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Abstract
Background  The hippocampus is associated with mood disorders, and the activation of quiescent neurogenesis 
has been linked to anxiolytic effects. Near-infrared (NIR) light has shown potential to improve learning and memory 
in human and animal models. Despite the vast amount of information regarding the effect of visible light, there is a 
significant gap in our understanding regarding the response of neural stem cells (NSCs) to NIR stimulation, particularly 
in anxiety-like behavior. The present study aimed to develop a new optical manipulation approach to stimulate 
hippocampal neurogenesis and understand the mechanisms underlying its anxiolytic effects.

Methods  We used 940 nm NIR (40 Hz) light exposure to stimulate hippocampal stem cells in C57BL/6 mice. 
The enhanced proliferation and astrocyte differentiation of NIR-treated NSCs were assessed using 5-ethynyl-2’-
deoxyuridine (EdU) incorporation and immunofluorescence assays. Additionally, we evaluated calcium activity of 
NIR light-treated astrocytes using GCaMP6f recording through fluorescence fiber photometry. The effects of NIR 
illumination of the hippocampus on anxiety-like behaviors were evaluated using elevated plus maze and open-field 
test.

Results  NIR light effectively promoted NSC proliferation and astrocyte differentiation via the OPN4 photoreceptor. 
Furthermore, NIR stimulation significantly enhanced neurogenesis and calcium-dependent astrocytic activity. 
Moreover, activating hippocampal astrocytes with 40-Hz NIR light substantially improved anxiety-like behaviors in 
mice.

Conclusions  We found that flickering NIR (940 nm/40Hz) light illumination improved neurogenesis in the 
hippocampus with anxiolytic effects. This innovative approach holds promise as a novel preventive treatment for 
depression.
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Introduction
The hippocampus plays a crucial role in the pathophysi-
ology of mood disorders, and alterations in its structure 
and function can impact adult neurogenesis [1, 2]. The 
activation of granule cells in the dentate gyrus (DG) of 
the hippocampus induces anxiolytic effects [3, 4]. NSCs 
within the subgranular zone (SGZ) of the hippocampal 
DG proliferate and differentiate into mature neurons, oli-
godendrocytes, and astrocytes [5, 6]. While research has 
focused on understanding how differentiated neurons 
contribute to anxiety, astrocytes also play an important 
role in modulating anxiety-like behaviors in mice [4]. 
Hence, it is crucial to extensively explore hippocampal 
neurogenesis concerning the influence of neuromodula-
tion on anxiety-like behavior.

Light signals regulate various physiological and behav-
ioral processes throughout life. As a nonpharmacological 
tool, light is invaluable for promoting neurogenesis. In 
our previous study, we found that visible blue light pro-
motes NSC differentiation via OPN4 (melanopsin/Opsin 
4)/transient receptor potential channel 6 (TRPC6) modu-
lators [7]. It has been recently reported that NIR light can 
enhance learning and memory in both humans and ani-
mal models [8, 9]. NIR light has also been associated with 
reducing neuroinflammation and preventing cognitive 
decline associated with neurodegenerative states [10]. 
These findings indicate that NIR radiation is a potential 
therapeutic strategy for the treatment of anxiety. How-
ever, information on the response of NSCs to NIR stimu-
lation and neurogenesis in the modulation of anxiety-like 
behaviors is limited.

Several studies have demonstrated that exposing 
mouse models with Alzheimer’s disease to flickering blue 
light stimulation (40 Hz) affects their cognitive functions 
[11, 12].This observation is attributed to the reduction 
of accumulated amyloid-ß (Aß) protein levels and the 
improvement of microglial function. While recent stud-
ies have questioned this mechanism, the synchronization 
of gamma-band (30–100  Hz) oscillations results in sig-
nificant behavioral improvements in cognitive functions 
[13]. Gamma band illumination may carry different spa-
tial frequency information, which can stimulate distinct 
oscillations in the brain. When considering these find-
ings alongside our previous results, it is evident that the 
mechanism underlying this observation is significantly 
associated with gamma band illumination. Despite the 
vast amount of information regarding the effect of visible 
light, there is a significant gap in knowledge regarding 
the response of stem cells to flickering NIR stimulation, 
particularly in anxiety-like behaviors.

