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Background: Beside image vision, light plays a pivotal role in regulating diverse
non-visual functions, including affective behaviors. Recently, bright light
stimulation (BLS) was revealed to be beneficial for treating non-seasonal
depression, although its mechanism of action is not fully understood.

Methods:We developed a novel mouse model of refractory depression, induced
through social isolation and chronic despair during the active (dark) phase of the
animal, and we have tested if antidepressant treatments, including BLS, could
protect against anxio-depressive-like behavior.

Results:We report that anxiety- and depressive-like behaviors are resistant
to BLS as well as to both conventional and new antidepressants, including
ketamine. Remarkably, we unveil that BLS potentiates the effect of
antidepressants, and this beneficial effect is mediated via rod retinal
photoreceptors. Furthermore, we demonstrate that both chemogenetic
activation of lateral habenula (LHb) astroglia and serotonin (5-HT)
depletion prevent the potentiating effect of BLS on chronic despair.

Conclusion: These results reveal, for the first time, that BLS enhances the
efficacy of antidepressants through an unexpectedly circuit involving rods,
LHb astroglia and 5-HT.
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GRAPHICAL ABSTRACT

1 Introduction

With a lifetime prevalence rate of approximately 15%–20% in the
general population, major depression (MD) is the most common
psychiatric disorder (Belmaker and Agam, 2008). According to the
most recent Global Burden of Disease Study, MD is nowadays the
leading cause of disability worldwide (World Health Organization
WHO, 2017) and is associated with impaired quality of life,
increased risk of mortality, and societal burden (Greenberg et al.,
2015). Although depression represents a major economic burden for
society, treatments remain unsatisfactory despite a range of
pharmacotherapies including the most commonly prescribed class of
selective serotonin (5-HT) reuptake inhibitors (SSRI) such as fluoxetine
(Prozac). Nonetheless, patients often require several different
pharmaceutical agents to achieve a beneficial effect, and only about
two-thirds of patients experience a clear favourable response
(Papakostas and Ionescu, 2015). In addition to a therapeutic delay of
up to several weeks, a significant number of patients express significant
residual symptoms that are inadequately treated with current
antidepressants (Conradi et al., 2011).

One of the safer, low-cost, non-invasive and underestimated
therapeutic candidate is bright light stimulation (BLS). Indeed, light
plays a critical role in health, acting directly or through the circadian
system to modulate brain structures involved in sleep regulation,
mood and cognition (Legates et al., 2014). Light exerts both positive
and negative effects depending on the characteristics of the light
exposure (timing, duration, intensity, spectrum) (Dkhissi-Benyahya
et al., 2000). Hence, aberrant light cycles, through reception of
melanopsin retinal ganglion cells, produce depressive-like behaviors
and impair cognition in animals and in humans (Legates et al., 2012;
Fernandez et al., 2018). Moreover, the prevalence of MD is increased
in night-workers, in whom both light exposure and circadian
rhythmicity are altered. Inversely, depressed patients frequently
display disturbed circadian rhythms and sleep/wake cycles
(McClung, 2013). Clinically, the antidepressant efficacy of BLS

has been revealed over the past 3 decades in the treatment of
seasonal depression (Wirz-Justice et al., 2004). More recently,
BLS treatment has also proven to be effective in non-seasonal
depression (Menegaz de Almeida et al., 2025) and surprisingly
even more efficient than Prozac (Lam et al., 2016).

Despite a large body of evidence demonstrating its beneficial
effects, the neurobiological mechanisms through which light acts are
not yet fully understood. In recent studies, the lateral habenula (LHb), a
part of the epithalamus, has been shown to play a critical role in
producing behavioral substrates of susceptibility and in encoding stress
signals (Huang et al., 2019; Zhukovskaya et al., 2024). In particular, an
excessive bursting activity in the LHb has been associated with
depressive-like symptoms (Yang et al., 2018; Lin et al., 2022).
Interestingly, decreasing bursting activity in specific LHb neuron
subpopulations that project to dorsal raphe serotoninergic (5-HT)
neurons is required to reduce despair-like behaviors and underlies
the therapeutic effects of BLS on depressive behaviors (Liu et al.,
2024). Similarly, the fast-acting antidepressant ketamine rapidly
elevates mood by blocking NMDA receptors-dependent bursting
activity in LHb neurons (Yang et al., 2018). Conversely, dorsal raphe
5-HT nucleus suppresses the excitability of LHb neurons, supports
vicarious emotions and leads to resilience by tuning definite patterns of
habenular neuronal activity (Mondoloni et al., 2024). Importantly,
stress-induced activation of the LHb involves astroglia in producing
depressive-like behaviors (Cui et al., 2018). However, the cellular
mechanisms underlying the therapeutic effect of light in resistant
depression have not yet been studied.

The main objective of this study was to assess the involvement of
the habenular and 5-HT systems, two important interactive brain
networks regulating mental health (Huang et al., 2019) that have
been suggested to play a key role in mood regulation by light
(Legates et al., 2014; Metzger et al., 2017; Fernandez et al., 2018).
Notably, most current animal models of depression do not exhibit
resistance tomany existing treatments. Developing amodel of refractory
depression is essential for understanding the mechanisms underlying
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treatment resistance in humans, testing novel therapeutic approaches
and drugs, identifying new drug targets, and ultimately improving
personalized treatment strategies. Using a novel model of refractory
depression, we show for the first time that BLS, through rod
photoreceptors, potentiates the effects of a combination of fast-acting
antidepressants. Singularly, we uncover a modulatory role for LHb
astroglia and a permissive action of 5-HT neurotransmission in the
enhancing effect of BLS.

2 Methods

2.1 Animals

This research was meticulously conducted under the highest
ethical standards. All animal procedures were in strict

accordance with current national and international
regulations on animal care, housing, breeding, and
experimentation were approved by the regional ethics
committee CELYNE (C2EA42-13-02-0402-005), by the French
Ministry of Higher Education, Research and Innovation
(APAFIS #41108 & #1128), the European Directive 2010/63/
EU and ARRIVE guidelines. All efforts were made to minimize
suffering. Six-week-old male C57BL/6J wild-type mice and two
photoreceptor-deficient mice were used: Opn4

−/− knockout for
melanopsin (Hattar et al., 2003) and Nrl−/− (Neural retina leucine
zipper) mice characterized by the complete loss of rods (Mears
et al., 2001). Mice were individually housed in a temperature-
and humidity-controlled environment under a 12 h light/12 dark
(12L/12D, 50 lux) cycle. All the behavioural tests were conducted
during the active phase of the animals, 2 hours after lights off
(zeitgeber time 14, ZT14), under dim red light. Mice received

FIGURE 1
CDMRD: a pharmaco-resistantmodel of depression: (A) Schematic overviewof the experimental design: CDMRDparadigm, followed by the test phase. (B)
CDMRD: 6-weeks old C57BL/6J male mice are exposed to a 12L/12D cycle, with light on (50 lux) at zeitgeber 0 (ZT0) and off at ZT12. Animals were forced to
swimon 5 successive days [D] for 10min at ZT14 and a passive stress coping (PSC)was performed everyweek during 8weeks (n = 8) at ZT14.One-way repeated
measures ANOVA with post hoc Wilcoxon Test, **p < 0.01 vs. D1. (C) Sucrose Preference Test (SPT): Naïve and stressed mice (48 h post-stress) were
subjected to the sucrose preference test (n = 8). Elevated plus maze (EPM): naïve and stressed mice (1-week post-stress) were subjected to the elevated plus
maze (n = 8–13). Spontaneous locomotor activity (SLA) of mice 24 h before the last PSC test (n = 6–7). Plasma corticosterone profile measure by
radioimmunoassay (RIA) in naïve grouped mice (n = 5), prior stress (n = 10) or after CDMRD (n = 10). LSD test: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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food and water ad libitum and were allowed 2 weeks to acclimate
before surgery.

