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ARTICLE INFO ABSTRACT

Keywords: Background: Chronic stress is an important risk factor for the development of major depressive disorder (MDD).
Declarat.ive memory Recent studies have shown microbiome dysbiosis as one of the pathogenic mechanisms associated with MDD.
Depression Thus, it is important to find novel non-pharmacological therapeutic strategies that can modulate gut microbiota
xiﬁz;’gpm and brain activity. One such strategy is photobiomodulation (PBM), which involves the non-invasive use of light.
Microbiome Objective/hypothesis: Brain-gut PBM could have a synergistic beneficial effect on the alterations induced by
chronic stress.
Methods: We employed the chronic unpredictable mild stress (CUMS) protocol to induce a depressive-like state in
mice. Subsequently, we administered brain-gut PBM for 6 min per day over a period of 3 weeks. Following PBM
treatment, we examined behavioral, structural, molecular, and cellular alterations induced by CUMS.
Results: We observed that the CUMS protocol induces profound behavioral alterations and an increase of sirtuinl
(Sirt1) levels in the hippocampus. We then combined the stress protocol with PBM and found that tissue-
combined PBM was able to rescue cognitive alterations induced by CUMS. This rescue was accompanied by a
restoration of hippocampal Sirt1 levels, prevention of spine density loss in the CA1 of the hippocampus, and the
modulation of the gut microbiome. PBM was also effective in reducing neuroinflammation and modulating the
morphology of Ibal-positive microglia.
Limitations: The molecular mechanisms behind the beneficial effects of tissue-combined PBM are not fully
understood.
Conclusions: Our results suggest that non-invasive photobiomodulation of both the brain and the gut microbiome
could be beneficial in the context of stress-induced MDD.

1. Introduction psychiatric disorders, including major depressive disorder (MDD)
(Richter-Levin and Xu, 2018). MDD is a heterogeneous debilitating

Chronic stress is considered one of modern society’s most important mood disorder that affects millions of people worldwide. The patho-
health problems (McEwen, 2007). Chronic exposure to stressful situa- physiology of MDD is complex, involving various altered mechanisms
tions has been associated with an increased risk of developing serious and systems (Tian et al., 2022). Notably, gut dysbiosis and disruptions in
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the microbiome-gut-brain axis have emerged as key pathogenic mech-
anisms (Foster et al., 2017; Long-Smith et al., 2020).

Gut microbiota can be defined as the microorganisms that inhabit
our gut (Cryan et al., 2018; Morais et al., 2021). Mounting evidence has
revealed alterations in the gut microbiota in depressive patients (Lach
et al., 2018; Morkl et al., 2020), which has been largely confirmed in
animal studies (Winter et al., 2018; Zhang et al., 2021a). However, how
the microbiome can modulate brain function and behavior is still not
clear. What it is known is that the microbiome influences gut-brain
communication through different pathways, including the immune
system. Increasing evidence shows a link between the gut microbiome
and immune system function (Pearson-Leary et al., 2020; Wong et al.,
2016). In this line, different rodent studies have demonstrated that
microbiome dysbiosis is associated with an aberrant inflammatory
response (He et al., 2024; Medina-Rodriguez et al., 2023). Therefore, it
seems clear that microbial and immunological alterations could
contribute to the pathophysiology of MDD.

Current MDD treatment is ineffective in approximately 30 % of pa-
tients, and it is often associated with significant side effects (Amick et al.,
2015; Berlim and Turecki, 2007). Thus, the search for new therapeutic
opportunities is imperative. In this regard, photobiomodulation (PBM)
has emerged as a promising approach. PBM can be defined as the use of
light to repair, improve, or modulate a biological function in a non-
invasive way (Dompe et al., 2020). PBM in the brain has been utilized
for the treatment of neurodegenerative disorders (Bathini et al., 2022;
Hong, 2019) and psychiatric disorders such as MDD (Montazeri et al.,
2022; Yang et al., 2021). Both depressed patients and rodent models of
stress have shown beneficial effects of brain PBM (Cassano et al., 2015;
Cassano et al., 2018; Maiello et al., 2019; Schiffer et al., 2009; Caldieraro
and Cassano, 2019; Eshaghi et al., 2019; Gutiérrez-Menéndez et al.,
2020; Mohammed, 2016; Salehpour et al., 2019a; Zhang et al., 2021b).

Although the specific molecular mechanisms underlying PBM’s
beneficial effects are not completely understood, several studies have
shown that PBM mainly acts on the mitochondria (Dompe et al., 2020;
Pan et al., 2022). Studies suggest that near-infrared light is absorbed by
mitochondrial cytochrome c oxidase, leading to increased cellular
respiration and metabolism, ATP synthesis and regulation of reactive
oxygen species production, which in turn induce the activation of pro-
tective signaling pathways (Chen et al., 2022; Zhang et al., 2022). In this
line, it has been proposed that Sirtuinl (Sirtl), a nicotinamide adenine
dinucleotide (NAD+)-dependent class III deacetylase, could be a key
molecule involved in PBM effects (Salehpour et al., 2019b; Zhang et al.,
2020; Zhu et al., 2022).

Interestingly, photobiomodulation (PBM) can exert its effect on both,
the brain and the gut (Blivet et al., 2018; Hamilton et al., 2022; Wang
etal., 2020). It has been proposed that PBM in the abdomen can alter gut
microbiome composition (Bicknell et al., 2019), although the precise
effects of PBM on the microbiome need further exploration. Conse-
quently, the application of PBM to both the brain and the gut, referred to
in this study as tissue-combined PBM or brain-gut PBM, emerges as an
appealing therapeutic approach for stress-induced MDD. This dual-
targeted approach has the potential to target the intricate interplay
between the microbiome, immune system, and nervous system. In this
line, pioneering work targeting both the brain and the gut with PBM in
patients suffering from Alzheimer’s disease (AD) and in AD mouse
models has suggested a neuroprotective effect (Blivet et al., 2018; Blivet
et al., 2022).

In the present work, we hypothesized that tissue-combined PBM
targeting the brain and gut simultaneously could improve the alterations
induced by chronic stress.

2. Material and methods
2.1. Animals

All mice used in the experiments were males. All mice were
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genotyped from a tail biopsy by PCR analysis. Mice were housed
together in numerical birth order in groups of mixed genotypes (3-5
mice per cage) until starting the experiment. The animals were housed
with access to food and water ad libitum in a colony room kept at
19-22 °C and 40-60 % humidity, under an inverted 12:12 h light/dark
cycle (from 08:00 to 20:00).

For the results shown in Fig. 2, Egrl-CreER™ mice were used. These
mice were obtained by crossing Egrl-CreER™ mice with R26RCE mice
(Fig. 2C). Egrl1-CreER™ mice carry a bacterial artificial chromosome
(BACQ) including the Egrl gene in which the coding sequence was
replaced by that of the CreER™ fusion protein (Longueville et al., 2021).
R26RCE mice (Gt(ROSA)26Sortm1.1(CAG-EGFP)Fsh/Mmjax, Strain
004077, The Jackson Laboratory) harbor the R26R CAG-boosted EGFP
(RCE) reported allele with loxP-flanked STOP cassette upstream of the
enhanced green fluorescent protein (EGFP) gene.

