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a b s t r a c t 

Depression imposes a staggering global socioeconomic burden. Current pharmacotherapies face major limita- 

tions, including slow efficacy, adverse effects, and non-response rates of up to 55%, necessitating novel ther- 

apeutic modalities. This study introduces terahertz (THz) photoneuromodulation as an innovative physical in- 

tervention for depression, offering several advantages over conventional pharmacological or optogenetic ap- 

proaches. Mild THz photoneuromodulation circumvents the need for exogenous agents or genetic modifications, 

mitigating potential risks while precisely modulating neurotransmitter levels and neuronal excitability to alle- 

viate depression-like behaviors. In a chronic restraint stress (CRS) mouse model, THz photostimulation rapidly 

attenuated hyperactivity and increased serotonin levels by 107.5% ± 45.3% in lateral orbitofrontal cortex glu- 

tamatergic neurons (OFCGlu ) compared to those treated with antidepressants. This led to marked improvements 

in depressive-like behaviors and cognitive function. Furthermore, THz modulation of OFC activity recapitulated 

the effects of chemogenetic inhibition, underscoring the OFC’s pivotal role in regulating depressive states. This 

research unveils THz photoneuromodulation as a promising, safe, rapid-acting, and durable neurotherapeutic 

strategy addressing persistent unmet needs in depression treatment. 
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. Introduction 

Major depressive disorder (MDD) is characterized by notable deficits

n executive function, memory, and attention, often accompanied by

ersistent cognitive deficits [ 1 , 2 ]. Depression is a prominent fac-

or in the development and deterioration of comorbidities, including

lzheimer’s disease, diabetes, and autoimmune disorders [ 1 ]. The World

ealth Organization (WHO) has recognized it as a substantial contrib-

tor to the global disease burden and a leading cause of disability and

ortality [ 3 ]. 

In the face of increasingly competitive social environments, chronic

tress has emerged as a significant risk factor for depression, with preva-

ence rates steadily rising [ 4–6 ]. Recent research has identified the

rbitofrontal cortex (OFC) as a promising therapeutic target for psychi-

tric disorders, including depression [ 7 ]. The OFC plays a crucial role

n emotion processing and reward value assessment, maintaining recip-

ocal connections with key brain regions such as the amygdala, ventral

triatum, insula, and cingulate cortex [ 8–11 ]. A prevailing theory posits
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hat the lateral OFC (lOFC) contributes to depression through height-

ned responsiveness to the absence of expected rewards, while reduced

eward responsiveness in medial OFC (mOFC) may lead to anhedonia

 12 , 13 ]. This is supported by studies showing increased OFC activity

uring negative and depressed mood states, with remission linked to

ecreased OFC activity [ 14–16 ]. 

Conventional antidepressants, particularly selective serotonin reup-

ake inhibitors (SSRIs), have shown efficacy in alleviating negative

ias in emotional information processing by modulating OFC activity

 17 , 18 ]. However, these standard pharmacological interventions face

ignificant limitations, including slow onset of action and potential ad-

erse effects [ 19 , 20 ]. Additionally, a substantial proportion of patients

6–55%) remain unresponsive to these standard treatments [ 21–25 ],

ighlighting the urgent need for alternative therapeutic approaches.

rain stimulation therapies have emerged as promising alternatives for

odulating neural activity in specific brain regions. Deep brain stimula-

ion (DBS) [ 26 ] and repetitive transcranial magnetic stimulation (rTMS)

 27 , 28 ] targeting the OFC have demonstrated notable antidepressant
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ffects. In particular, TMS of lOFC has shown benefits in depressed pa-

ients who are unresponsive to the dorsomedial and lateral prefrontal

ortex TMS [ 28 ], establishing lOFC as a crucial target area for brain

timulation therapy in depression. 

Recent advances in electromagnetic stimulation have identified ter-

hertz (THz) photons, electromagnetic waves between the microwave

nd infrared regions of the spectrum [ 29 , 30 ], as a promising thera-

eutic tool. These waves have demonstrated significant effects on neu-

obiological regulation, including modulation of neuronal excitability,

eurotransmitter activity [ 31 ], synaptic plasticity [ 32 ], and animal be-

avior [ 33 ]. While THz stimulation (THz-S) holds promise as a novel

rain stimulation technique to treat neuropathic disorders. Despite these

romising findings, the specific role of THz in regulating lOFC neural

ctivity and its potential in mitigating depression remains to be fully

xplored. 

In this study, we investigate how THz at specific frequencies modu-

ates lOFC neurons and affects chronic restraint stress (CRS)-induced

epression-like behaviors and cognitive impairments. Our findings

emonstrate that brief THz-S resulted in a reduction in the action po-

ential frequency of OFCGlu , while concurrently elevating the action po-

ential threshold current. Notably, neural activity remained suppressed

ven up to 6 min after cessation of the irradiation. Moreover, compared

o antidepressants (SSRIs, Paroxetine), THz irradiation of the OFC in

RS mice resulted in more than a twofold increase in serotonin (5-HT)

evels, with a rise of 107.5% ± 45.3%. In addition, THz-S significantly

meliorated depression-like behavior in CRS mice, as evidenced by in-

reased central-region residence time in the open field test. In the tail

uspension test and forced swimming test, immobility time was reduced

y 64.3% ± 8.9% and 44.8% ± 10.8%, respectively. The Barnes maze

nd novel object recognition experiments showed that THz exposure

ignificantly alleviated cognitive impairments in CRS mice. 