2.2 In vivo chemogenetic experiment

Mice were anesthetized with urethane (1.3 g/kg, i.p.; Sigma) and
Xylazine (12 mg/kg i.p.; Bayer), placed in a stereotaxic frame and
body temperature was monitored andmaintained at 37°C–38°C with
an electric heating pad. They were implanted with cannulas for the
virus microinjections. Briefly, 0.2 μL of ssAAV-5/2-hGFAP-hM3D
(Gq)-mCherry-WPRE-hGHp(A) (GFAP-Gq-DREADD; Viral
vector Facility- Zurich University) was infused bilaterally into the
LHb (antero-posterior + 4.24 mm; medio-lateral ± 0.48; dorso-
ventral + 4.2 mm from bregma with a 45° angle) using 33 gauge
injectors at rate of 0.05 μL/min. Control group received the same
surgery and were infused with vehicle. The experiments were carried
out 10 days’ post-surgeries.

2.3 Immunohistochemical staining

Animals received pentobarbital (50 mg/kg, i.p.) and were
transcardially perfused with 4% paraformaldehyde (PFA). Brains
were removed and post-fixed in 4% PFA at 4°C for an additional
24 h, rinsed in phosphate-buffered saline (PBS, pH 7.4), and cryo-
protected in 30% sucrose in PBS 0.1 M for an additional 48 h at 4°C.
Brains were sliced at 30 μm thickness and sections were incubated
for 24 h with anti-GFAP (mouse, 1:500, Sigma), anti-NeuN (guinea
Pig, 1:500, Synaptic systems) and anti-RFP (rabbit, 1:1000, MBL)
antibodies in PBS with 0.4% triton (PBST) and 5% normal goat
serum. RFP signal was amplified using an anti-rabbit biotinylated

secondary antibody (1:200, Vector Biosystem) and streptavidin-
DTAF complex (1:250, Jackson Labs Technologies) for 30 min.
Glial fibrillary acidic protein (GFAP), neuronal nuclear protein
(NeuN), and red fluorescent protein (RFP) stainings were
visualized using respectively Alexa-488, Alexa-647 or
Streptavidin-Cy3 (1:500, Jackson Immunoresearch). Images were
obtained with a Leica SP5 confocal (Leica Microsystems). Z-series
images were taken at 2 µm intervals.

2.4 Chronic despair model of resistant
depression (CDMRD)

At ZT14, mice were placed in a tank filled with water (25°C) and
chronic depression-like behavior was induced by subjecting mice to
repeated swim sessions 10 min daily for 5 consecutive days (Serchov
et al., 2015; Sun et al., 2015; Delcourte et al., 2017b). The Immobility
time was analyzed during the first 4 min. Then, every week, and
during the 4 weeks post-CDMRD, immobility time was recorded
after a swimming passive stress session performed at ZT14. The
repeated exposure to swimming at ZT14 leads to a long-lasting
increase of the immobility time (Delcourte et al., 2017b).
Importantly, both muscarinic and NMDA receptor antagonists
(including scopolamine and ketamine) have been used for
decades in animals to impair their performance in a variety of
tasks requiring intact working and reference memory (Buccafusco,
2008; Farahmandfar et al., 2016). If the passive stress coping (and the
chronic despair in presence of BLS) was solely considered as
resulting of coping with the forced swim stressor as recently
suggested (Molendijk and de Kloet, 2019), one may assume that
scopolamine and ketamine, at doses that induce amnesia, should
rather decrease active coping behavior (swimming and climbing)

FIGURE 2
Lack of antidepressant action in CDMRD mice. (A) Following CDMRD, mice exposed to a 12L/12D cycle (50 lux during the light phase) were treated
with the SSRI escitalopram (10 mg/kg i.p), 5 consecutive days from D10 to D15. A passive stress coping (PSC) test was then realized at ZT14, one-way
ANOVAwith post hoc LSD Test, **p < 0.01 vs. D1. Antidepressant-like effect of a sub-chronic treatment of escitalopram in non-stressedmice (CTL): naïve
mice were treated with vehicle or the SSRI escitalopram (10 mg/kg) during 5 consecutive days. On day 5, they received the last injection 30 min
before the PSC test. (n = 8) unpaired Student’s t-tests; ***p < 0.001. (B) Following CDMRD, mice exposed to a 12L/12D cycle (50 lux during the light
phase), received an acute injection of ketamine (Ket, 3mg/kg, i.p.) and themuscarinic antagonist scopolamine (Sco, 0.1 mg/kg, i.p) 4 weeks post-stress, at
day 33 (D33). Antidepressant-like effect of a combination of Ketamine + Scopolamine in non-stressed mice (CTL): naïve mice were submitted to a PSC
test. 24 h later, the mice were injected with vehicle or a combination of ketamine (3 mg/kg, i.p) and the muscarinic receptor antagonist scopolamine
(0.1 mg/kg, i.p), 30 min before the second PSC test (n = 7–8), *p < 0.05 and ***p < 0.001 using unpaired Student’s t-tests. Data are expressed as
means ± S.E.M.
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and not the opposite. As previously discussed (Molendijk and de
Kloet, 2019), the repetitive predictable swim stress used in the
CDMRD is designed to mimic everyday human stress, such as
daily repetition of a unescapable stressful situation.

2.5 Sucrose preference test

Mice were habituated to 2 bottles of 1% sucrose during 24 h.
Then, they were given the choice to drink from 2 bottles (1% sucrose
solution and tap water bottle) during 72 h. The positions of the
bottles in the cage were switched every 24 h to avoid possible side-
preference effects.

2.6 Elevated plus maze

Animals were placed in the room 30min before the beginning of
the test. Experiments were performed during the dark phase of the
12L/12D cycle, at ZT14. The apparatus consisted of 2 plexiglass open
arms (6 × 96.5 cm), and 2 closed arms (6 × 95.5 cm), surrounded by
15 cm black high walls elevated 50 cm above the floor. At the
beginning of the test, the mouse was placed in the central platform of
the maze, facing an open arm. Each session lasted 6 min and was
video recorded to analyze the time spent in the open arms.

2.7 Daily locomotor activity recording

As previously assessed (Dkhissi-Benyahya et al., 2007), for
monitoring locomotor activity, wild-type mice were housed
individually in cages equipped with passive infrared motion
captors and a computerized data acquisition system (CAMS,

INSERM). Activity records were analyzed using ClockLab
software (Actimetrics). The rhythms of locomotor activity were
recorded from the beginning to the end of the experiment.

2.8 Light stimulation protocols

At the end of the 5 days of CDMRD protocol, mice were exposed
every day to a bright warm white stimulation (BLS, 1000 lux; LED
bulb) for 1 hour at ZT11 during all the duration of the protocol (as
shown insert in figures). The effect of BLS on depressive-like
behavior was analyzed using the passive stress coping (PSC) test
performed at ZT14, once a week, during the 33 days post-CDMRD.
To analyse the potential efficacy of bright white light stimulation on
behavioral despair in the mouse, light intensities typically range
from 1,000 to 3,000 lux (Kawai et al., 2015; Huang et al., 2019; Wang
et al., 2023). Since nocturnal rodent have an innate aversion to bright
light, we chose the lowest intensity level to assess its potential
efficacity in treating depressive-like behavior. Mice were housed
individually in plexiglass cages with white LED bulbs placed 7 inches
above the cages. The intensity level was measured at the bottom of
the cage, at the mouse level, using a luxmeter.