For the other experiments, C57BL/6JOlaHsd mice from Envigo were
used. All animal procedures were approved by local committees [Uni-
versitat de Barcelona, CEEA (315/18) and Generalitat de Catalunya
(DAAM 10141)], following the European Communities Council Direc-
tive (86/609/EU).

2.2. Preclinical device for brain-gut photobiomodulation therapy

The PBM preclinical device (RGn530, manufactured by REGEnLIFE,
Paris, France) was used to do all PBM experiments. RGn530 preclinical
device is tailored to accommodate the small size of mice and designed to
immobilize mice safely and securely. Thus, it considers principles of
animal welfare, ensuring that mice experience minimal discomfort
during the restraint period. Briefly, this apparatus is composed of 2
modules, one located at the top which exposes the head, and the other
located at the bottom which exposes the abdomen (Fig. 2A). The head
module is fixed because the position of the head does not vary according
to the morphology of the mouse, whereas the abdomen module is
adjustable to adapt to the morphology of the mouse. Each module
contains a mixed emission source: lasers and LEDs. The device includes a
near-infrared laser diode (850 nm), a near-infrared LED (850 nm), and a
red LED (660 nm) (Fig. 2B). The photonic emissions are pulsed at a 10
Hz frequency through a ring-shaped magnet, creating a static magnetic
field at 200mT. A detailed explanation of the parameters used can be
found in Table 1. The two PBM treatment modules are the same for the
brain and the gut and both modules emit light through an opaque funnel
to narrow the light beam and deliver it precisely to the abdomen and
head. To treat the animals, adult male mice were placed into a
containment shuttle which is then installed into a dedicated location on
the device. Therefore, the head of the mice was located under the “head
module” and the abdomen was located above the “abdomen module”.

Table 1
Technical specifications of the preclinical RGn530 for brain-gut PBM stimula-
tion. Specific optical components used (and their characteristics), including
wavelength, irradiance, type of emission mode, fluence, duration and number of
sessions.

Component Laser IRLED Red
diode LED

Wavelength (nm) 850 850 660
Pulsed wave at 10 Hz; 50 % duty

Mode cycle

Power density (irradiance max. - mW/cm?) 8.86 18.50 13.23

Dose (fluence max. For 6 min. Exposure — J/

cm?) 1.59 3.33 2.38

Cumulated dose (for 15 treatments — J/cm?) 23.85 49.95 35.7

Total number (head module) 1 1 1

Total number (abdominal module) 1 1 1
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2.3. Chronic stress

To induce a depressive-like phenotype, the chronic unpredictable
mild stress (CUMS) model was applied to adult male mice for 28
consecutive days. This protocol was adapted from previous work
(Montalban et al., 2019; Sancho-Balsells et al., 2023). A total of seven
stressors were used, which were applied randomly and once each day.
The stressors used in this work include restraining, food or water
deprivation, home cage inclination, forced swim, rat sawdust and light-
dark cycle alteration.

2.4. Behavioral test

2.4.1. Open field and Novel object location (NOLT)

For the NOLT, an open-top arena (40 x 40 x 40 cm) with visual cues
placed in the walls of the apparatus was used. Mice were first habituated
to the arena (1 day, 15 min). We considered this first exposition to the
open arena as an open field paradigm. We monitored the total travelled
distance (in cm) as a measure of locomotor activity. On day 2, two
identical objects (A1 and A2) were placed on one side of the arena and
mice were allowed to explore them for 10 min. Exploration was
considered when the mouse was in contact with the object and sniffed it.
24 h later (D3), one object was moved from its original location to the
diagonally opposite corner and mice were allowed to explore the arena
and the objects for 6 min. At the end of each trial, defecations were
removed, and the apparatus was cleaned with 70 % ethanol. Animal
tracking and recording were performed using the automated SMART
junior 3.0 software (Panlab, Spain).

2.4.2. Y-maze

The spontaneous alternation in a Y-maze was used to determine
spatial working memory. In this test, we evaluated whether mice
continuously alternate (normal behavior) or, instead, they show repet-
itive explorative behavior. Briefly, mice were placed in the Y-shaped
maze with three clear plastic arms at 120° from each other for 8 min.
Around the clear Y-maze, different spatial cues were located. The total
number of entries and the number of triads (% alternation) were
analyzed. The % of alternation was calculated as the number of triads/
number of possible triads (number of arm entries —2) *100. Arm entries
were only counted if the mice placed all four limbs inside the arm.

2.4.3. Forced swim

The forced swim test was used to evaluate behavioral despair. Ani-
mals were subjected to a 6-min trial during which they were forced to
swim in an acrylic glass container (35 cm height x 20 cm diameter) filled
with water from which they could not escape. The time that the test
animal spent in the cylinder without making any movements except
those required to keep its head above water was measured and consid-
ered as “floating time”. The rest of the time was considered as time
swimming/struggling.

2.4.4. Z-score

Z-score normalization was used to compare observations obtained at
different behavioral tasks. As previously described (Guilloux et al.,
2011) Z-scores were obtained by subtracting the average of observations
in control mice from an individual raw value and then dividing this
difference by the control (CNT) standard deviation. The parameters
integrated into the Z-score are defined in the specific figure legend. In
this work, an increase in Z-score was associated with a worse perfor-
mance in the behavioral tasks, meaning mice are more affected by
chronic stress.

All the tests were conducted during the light cycle and all mice were
randomized throughout the day. Only one test was conducted per day.
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2.5. Mass spectrometry

Hippocampal lysates were analyzed via mass spectrometry by the
Proteomic facility at the Max Planck Institute of Biochemistry, Mar-
tinsried, Germany using label-free quantitation (LFQ) (MaxQuant run).
For analysis of the data derived from mass spectrometry, the LFQ-
Analyst software was used (Shah et al., 2020). Briefly, all data were
filtered using a Log2 fold change of 0.5 and an adjusted p-value of 0.05.
Benjamini Hochberg method was used for FDR correction and the
MinProB imputation method was applied. EnrichR software (Kuleshov
et al., 2016) was used for the analysis of differently expressed proteins.

2.6. Golgi staining

Animals were sacrificed by cervical dislocation and fresh brain
hemispheres were obtained and kept in Golgi-Cox solution. After 48 h,
the Golgi-Cox solution (1 % potassium dichromate, 1 % mercury chlo-
ride and 0,8 % potassium chromate) was renewed, and the brains were
kept in the fresh solution for 3 weeks. Then, 200 pm slices were obtained
using a vibratome (Leica VT 1000S) and processed as previously
described (Ballasch et al., 2023). Secondary dendrites from CAl pyra-
midal neurons were photographed using a Widefield AF6000 Mono-
chroma Camera Leica microscope. A maximum of 3 dendrites from the
same neuron were taken. Z-stacks from 0.2 pm were obtained in a bright
field and 63x oil objective. Dendritic segments (average 30 pm) were
traced with ImageJ software, and spine density was quantified. Around
50 dendrites were analyzed per condition. From each condition, 6-7
mice were quantified. Image analysis was performed blindly.