These findings indicate that, in comparison to SSRIs, THz therapy

ffers faster modulation of electrical activity in OFC neurons, greater

p-regulation of 5-HT levels, and longer-lasting antidepressant effects,

hereby presenting a novel approach for treating depression. 

. Materials and methods 

.1. Animals 

Male C57BL/6 J mice (procured from SiPeiFu Biotechnology Co.,

td), aged 8–10 weeks and weighing approximately 25 g, were used in

he experiments. Mice were housed under controlled conditions with a

2-h light/dark cycle, ad libitum access to standard chow and water,

nd were group-housed (4–5 per cage) at an ambient temperature of

3–25 °C. The experimental groups were assigned using randomization.

ll animal procedures were approved by the Institutional Animal Care

nd Use Committee at Tsinghua University. 

.2. Whole-cell patch-clamp recordings 

Mice were deeply anesthetized with isoflurane and decapitated for

rain extraction. The brain was affixed to a bedplate in a vibrating mi-

rotome (VT1200s, Leica). Coronal slices (180 μm) were sectioned at

.18 mm s-1 in ice-cold, oxygenated (95% O2 /5% CO2 ) artificial cere-

rospinal fluid (ACSF) containing (in mM): 2.4 CaCl2 , 3 KCl, 129 NaCl,

0 NaHCO3 , 1.3 MgSO4 , 1.2 KH2 PO4 , 3 HEPES, and 10 glucose. Slices

ere recovered in oxygenated ACSF at 33–35 °C for 30–60 min. 

For electrophysiological recordings, slices were transferred to a sub-

erged recording chamber superfused with oxygenated ACSF (2.5–

 mL/min, 25 °C) maintained by an online heater (TC-344B, Warner In-

trument). The ACSF was adjusted to pH 7.3–7.4 and 300–305 mOsm/L.

hole-cell patch-clamp recordings were performed on OFC neurons vi-

ualized using a 40 × water-immersion lens (BX51WI, Olympus) and

n infrared-CCD camera. The intracellular solution contained (in mM):

30 K-gluconate, 5 KCl, 2 MgCl , 0.6 EGTA, 10 HEPES, 2 Mg-ATP, and
2 

603
.3 Na-GTP, and 0.1% biocytin (B4261, Sigma), adjusted to pH 7.2 and

85–290 mOsm/L. Signals were amplified (MultiClamp 700B), filtered

t 2.8 kHz, and digitized at 10 kHz. 

.3. Biocytin-glutamate co-labeling staining 

Following action potential recordings, neurons were maintained in

hole-cell configuration to facilitate biocytin diffusion from the record-

ng electrode into the cell. To ensure adequate biocytin labeling, record-

ngs were maintained for a minimum of 10 min. The recording electrode

as then slowly withdrawn to preserve cellular integrity. Brain slices

ere subsequently fixed in 4% paraformaldehyde at 4 °C for 24 h. Tis-

ue sections were blocked with 5% bovine serum albumin (BSA) and

.5% Triton X-100 for 2 h at room temperature. The sections were

hen incubated with anti-glutamate primary antibody (1: 200, rabbit,

6642, Sigma) at 4 °C for 48 h. Following primary antibody incubation,

ections were treated with 594-labeled streptavidin (1: 200, S11227,

hermo Fisher) at 4 °C for 24 h under light-protected conditions. After

hree washes with PBST (Phosphate-Buffered Saline with Tween 20),

he sections were incubated with donkey anti-rabbit secondary anti-

ody conjugated with Alexa Fluor 488 (1: 200, A-21206, Invitrogen) for

 h at room temperature in darkness. Nuclear counterstaining was per-

ormed using 4,6-diamidino-2-phenylindole (DAPI; 1: 2000, Sigma) for

 min. 

.4. Stereotaxic surgery 

Mice were deeply anesthetized with 1%–2% isoflurane in oxygen

flow rate: 0.4–0.6 L/min) and mounted on a stereotaxic frame (RWD,

henzhen, China). Following hair removal, the cranial surface was dis-

nfected with iodophor and a surgical incision was made in the scalp

o expose the skull. The skull surface was leveled according to the OFC

rain region coordinates (anteroposterior [AP], 2.4 mm; mediolateral

ML], 1.5 mm; dorsoventral [DV], 1.35 mm), and holes were drilled

ilaterally in the skull. The body temperature of these mice was main-

ained at 36 °C with a heating pad. 