2.9 Drug treatment

Ketamine hydrochloride and escitalopram were purchased from
Sigma-Aldrich. Scopolamine hydrobromide and Clozapine-N-oxide
(CNO) were purchased from Tocris Biosciences. All drugs were
dissolved in a 0.9% saline solution. Escitalopramwas administered at
10 mg/kg, i.p during 5 consecutive days following the CDMRD, or
during the 5 days preceding the passive stress coping for the naïve
group. Ketamine hydrochloride was administered acutely at 3 mg/kg

FIGURE 3
BLS, through rods, potentiates the antidepressant response of a combination of ketamine and scopolamine: (A) The day after the last day of CDMRD
induction protocol in wild-type (WT) animals, a bright white light stimulation (BLS, 1000 lux), 1 h per day from ZT11 to ZT12 (light on from ZT0 to ZT12) was
administered to the CDMRDmice (A), (n = 6). One-Way repeatedmeasures ANOVAwith post hocWilcoxon test. *p < 0.05 vs. D1. CDMRDwild-type (WT)
animals (A), (n = 7), melanopsin knockout (Opn4−/−, (B), n = 7) and rod-deficient mice (c,Nrl−/−, (B), (n = 6) housed under a 12L/12D cycle, are exposed
to an additional 1-h BLS from ZT11 to ZT12 every day until the end of the protocol. 4 weeks post-stress, on day 33 (D33), all genotypes received an acute
injection of Ketamine (Ket, 3mg/kg, i.p) and Scopolamine (Sco, 0.1mg/kg, i.p). Note that the augmenting effect of BLSwas absent inNrl−/−mice. One-Way
repeated measures ANOVA with post hoc Wilcoxon test. *p < 0.05; **p < 0.01 vs. D1.
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(i.p.) in combination with scopolamine (0.1 mg/kg, i.p), 30 min
before the passive stress coping test at day 33. CNO was dissolved in
saline and administered at 1 mg/kg (i.p.) 30 min before the passive
stress coping test (Delcourte et al., 2023).

Before the 33-day swimming test, animals were injected 3 days
with 150 mg/kg of 4-Chloro-DL-phenylalanine (PCPA, Sigma
Aldrich), the last day of injection was 24 h before the last passive
stess coping test as previously described (Etiévant et al., 2015).

2.10 Plasma corticosterone
radioimmunoassay

Two groups of singly housed wild-type mice were euthanized by
cervical dislocation, the first one the day before performing the
CDMRD test and the second group the day after the last swimming
session. These 2 groups were compared to non-isolated naïve mice.
Blood sampling was performed between ZT9-ZT11 during the light
phase and corticosterone was quantified using an ELISA kit (Arbor
Assays) according to the manufacturer’s instructions.

2.11 Statistical analysis

All statistical analyses were performed with Statistica Software.
For data normally distributed, One-way ANOVA followed by post
hoc LSD Fischer test was performed for comparison between groups.
To compare immobility for the same animal across days, one-way
repeated measures ANOVA with Wilcoxon post hoc test was
performed. Comparisons of the mean between 2 groups were
analyzed via Student’s t tests. Values are presented as mean ±
standard error of mean (S.E.M), with consideration of p <
0.05 as the threshold of statistical significance.

3 Results

3.1 The CDMRD recapitulates behavioral
hallmarks of refractory depression

We first refined a previously reported validated model of
depression (Warden et al., 2012; Serchov et al., 2015; Sun et al.,
2015; Bullich et al., 2021; Moliner et al., 2023; Sarrazin et al., 2024;
Sekssaoui et al., 2024). Hence, 6-week-old C57BL/6J male mice,
socially isolated, were forced to swim during their active phase, at
zeitgeber time 14 (ZT14, 2 h after light OFF) on 5 successive days for
10 min (Figure 1A) and were then tested once a week. Therefore,
such a stress performed at ZT14 was extremely effective to elicit a
long-lasting (up to 8 weeks) depressive-like behavior (Figure 1B; p ≤
0.01), in agreement with previous studies showing that repeated
daily stress exposure has a more negative outcome when applied
during the dark/active phase (Bartlang et al., 2012; Serchov et al.,
2015; Sun et al., 2015; Delcourte et al., 2017a). Interestingly,
CDMRD mice expressed a reduced sucrose preference when
compared to naive mice (p ≤ 0.01), indicating that, in addition to
behavioral despair, CDMRD also caused anhedonia (Figure 1B).
Moreover, the stressed mice exhibited higher anxiety levels,
measured as reduced time spent in the open arms in the elevated

plus maze (p ≤ 0.05). Notably, CDMRD mice displayed lower
plasma corticosterone levels, by comparison to isolated-housed
control mice (p ≤ 0.01), whereas their spontaneous locomotor
activity was unchanged.

3.2 The CDMRD is resistant to
antidepressant’s treatment

Using passive stress coping test as a main antidepressant
readout, we found that treatments with several classes of
antidepressants including the selective 5-HT reuptake inhibitor
(SSRI) antidepressant escitalopram (Figure 2A), the combination
of amnesiac-combo of the NMDA receptor antagonist ketamine and
the muscarinic antagonist scopolamine (Figure 2B), ketamine alone
(Supplementary Figure S1) or of the NMDA receptor modulator
GLYX-13 (Supplementary Figure S2) failed to reverse the behavioral
despair in CDMRD stressed mice (p ≥ 0.05). However, escitalopram
or the combined treatment of ketamine and scopolamine or
ketamine alone or GLYX-13 were effective in naïve mice
(Figure 2; Supplementary Figures S1, S2), thus revealing CDMRD
as a robust pharmaco-resistant model.

3.3 BLS potentiates the antidepressant
response in CDMRD

We then explore the beneficial effects of BLS on this model. Mice
were exposed daily for 1 hour during the light phase (before light off)
to white warm BLS (1000 lux) up to day 33; and similarly, BLS failed
to produce an antidepressant response (Figure 3A; p ≥ 0.05) and to
alter spontaneous locomotor activity (Supplementary Figure S3).
Importantly, we found that a 4-week exposure to BLS, in
combination with acute ketamine and scopolamine
administration, reduced the immobility time observed in the
passive stress coping test, demonstrating unequivocally that BLS
potentiated the antidepressant response of the pharmacological
treatment (Figure 3A; p ≤ 0.05).

While the source of photic information affecting mood involves
intrinsically photosensitive retinal ganglion cells (ipRGCs)
expressing melanopsin (Legates et al., 2012; Fernandez et al.,
2018), recent studies reveal that rods can drive non-image
forming responses to light, in particular under high light
intensity (Calligaro et al., 2019; Beier et al., 2022). To determine
the retinal photoreceptor implicated in BLS potentiating effect on
the behavioral phenotype, we use melanopsin (Opn4−/−) and rod
(Nrl−/−) photoreceptor-deficient mice. Unexpectedly, we showed
that Opn4−/−mice that underwent CDMRD protocol retained the
potentiating action of BLS (Figure 3B) whereas rodless mice
remarkably lost this effect (Figure 3B; p ≤ 0.01).

3.4 The augmentation of the antidepressant
response induced by BLS is modulated by
astroglia LHb and 5-HT neurotransmission

Given the crucial involvement of LHb glia in depressive-like
behavior, we sought to determine whether selective chemogenetic
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activation of transduced astroglia in LHb, counteracted the
potentiating antidepressant action of BLS in CDMRD mice.
Injection of the GFAP-Gq-DREADD virus in the LHb
(Figure 4A) showed fields of mCherry-positive cells, that
consistently express the GFAP astroglia marker and lack the
NeuN neuronal marker (Figure 4B). Remarkably, Clozapine-n-
oxide (CNO) administration, by producing a selective and robust
activation of expressing Gq-DREADD LHb astrocytes (de Ceglia
et al., 2023), significantly prevented the potentiating effect of BLS on
the action of the ketamine/scopolamine combination (Figure 4C, p ≤
0.01). Interestingly, several lines of evidence significantly link the
effects of light to 5-HT and LHb regulation (Liu et al., 2024).