2.7. Immunofluorescence

Animals were deeply anaesthetized and subsequently intracardially
perfused with 4 % (weight/vol) paraformaldehyde (PFA) in 0.1 M
phosphate buffer. Brains were dissected out and kept for 48 h in 4 % PFA
0.1 M phosphate buffer in agitation. Alternatively, mice were sacrificed
by cervical dislocation, and half of the brain was maintained in PFA 0.1
M for 48 h hours. After fixation, free-floating coronal sections (30 or 40
pm) were obtained using a vibratome (Leica, VT1000). Immunofluo-
rescence was performed as previously described (Sancho-Balsells et al.,
2023). Briefly, sections were washed and incubated for 30 min in 50 mM
NH4CL. Blocking and permeabilization were performed for 1 h in PBS-T
with 0.02 % azide, 3 % normal goat serum or normal donkey serum, and
0.2 % bovine serum albumin. After three washes, brain sections were
incubated overnight by shaking at 4 °C with the following primary an-
tibodies: anti-Sirt1 (1:100, Cell Signaling, #2028), MAP2 (1:500, Sigma,
#M1406), Parvalbumin (1:1250, Swant, PV27), Calbindin D-28 K
(1:5000, Swant, #CB38), Ibal (1:500, Abcam, #Ab5076) GFAP (1:500,
Synaptic Systems, #132006), and GFP (1:500, Abcam, #132006). All
primary antibodies were diluted in the blocking solution. After three
washes, sections were incubated for 2 h at room temperature with the
specific fluorescent secondary AlexaFluor-488 anti-rabbit (Jackson
Immuno- research, #711-545-152), AlexaFluor-488 anti-chicken (Invi-
trogen, #A11039), Cy3 AffiniPure anti-goat (Jackson Immunoresearch,
#705-165-003), AlexaFluor-647 anti-rabbit (Invitrogen, #A31573),
AlexaFluor-488 anti-goat (Invitrogen, #A32814). All secondary anti-
bodies were diluted 1:200 in a blocking solution. Nuclei were stained for
10 min with 4',6-diamidino-2- phenylindole (DAPI; catalogue #D9542,
Sigma-Aldrich). The sections were mounted onto slides and cover slip-
ped with Mowiol. No signal was detected in control sections incubated in
the absence of the primary antibody.

2.8. Image acquisition and analysis
For GFP-positive cell counting, images were obtained in a mosaic

format with a Widefield AF6000 Monochroma Camera Leica microscope
with a 5x objective. To determine cell densities, the area of the cornus
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Ammonis (CA) 1 (CAl), CA3 and dentate gyrus (DG) was delimited by
comparing the original images with the Gaidi atlas. Then, the number of
GFP-positive cells in a specific area was counted using the ImageJ
software. The number of GFP-positive cells was relativized per area
(500 pm2). To determine the identity of the GFP-positive cells, the
percentage of GFP-positive cells colocalizing with different markers
(MAP2, GFAP, Parvalbumin, and Calbindin) were estimated per area as
described above. For double-positive cell quantification, qualitative
criteria were used. Briefly, cells presenting the expression of both
markers were counted as double-positive cells. For the analysis of neu-
roinflammatory markers in the hippocampus, the Leica confocal SP5
was used with a 40x oil-immersion objective and a digital zoom of 2.
Conditions such as pinhole size (1 AU), laser intensity, smart offset and
smart gain were held constant throughout the conditions. Confocal z-
stacks were taken with a z-step of 1 um and a pixel resolution of 512 x
512. For the morphological studies carried out in microglia and astro-
cytes, the entire 3D stack of images was obtained using the Z drive.
Images were analyzed using the freeware NIH ImageJ by Wayne Ras-
band (National Institutes of Health, Bethesda, MD). Microglia and as-
trocytes were defined automatically following the application of the Li
dark mask and being selected by the wand tracing tool. Then the shape
descriptors already present in the software were applied. For the anal-
ysis of Sirt1 levels in the hippocampus, Leica confocal SP5 was used with
a x40 oil immersion objective. Conditions such as pinhole size (1 AU),
laser intensity, smart offset and smart gain were held constant
throughout the conditions confocal z-stacks were taken with a z-step of
5 pm and a pixel resolution of 1024 x 1024. To do the image analysis,
ImageJ software was used. Briefly, the region of interest (ROI) of the
CA1 or the DG was delimited with DAPI and the mean intensity of Sirtl
was calculated in the corresponding channel. For the analysis of Sirtl
intensity in astrocytes and microglia, Sirtl intensity was measured only
in GFAP in these specific cells.

2.9. Microbiome analysis

Fecal samples were collected and kept at —80° until use. Then, total
genomic DNA was extracted using ZymoBIOMICS DNA Miniprep (Zymo
Research, Irvine, Canada) following manufactured indications. All fecal
samples were homogenized and lysate for 30 min through Vortex Genie.
Qubit 4 Fluorometer (Invitrogen) was used for DNA quantification.

DNA amplicon libraries were generated targeting the 16S rRNA gene,
V3-V4 regions (341F/R805) and the sequencing was performed using
[lumina MiSeq PE300 following the recommendations of Illumina Inc.
Sequencing was performed in Genome Québec Inc. (Centre d’expertise et
de services Génome Québec, Montréal (Québec), Canada). The raw
sequencing data were processed using QIIME (Version 22,021.2)
(Bolyen et al., 2019) and pair-end reads were merged using fastq-join.
Chimeric sequences were detected and deleted, meanwhile Amplicon
Sequence Variant (ASV) assignment was completed using the dada2
plugin. Taxonomy was assigned at a 99 % similarity level using the q2-
feature-classifier plugin with the SILVA 132 database (version
2019.10.0).

R software (Version 1.4.1717) was used for statistical analysis and
plot generation. Ecological analyses were performed for alpha and beta-
diversities combining vegan, phyloseq and microeco packages. For alpha
diversity, the Shannon, Simpson and Chaol index were calculated. For
beta diversity, Weighted Unifrac indexes were calculated. Multivariate
statistical significance analysis was carried out using PERMANOVA
(Adonis2) and pairwise PERMANOVA (pairwise Adonis2) with 999
permutations (p < 0.05). Taxonomical distribution was represented at
phylum, family, and genus level. Differential abundance analysis was
performed at genus level. The ASVs counts were transformed using a
centered log-ratio (CLR) approach (Morkl et al., 2020). Differential
genera were identified using ANOVA (p < 0.05). Correlation analysis
was carried out using the genus relative abundance and Z score values of
each mouse with the Pearson correlation method. All samples were
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processed together and by treatments with no post-hoc test.
2.10. Statistics

Results obtained from the behavior, Golgi staining and immunoflu-
orescence were analyzed using GraphPad Prism software version 8.0.
Data were represented as mean + standard error of the mean (SEM).
Outliers were identified with the ROUT method. Data distribution was
analyzed by applying the Shapiro-Wilk normality test. Statistical anal-
ysis was performed using Student’s t-test for comparison between two
groups presenting normal distribution. For multi-component variables
comparison, Kruskal-Wallis (for non-parametric data), One-way ANOVA
followed by the post-hoc Dunn’s test or Tukey’s test (parametric data) or
Two-way ANOVA were applied. A 95 % confidence interval was used
and a p-value <0.05 was considered significant. The number of samples
(n) and p-values are specified in each figure legend.