We have previously reported that NSCs express the 
Opn4 gene, making them responsive to blue light-based 
stimulation [7]. OPN4 was first characterized as a non-
visual opsin in intrinsically photosensitive retinal gan-
glion cells, forming a pigment that is maximally sensitive 
to 460–470 nm blue light [14, 15]. In the present study, 
we hypothesized that OPN4 serves as a key photore-
ceptor response to 940  nm NIR irradiation by utilizing 
second harmonic generation (SHG) for non-absorptive 
frequency doubling of excitation light [16]. Specifically, 
we hypothesized that NSCs respond to 940  nm NIR 
using OPN4 coupled with TRPC6. In this study, we 
investigated the effects of gamma band NIR (40  Hz) on 
neurogenesis in the hippocampus, including increased 
glial activation and anxiolytic effects. Our findings can 
be used to develop novel and preventative treatments for 
people with anxiety.

Materials and methods
Animals
All animal studies were approved by the Animal Care 
and Use Committee of the Shandong University School 
of Basic Medical Sciences (ECSBMSSDU2023-2-10), and 
the animal experiments have been reported in accor-
dance with the ARRIVE guidelines.

The animals were weighed and assessed for neurologi-
cal manifestations prior to surgery. Before surgery, the 
mice were anesthetized using the universal small animal 
anesthesia machine (RWD Life Science Co. Ltd, China). 
General anesthesia was induced by placing the mice in a 
transparent anesthetic chamber filled with 3–5% isoflu-
rane. The anesthesia was maintained during surgery with 
1–2% isoflurane applied to the nostrils of the mice using 
anesthesia masks for small animals. Mice were checked 
for the absence of the tail-pinch reflex as a sign of suf-
ficient anesthesia. The mice were then immobilized in a 
stereotaxic frame, and erythromycin eye ointment was 
applied to prevent eye drying. The skin wound around 
the surgical area was closed with dental acrylic. After 
surgery was complete, mice were allowed to recover from 
anesthesia on a heating pad.

Chronic restraint stress (CRS) and anxiety-like behavioral 
studies (elevated plus maze EPM and open field test OFT)
C57BL/6 male mice (8 weeks old) were divided into 
three groups: (1) control (n = 6), (2) CRS (n = 6), and (3) 
CRS under NIR exposure (n = 6). CRS mice were placed 
in a plastic cylinder with access to air and restrained for 
2 hours (20:00–22:00) each day for 28 consecutive days. 
The size of the cylinder was similar to that of the ani-
mal, making it almost impossible for the animal to move 
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within it. The control and CRS groups were treated in 
the same manner for the same amount of time except 
that the device was removed. The CRS mice were further 
divided into two groups that received either optical fiber 
or optical fiber with NIR illumination (940  nm, 40  Hz, 
~ 75 mW/cm2, 45 min daily for 7 consecutive days).

Behavioral analysis was performed as previously 
described [17]. In EPM, the elevated plus maze consisted 
of four elevated arms (two 35 × 6 × 15 cm closed arms, and 
two 35 × 6 cm open arms), which radiated from a central 
platform (6 × 6 cm) to form a plus shape. The apparatus 
was arranged 60 cm above the ground. Each mouse was 
placed into the center platform facing an open arm and 
was allowed to free explore for 5 min. Recording the time 
spent in open arms with TopScan (Clever Sys Inc, VA, 
USA) to measure anxiety-like behaviors. In OFT, each 
mouse was placed in a lighting open field box made of 
PVC (40 × 40 × 40  cm), and was allowed to free explore 
for 10 min. Using TopScan (Clever Sys Inc, VA, USA) to 
record the total time spent in the center zone, accessing 
for anxiety-like behavior.

Immunofluorescence and immunoblotting
Antibodies against the following proteins were pur-
chased: anti-GFAP (ab68428, monoclonal antibody pro-
duced in rabbits), anti-S100 (ab868, polyclonal antibody 
produced in rabbits), anti-PCNA (ab29, monoclonal anti-
body produced in mice), anti-NeuN (ab177487, mono-
clonal antibody produced in rabbits), anti-Tuj1(ab14545, 
monoclonal antibody produced in mice) and anti-OPN4 
(ab19383, polyclonal antibody produced in rabbits) pur-
chased from Abcam, USA, anti-NeuN (243078, mono-
clonal antibody produced in rabbits) purchased from Cell 
Signaling Technology, MA, USA, anti-PSD95 (CY5407, 
polyclonal antibody produced in rabbits) and anti-
GAPDH (AB0037, monoclonal antibody produced in 
rabbits ) purchased from Abways Technology, Shanghai, 
China.

At the end of experiments, mice were anesthetized 
with 1% sodium pentobarbital (50 mg/kg), administered 
intraperitoneally. The brain tissue was collected after 
euthanasia. The mouse brains were first fixed in 4% para-
formaldehyde in PBS overnight at room temperature at 
4oC and were sectioned at paraffin-embedding samples 
(Thermo Scientific Sliding Microm, USA). Immunofluo-
rescence and immunoblotting assays were performed 
as previously described [7]. Fluorescence images were 
acquired on NEXCOPE-NE910FL microscope.To obtain 
the mean intensity of immunofluorescence, we used 
Image-J software to circle the hippocampal DG area to 
measure the total intensity of immunofluorescence on 
the area. For each fluorescent image, background was 
removed through thresholding (value of 40–255 for 

GFAP and S100, value of 50–255 for PCNA, and value of 
110–255 for MAP2).