Accordingly, we demonstrated that PCPA pre-treatment
prevented the potentiating effect of BLS on the action of the
ketamine/scopolamine combination, pointing out a permissive
role of the 5-HT system in the antidepressant behavioral
phenotype in this CDMRD mouse (Figure 4D; p ≤ 0.01).

4 Discussion

The current results underscore the importance of the system/
circuit involving rods, LHb astroglia and 5-HT in the development
of CDMRD-induced depressive-like symptoms and the therapeutic

FIGURE 4
Role of LHb astrocytes and 5-HT system in the antidepressant effect of BLS: (A) Following CDMRD,mice were intracerebrally injectedwith vehicle or
a AAV hM3q(+)-GFAP-Gq-mCherry virus in the LHb. Coronal image and scheme of brain section showing m-Cherry labelling (red) in the LHb (white
square). (B) Astroglial and neuronal staining in the LHb: Anti-GFAP (green) and anti-NeuN (blue) immunohistochemistry confirming expression of AAV
hM3q(+)-GFAP-Gq-mCherry virus in astroglia but not in neurons. scale bar = 150µm, enlargement, scale bar = 75 µm. (C) CDMRD mice were
intracerebrally injected with vehicle or a AAV hM3q(+)-GFAP-Gq-mCherry virus in the LHb. A 4-week BLS was then applied. At day 33 (D33), mice received
an injection of Clozapine-n-oxide (CNO, 1 mg/kg, i.p.) 1 h before the passive stress coping test. Half an hour after the CNO injection, the combination of
ketamine/scopolamine (Ket + Sco, respectively 3 and 0.1 mg/kg, i.p) was administered to mice (n = 6–16). ***p ≤ 0.001 vs. D1. On D33, the two groups
(sham and AAV-injected) were compared using LSD tests. **p ≤ 0,01. (D) CDMRD mice were subjected to the same BLS paradigm previously described.
Three days before the passive stress coping test at D33 (ZT14), mice (n = 16) were divided into 2 groups, one received a dose of 150 mg/kg/day (i.p) of
para-chlorophenylalanine (PCPA) to reduce the levels of 5-HTwhereas the control group received a 0.9% saline injection (n = 6–10). At D33, both groups
received the combination of Ket + Sco (respectively 3 and 0.1 mg/kg, i.p). **p ≤ 0.01; ***p ≤ 0.001 vs D1. On day 33, the two groups (vehicle and PCPA)
were compared using LSD tests.
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potential of BLS. To date, CDMRD is one of the few reliable
mouse models for refractory depression, primarily based on
chronic despair during the active (dark) phase of the animal
and combined to social isolation. As reported in our previous
study (Bullich et al., 2021), we propose here that the timing of
stress, testing and animal housing are critical factors for the
CDMRD in mice. Accordingly, we found that adult male mice
required social isolation and forced swimming during their
active phase for five consecutive days, followed by weekly
testing. Therefore, such a potent stress at ZT14 effectively
induced a long-lasting depressive-like phenotype (up to
2 months), characterized by behavioral despair, anhedonia
and higher anxiety levels. Notably, CDMRD mice displayed
lower plasma corticosterone levels, suggesting blunted HPA-
axis reactivity while their spontaneous locomotor activity
remained unchanged, ruling out potential false positives in
the passive stress coping test (Sotnikov et al., 2014). Using
this stress coping test as a main antidepressant readout, we
next found that treatments with several classes of
antidepressants failed to induce an antidepressant-like
response. Likewise, treatment with escitalopram or with
ketamine, whether given alone or in the combination of
amnesiac-combo of ketamine and scopolamine, or with the
NMDA receptor modulator GLYX-13 failed to reverse the
behavioral despair in stressed mice. Hence, CDMRD
represents a novel treatment-resistant depression-like animal
model exhibiting construct (corticosterone dysfunction), face
(change in despair-, anhedonia- or anxious-like behavior) and
predictive (reversal only with combinatory treatment) validity
(Planchez et al., 2019).

The clinical translational potential of light therapy is vast,
offering a non-invasive, affordable, and personalized treatment
option for patients with depression and other mental health
disorders. Its ability to improve mood, regulate sleep, and
modulate brain activity presents a promising avenue to enhance
current therapeutic approaches, particularly for those who struggle
with treatment-resistant depression. With ongoing research into its
mechanisms and effectiveness, light therapy has the potential to
become a mainstream treatment for depression and other related
conditions, benefiting a wide range of patients across various clinical
settings. In addition, the duration and intensity of light exposure for
depression research are crucial, as both parameters can significantly
influence the therapeutic effectiveness and underlying
neurobiological mechanisms. BLS, a form of photobiomodulation,
modulates brain activity, and has gained interest in its potential to
enhance neuronal activity and mood regulation. However, precise
dose response curves for duration and intensity still need to be
established to optimize neurotransmitter systems regulation while
minimizing potential side effects (overstimulation or tolerance,
toxicity). These parameters may need to be adjusted based on
individual patient characteristics and specific brain regions
targeted during therapy. To explore the beneficial effects of BLS
on this model, mice were exposed daily for 1 hour (before light off)
to white warm BLS (1000 lux, Kawai et al., 2015); and similarly, BLS
given alone neither induced an antidepressant response nor alter
spontaneous locomotor activity. Conversely, we found that a 4-week
exposure to BLS, in combination with acute ketamine and
scopolamine administration, reduced the immobility time

observed in the passive stress coping test, demonstrating that BLS
unequivocally potentiated the antidepressant response of the
pharmacological treatment.

In mammals, light detection occurs exclusively in the retina
through three types of photoreceptors, the classical rods and cones
and the intrinsically photosensitive melanopsin retinal ganglion cells
or ipRGCs. ipRGCs exhibit widespread projections throughout the
brain, including regions controlling mood, such as the LHb (Hattar
et al., 2006) recently proposed as a key structure in refractory
depression (Korlatowicz et al., 2023; Chen et al., 2024).
Unexpectedly, we found that melanopsin knockout (Opn4−/−)
mice that underwent CDMRD protocol retained the potentiating
action of BLS, while rod photoreceptor-deficient (Nrl−/−) mice
remarkably lost this effect. This result suggests that the
potentiating effect of light is not driven by melanopsin intrinsic
photosensitivity but required ganglion cells expressing melanopsin.
Indeed, ipRGCs integrate input from rods and cones and serve as the
final and unique retinal relay for light transmission to multiple brain
regions, including the LHb, either directly or indirectly.
Interestingly, an indirect pathway from a subset of ipRGCs to
GABAergic neurons in the ventral lateral geniculate nucleus and
intergeniculate leaflet has been reported, which in turn inhibit the
neural activity of LHb (Huang et al., 2019). Accordingly,
chemogenetic activation of ipRGCs did not induce FOS
expression in the LHb (Milosavljevic et al., 2016). However,
given that light-induced mood regulation have been shown to be
absent in mice lacking ipRGCs, ipRGCs appear necessary to relay
the photic information to the LHb (Güler et al., 2008; Legates et al.,
2014; Milosavljevic et al., 2016). The involvement of rods at the
relatively high BLS intensity used here aligns with the idea that these
cells have the capacity to respond at this level (Lall et al., 2010;
Calligaro et al., 2019). While the precise mechanisms by which rod
photoreceptors regulate astrocyte activation in the LHb remain to be
fully elucidated, and based on our findings, we can only infer that
through these connections, rods may modulate LHb activity and
astrocyte function in response to BLS. Further experiments will be
necessary to dissect the underlying mechanisms.