For other experiments, including proteomic analysis and microbiome
sequencing, specific statistical software and methods were used. The
precise details of each analysis are described in its section in the material
and methods (see Mass Spectrometry and Microbiome analysis).

3. Results
3.1. Chronic stress alters mouse behavior and increases hippocampal Sirt1

We initially aimed to assess changes in mouse behavior induced by
the chronic unpredictable mild stress (CUMS) protocol. Thus, mice were
subjected to the CUMS protocol for 28 days (Fig. 1A), and then they were
tested for several behavioral tasks. We first performed an open-field test
to study locomotor activity and measure anxiety-like behavior. The re-
sults showed that CUMS mice presented increased distance travelled and
spent less time in the center of the arena when compared with control
(CNT) mice (Fig. 1B). These results suggest that the CUMS protocol
induced hyperlocomotion and a rise in the anxiety levels. We then
measured spatial working memory by evaluating the number of alter-
nations performed in a translucid Y-maze (Fig. 1C). We observed that
CUMS mice presented a decrease in the percentage of alternation when
compared with CNT mice, indicating a deficit in spatial working mem-
ory. Finally, we performed a forced swim test to study behavioral
despair. The results showed that CUMS mice presented a rise in the
floating duration when compared with the CNT group (Fig. 1D), indi-
cating that CUMS mice have increased despair. Altogether, these results
suggest that the CUMS protocol induces profound behavioral changes in
mice.

We then wanted to assess if those alterations were accompanied by
proteomic changes in the hippocampus, an important brain region
altered in stress-induced MDD (Tartt et al., 2022). To this end, we
subjected again a new cohort of mice to the CUMS protocol and 24 h
after the last stressor they were sacrificed (Fig. 1E). The hippocampus
was obtained from those mice and analyzed using Mass-spectrometry
technology. Using LFQ-Analyst software (Shah et al., 2020), we ob-
tained around 80 proteins altered between both groups (Fig. 1F). Some
of the differently expressed proteins included Bclafl, Bcl211 and several
proteins involved in the transport of substances into, out of or within the
mitochondrion, such as Slc25a5, Timm9, Tmem14c, Atp5e, Mpcl and
Agt (Blake et al., 2021; Kunji et al., 2020; Mayr et al., 2010; Yien et al.,
2014). The next step was to explore whether these changes in hippo-
campal proteins were associated with specific pathways. To do so,
differently expressed proteins were subjected to a GO enrichment
analysis with EnrichR to investigate underlying biological processes and
signaling pathways (Kuleshov et al., 2016). We found that the Sirtl
pathway was the most significantly altered in our data analysis (p-value
= 0.0030, odds ratio = 27.20) (Fig. 1G). Accordingly, it has been shown
that Sirt1 is involved in the regulation of the expression of both, Bcl2]11
and Bclafl (Yu et al., 2021).

To validate the proteomic analysis and elucidate the specific
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Fig. 1. Effects of the CUMS protocol on mice behavior and in the hippocampal proteome. (A) Schematic representation of the experimental design. 15 adult male
mice were subjected to the CUMS protocol for 28 days or were kept in their homecages (CNT). At day 29, all mice were subjected to a battery of behavioral tasks. In
the open field, locomotor activity and time in the center (B) were measured. Locomotor activity, one-way ANOVA, group effect F(;,2g5) = 36.67, P < 0.0001. Time in
the center, unpaired t-test: t = 3.167, df = 27. (C) Spatial working memory was studied using the translucid Y-maze. The number of alternations (%) was calculated
and compared between groups, unpaired t-test: t = 2.409, df = 27. The dashed line indicates the chance level (50 %). In the forced swim test (D), floating duration
during the 6 min of the test was measured. Floating duration, unpaired t-test, t = 9.706, df = 28. (E) Schematic representation of the experimental design. 7 adult
male mice were subjected to the CUMS protocol and sacrificed 24 h after the last stressor. The hippocampus was obtained and analyzed using LFQ-analyst. (F)
Volcano plot showing the differently expressed proteins between CNT and LTS mice. Data were filtered using a Log2 fold change of 0.5 and an adjusted p-value of
0.05. Green dots represent upregulated proteins in CNT mice, orange dots represent upregulated proteins in LTS mice and grey dots represent no significant proteins.
Names of representative proteins are indicated. (G) Graph of the EnrichR mostly affected pathways in the enriched proteins. Sirtl appears as the most significant
pathway altered (P-value = 0.0030, odds ratio = 27.20). Quantification of Sirt1 levels in the CA1 (H) and representative images (I). Unpaired t-test; p = 0.0111, t =
3.109, df = 10. Quantification of Sirt1 levels in the DG (J) and representative images (K). Unpaired t-test, p = 0.0422, t = 2328, df = 10. Values are mean + SEM. N
= 5-7 mice/group. *P < 0.05, ** P < 0.005, ***P < 0.001. D: Day; O: Stratum Oriens; P: stratum pyramidale; H: Hilus; G: Stratum granulare. (For interpretation of the
Eeferences to colour in this figure legend, the reader is referred to the web version of this article.)
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alterations in Sirtl following chronic stress, total levels of Sirtl were 3.3. Tissue-combined photobiomodulation during chronic stress improves
assessed through immunostaining in tissue sections from the mouse cognitive alterations induced by CUMS
hippocampus. We first measured the mean intensity of Sirtl in the CA1
and found increased levels in CUMS mice when compared with CNT To assess whether tissue-combined PBM could improve the alter-
mice (Fig. 1H and I). Then, we also determined Sirt1 levels in the DG and ations induced by chronic stress, the following experimental design was
again found that CUMS samples presented higher Sirtl immunoreac- used. Mice underwent the CUMS protocol for 28 days or not (CNT mice).
tivity (Fig. 1J and K). The stress protocol was combined with PBM treatment, initiated in the
second week of the experiment, and applied daily (from Monday to
3.2. Photobiomodulation decreases the number of Egrl-activated neurons Friday), 6 min per day (Fig. 3A). In this experimental design, five
in the hippocampus experimental groups were used (Fig. 3B). Twenty-four hours after the
last stressor, fecal samples were collected for posterior microbiota
Having identified the Sirtl pathway as the most altered after CUMS, studies, and mice underwent a battery of behavioral tasks (Fig. 3A).
and considering Sirt1 role in modulating mitochondria-related processes First, we measured the total distance and the time spent in the center
(Tang, 2016), we decided to manipulate its function in a non-invasive of the arena in the open-field test (Fig. 3C). In line with our previous
way from a translational perspective using photobiomodulation results, we found that the CUMS mice presented increased distance
(PBM). To do so, we used a device (Fig. 2A) that allowed us to apply the travelled when compared with CNT mice. We also measured anxiety by
PBM in specific tissues. We first aimed to identify which cells are being calculating the time mice spent in the center of the arena. Although no
activated/deactivated after PBM treatment to gain insights into the significant differences were obtained, a tendency to spend less time in

