the 

spectral values within the corresponding frequency bins were 

averaged across the frequency dimension at each time point, re

sulting in a time-resolved band power signal. In addition, the 

mean of each band power time series was computed over the 

entire recording period to obtain a single representative power 

value per band. Furthermore, additional time-based features 

were derived using a sliding window approach with a window 

length of 0.5 s. For each window, band-limited signal compo

nents were extracted, and the mean square value of the band 

amplitude was calculated, providing an estimate of band-spe

cific power within that time segment. In parallel, the filtered signal 

within the same window was transformed using fast Fourier 

transform, and the sum of the magnitudes of the resulting spec

trum was computed as a measure of the overall spectral content. 

These features collectively quantified temporal variations in 

band-specific energy and frequency-domain characteristic of 

the signal.

Phase-locking analysis

Spike-LFP phase-locking analysis was conducted using a time- 

aligned and frequency-resolved computational procedure. For 

each detected spike, a temporal window spanning 0.5 ms before 

and 1.0 ms after the spike peak was defined. The window length 

was converted from milliseconds to sample indices based on the 

temporal resolution of the recording. Spike peak timestamps 

were used to extract time-aligned signal segments and identify 

the corresponding LFP sample indices. The LFP signal was 

band-pass filtered within a predefined frequency range, and 

the instantaneous phase of the filtered signal was computed. 

For each spike, the LFP phase at the spike peak time was ex

tracted, resulting in a vector of phase values associated with 

spike occurrences. Phase values were converted to unit vector 

using sine and cosine transformations, and the mean resultant 

vector was computed by averaging across spikes. The magni

tude of this vector was used as the PLV, and its angle repre

sented the mean phase of spike locking. Statistical significance 

of phase locking was evaluated using the Rayleigh test applied to 

the circular phase distribution. To assess frequency-dependent 

phase locking, the same computational steps were repeated 

across multiple frequency bands by sequentially band-pass 

filtering the LFP signal in predefined ranges. Phase values, 

PLVs, and Rayleigh test p values were computed independently 

for each frequency band. For visualization, phase angles were 

discretized into bins spanning 0◦–360◦, and for each bin the 

number of frequencies showing phase locking at the corre

sponding phase was counted. The binned phase-frequency 

counts were visualized using rose plots.

Phase-coherence analysis

Phase coherence between the two LFP signals was quantified 

based on the distribution of instantaneous phase differences. 

The raw LFP signals were first band-pass filtered within prede

fined frequency ranges, identical to these used for the power 

spectrum (delta, 0.5–4 Hz; theta, 4–8 Hz; alpha, 8–12 Hz; beta, 

12–28 Hz; gamma, 28–100 Hz). For a given frequency band, 

the instantaneous phase of each filtered signal was computed 

at every time point. Phase differences were calculated by sub

tracting the instantaneous phase of one signal from the other 

at corresponding time points. Negative phase differences were 

adjusted by adding 360◦ to constrain all values to the range of 

0◦–360◦. Each phase difference was then converted into a unit 

vector using cosine and sine transformations. The mean resul

tant vector was obtained by averaging these unit vectors across 

all time points. Phase coherence was defined as the magnitude 

of the mean resultant vector, yielding a value between 0 and 1. 

The mean phase difference was calculated from the angle of 

the mean resultant vector, with quadrant correction applied to 

ensure proper representation within the 360◦ range. Fre

quency-resolved phase coherence was computed using the 

same procedure across narrow frequency bands. The LFP sig

nals were sequentially band-pass filtered in 1-Hz-wide fre

quency ranges from 0.5 to 100 Hz. For each frequency band, 

instantaneous phases were extracted, phase differences were 

computed and normalized to 0◦–360◦, and phase coherence 

was calculated as the magnitude of the mean resultant vector. 

This process yielded a phase coherence spectrum representing 

coherence values as a function of frequency. For band-averaged 

analysis, phase coherence was computed once per predefined 

frequency band by pooling phase differences across the entire 

band, resulting in a single coherence value for each band.

Data preprocessing in machine learning

(1) Missing data: no data were missing across the biological, 

behavioral, and neural analyses, so no missing data- 

handling procedures were performed.

(2) Correlation analysis (chord diagram): a correlation anal

ysis was conducted to identify the relationships between 

the factors. A customized Python script was used to 

calculate the Pearson correlation coefficients between 

the factors. All coefficients were converted to absolute 

values to focus on the magnitude of the associations. 

The calculated magnitudes of the correlation coefficients 

were visualized as the thickness of the chords in the chord 

diagram.

(3) Feature selection (Sankey diagram): to identify and elimi

nate features with minimal association to the depression 

score, a feature evaluation was conducted using a 

customized Python script. Pearson correlation coeffi

cients between the factors and the depression score 

were computed and visualized using a Sankey diagram, 

where the magnitudes of the coefficients were repre

sented by the thickness of the links.
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(4) Data normalization (min-max scaling): for every factor, the 

acquired data for all animals were aligned from the mini

mum to maximum.

Classification in machine learning

Two machine-learning methods were used to assess the thera

peutic effects of TI-TES. Both methods were performed using 

customized Python codes.

(1) In the first method, t-SNE, which is an unsupervised 

learning approach, data were applied to the codes 

without labels to inform whether the data are from a 

sham, TES, or depression group. A t-SNE module from 

the Python database was implemented to calculate the 

relative distances between the data points in its original 

multidimensional axes. The calculated relative distances 

were used to project the points in a 2D space.

(2) In the second method, the SVM, the data were first scat

terplotted in a 3D space, with the axes headings of biolog

ical data, neural data, and behavioral data. A hyperplane 

that divided the sham and depression data points was 

then computed using the SVM library embedded in the 

Python database.

Statistical analysis

All data are presented as mean ± standard deviation (SD). Statis

tical analyses were performed using open-source MATLAB 

code (R2021a). For comparisons, one-way analysis of variance 

(ANOVA) was first applied to assess overall group differences. 

When a significant main effect was detected, post hoc pairwise 

comparisons were performed using unpaired one-sided Stu

dent’s t tests with Holm-Bonferroni correction to control for mul

tiple testing.
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