LHb has emerged as a key structure at the interface between light
effects and 5-HT regulation. LHb, which receives projections from
the prefrontal cortex (PFC) as well as the ipRGCs, is anatomically
and functionally connected to the raphe 5-HT nuclei (Hattar et al.,
2006). As recently unveiled (Mondoloni et al., 2024), LHb-raphe
nucleus function was recognized to play a role in the pathogenesis of
depression. Hence, Yang and colleagues (Yang et al., 2018) elegantly
reported that depression-like symptoms are caused by rapid bursts
of firing from LHb neurons due to coordinated activity of NMDA
receptors and T-type voltage-sensitive calcium channels.
Furthermore, Cui et al. (Cui et al., 2018) identified the
involvement of LHb astroglia and demonstrated that surrounding
astrocytes which express K+ channels containing the protein Kir4.1,
rapidly cleared away K+. This facilitates rapid K+ efflux from the
neuron and its entry into a state of hyperpolarization, which
increases the likelihood of burst firing (Yang et al., 2018).
Congruently, photostimulation of astrocytes expressing
ChR2 released potassium ions into the extracellular space, which
in turn excited the neurons with an increased firing rate in LHb.
Moreover, photostimulation of habenular astrocytes exacerbated
depression-like phenotypes with exaggerated despair behavior
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and anhedonia in tail suspension and sucrose preference tests,
respectively (Aizawa et al., 2024). Given this crucial involvement
of LHb glia in depressive-like behavior, we found that injection of
the GFAP-Gq-DREADD virus in the LHb showed fields of
mCherry-positive cells that consistently express the GFAP
astroglia marker. Remarkably, CNO administration, by producing
a selective and robust activation of expressing Gq-DREADD LHb
astrocytes (de Ceglia et al., 2023), significantly prevented the
potentiating effect of BLS on the action of the ketamine/
scopolamine combination. This result reveals a crucial
involvement of LHb astroglia in the beneficial action of BLS.
Collectively, these results may assume that the regulation of both
extracellular glutamate and K+ within the LHb (Cui et al., 2018;
Yang et al., 2018) play a key role in the reinforcing effect of BLS in
the CDMRD.

Interestingly, several lines of evidence significantly link the
effects of light to 5-HT and LHb regulation (Metzger et al.,
2017). Notably, retino-raphe signals were shown to modulate
dorsal raphe nucleus 5-HT tone and affective behavior (Ren
et al., 2013). Therefore, the antidepressant-like effect of several
drugs, including ketamine, was abolished by 5-HT depletion
produced by the tryptophan hydroxylase inhibitor, PCPA
(Gigliucci et al., 2013). The specific effect of PCPA on
immobility time in PSC test is still unclear (Gigliucci et al., 2013;
Pham et al., 2017). In our study, it may be due to a ceiling effect
masking PCPA action. One could infer that any immobility
observed following PCPA treatment in the PSC test likely reflects
a lack of behavioral flexibility or an impaired coping mechanism.
Since 5-HT is known to facilitate behaviors such as exploration,
locomotor activity, and problem-solving, its depletion may impair
the animal’s ability to engage in active coping or escape behaviors in
response to stressors like those presented in the PSC test. Hence,
PCPA effect might represent a counteracting influence rather than a
direct contribution. Recently, it has been demonstrated that
ketamine injection in depressive-like mice specifically blocks
NMDARs in LHb neurons whereas conditional knockout of
NMDARs in the LHb occluded ketamine’s antidepressant effects
and blocked the systemic ketamine-induced elevation of 5-HT in the
hippocampus (Chen et al., 2024). In agreement, we demonstrated
that PCPA pre-treatment prevented the potentiating effect of BLS on
the action of the ketamine/scopolamine combination, pointing out a
permissive role of the 5-HT system in the antidepressant
behavioral phenotype.

Because the 5-HT system is deeply interconnected with PFC,
RNA-seq analysis was performed in this region, one that plays a
key role in major depression and antidepressant response,
including treatments like ketamine and light therapy (Warden
et al., 2012; Lazzerini Ospri et al., 2024). The analysis identified
over 350 differentially expressed genes in the PFC following the
CDMRD protocol. Functional enrichment analysis revealed
significant perturbations in genes related to myelination
(Supplementary Figure S4). Further investigation confirmed
the enrichment of 33 unique gene transcripts, primarily
associated with late-stage oligodendrogenesis (myelination,
59%), rather than early-stage oligodendrogenesis—consistent
with findings in the PFC of major depression (MD) patients
(Pantazatos et al., 2017) and depression models (Ma et al., 2016).
These results further support CDMRD as a robust model of

depression. Notably, over 90% of oligodendroglial transcripts
perturbed by CDMRD were reversed by co-treatment with
ketamine, scopolamine, and BLS, demonstrating for the first
time that BLS enhances the effects of pharmacological
treatments by modulating the expression of oligodendrocyte-
related genes in the PFC.

5 Conclusion

The present study highlights for the first time a modulatory
control of astroglia LHb as well as a permissive role of 5-HT
neurotransmission in the augmentation of the antidepressant
response induced by BLS. As a translational outcome, the current
study will certainly improve our understanding of the
mechanisms involved in light effects on depression to
ultimately optimize therapeutic strategies in drug-resistant or
refractory depressed patients, including partial responders
to ketamine.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE143820.

Ethics statement

The animal study was approved by the regional ethics committee
CELYNE (C2EA42-13-02-0402-005), by the French Ministry of
Higher Education, Research and Innovation (APAFIS #41108 &
#1128), the European Directive 2010/63/EU and ARRIVE
guidelines. The study was conducted in accordance with the local
legislation and institutional requirements.

Author contributions

SD: Writing – review and editing, Writing – original draft,
Formal Analysis, Data curation, Methodology. AB: Writing – review
and editing, Methodology, Data curation. RR: Methodology, Data
curation, Formal Analysis, Writing – original draft. EB:
Writing – original draft, Data curation, Methodology. HL:
Writing – original draft, Methodology, Formal Analysis. AW:
Methodology, Formal Analysis, Writing – original draft. SP:
Funding acquisition, Formal Analysis, Supervision,
Writing – original draft. RA: Formal Analysis, Writing – original
draft, Methodology. OR: Methodology, Funding acquisition, Formal
Analysis, Writing – original draft. OD-B: Validation, Project
administration, Data curation, Formal Analysis, Methodology,
Writing – review and editing, Conceptualization, Investigation,
Writing – original draft, Supervision. NH: Validation, Funding
acquisition, Project administration, Conceptualization, Formal
Analysis, Writing – review and editing, Data curation,
Writing – original draft, Methodology, Supervision, Investigation.

Frontiers in Pharmacology frontiersin.org09

Delcourte et al. 10.3389/fphar.2025.1592909

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143820
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143820
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1592909


Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. Research reported in this
publication was supported by: the “Région Rhône-Alpes-SCUSI
2018-#R18119CC” (NH), by the ANR grant “AIS in-Dep, ANR-
22-CE37-001” (NH) by “INSERM” (NH) and by the ANR Grant
“progenID” (OR).