Bilateral cannula were buried in OFC with the following specifica-

ions: cannula diameter 450 μm, bilateral spacing 3 mm, cannula cap

eight 7.8 mm, and catheter length 3 mm. The catheter was inserted

nto the above two skull holes. The cannula was fixed on the skull sur-

ace with dental cement, the scalp was glued together with tissue glue,

nd the wound was disinfected with iodophor. 

.5. Chemogenetic manipulation 

Mice were deeply anesthetized with 1%–2% isoflurane in oxygen

nd mounted on a stereotaxic frame. A 200 nL volume of viruses

rAAV-CaMKII 𝛼-hM4Di-mCherry or rAAV-CaMKII 𝛼-mCherry [Brain-

TA, Wuhan, China]) was injected into the OFC using a fine glass mi-

ropipette with a tip diameter of 10–15 μm connected to a 10 μL syringe

Hamilton, USA). The injection speed and volume were controlled us-

ng a micro-infusion pump (micro4, WPI). The injection speed was 30

L/min. A total of 200 nL of the virus was delivered to each site, and

he pipette was left in place for at least 10 min after the injection before

eing slowly withdrawn to avoid virus back-flow. The scalp was sutured

sing a suture needle and thread and disinfected with iodophor. Behav-

oral tests and electrophysiological recordings were performed at least

hree weeks after the viral injection. Clozapine-N-oxide (CNO) (MCE,

onmouth Junction, NJ, USA) was dissolved in 0.9% saline to 1 mg/mL

nd injected (5 mg/kg, i.p.) 30 min before behavior tests. 

.6. Light source and THz photon irradiation 

During in vitro brain slices irradiation, the stimulation parameter

frequency 34 THz, pulse duration 0.5 μs, repetition rate 200 kHz, duty

ycle 10%) was controlled using a quantum cascade mid-infrared laser
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Daylight solution Inc., model MIR cat). The fiber (diameter: 400 μm,

A = 0.30 ± 0.03, IRF-S-9, IRflex) was affixed to the robotic arm of a

icromanipulator and moved through the micromanipulator to position

tself above the brain slice near the OFC. At this point, a glass electrode

as manipulated using another micromanipulator to clamp onto OFC

eurons for electrophysiological recording. 

In the vivo experiments, the laser used was a 34-THz QCL (frequency

4 THz, pulse duration 2 μs, repetition rate 200 kHz, duty cycle 40%).

ice were deeply anesthetized with 1%–2% isoflurane in oxygen and

ounted on a stereotaxic frame for in vivo irradiation. The catheter cap

as removed, and the fiber (diameter: 240 μm, NA = 0.30 ± 0.03, IRF-

-9, IRflex) was inserted into the buried catheter with the locator at a

epth of 10.8 mm (starting point above the catheter) precisely targeted

o OFC region. The THz irradiation protocol for in vivo biosafety assess-

ent and treatment is 10 min/day for 3 consecutive days. 

.7. Animal models and behavioral testing procedures 

Mice were subjected to periodic immobilization by confinement

ithin a fixator for 6 h daily over 21 days. Control mice were allowed

nrestricted movement within their cages, but were without access to

ood or water during this period. The fixator was cleaned after each

estraint session to eliminate potential confounding factors. Mice were

iven two days of rest following CRS before anatomical and electrophys-

ological assessments to minimize acute stress effects. 

All behavioral tests were conducted on the same cohort of mice, with

pecific time intervals between tests to minimize potential carryover

ffects. The testing sequence was as follows: open field test (Day 0);

ovel object recognition (Days 0–1, consisting of habituation and test-

ng); Barnes maze (Days 3–6: three days of training followed by probe

est); tail suspension test (Day 9); forced swimming test (Day 11). 

.8. Open field test 

Before the experiments, experimental mice were acclimatized for ap-

roximately 2 h in a learning laboratory to minimize stress levels. Dur-

ng the experiment, each mouse was placed individually in the center of

n open field measuring 40 cm × 40 cm × 40 cm and allowed to explore

reely for 5 min while their movements were recorded using a behavior

ecorder. The central area of the instrument, measuring 24 cm × 24 cm,

as designated for analysis. The Smart v3.0 software was utilized to an-

lyze offline the time taken by mice to enter this area and their total

ravel distance. 

.9. Tail suspension test 

The mouse tail was secured approximately 1 cm from its tip and

uspended 50 cm above the ground for 5 min during the experiment.

he experimental procedure was videotaped from a lateral perspective,

ith the total immobility time of the mouse during this period being

ecorded. Initial movements were considered stationary, while passive

waying motions were considered as immobility. 

.10. Forced swimming test 

A fresh water-filled clear glass cylinder (height: 30 cm, diameter:

9 cm) was prepared with the water level set at 25 cm from the bottom.

he mice were placed in the cylinder and filmed from a lateral view

or 5 min to record their immobility time. Despair behavior was defined

s floating on the water’s surface while making minimal movements to

eep their noses above it. 

.11. Barnes maze 

Prior to behavioral testing, mice underwent a 2-hour habituation pe-

iod in the behavioral laboratory to minimize stress. The Barnes maze
604
onsisted of a circular platform with 20 equidistant holes along the

erimeter, with an escape box (target) positioned beneath one hole. The

ay before training, each mouse was habituated to the escape box for

 min. 