NIR light stimulation of endogenous NSCs within the DG
We randomly divided 8-week-old C57BL/6 mice to assess 
NIR stimulation effects on adult neurogenesis within the 
DG (AP: −1.90  mm, ML: +/−1.25  mm, DV: −2.00  mm). 
An optical fiber tip emitting light of 940 nm (200 μm in 
diameter) was positioned within the designated zone.
In order to reduce variance in experimental animal, we 
designed to use the left and right side of one mouse’s hip-
pocampus as the control group and experimental group, 
respectively. NIR light pulses of 30 mW/cm2 and 90 min 
duration at 40  Hz (12.5 ms pulses) were delivered onto 
the optic fiber to photostimulate endogenous NSCs.

To measure proliferation in C57BL/6 mice post 90-min 
NIR exposure, adult mice were given four intraperitoneal 
injections of 50 mg/kg EdU (10 mg/ml with 0.9% NaCl) 
8  h before illumination. Following a 72  h interval, mice 
were transcardially perfused and the brain tissues were 
collected and sliced into 10 µm sections for immunofluo-
rescence assays. We used Image J software to circle the 
hippocampal DG area to measure the total number of 
positive cells.

In vivo calcium recording of NIR-stimulated mice with fiber 
photometry
The rAAV-GfaABC1D-Cyto-GCaMP6f virus (3.12 × 1012 
vp/ml, BC-0378, Braincase, Shenzhen, China) was 
injected into the DG of male C57BL/6 mice. After 10 
days of virus expression, we performed an in vivo pho-
tostimulation experiment using optical fiber illumination 
(40 Hz NIR light with an irradiation time of 45 min daily 
for seven consecutive days), and GCaMP6f fluorescence 
from the hippocampus was recorded to obtain baseline 
calcium activity data. To record fluorescence signals, the 
fiber photometry system (Tinker Tech Biotech, Nanjing, 
China) used two continuous sinusoidally modulated 
LEDs at 470  nm and 410  nm as light sources to excite 
GCaMP6f and an isosbestic autofluorescence signal, 
respectively. When GCaMP6f was excited at 470 nm, the 
emitted fluorescence intensity was Ca2+ sensitive; how-
ever, when excited at 410  nm, the emission was largely 
Ca2+-insensitive, which was used as a control.

Stereotactic injection
The shRNA was used to silence the expression of Opn4. 
Custom-made AAV vectors carrying shRNA targeting 
mouse Opn4 (shRNA-Opn4) and control AAV-CMV 
(shRNA- control) were purchased from GeneChem Bio-
technology Co., Ltd. (Shanghai, China). Animals were 
randomly divided into shRNA-Control and shRNA-Opn4 
groups and code labeled by an independent researcher. 
After a one week acclimatization period, the mice were 
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fixed in the stereotaxic apparatus (RWD instruments) 
and anesthetized with isoflurane (3.0% for induction 
and 1.5% for maintenance). Using an automatic micro-
injection system (RWD Instruments), shRNA-control 
and shRNA-Opn4 were bilaterally injected into the hip-
pocampus DG region according to the following coordi-
nates: AP = − 1.9; ML = ± 1.25; DV = − 2.0. Injections were 
performed at a speed of 0.1 µL/min using a Hamilton 
needle (1 µL, 7.5 × 1012 viral particles per mL).

Cell culture
NSC isolation and culture were performed as previ-
ously described [7]. The cells were maintained in a 
growth medium (Gibco21103049, Thermo Fisher, MA, 
USA) containing NeuroCult™ SM1 Without Vitamin A 
(STEMCELL Technologies, BC, USA), 20 ng/ml bFGF 
and EGF (Thermo Fisher, MA, USA) at 37  °C with 5% 
CO2, exposed to 940 nm NIR light (Yuanming Laserver, 
Ningbo, China). The treatment group received 40 Hz NIR 
exposure at 15 mW/cm2, 90 min daily for five consecutive 
days.

The number of neurospheres indicates the prolifera-
tion potential of NSCs. The cells were plated at 10,000 
cells per well in 24-well plates. After 5 days, the number 
of neurospheres (> 50 μm in size) was counted. Four wells 
were used for quantifying the number of neurospheres. 
The EdU incorporation for cell proliferation and immu-
nofluorescence assays were performed in NSC cultures, 
as previously described [7].