underlying mechanisms. To do so, we used the Egrl-CreER >xR26RCE the center was observed in CUMS mice when compared with CNT. This
(Longueville et al., 2021; Sancho-Balsells et al., 2023; Brito et al., 2022) tendency was abolished with the PBM treatment in the head (CUMS
double transgenic mice (Fig. 2C) and subjected them to PBM. Briefly, HEAD) and in the double-stimulated mice (CUMS BOTH), which showed

mice were restrained in the apparatus and photostimulated in the head levels comparable to those found in CNT mice (Fig. 3C). Then, we
(HEAD group), in the abdomen (ABD group) or in both sites (BOTH analyzed behavioral despair using the forced swim test. Again, all mice
group). The treatment consisted of 6 min of photobiomodulation from subjected to the CUMS protocol presented higher floating duration
Monday to Friday for 3 weeks (Fig. 2D). On Monday of the last week, all levels than CNT mice (Fig. 3D). No effect of PBM treatment was observed
mice received 4-hydroxy tamoxifen (4-HT) i.p. 30 min before the PBM in this task either. Next, we aimed to see whether PBM could influence
treatment. Thus, activated cells during the PBM were labelled perma- cognitive tasks such as the novel object location task (NOLT) and the Y-
nently with GFP. maze. In the NOLT, we first observed that CNT mice successfully

In the CA1, we found a significant decrease in GFP-positive cells discriminated between the old location (O) and the new location (N) of
between CNT mice and all the other conditions (Fig. 2E). Then, in the the object. This discrimination ability was lost in those mice that

CA3 we found the same tendency although it was only significant when received the CUMS protocol (CUMS). Interestingly, those mice that
comparing the HEAD group with CNT mice (Fig. 2F). We also studied the received the double stimulation (CUMS BOTH) were also able to

DG and found the same tendency as in the other regions, but the dif- discriminate between objects (Fig. 3E). This result indicates that com-
ferences did not reach statistical significance. In summary, after PBM bined PBM could be beneficial for the memory alterations induced by
administration, we observed fewer Egrl-dependent activated cells in the stress. To deepen on that, we then examined spatial working memory
hippocampus. Moreover, we examined if PBM treatment was inducing with the Y-maze. The number of alternations between the three arms of
changes not only in the density but also in the type of activated cells. To the Y-maze was analyzed. We observed that CNT mice performed a % of

characterize this, we immunostained the CA1 of EgrCreER"?xR26RCE. alternations above those expected by chance (dashed line). Regarding
mice from our four conditions (CNT, HEAD, ABD and BOTH) for the stressed mice, the only group that was not able to perform a % of

different markers, including MAP2, a marker for CA1 pyramidal neu- alternations above the chance level was the CUMS group (Fig. 3F). This
rons, PV, a marker of GABAergic interneurons and Calbindin, a marker result suggests that PBM, whether applied to the head, abdomen or both
of superficial neurons of the CA1. We confirmed previous data from the locations, could be useful in mitigating spatial working memory deficits
group as the Egrl-positive cells were all pyramidal neurons (Sancho- induced by chronic stress. Finally, a Z-score was performed to summa-
Balsells et al., 2023) (Supplementary Fig. 1 A and 1B). No co-localization rize the global effect of stress duration in all the behavioral tasks
was observed between interneurons and Egrl-positive cells (Supple- mentioned. As observed in Supplementary Fig. 2 A, a significant increase
mentary Fig. 1 A and 1C). Then, we checked for changes in the number in Z-score was observed in all stressed groups, although the group with
of deep (calbindin-negative) or superficial (calbindin-positive) neurons higher values (meaning worse behavioral performance) was the CUMS
(Fig. 1A and D). We could not find any difference in this marker. Overall, mice.

these results suggest that although PBM causes a reduction of Egrl-
positive neurons, it does not induce any cellular reorganization.
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Fig. 2. Identification of active cells in different areas of the hippocampus after tissue-combined photobiomodulation. (A) Representative image of the photo-
biomodulation device, in which 2 modules are found, one in the head and one in the abdomen. Mice are placed inside the restrainer. (B) Schematic representation of
the emission module with 1 near-infrared lasers, 1 near-infrared LEDs, 1 red LEDS and a ring magnet. (C) Scheme of the double heterozygous mutant Egrl-CreER™ x
R26RCE GFP mice. (D) Egrl-CreER"™ x R26RCE mice were placed in the photobiomodulation device and stimulated for 6 min each day. This procedure was repeated
for three weeks once per day from Monday to Friday. On the first day of the last week of photobiomodulation, all mice were treated with 4-HT, 50 mg/kg, 30 min
before the stimulation to induce recombination by CreER™. Representative images and quantification of Egrl-dependent activated cells (Number of GFP-positive
cells/area of 500 pmz) per region in: the CA1 (E), the CA3 (F) and the DG (G). In E, group effect, F(364) = 9.441, P < 0.001. In F, group effect, F(369) = 3.039,
P =0.0347. Tukey’s test as a post hoc analysis was used. Values are mean + SEM. N = 6-7 mice per group. P: Stratum pyramidale; G: Stratum granulare. In graphs F-G,
numbers on the X-axis represent the sections analyzed (from rostral 1- to caudal 5). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

3.4. Tissue-combined photobiomodulation regulates the gut microbiome

To determine the possible effect of stress and PBM treatment on mice
microbiota, we conducted 16S ribosomal DNA sequencing. According to
the principal coordinate analysis (PCoA) of beta diversity, fecal micro-
biota from the CUMS group was significantly different from the CNT
group (Fig. 4A). No differences in beta diversity were observed between
those mice receiving PBM and CNT mice. Regarding alpha diversity, no
significant changes were observed between groups, as indicated by the
Shannon, Simpson and Chaol indices (Fig. 4B).

We then explored the relative phylum abundance in all groups. The
taxonomy result showed that the most dominant phyla in all samples
were Bacteroidetes and Firmicutes (Fig. 4C). Despite inter-individual
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variability, Verrucomicrobia was significantly increased in all the stress
groups, suggesting a rise in pro-inflammatory phyla after stress (Li et al.,
2017; Lin et al., 2019). To further characterize bacterial communities,
we studied the relative abundance of specific genera (Fig. 4D). The five
more abundant genera were analyzed. We did not observe significant
changes in the abundance of specific genera, as depicted in Fig. 4D.