Training was conducted across two consecutive days, with three

aily trials per mouse. Each trial terminated upon either escape box

ntry or after a 4-minute cutoff. Between trials, the maze was rotated

hile maintaining the relative spatial position of the target hole and

anitized with 75% ethanol to eliminate olfactory cues. 

Testing was performed following the training phase, comprising

hree trials under identical protocol conditions. Performance metrics in-

luded escape latency (time to locate target) and error count (number of

ncorrect hole investigations, defined as nose-pokes or forepaw entries

nto non-target holes). Values were averaged across the three trials for

tatistical analysis. 

.12. Novel object recognition test 

Prior to testing, mice were habituated to the behavioral laboratory

or 2 h to minimize stress. The Novel object recognition test consisted

f three sequential phases with standardized intervals. 

In the habituation phase (Stage 1), each mouse was individually

laced in an open-field arena (40 cm × 40 cm × 40 cm) for 5–10 min/day

or 2 consecutive days of free exploration. Following a 10-minute inter-

rial interval in the home cage, the familiarization phase (Stage 2) com-

enced, where two identical objects (A and B) were positioned 10 cm

rom opposing corners. Mice were allowed 5 min to explore both ob-

ects. After a 1-hour retention interval, the test phase (Stage 3) was con-

ucted, where object B was replaced with a novel object (C), while ob-

ect A remained in its original position. Mice were again given 5 min for

xploration. 

Object exploration was defined as nose-directed behavior within

 cm of the object. The exploration time for novel (t1) and famil-

ar (t2) objects was recorded, and the discrimination ratio was cal-

ulated as DR% = [t1/(t1 + t2)] × 100%. Between trials, all objects

nd the arena were cleaned with 75% ethanol to eliminate olfactory

ues. 

.13. Enzyme-linked immunosorbent assay (ELISA) 

The enzyme-linked immunosorbent assay based on a two-antibody

ne-step sandwich method was used. Samples, standard substances, and

orseradish peroxidase (HRP)-labeled detection antibodies were added

nto the micropores pre-coated with dopamine (DA) and 5-HT anti-

odies, incubated, and washed. The color was created using the sub-

trate TMB, which was converted to blue by peroxidase catalysis and

ellow by acid. The color depth was positively correlated with the

mounts of neurotransmitters detected in the brain. The optical density

as measured at 450 nm wavelength with an enzyme label. The differ-

nce between a change of 5-HT concentration in THz-exposed CRS mice

a) and that in PRXT-treated CRS mice (b) was calculated as: (a− b)/

 × 100%, a = (CCRS + THz – CCRS )/ CCRS × 100%, b = (CCRS + PRXT – CCRS )/

CRS × 100%. 

.14. HE staining 

Hematoxylin-eosin (HE) was performed to evaluate the effects

f THz on OFC brain tissue. The standard staining procedures in-

luded dewaxing the tissues in water, staining with HE, dehydration

ith gradient alcohol, clearing with xylene, and sealing with neutral

um. 

.15. Immunofluorescence 

Mice were deeply anesthetized with pentobarbital (20 mg/kg) and

ranscardially perfused with 0.9% saline followed by 4% paraformalde-

yde (PFA) in 0.1 M phosphate buffer. Brains were post-fixed in 4%
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FA at 4 °C for 24 h, then cryoprotected in sequential 20% and 30%

ucrose solutions at 4 °C until tissue sank. Coronal sections (40 μm)

ere obtained using a cryostat (Leica CM1860, Germany) and stored at

 20 °C in cryoprotectant solution (30% glycerin, 20% ethylene glycol in

BS). 

For immunofluorescence staining, sections were washed in PBS

3 × 5 min) and incubated in permeabilization/blocking solution (0.5%

riton X-100, 5% BSA in PBS) for 2 h at room temperature. Sections

ere then incubated with anti-heat shock protein70 primary antibody

1: 200, rabbit, BES-18921PA, BIOESN) in blocking buffer (0.3% Tri-

on X-100, 3% BSA in PBS) at 4 °C for 24 h. Following PBS washes

3 × 5 min), sections were incubated with Alexa Fluor 594-conjugated

oat anti-rabbit secondary antibody (1: 400, 111–585–003, Jackson) for

 h at room temperature. After final PBS washes (3 × 5 min), sections

ere counterstained with DAPI and mounted using an anti-fade mount-

ng medium. 

.16. Statistical analysis 

The data were analyzed using GraphPad Prism, Fiji ImageJ and

lampfit (Axon pClamp software), and results were presented as the

ean ± SEM. Action potential firing frequency was analyzed using two-

ay repeated measures ANOVA with post hoc comparisons. The paired

tudent’s t -test was used to analyze rheobase and action potential wave-

orms before, during, and after THz irradiation. Unpaired Student’s t -test

as used to compare other data. Statistical significance was accepted us-

ng the following criteria: ∗ p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗ p < 0.001, n.s. (not

ignificant). No statistical methods were used to predetermine sample

izes. 