For NSC differentiation, the neurospheres were dis-
sociated into single cells. Next, the cells were plated at 
80,000 cells per well in 24-well plates with coverslips 
in differentiation medium (Neurobasal medium and 
SM1 supplement, Thermo Fisher) containing 10% FBS 
(Thermo Fisher) without bFGF and EGF. Both the 24-well 
plates and coverslip were coated with Matrigel(Corning 
BD Biocoat, USA) before use. Cells immunostained 5 
days after the induction and were fixed using 4% para-
formaldehyde in PBS. To investigate the role of the pho-
toreceptor, we used Opsinamide AA92593 (SML0865, 
Sigma-Aldrich, MO, USA), a selective competitive antag-
onist of the photoreceptor OPN4 (melanopsin), based on 
a previous study [18]. Neural cells were divided into three 
groups: (1) control group; (2) NIR-stimulated group; (3) 
NIR-stimulated group in the presence of AA92593 (1.5 
µM).

Statistical analysis
The data are presented as means ± SEM. Data from the 
two groups were evaluated statistically using a two-
tailed unpaired t test for significant differences. Values 
of p < 0.05 were considered to indicate statistical signifi-
cance (*p < 0.05, **p < 0.01, and ***p < 0.001). GraphPad 

Prism 5.0 (GraphPad Software Inc., San Diego, CA, USA) 
was used for all statistical analyses.

Results
NIR illumination reduces anxiety-like behaviors in CRS 
mice
First, we assessed whether NIR illumination of the hippo-
campus reduced anxiety-like behaviors in the EPM and 
OFT. As shown in Fig. 1A, CRS-induced anxiety model 
mice were generated by 28 consecutive days of restraint 
stress, following which they were divided into two groups 
that received either optical fiber or optical fiber with NIR 
illumination (940  nm, ~ 75 mW/cm2, 40  Hz). To verify 
the anxiety-like behavior of CRS mice, we used immu-
noblotting experiments to observe the change of PSD95, 
TUJ1and GFAP expression (Supplementary Fig.S1A). 
In the EPM (Fig.  1B), NIR-treated mice exhibited a sig-
nificant increase in exploration time in the open arm 
(Fig. 1C) and the number of entries (Fig. 1D) compared 
with CRS mice with anxiety-like behavior. In the OFT 
(Fig.  1E), NIR-treated mice traveled longer in the cen-
ter than CRS mice. NIR-treated mice showed a signifi-
cant increase in exploration based on time in the center 
(Fig. 1F) and total distance traveled (Fig. 1G). Addition-
ally, we used immunoblotting experiments to verify the 
change of PSD95, TUJ1and GFAP expression upon NIR 
exposure (Supplementary Fig. S1B). Overall, these results 
suggest that NIR light has the potential to modulate anx-
iety-like behavior.