As only modest changes were observed, we decided to compare the
levels of specific genera with the behavioral test, summarized in the Z-
score (Supplementary Fig. 2). Consequently, the correlation between
each genus abundance and the Z-score was calculated. In general, we
found that the genera Roseburia, Enterorhabdus, Butyricicoccus and Pre-
votellaceae NK3B31 have a significative correlation with Z score values
(Supplementary Table). To further explore these correlations, the
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Fig. 3. PBM treatment during chronic stress improves cognitive alterations induced by CUMS. (A) Schematic representation of the experimental design used. Mice
underwent chronic stress for 28 days (CUMS groups) or were kept in their homecages (CNT). Starting on day 8, all groups (except for CNT and CUMS) started the
photobiomodulation treatment 6 min per day, from Monday to Friday. On day 29, fecal samples were collected and then mice started a battery of behavioral tests. 24
h after the last test, mice were sacrificed. (B) Experimental groups used for this experiment. N = 14-16 mice per group. The lightning symbols indicates the presence
of the CUMS protocol (chronic stress). The orange light indicates PBM treatment. In the open field, total locomotor activity and time spend in the center were
measured (C). Total distance, two-way ANOVA, group effect F(470) = 11.52, P < 0.001. In the forced swim test (D), floating duration was quantified for 6 min to
measured behavioral despair. F (4, 70) = 64.10, P < 0.0001. (E) In the novel object location task, spatial memory was evaluated 24 h after a training trial as the
percentage of total time spent exploring either the object placed at a new location (N) or the object placed at the old location (0). Two-way ANOVA, new location
effect, F(;, 138) = 12.25, P = 0.0006. (F) Spatial working memory was studied using the Y-maze. The number of triads (%) was calculated and compared with the
chance level (50 % -dashed line). The t-test between % of alternation and 50 % was performed for each group. In C and D, Tukey as a post hoc analysis was used. In E,
Bonferroni’s as a post hoc analysis was used. All values are mean + SEM. *P < 0.05, **P < 0.005 and ***P < 0.001.

samples were segregated by condition for a more detailed analysis 3.5. Hippocampal spine density and Sirt1 levels are recovered after PBM
(Fig. 4E). First, we observed that in CNT mice, Roseburia levels signifi-

cantly correlated with the behavioral Z-score (R? = 0.8, P-value = As profound changes at the microbiome level associated with PBM
0.0012) and that this correlation was lost in those mice receiving the were not identified, we turned our attention to investigating potential
stress protocol (CUMS) (R2 = 0.0005, P-value = 0.95). Interestingly, this brain changes linked to PBM treatment. Considering the behavioral re-
correlation became significant in mice receiving PBM in the head (CUMS sults suggesting an impact of PBM on cognitive tasks highly involving
HEAD) (R? = 0.47, P-value = 0.0285) or in the head and the abdomen the hippocampus, we explored whether these alterations might be
(R? = 0.59, P-value = 0.04) (CUMS BOTH) (Fig. 4E). associated with changes in hippocampal spine density. Thus, spine

581



A. Sancho-Balsells et al.

Journal of Affective Disorders 354 (2024) 574-588

A Beta-diversity
Pairs P-value
CNT vs CUMS 0.04*
g [ CNT vs CUMS ABD 0.45
5 [¢] cumsasp
3 {5} cums sorw
il cuneseaD CNT vs CUMS HEAD 0.5
CNT vs CUMS BOTH 0.7
PCO‘[ZAB%\‘
Alfa-diversity
B 5.0 1.00+ 250+
4.5 o E 200
g 40 5
e .0 8 S 150
c S 0.90- ]
2 3.5 E 5 100+
(2] : (2]
0.85- °
3.0 50- °
o
2.5- 0.80 —m8™ ™ 0-
C 100- D
@ 0.4
Em Epsilonbacteraeota 2
—_— ©
_g X 3 Cyanobacteria 2
T o ) ) E 0.3
= 5 3 Actinobacteria 2
[ |
£ g 50 Em Verrucomicrobia [
2c o 0.2
>3 Bl Firmicutes <
£ 3 g
o mm Bacteroidetes Py
o 0.1
0- 2
E
0.044 0.04 cums 0049 cyms HEAD 0047 cums aBD 0.04 CUMS BOTH
0.03- 0.03 0.03- 0.03 0.03
K] 8 ¢ © 8 =
= = = = =
S ] . 5 S H
S 0.02- S 0.02- 2 0.02- < 0.02- 2 0.02 .
g g 2 g 2
4 4 . 4 4 4
0.01- 0014 o 0.01+ 0.01+ 0.014
° Wy
. LN
0.00t+—T—T—T—T11 0.00+—e—T—T—T* 0.00+—T—TT1———1 0.001— — T 0.00 — T T
-2.0-1.5-1.0-0.50.0 0.5 0.5 1.0 1.5 2.0 25 -1.00.50.00.51.01.52.0 0.0 05 1.0 1.5 2.0 -0.5 0.0 0.5 1.0 1.5
Z-score Z-score Z-score Z-score Z-score
R2=0.8, P-value=0.0012 R2=0.0005, P-value=0.95 R2=0.47, P-value=0.0285 R2=0.1329, P-value=0.3 R2=0.59, P-value=0.04
I CNT [ CUMS CUMS HEAD CUMS ABD I CUMS BOTH

Fig. 4. Effect of tissue-combined photobiomodulation in fecal microbiome. (A) Scores plot for the PCoA performed on the weighted UNIFRAC beta-diversity index
grouped by treatments. Samples are colored and shaped accordingly to their type. Variance explained by each coordinate is indicated between parentheses in the
corresponding axis. Table shows beta diversity statistical analysis. Significant differences (p value <0.05) between Weighted Unifrac values of sample types between
treatments, calculated by pairwise PERMANOVA. (B) Alpha diversity of all groups did not change between groups, either with the Shannon, or Simpson or Chaol
indexes. (C) Relative phylum abundance in each condition. Firmicutes and Bacteroidetes were the most abundant phyla in all groups. Verrucomicrobia (shown in pink)
was increased in all stressed conditions. (D) Heat map of most represented genera in all fecal samples. No statistical differences were found between groups. Numbers
(1-5) represent specific genera.l: o_Bacteroidales, f_Muribaculaceae,g_ unspecified; 2: o_Verrucomicrobiales|f Akkermansiaceae|g Akkermansia; 3: o_Lactobacillales|
f Lactobacillaceae|g_Lactobacillus, 4: o_Clostridiales|f Lachnospiraceae|g_Lachnospiraceae NK4A136 group; 5: o_Clostridiales|f Lachnospiraceae|g_unspecified. O: order;
F: family; G: genera. (E) Correlation between Roseburia levels and the Z-score in CNT, CUMS, CUMS HEAD, CUMS ABD and CUMS BOTH. The coefficient of cor-
relation and p-value associated for each correlation is depicted below the graph. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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density was analyzed in pyramidal neurons of the CAl of the hippo-
campus using the Golgi staining method. We observed a decreased spine
density in CUMS mice compared to CNT mice (Fig. 5A and B). Notably,
this reduction was prevented in mice subjected to PBM in the head
(CUMS HEAD) and those receiving PBM in both the head and abdomen
(CUMS BOTH) (Fig. 5A and B).