. Results 

.1. Terahertz radiation modulates excitability of glutamatergic neurons in 

he lateral orbitofrontal cortex (lOFCGlu ) 

We selected the terahertz frequency band of 30–45 THz due to its low

ater absorption but strong biomolecular absorption properties [ 34 ],

ith approximately 34 THz previously shown to exert regulatory effects

n the nervous system [ 35 ]. Using a power density of 60 mW/mm2 at

he laser fiber tip, we conducted whole-cell current-clamp recordings

rom acute mouse OFC slices to assess the impact of THz-S on neuronal

xcitability ( Fig. 1 a). 

Our results demonstrated that THz-S significantly decreased the

requency of action potentials and increased the threshold current in

OFC neurons ( Fig. 1 b-d). This inhibitory effect persisted for at least

 min post-irradiation. In contrast, when the lOFC region was irra-

iated with 465 nm blue light, no significant changes in neural ex-

itability were observed (Fig. S1). Importantly, THz-S at 60 mW/mm2 -

Hz-S did not induce significant alterations in neuronal membrane

otential ( Fig. 1 e), suggesting a minimal impact on the overall neu-

onal state. Further analysis revealed that THz-S significantly reduced

he half-wave width of action potentials and increased their decay

lope, without affecting the rising slope, amplitude, or threshold. These

ndings imply that the THz-induced decrease in OFC neuronal ex-

itability may be attributed to enhanced potassium channel conduc-

ance (Fig. S2), consistent with previous reports [ 36 ]. Using bio-

ytin labeling and glutamate immunofluorescence co-localization, we

onfirmed that the recorded neurons were indeed OFC glutamater-

ic neurons (OFCGlu ) ( Fig. 1 f). In summary, 60 mW/mm2 -THz-S can

ffectively modulate lOFCGlu neuronal excitability through enhanced

otassium channel conductance, while maintaining a favorable safety

rofile. 

To investigate the dose-dependency of THz effects, we examined the

mpact of lower intensity (44 mW/mm2 ) THz radiation on OFCGlu neu-

ons. Although this intensity significantly decreased neuronal firing fre-

uency during the 2- and 4-minute exposure periods, the effect was not
605
ustained post-exposure (Fig. S3a). Moreover, no significant change in

hreshold current was observed (Fig. S3b). These results indicate that a

igher intensity of THz-S (60 mW/mm2 ) is required for rapid and sus-

ained inhibition of OFC neurons. 

.2. Biosafety profile of terahertz irradiation in vivo 

Similar to infrared and microwaves, THz waves are readily absorbed

y polar molecules, such as water, resulting in spatial weakening of en-

rgy distribution and noticeable thermal effects, including potential heat

amage [ 37 ]. To compensate for the energy absorption of THz by brain

issue and to achieve an effective irradiation range, we increased the

ower density of THz to 166 mW/mm2 in vivo. However, increasing

he power density also raises the irradiation temperature, which may

ose a risk of tissue damage. 

To address biosafety concerns associated with THz radiation in vivo,

e conducted a comprehensive evaluation of its thermal effects and po-

ential risks at tissue levels. Using a temperature sensor in an artificial

erebrospinal fluid (ACSF) bath, we measured temperature changes with

xposures to 166 mW/mm2 -THz radiation in two dimensions ( Fig. 2 a).

he results showed minimal thermal effects, with maximum tempera-

ure increases remaining below 1.5 °C at distances of 0 μm from the

ber along the Y-axis ( Fig. 2 b). 

For in vivo safety assessment, we implanted bilateral catheters

ear the lOFC of mice using stereotactic techniques. Three days post-

urgery, the mice were exposed to THz radiation (166 mW/mm2 or

32 mW/mm2 ) for three days (10 minutes per day). We then ex-

mined the expression of heat shock protein 70 (HSP70), a sensitive

arker of thermal stress, in OFC brain tissue following THz irradia-

ion. Immunofluorescence analysis revealed that while 332 mW/mm2 -

Hz significantly increased HSP70 expression, the 166 mW/mm2 -

Hz treatment did not differ from control conditions ( Figs. 2 c, d).

urthermore, H&E staining demonstrated that only the high-intensity

332 mW/mm2 ) THz irradiation elicited an acute inflammatory re-

ponse ( Fig. 2 e). Recent studies have shown that frequency-dependent

ensory stimulation affects brain barrier permeability and glymphatic

ow [ 38 ]. In contrast to light-based stimulation, our THz approach

t 166 mW/mm2 shows minimal thermal effects and no inflammatory

esponse, indicating preserved brain barrier integrity and therapeutic

otential. 

Collectively, these findings indicate that THz intensities of

66 mW/mm2 and below are within acceptable safety levels for po-

ential therapeutic applications. 