Acknowledgments

We thank Dr. Hélène Scarna, Christine Coutanson and
Véronique Vézoli for their helpful technical assistance.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Gen AI was used in the creation of
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1592909/
full#supplementary-material

References

Aizawa, H., Matsumata, M., Oishi, L. A. N., Nishimura, F., Kasaragod, D. K., Yao, X.,
et al. (2024). Potassium release from the habenular astrocytes induces depressive-like
behaviors in mice. Glia 73, 759–772. doi:10.1002/GLIA.24647

Bartlang, M. S., Neumann, I. D., Slattery, D. A., Uschold-Schmidt, N., Kraus, D.,
Helfrich-Förster, C., et al. (2012). Time matters: pathological effects of repeated
psychosocial stress during the active, but not inactive, phase of male mice.
J. Endocrinol. 215, 425–437. doi:10.1530/JOE-12-0267

Beier, C., Bocchero, U., Levy, L., Zhang, Z., Jin, N., Massey, S. C., et al. (2022).
Divergent outer retinal circuits drive image and non-image visual behaviors. Cell. Rep.
39, 111003. doi:10.1016/J.CELREP.2022.111003

Belmaker, R. H., and Agam, G. (2008). Major depressive disorder.N. Engl. J. Med. 358,
55–68. doi:10.1056/NEJMRA073096

Buccafusco, J. (2008). The revival of scopolamine reversal for the assessment of
cognition-enhancing drugs. Front. Neurosci., 329–343. doi:10.1201/noe1420052343.
ch17

Bullich, S., Delcourte, S., Haddjeri, N., and Guiard, B. P. (2021). Learned immobility
produces enduring impairment of the HPA Axis reactivity in mice without replicating
the broad spectrum of depressive-like phenotype. Int. J. Mol. Sci. 22, 937–1017. doi:10.
3390/IJMS22020937

Calligaro, H., Coutanson, C., Najjar, R. P. R. P., Mazzaro, N., Cooper, H. M. H.
M., Haddjeri, N., et al. (2019). Rods contribute to the light-induced phase shift of
the retinal clock in mammals. PLOS Biol. 17, e2006211. doi:10.1371/journal.pbio.
2006211

Chen, M., Ma, S., Liu, H., Dong, Y., Tang, J., Ni, Z., et al. (2024). Brain region-specific
action of ketamine as a rapid antidepressant. Science 385, eado7010. doi:10.1126/
SCIENCE.ADO7010

Conradi, H. J., Ormel, J., and De Jonge, P. (2011). Presence of individual (residual)
symptoms during depressive episodes and periods of remission: a 3-year prospective
study. Psychol. Med. 41, 1165–1174. doi:10.1017/S0033291710001911

Cui, Y., Yang, Y., Ni, Z., Dong, Y., Cai, G., Foncelle, A., et al. (2018). Astroglial
Kir4.1 in the lateral habenula drives neuronal bursts in depression. Nature 554,
323–327. doi:10.1038/nature25752

de Ceglia, R., Ledonne, A., Litvin, D. G., Lind, B. L., Carriero, G., Latagliata, E. C., et al.
(2023). Specialized astrocytes mediate glutamatergic gliotransmission in the CNS.
Nature 622, 120–129. doi:10.1038/s41586-023-06502-w

Delcourte, S., Abrial, E., Etiévant, A., Rovera, R., Arnt, J., Didriksen, M., et al. (2017a).
Asenapine modulates mood-related behaviors and 5-HT1A/7 receptors-mediated
neurotransmission. CNS Neurosci. Ther. 23, 518–525. doi:10.1111/cns.12698

Delcourte, S., Bouloufa, A., Rovera, R., Bétry, C., Abrial, E., Dkhissi-Benyahya, O.,
et al. (2023). Chemogenetic activation of prefrontal astroglia enhances recognition
memory performance in rat. Biomed. Pharmacother. 166, 115384. doi:10.1016/j.biopha.
2023.115384

Delcourte, S., Dkhissi-Benyahya, O., Cooper, H., and Haddjeri, N. (2017b). Stress
models of depression: a question of bad timing. eNeuro 4 (2), 0045–117. doi:10.1523/
ENEURO.0045-17.2017

Dkhissi-Benyahya, O., Gronfier, C., De Vanssay, W., Flamant, F., and Cooper, H. M.
(2007). Modeling the role of mid-wavelength cones in circadian responses to light.
Neuron 53, 677–687. doi:10.1016/j.neuron.2007.02.005

Dkhissi-Benyahya, O., Sicard, B., and Cooper, H. M. (2000). Effects of irradiance and
stimulus duration on early gene expression (Fos) in the suprachiasmatic nucleus:
temporal summation and reciprocity. J. Neurosci. 20, 7790–7797. doi:10.1523/
JNEUROSCI.20-20-07790.2000

Etiévant, A., Oosterhof, C., Bétry, C., Abrial, E., Novo-Perez, M., Rovera, R., et al.
(2015). Astroglial control of the antidepressant-like effects of prefrontal cortex deep
brain stimulation. EBioMedicine 2, 898–908. doi:10.1016/j.ebiom.2015.06.023

Farahmandfar, M., Bakhtazad, A., Akbarabadi, A., and Zarrindast, M. R. (2016). The
influence of dopaminergic system in medial prefrontal cortex on ketamine-induced
amnesia in passive avoidance task in mice. Eur. J. Pharmacol. 781, 45–52. doi:10.1016/J.
EJPHAR.2016.03.060

Fernandez, D. C., Fogerson, P. M., Lazzerini Ospri, L., Thomsen, M. B., Layne, R. M.,
Severin, D., et al. (2018). Light affects mood and learning through distinct retina-brain
pathways. Cell. 175, 71–84. doi:10.1016/j.cell.2018.08.004

Gigliucci, V., O’Dowd, G., Casey, S., Egan, D., Gibney, S., and Harkin, A. (2013).
Ketamine elicits sustained antidepressant-like activity via a serotonin-dependent
mechanism. Psychopharmacol. Berl. 228, 157–166. doi:10.1007/S00213-013-3024-X

Greenberg, P. E., Fournier, A. A., Sisitsky, T., Pike, C. T., and Kessler, R. C. (2015). The
economic burden of adults with major depressive disorder in the United States
(2005 and 2010). J. Clin. Psychiatry 76, 155–162. doi:10.4088/JCP.14M09298

Güler, A. D., Ecker, J. L., Lall, G. S., Haq, S., Altimus, C. M., Liao, H.-W. W., et al.
(2008). Melanopsin cells are the principal conduits for rod-cone input to non-image-
forming vision. Nature 453, 102–105. doi:10.1038/nature06829

Hattar, S., Kumar, M., Park, A., Tong, P., Tung, J., Yau, K.-W. W., et al. (2006).
Central projections of melanopsin-expressing retinal ganglion cells in the mouse.
J. Comp. Neurol. 497, 326–349. doi:10.1002/cne.20970

Hattar, S., Lucas, R. J., Mrosovsky, N., Thompson, S., Douglas, R. H., Hankins, M. W.,
et al. (2003). Melanopsin and rod-cone photoreceptive systems account for all major
accessory visual functions in mice. Nature 424, 76–81. doi:10.1038/nature01761

Huang, L., Xi, Y., Peng, Y., Yang, Y., Huang, X., Fu, Y., et al. (2019). A visual circuit
related to habenula underlies the antidepressive effects of light therapy. Neuron 102,
128–142. doi:10.1016/J.NEURON.2019.01.037

Kawai, M., Goda, R., Otsuka, T., Iwamoto, A., Uotsu, N., Furuse, M., et al. (2015).
Antidepressant-like effect of bright light is potentiated by L-serine administration in a
mouse model of seasonal affective disorder. Brain Res. Bull. 118, 25–33. doi:10.1016/J.
BRAINRESBULL.2015.08.010