NIR compensates for the depression-related reduction in 
hippocampal astrocytes
Accumulating evidence suggests that neural precur-
sor proliferation and neurogenesis decrease signifi-
cantly during depression, concomitant with a decline 
in the associated OFT and EMP behavioral functions 
[19]. Proliferating cell nuclear antigen (PCNA) is abun-
dantly expressed in proliferating cells, therefore we first 
measured PCNA expression in the hippocampus of 
mice receiving CRS + NIR treatment using immunofluo-
rescence assays. As shown in Fig. 2A and B, our results 
revealed that the NIR-treated group had over 1.4-fold 
higher PCNA expression in the hippocampus compared 
with the CRS-induced group. However, quiescent NSCs 
are characterized by the lack of expression of proliferation 
markers and will be referred to proliferation-competent 
cell state. Furthermore, we measured GFAP expression 
in the hippocampus of mice receiving CRS + NIR treat-
ment. Astrocytes (GFAP immunofluorescence positive) 
provide metabolic support to their partner neurons and 
critical during neurogenesis.As shown in Fig. 2C and D, 
our results revealed that the NIR-treated group had over 
1.7-fold higher GFAP expression compared with the 
CRS-induced group. In line with this result, we found 
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Fig. 1  Behavioral test of CRS mice under NIR illumination. (A) Experimental scheme outlining the indicated treatments and behavioral experiments con-
ducted. (B-D) Results of EPM (CON: n = 6; CRS: n = 6; CRS + NIR: n = 6. Values represent mean ± SEM, *p < 0.05 and **p < 0.01. (B) Representative locomotion 
trajectories of mice in the EPM. (C) Time spent by mice in the open arm of EPM. (D) Number of mice entering the open-arm in the EPM. (E-G) Results of 
OFT (CON: n = 6; CRS: n = 6; CRS + NIR: n = 6). Values represent mean ± SEM, *p < 0.05 and **p < 0.01. (E) Representative locomotion trajectories of mice in 
the OFT. (F) Time spent by mice in the central area of OFT. (G) Distance travelled by mice in the OFT
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Fig. 2  Glial expression in the hippocampus of CRS mice after NIR treatment. (A) Representative image of immunohistochemical staining for PCNA in the 
non-stimulated and stimulated DG regions of CRS mice. (B) Relative intensity value of fluorescence after homogenization (CRS: n = 3; CRS + NIR: n = 3; two 
slices per mice). (C) Representative images of immunofluorescence staining of GFAP in the non-stimulated and stimulated DG regions of CRS mice. (D) 
Relative intensity value of fluorescence after homogenization (CRS: n = 3; CRS + NIR: n = 3; two slices per mice). (E) Representative image of immunohisto-
chemical staining for S100 in the non-stimulated and stimulated DG regions of CRS mice. (F) Relative intensity value of fluorescence after homogenization 
(CRS: n = 3; CRS + NIR: n = 3; two slices per mice).Values represent mean ± SEM, ***p < 0.001. (G) Representative image of immunohistochemical staining 
for MAP2 in the non-stimulated and stimulated SGZ regions of CRS mice. (H) Relative intensity value of fluorescence after homogenization (CRS: n = 3; 
CRS + NIR: n = 3; two slices per mice).Values represent mean ± SEM, ***p < 0.001
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significantly higher levels of S100 expression under NIR 
exposure (Fig. 2E and F), which may explain why astro-
cytes responded to NIR illumination to decrease anxiety-
like behaviors. Additionally, the MAP2 immunosignal in 
the irradiated group was not significantly different from 
that in the control group (Fig. 2G and H), suggesting the 
whole neuronal population remained unchanged with 
the methodology used. A more complete analysis of neu-
rogenesis upon NIR exposure need further exploration. 
Taken together, these findings indicate that NIR treat-
ment can restore depression-related astrocytic deficits in 
hippocampal function.

NIR induces NSC proliferation and differentiation in vivo
Our previous studies demonstrated the expression of 
OPN4-TRPC6 in the SGZ region of the mouse brain, 
indicating the constitutional expression of photorecep-
tors in endogenous NSCs [7]. We sought to determine 
whether NIR irradiation increases neurogenesis in vivo. 
To investigate this, we used an optical fiber (940  nm, 
~ 30  W/cm2, 40  Hz) to illuminate the SGZ for 90  min 
(Fig.  3A). We found that NIR treatment resulted in a 
greater than 1.6-fold increase in the number of proliferat-
ing cells in the DG (Fig. 3B and C).

We determined whether NIR could increase differen-
tiation, in addition to increasing the number of prolif-
erating precursor cells. We confirmed that 40  Hz NIR 
induced hippocampal astrocyte differentiation compared 
with 10 Hz and 20 Hz NIR exposure (Supplementary Fig. 
S2A). As shown in Fig. 3D and E, GFAP immunosignals 
in the NIR group were significantly higher than those in 
the control group. In addition, EdU, GFAP and double 
staining fluorescence triggered with NIR illumination 
were verified upon 45  min daily for 7 consecutive days 
exposure (Supplementary Fig. 2B-2E). To detect neuronal 
differentiation, NeuN (a neuronal marker) immunofluo-
rescence was performed after light stimulation (Fig. 3F). 
The NeuN immunosignal in the irradiated group was 
not significantly different from that in the control group 
(Fig. 3G). Moreover, the influence of NIR irradiation on 
endogenous NSC differentiation was verified using west-
ern blotting. Notably, GFAP protein levels were signifi-
cantly higher in DG under NIR light exposure (Fig.  3H 
and I). Overall, these results demonstrate that NIR irra-
diation enhance NSCs proliferation in vivo and signifi-
cantly stimulate astrocyte differentiation in the mouse 
brain.

NIR stimulates hippocampal astrocytes by increasing 
calcium activity
To verify that NIR irradiation promotes astrocyte dif-
ferentiation in the hippocampus, the hippocampal 
astrocytic Ca2+ activity was monitored in vivo using 
fluorescence photometry (Fig. 4A). As shown in Fig. 4B, 