.3. Terahertz intervention ameliorates lOFCGlu neuronal hyperactivity and

epressive behaviors in chronic restraint stress (CRS) mice 

Given the involvement of lOFC neuronal hyperexcitation in condi-

ions such as depression, obsessive-compulsive disorder, and other men-

al illnesses [ 26 , 39 ], we sought to assess the regulatory effects of THz

rradiation on neuronal activity and behavior in CRS mice model of

epression ( Fig. 3 a). CRS mice exhibit neuronal hyperexcitability in

OFCGlu ( Fig. 3 b-d), mirroring the imaging findings in depressed pa-

ients, along with pronounced depression-like behaviors and cognitive

mpairments (Fig. S4). 

To evaluate the in vivo effects of THz on CRS mice, we implanted

ilateral catheters near the lOFC of CRS mice using stereotactic tech-

iques. Three days post-surgery, the mice were exposed to either

66 mW/mm2 -THz or 465 nm blue light for three days (10 minutes

er day). Electrophysiological experiments revealed that 166 mW/mm2 -

Hz irradiation significantly reduced action potential frequency and in-

reased threshold current in lOFCGlu neurons of CRS mice; however,

xposure to 465 nm did not result in significant differences ( Fig. 3 b-

). Behavioral assessments demonstrated robust therapeutic effects of

Hz exposure in CRS mice relative to their untreated counterparts. THz-

reated CRS mice exhibited significantly enhanced exploratory behavior,
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Fig. 1. THz with 60 mW/mm2 wave causes changes in vitro OFCGlu neurons. (a) Diagrammatic sketch (left) and real-object picture (scale bars: 100 μm) of 

the position of infrared fiber and electrode relative on OFC brain region. The gray area is the OFC brain area, where the target area is the lateral OFC (lOFC) (b-e) 

Representative traces (b) and normalized data of action potentials (c), rheobase (d), and resting membrane potential (e) were recorded from glutamate neurons in 

OFC slices induced by gradient current (60–380 pA, step 20 pA) before, during and after THz wave exposure. ( n = 13 cells from three mice per group). (f) Recording 

of an lOFC neuron filled with biocytin showing glutamate (scale bars: 20 μm). All data are presented as mean ± SEM. Two-way repeated measures ANOVA with post 

hoc comparisons for c and paired t -test for d and e : ∗ p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗ p < 0.001. 
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s evidenced by increased time spent in the central region of the open

eld ( Fig. 3 e). Notably, THz exposure substantially reduced despair-

ike behaviors, with decreased immobility time in both tail suspension

64.3% ± 8.9%) and forced swim tests (44.8% ± 10.8%) ( Fig. 3 f, g).

ognitive performance also improved markedly, as demonstrated by

educed latency (26.1% ± 5.8%) and fewer errors (33.7% ± 9.4%) in

arnes maze navigation ( Fig. 3 h). Furthermore, THz stimulation en-

anced cognitive flexibility, increasing the novel object discrimination

atio by 26.0% ± 9.7% compared to untreated CRS controls ( Fig. 3 i).

emarkably, THz-treated CRS mice demonstrated behavioral metrics

omparable to non-stressed controls across all assessments ( Fig. 3 e-i).

n contrast, exposure to 465 nm light showed no therapeutic efficacy,

ith these mice displaying behavioral patterns indistinguishable from

ntreated CRS controls ( Fig. 3 e-i). 
606
The OFC is extensively innervated by monoamines [ 40 ]. For exam-

le, dopamine (DA) neurons from both the ventral tegmental area (VTA)

nd the dorsal raphe nucleus (DRN) project to the mOFC and lOFC, with

reater expression of fibres in the mOFC [ 41 ]. The OFC receives inten-

ive 5-HT innervation from the dorsal raphe nucleus and is associated

ith animals’ ability to adapt to unexpected rewarding events in the

nvironment [ 42 ]. Both 5-HT and DA play key roles in emotional regu-

ation. Exogenous application of these and other neurotransmitters de-

reased current-evoked spike firing of lOFC neurons [ 40 ]. THz reduces

OFCGlu neuroexcitability and alleviates depression, possibly through in-

reased monoamine neurotransmitter distribution. Importantly, the re-

iprocal innervation enables the OFC to regulate both its own 5-HT input

nd 5-HT input to the rest of the forebrain [ 42 ]. This regulatory effect

f THz on 5-HT levels in the lOFC extends to various OFC regions and
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Fig. 2. Biosafety of THz illumination in vitro and in vivo. (a) Real-object picture of the relative position of infrared fiber and temperature sensor, scale bars: 

100 μm. (b) A two-dimensional heatmap of temperature change in ACSF. (c, d) Representative image (scale bars: 200 μm and 50 μm) (c) and corresponding statistical 

plots (d) of expression level of HSP70 under different THz stimulation intensities ( n = 10–16 from three mice). (e) Representative pictures of HE staining (scale bars: 

20 μm). 
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he broader forebrain. Our investigation of THz effects on 5-HT and DA

rojection levels across the OFC showed that THz irradiation increased

-HT levels by 10.8% ± 7.0% in CRS mice, while DA levels remained

nchanged ( Fig. 3 j and S5). These findings suggest that THz may alle-

iate depression by inhibiting OFCGlu neuron excitability through 5-HT

pregulation in the OFC region. Further research is needed to determine

hether this 5-HT upregulation affects other OFC subregions. 