Frontiers in Pharmacology frontiersin.org10

Delcourte et al. 10.3389/fphar.2025.1592909

https://www.frontiersin.org/articles/10.3389/fphar.2025.1592909/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2025.1592909/full#supplementary-material
https://doi.org/10.1002/GLIA.24647
https://doi.org/10.1530/JOE-12-0267
https://doi.org/10.1016/J.CELREP.2022.111003
https://doi.org/10.1056/NEJMRA073096
https://doi.org/10.1201/noe1420052343.ch17
https://doi.org/10.1201/noe1420052343.ch17
https://doi.org/10.3390/IJMS22020937
https://doi.org/10.3390/IJMS22020937
https://doi.org/10.1371/journal.pbio.2006211
https://doi.org/10.1371/journal.pbio.2006211
https://doi.org/10.1126/SCIENCE.ADO7010
https://doi.org/10.1126/SCIENCE.ADO7010
https://doi.org/10.1017/S0033291710001911
https://doi.org/10.1038/nature25752
https://doi.org/10.1038/s41586-023-06502-w
https://doi.org/10.1111/cns.12698
https://doi.org/10.1016/j.biopha.2023.115384
https://doi.org/10.1016/j.biopha.2023.115384
https://doi.org/10.1523/ENEURO.0045-17.2017
https://doi.org/10.1523/ENEURO.0045-17.2017
https://doi.org/10.1016/j.neuron.2007.02.005
https://doi.org/10.1523/JNEUROSCI.20-20-07790.2000
https://doi.org/10.1523/JNEUROSCI.20-20-07790.2000
https://doi.org/10.1016/j.ebiom.2015.06.023
https://doi.org/10.1016/J.EJPHAR.2016.03.060
https://doi.org/10.1016/J.EJPHAR.2016.03.060
https://doi.org/10.1016/j.cell.2018.08.004
https://doi.org/10.1007/S00213-013-3024-X
https://doi.org/10.4088/JCP.14M09298
https://doi.org/10.1038/nature06829
https://doi.org/10.1002/cne.20970
https://doi.org/10.1038/nature01761
https://doi.org/10.1016/J.NEURON.2019.01.037
https://doi.org/10.1016/J.BRAINRESBULL.2015.08.010
https://doi.org/10.1016/J.BRAINRESBULL.2015.08.010
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1592909


Korlatowicz, A., Pabian, P., Solich, J., Kolasa, M., Latocha, K., Dziedzicka-
Wasylewska, M., et al. (2023). Habenula as a possible target for treatment-resistant
depression phenotype in wistar kyoto rats. Mol. Neurobiol. 60, 643–654. doi:10.1007/
S12035-022-03103-Y

Lall, G. S., Revell, V. L., Momiji, H., Al Enezi, J., Altimus, C. M., Güler, A. D., et al.
(2010). Distinct contributions of rod, cone, and melanopsin photoreceptors to encoding
irradiance. Neuron 66, 417–428. doi:10.1016/j.neuron.2010.04.037

Lam, R.W., Levitt, A. J., Levitan, R. D., Michalak, E. E., Cheung, A. H., Morehouse, R.,
et al. (2016). Efficacy of bright light treatment, fluoxetine, and the combination in
patients with nonseasonal major depressive disorder a randomized clinical trial. JAMA
Psychiatry 73, 56–63. doi:10.1001/jamapsychiatry.2015.2235

Lazzerini Ospri, L., Zhan, J. J., Thomsen, M. B., Wang, H., Komal, R., Tang, Q., et al.
(2024). Light affects the prefrontal cortex via intrinsically photosensitive retinal
ganglion cells. Sci. Adv. 10, eadh9251. doi:10.1126/sciadv.adh9251

Legates, T. A., Altimus, C. M., Wang, H., Lee, H.-K., Yang, S., Kirkwood, A., et al.
(2012). Aberrant light directly impairs mood and learning through melanopsin-
expressing neurons. Nature 491, 594–598. doi:10.1038/nature11673

Legates, T. A., Fernandez, D. C., and Hattar, S. (2014). Light as a central modulator of
circadian rhythms, sleep and affect. Nat. Rev. Neurosci. 15, 443–454. doi:10.1038/nrn3743

Lin, S., Huang, L., Luo, Z., Li, X., Jin, S., Du, Z., et al. (2022). The ATP level in the
medial prefrontal cortex regulates depressive-like behavior via the medial prefrontal
cortex-lateral habenula pathway. Biol. Psychiatry 92, 179–192. doi:10.1016/J.
BIOPSYCH.2022.02.014

Liu, X., Li, H., Ma, R., Tong, X., Wu, J., Huang, X., et al. (2024). Burst firing in output-
defined parallel habenula circuit underlies the antidepressant effects of bright light
treatment. Adv. Sci. (Weinh) 11, e2401059. doi:10.1002/ADVS.202401059

Ma, K., Guo, L., Xu, A., Cui, S., and Wang, J. H. (2016). Molecular mechanism for
stress-induced depression assessed by sequencing miRNA and mRNA in medial
prefrontal cortex. PLoS One 11, e0159093. doi:10.1371/JOURNAL.PONE.0159093

McClung, C. A. (2013). How might circadian rhythms control mood? Let me count
the ways. Biol. Psychiatry 74, 242–249. doi:10.1016/j.biopsych.2013.02.019

Mears, A. J., Kondo, M., Swain, P. K., Takada, Y., Bush, R., Saunders, T. L., et al.
(2001). Nrl is required for rod photoreceptor development. Nat. Genet. 29, 447–452.
doi:10.1038/ng774

Menegaz de Almeida, A., Aquino de Moraes, F. C., Cavalcanti Souza, M. E.,
Cavalcanti Orestes Cardoso, J. H., Tamashiro, F., Miranda, C., et al. (2025). Bright
light therapy for nonseasonal depressive disorders: a systematic review and meta-
analysis. JAMA psychiatry 82, 38–46. doi:10.1001/JAMAPSYCHIATRY.2024.2871

Metzger, M., Bueno, D., and Lima, L. B. (2017). The lateral habenula and the serotonergic
system. Pharmacol. Biochem. Behav. 162, 22–28. doi:10.1016/J.PBB.2017.05.007

Milosavljevic, N., Cehajic-Kapetanovic, J., Procyk, C. A., and Lucas, R. J. (2016).
Chemogenetic activation of melanopsin retinal ganglion cells induces signatures of
arousal and/or anxiety in mice.Curr. Biol. 26, 2358–2363. doi:10.1016/j.cub.2016.06.057

Molendijk, M. L., and de Kloet, E. R. (2019). Coping with the forced swim stressor:
current state-of-the-art. Behav. Brain Res. 364, 1–10. doi:10.1016/J.BBR.2019.02.005

Moliner, R., Girych, M., Brunello, C. A., Kovaleva, V., Biojone, C., Enkavi, G., et al.
(2023). Psychedelics promote plasticity by directly binding to BDNF receptor TrkB.
Nat. Neurosci. 26, 1032–1041. doi:10.1038/S41593-023-01316-5

Mondoloni, S., Molina, P., Lecca, S., Wu, C. H., Michel, L., Osypenko, D., et al. (2024).
Serotonin release in the habenula during emotional contagion promotes resilience.
Science 385, 1081–1086. doi:10.1126/SCIENCE.ADP3897

Pantazatos, S. P., Huang, Y. Y., Rosoklija, G. B., Dwork, A. J., Arango, V., and Mann,
J. J. (2017). Whole-transcriptome brain expression and exon-usage profiling in major

depression and suicide: evidence for altered glial, endothelial and ATPase activity.Mol.
Psychiatry 22, 760–773. doi:10.1038/MP.2016.130

Papakostas, G. I., and Ionescu, D. F. (2015). Towards new mechanisms: an update on
therapeutics for treatment-resistant major depressive disorder. Mol. Psychiatry 20,
1142–1150. doi:10.1038/MP.2015.92