the GCaMP6 virus (rAAV-GfaABC1D-Cyto-GCaMP6f) 
was injected into the hippocampus of C57BL/6 mice, 
which expressed cytosolic GCaMP6f in astrocytes 
located in the hippocampus. Fiber photometry experi-
ments demonstrated increased baseline calcium signals 
in the hippocampal astrocytes of one NIR-treated mouse 
compared with a mock control (Fig. 4C and D). Averag-
ing the baseline calcium activity over the population of 
animals showed that the NIR-treated group exhibited 
over 1.4-fold higher in calcium peaks and 1.7-fold higher 
areas under the curve individually (Fig.  4E and F). Fur-
thermore, we measured the astrocytic Ca2+ activity in 
the hippocampus of mice receiving CRS + NIR treatment 
(Fig.  4G and H). As shown in Fig.  4I and J, our results 
revealed that the NIR-treated CRS mice had over 2.3-
fold higher calcium peaks and 2.2-fold higher areas under 
the curve individually. We found that the NIR irradiation 
exhibited greater astrocytic calcium activity both in con-
trol and CRS-induced mice. Collectively, these results 
confirm that NIR induces an increase in intracellular cal-
cium levels in hippocampal astrocytes.

NIR light induces NSC proliferation and differentiation via 
OPN4
Finally, we used in vitro NSCs (Supplementary Fig.  2F) 
and verified the response of NSCs to an NIR light via 
OPN4. We infused shRNA-Opn4 into the SGZ mediat-
ing Opn4 knockdown (Fig.  5A). Under NIR exposure, 
the expression of Opn4 in the SGZ area was remarkably 
reduced after shRNA-Opn4 virus transduction compared 
with the control vector (shRNA-control) (Fig. 5B). Under 
NIR exposure, GFAP immunofluorescence levels in the 
hippocampus were significantly decreased by shRNA-
Opn4 intervention, validating OPN4 mediating the 
induction (Fig. 5C and D).

Figure  5E shows a significant increase in neurosphere 
generation following treatment with NIR light in vitro. 
NIR light-sensitive proliferation was reversibly inhibited 
by AA92593, the pharmacological inhibitor of OPN4 
(Fig.  5F). As shown in Fig.  5G and H, proliferation was 
enhanced in the NIR light treated group (21.5 ± 1.5% 
EdU-positive) compared with the time-matched dark 
control group (14.7 ± 1.9% EdU-positive), and was also 
reversibly inhibited by AA92593 (13.1 ± 1.5% EdU-posi-
tive). The number of the spheres produced during each 
passage would be observed to explore NSCs self-renewal 
in the further study.

The results suggested that NIR light promotes astro-
cyte differentiation. Since NIR light reportedly increases 
thermo-temperature, we monitored the temperature of 
the culture medium under light exposure and in controls 
under dark conditions. On average, the medium temper-
ature under NIR irradiation was less than 0.1  °C higher 
than that of the dark control. Collectively, these findings 
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Fig. 3  NIR stimulated hippocampal neurogenesis in vivo by nongenetic stimulation. (A) Schematic flowchart of nongenetic NIR stimulation experiment. 
(B) Immunofluorescence staining of EdU incorporation assay of NSCs in DG under NIR exposure. (C) Statistical analysis of EdU positive cells using Image-J 
software (n = 6 slices/3 mice/group, the left DG with only the optical fiber was used as a control after light stimulation for each animal) (D) Representa-
tive images of immunofluorescence staining of GFAP in the non-stimulated and stimulated DG regions as described in the experimental procedures. (E) 
Statistical analysis of immunosignals using Image-J software (n = 6 mice per group, the left DG with only the optical fiber was used as a control after light 
stimulation for each animal). (F) Representative images of immunofluorescence staining of NeuN in the non-stimulated and stimulated DG regions as 
described in the experimental procedures. (G) Statistical analysis of immunosignals using Image-J software (n = 7 mice per group, the left DG with only 
the optical fiber was used as a control after light stimulation for each animal).Values are presented as mean ± SEM. Values are presented as mean ± SEM. 
**p < 0.01, ***p < 0.001. (H) Equivalent amounts (30 µg) of tissue lysates were separated by SDS-PAGE and analyzed by immunoblotting with antibodies 
specific for the indicated proteins. GAPDH was used as a loading control (n = 3 mice per group, the left SGZ with only the optical fiber was used as a con-
trol after light stimulation for each animal). (I) Statistical analysis of immunosignals. Values are presented as mean ± SEM. *p < 0.05
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Fig. 4  In vivo calcium recordings in awake mice using optical fiber photometry. (A) Experimental protocol for calcium signal recording with optical fiber 
photometry in C57BL/6 mice. (B) Immunofluorescence image showing GCaMP6f expressed astrocytes in the DG. (C) Color plot depicting DG Ca2+ activ-
ity in the non-stimulated and stimulated mice. (D) Sample ΔF/F of GCaMP6f signals from the DG in non-stimulated and stimulated mice. (E) Bar graphs 
illustrating the peak valley of calcium signal in non-stimulated and stimulated mice DG regions as described in the experimental procedures (n = 6 mice 
per group). (F) Bar graphs showing the integration under the curve of calcium signal in non-stimulated and stimulated mice DG regions as described in 
the experimental procedures (n = 6 mice per group). (G) Experimental protocol for calcium signal recording with optical fiber photometry in CRS mice. 
(H) Sample ΔF/F of GCaMP6f signals from the DG in non-stimulated and stimulated CRS mice. (I) Bar graphs illustrating the peak valley of calcium signal 
in non-stimulated and stimulated CRS mice DG regions as described in the experimental procedures (n = 6 mice per group). (F) Bar graphs showing the 
integration under the curve of calcium signal in non-stimulated and stimulated CRS mice DG regions as described in the experimental procedures (n = 6 
mice per group). Values are presented as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001
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verified that NIR light effectively triggers NSC prolifera-
tion and glial differentiation via the OPN4 photoreceptor.