To benchmark the efficacy of THz against a standard pharmaco-

ogical intervention, we compared its effects to those of paroxetine

PRXT, Fig. S6a), an SSRI widely used in clinical practice [ 43 ]. PRXT

5 mg/kg, intraperitoneal injected 30 min before testing) was shown to

ffectively reduce immobility time in C57BL/6 J and C57BL/6 N mice

uring the forced swimming test [ 44 ] and will be used in follow-up tri-

ls. Our results demonstrate that both THz and PRXT significantly sup-

ressed OFC neuronal hyperexcitability in CRS mice (threshold current

p-regulation: THz 50.8% ± 50.9%, p = 0.0006; PRXT 39.1% ± 28.4%,

 = 0.001, Fig. S6b, c), with THz exhibiting a more rapid inhibitory ef-

ect (2 min for THz vs. 30 min for PRXT). Additionally, THz induced a

arger increase in OFC 5-HT content compared to PRXT (Fig. S6d, THz

0.8% ± 7.0% vs. PRXT 5.2% ± 1.9%, p = 0.03, unpaired Student’s t -

est). While both interventions significantly alleviated depression and

ognitive impairment (Fig. S6e-i), the duration of behavioral improve-

ent was notably longer with THz (approximately 2 weeks) compared

o PRXT (0.5–2 hours). 

In conclusion, THz irradiation effectively alleviates depression-like

ehavior and cognitive impairment in CRS mice by upregulating 5-HT
607
elease and inhibiting OFCGlu neuronal excitability, exhibiting stronger

nd more sustained effects compared to PRXT. 

.4. Chemogenetic inhibition of OFCGlu neurons recapitulates the 

ntidepressant effects of THz stimulation 

To further validate the mechanistic relationship between reduced

FC excitatory neuronal activity and improvements in depression and

ognitive function, we employed a chemogenetic approach to selectively

uppress OFCGlu neuronal activity in CRS mice. Chemogenetic inhibi-

ion of glutamatergic neurons was technically achieved by locally inject-

ng rAAV-CaMKII 𝛼-hM4Di-mCherry into lOFC. Five days post-surgery,

he mice underwent a 21-day chronic restraint stress before subsequent

xperiments ( Fig. 4 a). The hM4Di was conditionally expressed in glu-

amatergic neurons at 4 weeks after intra-lOFC viral micro-injection

 Fig. 4 b, c). Clozapine N-oxide (CNO), which is a synthetic ligand for hu-

an muscarinic engineered receptors, binds and activates hM3Dq and

M4Di for the chemogenetic manipulation of neuronal activity [ 45 ].

hole-cell patch-clamp recordings revealed a reduction in neuronal ex-

itability of glutamatergic neurons after CNO (10 mM) perfusion ex vivo

 Fig. 4 d, e). 

Behavioral tests were conducted 30 min after intraperitoneal injec-

ion of CNO (1 mg/mL, 5 μL/g body weight) in CRS mice expressing

ither hM4Di or mCherry control virus. Compared to mCherry, hM4Di-

xpressing CRS mice showed: increased time spent in the central area

uring the open field test ( Fig. 4 f), reduced immobility in both the tail
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Fig. 3. Effects of 166 mW/mm𝟐 THz radiation on lOFCGlu neuronal activity and behavior in CRS mice. (a) Overall scheme for THz to regulate neuronal activity 

and behavior in CRS mice. The experiments included 4 groups: Control (untreated mice), CRS + Sham (CRS mice with implanted bilateral cannulae), CRS + THz (CRS 

mice exposed to THz radiation), CRS + 465 (CRS mice exposed to 465 nm blue light). (b-d) Representative traces of action potentials (APs) (b), frequency of APs 

(induced by 0–380 pA, step 20 pA) (c) and rheobase (d) were recorded from glutamatergic neurons in the lOFC from different groups ( n = 15–24 neurons from four 

mice per group). (e-i) Regulation of depressed and cognitive impairment behaviors by THz or 465 nm blue light in CRS mice ( n = 12–17), including the open field 

test (representative movement trajectory and statistical data) (e), tail suspension test (f), forced swimming test (g), Barnes maze (h), and novel object recognition 

test (representative track plots and statistical data) (i). (j) Regulation of 5-HT concentration in OFC neurons by THz for CRS mice ( n = 8–12). All data are presented 

as mean ± SEM. The significance was assessed using two-way repeated measures ANOVA with post hoc comparisons in c, unpaired t -test in d-j. ∗ p < 0.05, ∗ ∗ p < 0.01, 
∗ ∗ ∗ p < 0.001, n.s. (not significant). 