Pham, T. H., Mendez-David, I., Defaix, C., Guiard, B. P., Tritschler, L., David, D. J.,
et al. (2017). Ketamine treatment involves medial prefrontal cortex serotonin to induce
a rapid antidepressant-like activity in BALB/cJ mice. Neuropharmacology 112, 198–209.
doi:10.1016/j.neuropharm.2016.05.010

Planchez, B., Surget, A., and Belzung, C. (2019). Animal models of major depression:
drawbacks and challenges. J. Neural Transm. 126, 1383–1408. doi:10.1007/S00702-019-
02084-Y

Ren, C., Luan, L., Wui-Man Lau, B., Huang, X., Yang, J., Zhou, Y., et al. (2013). Direct
retino-raphe projection alters serotonergic tone and affective behavior.
Neuropsychopharmacology 38, 1163–1175. doi:10.1038/NPP.2013.35

Sarrazin, D. H., Gardner, W., Marchese, C., Balzinger, M., Ramanathan, C., Schott,
M., et al. (2024). Prefrontal cortex molecular clock modulates development of
depression-like phenotype and rapid antidepressant response in mice. Nat.
Commun. 15, 7257. doi:10.1038/S41467-024-51716-9

Sekssaoui, M., Bockaert, J., Marin, P., and Bécamel, C. (2024). Antidepressant-like
effects of psychedelics in a chronic despair mouse model: is the 5-HT2A receptor the
unique player? Neuropsychopharmacology 49, 747–756. doi:10.1038/S41386-024-
01794-6

Serchov, T., Clement, H. W., Schwarz, M. K., Iasevoli, F., Tosh, D. K., Idzko, M., et al.
(2015). Increased signaling via adenosine A1 receptors, sleep deprivation, imipramine,
and ketamine inhibit depressive-like behavior via induction of Homer1a. Neuron 87,
549–562. doi:10.1016/J.NEURON.2015.07.010

Sotnikov, S., Wittmann, A., Bunck, M., Bauer, S., Deussing, J., Schmidt, M., et al.
(2014). Blunted HPA axis reactivity reveals glucocorticoid system dysbalance in a
mouse model of high anxiety-related behavior. Psychoneuroendocrinology 48, 41–51.
doi:10.1016/J.PSYNEUEN.2014.06.006

Sun, P., Zhang, Q., Zhang, Y., Wang, F., Chen, R., Yamamoto, R., et al. (2015).
Homer1a-dependent recovery from depression-like behavior by photic stimulation in
mice. Physiol. Behav. 147, 334–341. doi:10.1016/J.PHYSBEH.2015.05.007

Wang, G., Liu, Y. F., Yang, Z., Yu, C. X., Tong, Q., Tang, Y. L., et al. (2023). Short-term
acute bright light exposure induces a prolonged anxiogenic effect in mice via a retinal
ipRGC-CeA circuit. Sci. Adv. 9, eadf4651. doi:10.1126/sciadv.adf4651

Warden, M. R., Selimbeyoglu, A., Mirzabekov, J. J., Lo, M., Thompson, K. R.,
Kim, S. Y., et al. (2012). A prefrontal cortex-brainstem neuronal projection that
controls response to behavioural challenge. Nature 492, 428–432. doi:10.1038/
NATURE11617

Wirz-Justice, A., Terman,M., Oren, D. A., Goodwin, F. K., Kripke, D. F., Whybrow, P.
C., et al. (2004). Brightening depression. Science 303, 467–469. doi:10.1126/SCIENCE.
303.5657.467C

World Health Organization WHO (2017). Depression and other common mental
disorders. Glob. Health Estim. Available online at: http://apps.who.int/iris/bitstream/
10665/254610/1/WHO-MSD.

Yang, Y., Cui, Y., Sang, K., Dong, Y., Ni, Z., Ma, S., et al. (2018). Ketamine blocks
bursting in the lateral habenula to rapidly relieve depression. Nature 554, 317–322.
doi:10.1038/NATURE25509

Zhukovskaya, A., Zimmerman, C. A., Willmore, L., Pan-Vazquez, A., Janarthanan, S.
R., Lynch, L. A., et al. (2024). Heightened lateral habenula activity during stress
produces brainwide and behavioral substrates of susceptibility. Neuron 112,
3940–3956.e10. doi:10.1016/J.NEURON.2024.09.009

Frontiers in Pharmacology frontiersin.org11

Delcourte et al. 10.3389/fphar.2025.1592909

https://doi.org/10.1007/S12035-022-03103-Y
https://doi.org/10.1007/S12035-022-03103-Y
https://doi.org/10.1016/j.neuron.2010.04.037
https://doi.org/10.1001/jamapsychiatry.2015.2235
https://doi.org/10.1126/sciadv.adh9251
https://doi.org/10.1038/nature11673
https://doi.org/10.1038/nrn3743
https://doi.org/10.1016/J.BIOPSYCH.2022.02.014
https://doi.org/10.1016/J.BIOPSYCH.2022.02.014
https://doi.org/10.1002/ADVS.202401059
https://doi.org/10.1371/JOURNAL.PONE.0159093
https://doi.org/10.1016/j.biopsych.2013.02.019
https://doi.org/10.1038/ng774
https://doi.org/10.1001/JAMAPSYCHIATRY.2024.2871
https://doi.org/10.1016/J.PBB.2017.05.007
https://doi.org/10.1016/j.cub.2016.06.057
https://doi.org/10.1016/J.BBR.2019.02.005
https://doi.org/10.1038/S41593-023-01316-5
https://doi.org/10.1126/SCIENCE.ADP3897
https://doi.org/10.1038/MP.2016.130
https://doi.org/10.1038/MP.2015.92
https://doi.org/10.1016/j.neuropharm.2016.05.010
https://doi.org/10.1007/S00702-019-02084-Y
https://doi.org/10.1007/S00702-019-02084-Y
https://doi.org/10.1038/NPP.2013.35
https://doi.org/10.1038/S41467-024-51716-9
https://doi.org/10.1038/S41386-024-01794-6
https://doi.org/10.1038/S41386-024-01794-6
https://doi.org/10.1016/J.NEURON.2015.07.010
https://doi.org/10.1016/J.PSYNEUEN.2014.06.006
https://doi.org/10.1016/J.PHYSBEH.2015.05.007
https://doi.org/10.1126/sciadv.adf4651
https://doi.org/10.1038/NATURE11617
https://doi.org/10.1038/NATURE11617
https://doi.org/10.1126/SCIENCE.303.5657.467C
https://doi.org/10.1126/SCIENCE.303.5657.467C
http://apps.who.int/iris/bitstream/10665/254610/1/WHO-MSD
http://apps.who.int/iris/bitstream/10665/254610/1/WHO-MSD
https://doi.org/10.1038/NATURE25509
https://doi.org/10.1016/J.NEURON.2024.09.009
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1592909

	Lateral habenula astroglia modulate the potentiating antidepressant-like effects of bright light stimulation in intractable ...
	1 Introduction
	2 Methods
	2.1 Animals
	2.2 In vivo chemogenetic experiment
	2.3 Immunohistochemical staining
	2.4 Chronic despair model of resistant depression (CDMRD)
	2.5 Sucrose preference test
	2.6 Elevated plus maze
	2.7 Daily locomotor activity recording
	2.8 Light stimulation protocols
	2.9 Drug treatment
	2.10 Plasma corticosterone radioimmunoassay
	2.11 Statistical analysis

	3 Results
	3.1 The CDMRD recapitulates behavioral hallmarks of refractory depression
	3.2 The CDMRD is resistant to antidepressant’s treatment
	3.3 BLS potentiates the antidepressant response in CDMRD
	3.4 The augmentation of the antidepressant response induced by BLS is modulated by astroglia LHb and 5-HT neurotransmission

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