Discussion
Stress profoundly impacts neurogenesis, leading to rapid 
and prolonged decreases in cell proliferation in the adult 
hippocampus [20]. Notably, alternations in astrocytes 
have been observed in the brains of individuals with 

anxiety or depression as well as in animal models [4]. 
The studies of postmortem human brain showed altera-
tion of astrocytic morphology and volume in mood 
disorder [21]. In addition, astrocytes are implicated in 
anxiety-like behavior in the rat PTSD animal model, and 
astrocytes activation in the central amygdala reduces 
anxiety-like behaviors in rodents [22]. Astrocytes inter-
acts with neurons and can modulate synaptic plasticity, 

Fig. 5  NIR irradiation promoted NSC proliferation and astrocyte differentiation (A) Scheme of the experimental design. (B) shRNA-Opn4 injection down-
regulated OPN4 and GFAP expression in the hippocampus of mice with NIR irradiation. (C) Immunofluorescence staining for GFAP in the control and 
shRNA-Opn4 group with NIR irradiation. (D) Quantitative data from immunofluorescence staining (5 slices from 3 mice for each group). Values are pre-
sented as mean ± SEM, ***p < 0.001. (E) Representative micrographs of NSC sphere formation after NIR irradiation and Opn4 inhibitor (AA92593) treat-
ment. (F) Quantitative data from NSC sphere counts with the indicated treatment. The results from four repeat wells of a 24-well plate. Values are given as 
mean ± SEM. *p < 0.05. (G) Photographs of the EdU incorporation assay of NSCs under NIR exposure. (H) Quantitative data from NSC proliferation under 
illumination across 12–13 randomly selected view fields of the tested samples using ImageJ software. Values are given as mean ± SEM. *P < 0.05, and 
***P < 0.001
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and disruptions in these interactions may be involved in 
anxiety pathogenesis. Astrocytes release various synaptic 
transmitters and modulators, such as glutamate, D-ser-
ine, ATP/adenosine, GABA, and lactate, via calcium-
dependent and -independent signaling pathways [23]. 
Notably, hippocampal astrocytes express oxytocin recep-
tors, and oxytocin released in amygdala activate astro-
cyte Ca2+ signal through oxytocin receptor and mediate 
its anxiolytic effects [22]. Exposure to 40  Hz flickering 
light has been demonstrated to stimulate learning and 
memory abilities [11]. Furthermore, multiple gamma 
oscillations play distinct roles in cognitive functions, 
especially learning [13]. However, the underlying mecha-
nisms driving these changes remain unclear. In this study, 
we found that exposure to 40  Hz NIR induced hippo-
campal astrocyte differentiation and calcium-dependent 
activity. Stimulation of astrocytic calcium signaling can 
improve anxiety-like behaviors triggered by stress [24]. 
Our findings suggest that NIR irradiation can activate 
hippocampal NSCs, resulting in increased proliferation 
and astrocyte differentiation. Additionally, our findings 
illustrate that the mechanism underlying the regulation 
of flicking light, particularly gamma-band oscillations 
(30–100 Hz), can regulate deep brain regions.

NIR treatment has been studied over the last 30 years 
for its role in pain relief, wound healing, and anti-inflam-
matory effects. Accumulating evidence indicates that 
NIR radiation is a novel optogenetic treatment for vari-
ous CNS pathologies [8, 10], offering distinct advantages 
over other clinical technologies. Unlike the application 
of visible spectrum light for optogenetics, NIR manipu-
lation allows for focused stimulation and can be used 
without genetic manipulation. Recent studies show that 
NIR irradiation enhances proliferation and differen-
tiation of adipose stem cells via TRP channels [25]. Our 
results suggest that 40  Hz NIR radiation increases hip-
pocampal proliferation and astrocyte differentiation in 
the endogenous DG. Notably, factors influencing neuro-
genesis are associated with depression and antidepres-
sant effects. While stress leads to a rapid and prolonged 
decrease in the rate of cell proliferation in the adult hip-
pocampus, chronic antidepressant treatment upregulates 
hippocampal neurogenesis [1]. We propose that this find-
ing provides a potential tool for improving anxiety-like 
behaviors, often linked to impaired calcium signaling in 
astrocytes [26]. Based on this hypothesis, we found that 
NIR illumination increased cellular Ca2+ levels in hippo-
campal astrocytes and triggered the proliferation and dif-
ferentiation of NSCs into astrocytes.