608
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Fig. 4. Chemogenetic inhibition of lOFCGlu neurons alleviates depression-like and cognitive impairment behaviors in CRS mice. (a) Schematic of viral 

injection, Clozapine-N-oxide (CNO) administration, and experiments. (b) Representative imaging of hM4Di viral expression within glutamatergic neurons in the lOFC 

after viral injection. Scale bars: 25 μm. (c) Percentage of glutamate co-labeled with hM4Di in total glutamate ( n = 6 slices from three mice). (d, e) Representative 

trace (d) and statistics (e) show that the bath application of CNO (10 μM) hyperpolarizes glutamatergic neurons (n = 5 slices from three mice). (f-j) Changes in 

depression-like behaviors and cognitive impairment, including the open field test (representative movement trajectory and statistical data) (f), tail suspension test 

(g), forced swimming test (h), Barnes maze (i), and novel object recognition test (representative track plots and statistical data) (j) after inhibition of OFCGlu neurons 

( n = 7–12 mice per group). All data are presented as mean ± SEM. The significance was assessed using an unpaired t -test in f-j, ∗ p < 0.05. 
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uspension and forced swim tests ( Fig. 4 g, h), fewer errors when ex-

loring the target area in the Barnes maze test ( Fig. 4 i), and improved

endency in the novel object recognition test ( Fig. 4 j). These findings

orroborate our findings from THz studies, demonstrating that selective

nhibition of OFC excitatory neurons is sufficient to alleviate depression-

ike behaviors and appropriately improve cognitive impairment in CRS
ice. t  
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. Discussion and conclusion 

This study introduces terahertz (THz) photoneuromodulation as a

ovel therapeutic approach for depression, addressing critical limita-

ions in current treatments including delayed onset, limited efficacy,

nd adverse drug reactions. Our findings demonstrate that THz irradia-

ion can effectively increase local serotonin (5-HT) concentrations, mod-
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late lOFC glutamatergic neuronal activity, and ameliorate depression-

ike behaviors and cognitive impairment in CRS mice. 

The OFC is crucial in regulating emotional cognition, and overacti-

ation of neuronal activity within this region can lead to depression-

ike phenotypes. While SSRIs can alleviate emotional disorders by

ncreasing 5-HT concentration and enhancing OFC neuronal inhibi-

ion [ 18 , 39 ], their therapeutic timeline and side effects present sig-

ificant limitations. SSRIs typically require 30–120 minutes for on-

et and necessitate continuous administration due to metabolic pro-

esses [ 43 ], often leading to drug resistance and adverse effects [ 20 , 43 ].

ur comparative analysis reveals several distinct advantages of THz

timulation over PRXT: (1) Rapid onset: THz achieves neuronal in-

ibition within 2 min, substantially faster than PRXT; (2) Superior

-HT modulation: THz induces a 107.5% ± 45.3% increase in 5-

T levels, more than doubling PRXT’s effect; (3) Extended efficacy:

Hz maintains antidepressant effects for 1-2 weeks post-treatment,

ompared to PRXT’s 30-120 minutes duration. These findings sug-

est that THz photoneuromodulation may offer a more efficient

nd enduring alternative to conventional antidepressants for treating

epression. 

While our study focused on 34 THz-S, emerging evidence suggests

herapeutic potential across various THz frequencies. Recent reports

ndicate that stimulation at 36 or 34 THz inhibits neural excitabil-

ty in the anterior cingulate cortex (ACC), contributing to pain relief

 36 , 46 ]. Similarly, mid-infrared stimulation (MIRS) at approximately

3.57 THz (5.6 μm) shows intensity-dependent modulation of neo-

ortical neurons [ 47 ], paralleling our observations of altered thresh-

ld currents in OFC neurons. The complexity of THz neuromodula-

ion stems from parameter-dependent responses across different brain

egions. Varying power levels can either suppress or enhance neu-

onal growth [ 30 , 48 ], while the stimulation of distinct brain regions

ffects the types and expressions of synapse-related proteins and neuro-

ransmitters [ 32 ]. The underlying mechanisms may involve frequency-

pecific molecular absorption affecting protein expression [ 49–52 ],

on channel permeability [ 36 , 53 ], and neural excitation-inhibition bal-

nce. We are continually exploring the THz neurobiomolecular mecha-

isms to optimize the stimulus parameters in treating neuropsychiatric

isorders. 

Several limitations warrant consideration. Primarily, our exclusive

se of male C57BL/6J mice limits generalizability, particularly given

epression’s higher prevalence in women (2:1 female-to-male ratio)

 54 ]. While this approach controlled for estrous cycle variations, mount-

ng evidence of sexual dimorphism in depression-related neural cir-

uits [ 55 , 56 ] and stress responses [ 57 ] necessitates future sex-specific

nvestigations. Additionally, further research should address long-

erm safety profiles and optimize stimulation parameters for clinical

ranslation. 

In conclusion, THz photoneuromodulation represents a promising,

inimally invasive therapeutic strategy for depression, offering advan-

ages in onset speed, efficacy, and treatment duration over conventional

harmacological approaches. These findings not only advance our un-

erstanding of THz-based neuromodulation but also provide a founda-

ion for developing targeted treatments for depression and potentially

ther neuropsychiatric disorders. Future research focusing on mecha-

ism optimization and clinical translation will be crucial for realizing

his therapeutic potential. 
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