We then wanted to determine which molecular mechanisms could be
underlying the effects of PBM. Thus, levels of Sirtl were evaluated in the
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that targeting the gut (and the microbiome resident in the gut) with PBM
induces a reduction of Sirtl levels in hippocampal neurons. We next
wanted to study whether Sirtl levels were also altered in other impor-
tant hippocampal subpopulations, such as microglia and astrocytes. For
this purpose, an immunofluorescence analysis was performed in the
stratum radiatum of the hippocampus. We first noticed that Ibal-positive
microglia were not expressing Sirtl (Fig. 5E). Then, we found that GFAP-
positive astrocytes were expressing Sirtl (Fig. 5F), although no changes

hippocampus of mice treated with PBM using immunohistochemistry. In in Sirtl intensity were observed in this subpopulation (Fig. 5G).
line with our previous results (Fig. 1H), we found a significant rise in
Sirtl intensity in the CA1 of stressed mice (CUMS) when compared with
the CNT group (Fig. 5C and D). This increase was prevented in those
mice receiving the PBM in the abdomen (CUMS ABD) and the double

stimulation (CUMS BOTH). Therefore, these results probably indicate

3.6. Tissue-combined photobiomodulation reduces hippocampal
neuroinflammation

Despite not finding changes in Sirt1 expression in either astrocytes or
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Fig. 5. Structural and molecular changes induced by PBM after CUMS. (A) Quantification of CA1 spine density after chronic stress and PBM treatment. One-way
ANOVA, F(4255) = 4.453, P = 0.0017. Tukey’s test as a post hoc analysis was used. N = 50-55 dendrites from 6 to 7 mice per group were counted. *P < 0.05
compared to CNT; $P < 0.05 compared to CUMS BOTH. (B) Representative images of CA1 apical dendrites from each group. (C) Quantification of Sirtl mean
intensity in the CAl. Two-way ANOVA, F(4,34) = 4.391, P = 0.0057. Dunnett’s as a post hoc analysis was used. *P < 0.05 compared to CNT. (D) Representative images
of Sirtl staining in the straum radiatum of the hippocampus. (E) Representative image of the stratum radiatum of the hippocampus showing Ibal-positive microglia
(green) and Sirt1 expression (red). No colocalization was found between both markers. Empty arrows point to microglia cells and white arrows point to Sirt1-positive
nuclei. (F) Representative images of the stratum radiatum of the hippocampus showing GFAP-astrocytes (labelled in cyan) expressing Sirtl (in red). White arrows
point to astrocytes expressing Sirtl. (G) Quantification of Sirtl mean intensity in astrocytes. Values are mean + SEM. N = 7-8 mice per group. O: Stratum oriens; P:
Stratum radiatum. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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microglia, we wonder if the beneficial effects observed at the behavioral
level could be linked to a general effect in neuroinflammation. We
evaluated the intensity and morphology of GFAP and Ibal-positive cells
in the stratum radiatum of the CA1 of the hippocampus using immuno-
histochemistry. First, we observed that the intensity of GFAP was
increased in the CUMS mice when compared with CNT mice. This rise
was normalized with all the PBM treatments, independently of where
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the light was delivered (Fig. 6A and B). The same tendencies were
observed when measuring GFAP intensity in each astrocyte (Fig. 6A and
C). Then we further characterized if these intensity changes were
accompanied by modifications in astrocyte morphology. We could not
find any alteration in the GFAP cell area or GFAP circularity (Fig. 6D and
E). Then, we analyzed microglia by looking at Ibal-positive cells. We
first found that CUMS mice presented higher levels of total Ibal-
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Fig. 6. Effect of tissue-combined PBM on hippocampal inflammatory markers. (A) Representative images of GFAP staining (green) in the stratum radiatum of the
hippocampus in each condition. Below each picture, a representative mask of GFAP cells obtained with ImageJ is found. (B) Total intensity (IOD) of GFAP-positive
astrocytes in the stratum radiatum of the hippocampus. One-way ANOVA, group factor: F (4, 41) = 8.492, P < 0.0001. (C) Mean intensity in each astrocyte. One-way
ANOVA, group factor: F(4,41) = 4775, P = 0.003. (D) Cell area of GFAP-positive astrocytes. (E) Circularity of GFAP-positive astrocytes. (F) Representative images of
Ibal staining (red) in the stratum radiatum of the hippocampus in each condition. Below each picture, a representative mask of Ibal cells obtained with ImageJ is
found. (G) Total intensity (IOD) of Ibal-positive microglia in the stratum radiatum of the hippocampus. One-way ANOVA, group factor: F(4 41) = 11.89, P < 0.0001.
(H) Mean intensity in each Ibal- positive microglia One-way ANOVA, group factor: F(436) = 5.101, P = 0.0023. (I) Cell area of Ibal-positive microglia. One-way
ANOVA, group factor: F(4 37) = 3.928, P = 0.0093. (J) Circularity of Ibal-positive microglia. One-way ANOVA, group factor: F (4, 37) = 5204 P = 0,0020. In G-J,
Dunnet’s as a post hoc analysis was used. All values are mean + SEM. N = 6-10 mice per group. *P < 0.05, **P < 0.005 and ***P < 0.001. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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immunoreactivity when compared with CNT mice, whereas this was
prevented in those mice receiving PBM (Fig. 6F and G). This was
maintained when analyzing Ibal intensity per microglia (Fig. 6H). The
morphological analysis revealed that CUMS mice presented bigger
microglia, as demonstrated with a higher cell area than CNT mice.
Interestingly, this was prevented with PBM treatment. Moreover, we
observed that CUMS mice presented more branched microglia when
compared with CNT mice (Fig. 6J) and that this was reverted with PBM.

4. Discussion

In the present work, we used tissue-combined photobiomodulation
(PBM) in a mouse model of chronic unpredictable mild stress (CUMS).
While PBM has been previously used for psychiatric disorders, prior
research has predominantly targeted the brain. Our study aimed to
stimulate both the brain and abdomen, where the microbiome is pri-
marily located. We showed that tissue-combined PBM can be beneficial,
specifically for cognitive deficits, hippocampal spine density alterations
and increased neuroinflammation induced by chronic stress. Moreover,
we proved that PBM can modulate the gut microbiome and correct
aberrant neuronal Sirtl expression induced by stress.