We previously reported that NSCs in these regions 
constitutionally express photoreceptors sensitive to 
visible blue light [7]. As the neurogenesis-enhancing 
effects of NIR have been previously demonstrated, we 
focused on understanding the mechanism behind this 

photosensitive modulation. Our results suggest that 
OPN4 antagonists inhibit NIR-induced proliferation and 
differentiation. Interestingly, OPN4 was first character-
ized in intrinsically photosensitive retinal ganglion cells 
as a non-visual opsin, forming a pigment that is maxi-
mally sensitive to 470  nm blue light [14, 15]. SHG was 
first demonstrated as a nonlinear optical phenomenon 
by Kleinman in 1962 using an excited doubled-frequency 
laser to obtain a shorter half-wavelength [16, 27]. Key 
endogenous proteins organized in ordered arrays, such 
as collagen, myosin, and tubulin, produce strong SHG 
across various species, cell types, and tissues [28]. The 
results of the present study were consistent with our 
hypothesis as the activation of Gq-coupled OPN4 by NIR 
irradiation triggered calcium influx into the cytosol via 
TRPC6 activation.

NIR light has the potential to be used in treating neu-
rological diseases through enhancing differentiation of 
NSCs. This is important for neural repair and restora-
tion of function in neurological disorders. However, 
it’s important to note that it is still an area of ongoing 
research and many factors need to be further studied. 
The effectiveness might vary depending on the specific 
disease, the stage of the disease and the parameters of 
NIR illumination.

In this study, we demonstrated that NIR light stimu-
lates hippocampal astrocytes by increasing calcium activ-
ity. However, the percentage of active NSCs and newborn 
astrocytes remains unknown. Furthermore, it would 
be interesting to further investigate the SHG effects of 
OPN4 and the resulting nonlinear optical modulation in 
deep brain activation of animal models. How the photo-
receptors and channels work synergistically, what their 
individual contributions are, and whether they affect the 
same population of stem cells remain to be determined.

Conclusion
The present study demonstrated that non-genetic NIR 
modulation can be used to stimulate hippocampal neu-
rogenesis via the OPN4(melanopsin) photoreceptor. Our 
findings suggest that the intracellular calcium activity—
which underlies anxiety-like behaviors—can be partially 
reversed via 940-nm NIR manipulation in adult mice. 
Using animal studies, we discovered the mechanism of 
NIR modulation of adult neurogenesis and its antide-
pressant effects (Fig.  6). The accessibility and non-inva-
siveness of NIR make it particularly significant for the 
treatment of individuals with anxiety who are at risk of 
developing depression.
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protein in the control and CRS mice. (B) Representative image (above) and 
relative intensity value (bottom) of the indicated protein in the CRS and 
CRS+NIR mice. CON: n=3; CRS: n=3; CRS+NIR: n=3.Values represent mean 
± SEM, *p  <  0.05. **p  <  0.01.

Supplementary Material 2: Supplementary Figure S2: (A) mRNAs were 
extracted with 10Hz, 20Hz and 40Hz NIR light illumination and subjected 
to real-time PCR, respectively. (B) Immunofluorescence staining of EdU 
incorporation (left) and statistical analysis of EdU positive cells (right) 
under 7 consecutive days exposure (n = 6 slices/3 mice/group). (C) 
Representative images of immunofluorescence staining of GFAP (left) and 
statistical analysis (right) under 7 consecutive days exposure (n = 6 slices/3 
mice/group). (D) Double immunofluorescence staining for GFAP/EdU 
(left) and statistical analysis (right) under 1 day exposure (n = 3 mice per 
group). (E) Double immunofluorescence staining for GFAP/EdU (left) and 
statistical analysis (right) under 7 days exposure (n = 3 mice per group). 
Values represent mean ± SEM, *p  <   0.05, *p  <   0.01, ***p  <   0.001. (F) 
Immunofluorescence staining for Nestin and OPN4 in NSCs. Nuclei were 
stained using DAPI (blue staining), Nestin (green staining) and OPN4 (red 
staining) immunostaining.
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