To induce an MDD-like phenotype in mice, we used the widely
accepted CUMS protocol (Willner, 2017), known to induce cognitive and
emotional sequelae (Montalban et al., 2019; Alqurashi et al., 2022;
Avery and Silverman, 1984; Belovicova et al., 2017; Mohr et al., 2005).
Considering the established connection between the hippocampus and
stress-induced depression (Tartt et al., 2022; Chan et al., 2016; Frodl
et al., 2002; Nifosi et al., 2010), we analyzed hippocampal proteomic
changes after CUMS. We identified the Sirtl pathway as a core molec-
ular pathway affected in CUMS mice. We further localized such
increased levels of this protein in the stratum pyramidale and stratum
granulosum of the hippocampus after chronic stress. Sirtl is a NAD+ —
dependent histone deacetylase which regulates acetylation and deace-
tylation levels of its countless substrates. Previous literature has already
described an implication of Sirtl in stress pathologies. Whereas some
papers demonstrate that Sirt1 is raised in the hippocampus (but also in
other brain regions) after stress (Ferland and Schrader, 2011; Guo et al.,
2021) other works suggest the opposite and describe a fall of Sirtl
expression in stress disorders (Abe-Higuchi et al., 2016; Morato et al.,
2022), which illustrates the complexity of this protein function.

In the present work, we aimed to modulate Sirt1-dependent molec-
ular changes by using a novel non-invasive photobiomodulation (PBM)
approach, bringing our method closer to potential applications in
human patients.

While PBM has been applied in patients, there is limited under-
standing of the specific brain cells regulated by this approach. To
address this gap, we initially identified cells influenced by PBM by
examining Egrl-dependent activated neurons. Interestingly, we found
fewer activated cells after PBM in the hippocampus, suggesting that
PBM modulates brain activity. In this line, previous work from the group
has suggested that hippocampal Egrl downregulation could be benefi-
cial for stress-induced sequalae (Sancho-Balsells et al., 2023). Conse-
quently, it is plausible to consider that the decrease in Egrl-activated
neurons induced by PBM could be advantageous in stressed mice. One
possible explanation for this finding is that PBM modulation of the
mitochondria could lead to changes in neuronal activity. Additionally,
our PBM device is surrounded and preceded by a toroid magnet, which
creates a static magnetic field. Thus, we cannot rule out the possibility
that the downregulation of activated cells found after PBM could be also
due to this static magnetic field. In this line, some studies have shown
that static magnetic fields can induce effects on the human brain and
interfere with neuronal activity (Hernando et al., 2020).

Contrary to the findings of other groups, we could not find a bene-
ficial effect of PBM in either anxiety or behavioral despair (Eshaghi
et al., 2019; Zhang et al., 2021b; Meynaghizadeh-Zargar et al., 2020).
This discrepancy may be attributed to variations in the optical
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parameters used in each PBM experiment. However, our study revealed
that cognitive symptoms induced by chronic stress were either pre-
vented or, at the very least, ameliorated through the use of a specific
type of PBM that allowed simultaneous simulation of different tissues.
This result was accompanied by the prevention of spine density loss in
the CA1 of the hippocampus. This result aligns with previous studies
wherein PBM was used to improve cognitive sequelae and increase
PSD95 puncta in models of temporal lobe epilepsy and cognitive
impairment (Zhang et al., 2022; Hong et al., 2023). At a molecular level,
we found that the potential underlying mechanism of the PBM-
dependent improvements could be the restoration of hippocampal
Sirtl levels (and probably also its function) through the stimulation of
the gut. This outcome indicates somehow that gut and/or microbiome
stimulation is mediating the beneficial effects of PBM regarding
neuronal Sirt]l expression. Future studies should be conducted to explore
how Sirtl specifically mediates the observed beneficial effects in
cognitive tasks.

To further investigate if targeting the gut and the brain with PBM
could somehow modify the microbiome, the gut composition was
analyzed. We first confirmed previous data supporting the idea that gut
dysbiosis is present in mice that underwent chronic stress (Deng et al.,
2021; Duan et al., 2021; Liu et al., 2022). Interestingly, we observed
alterations in beta diversity after chronic stress, and these changes were
prevented with PBM. Moreover, we presented intriguing data on the
genus Roseburia, the levels of which correlate with mice behavioral
performance in CNT, CUMS HEAD and CUMS BOTH mice. In this
context, a recent study conducted on patients suffering from geriatric
depression has shown that Roseburia, a butyrate-producing bacteria,
could be involved in the remission of MDD upon specific antidepressant
treatment (Lee et al., 2022). Interestingly, butyrate is a short-chain fatty
acid which can inhibit several histone deacetylases, including Sirtl
(Begum et al., 2022; Schroeder et al., 2007). Thus, changes in Roseburia
levels could, to some extent, explain the restoration of Sirt1 after PBM in
both the head and abdomen.

Finally, since several studies have shown that PBM can modulate
neuroinflammation in rodent models of Alzheimer’s disease, autism and
spinal cord injury, among others (Caldieraro and Cassano, 2019;
Gutiérrez-Menéndez et al., 2020; Kim et al., 2022; Wang et al., 2021;
Hamblin, 2017), we explored such pathological events in our model. We
first found a punctual increase in GFAP immunoreactivity in stressed
mice that was corrected after PBM stimulation. Regarding microglia, we
found stronger effects and confirmed previous evidence showing
increased levels of Ibal after chronic stress (Calcia et al., 2016). Inter-
estingly, this was significantly rescued in all PBM-treated mice.
Furthermore, we observed that CUMS mice presented bigger and more
branched microglia when compared with CNT mice, and these
morphological changes were restored in mice treated with PBM. Sup-
porting our findings, changes in Ibal expression and morphology have
been reported in several stress animal models (Calcia et al., 2016;
Troubat et al., 2021). While it is widely acknowledged that stress
exposure activates microglia, the precise mechanisms through which
microglia activation leads to or contributes to the depressive phenotype
remain unclear. From our results it is tempting to speculate that
increased branched microglia displays higher synaptic phagocytosis
activity (Hellwig et al., 2016; Mordelt and De Witte, 2023; Paolicelli
et al., 2022; Wang et al., 2022) and that PBM prevented this phenotype
which resulted in a restoration of the synaptic density. Moreover, since
we did not detected Sirtl in microglia, it could be hypothesized that
changes in neuronal Sirtl could somehow regulate microglia function
and activation in an indirect way through the multiple described
mechanisms of communication between neuronal and glial cells (Sze-
pesi et al., 2018).

In line with our results, which indicate positive outcomes from
treating both the head and abdomen separately, previous research has
proposed that the beneficial effects of PBM are not limited to its impact
on the brain alone; instead, they extend to the entire body (Johnstone
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etal., 2015; Johnstone et al., 2014). Nevertheless, we believe that tissue-
combined PBM is the most efficient approach, as it consistently dem-
onstrates superior results across all parameters examined in this study.

5. Conclusions

In conclusion, our work suggests that tissue-combined PBM can be
mostly beneficial for the cognitive deficits observed after chronic stress,
probably due to the restoration of Sirtl expression and consequent
hippocampal spine density, the modulation of the microbiome and the
reduction of neuroinflammation.
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