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Dorsoventral photobiomodulation therapy 
safely reduces inflammation and sensorimotor 
deficits in a mouse model of multiple sclerosis
Vincent Escarrat1,2,5, Davide Reato1,3, Guillaume Blivet5, Jacques Touchon4, Geneviève Rougon1, 
Rémi Bos1*† and Franck Debarbieux1,2,6*† 

Abstract 

Background  Non-invasive photobiomodulation therapy (PBMT), employing specific infrared light wavelengths 
to stimulate biological tissues,  has recently gained attention for its application to treat neurological disorders. Here, 
we aimed to uncover the cellular targets of PBMT and assess its potential as a therapeutic intervention for multiple 
sclerosis (MS).

Methods  We applied daily dorsoventral PBMT in an experimental autoimmune encephalomyelitis (EAE) mouse 
model, which recapitulates key features of MS, and revealed a strong positive impact of PBMT on the sensorimo-
tor deficits. To understand the cellular mechanisms underlying these striking effects, we used state-of-the-art tools 
and methods ranging from two-photon longitudinal imaging of triple fluorescent reporter mice to histological inves-
tigations and patch-clamp electrophysiological recordings.

Results  We found that PBMT induced anti-inflammatory and neuroprotective effects in the dorsal spinal cord. PBMT 
prevented peripheral immune cell infiltration, glial reactivity, as well as the EAE-induced hyperexcitability of spinal 
interneurons, both in dorsal and ventral areas, which likely underlies the behavioral effects of the treatment. Thus, 
aside from confirming the safety of PBMT in healthy mice, our preclinical investigation suggests that PBMT exerts 
a systemic and beneficial effect on the physiopathology of EAE, primarily resulting in the modulation of the inflamma-
tory processes.

Conclusion  PBMT may therefore represent a new valuable therapeutic option to treat MS symptoms.

Keywords  Photobiomodulation therapy, Experimental autoimmune encephalomyelitis, Inflammation, 
Neuroprotection
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Introduction
In recent years, non-invasive photobiomodulation 
(PBM), employing specific red and near-infrared light 
wavelengths, has gained attention for its therapeutic 
potential in tretating multiple diseases with no serious 
adverse effects reported [1, 2], rendering it a valuable 
option to treat neural-related diseases [3–5]. In animal 
models, PBM therapy (PBMT) has been effective in man-
aging locomotor disabilities associated with Parkinson’s 
disease [6, 7], motor disorders related to multiple sclero-
sis (MS) [8–10], and cognitive disorders in Alzheimer’s 
disease [11, 12]. Early results from ongoing clinical trials 
also indicate potential benefits of PBMT for treating Alz-
heimer’s disease patients [13] and multiple sclerosis (MS) 
patients [14].

Whereas PBMT triggers photochemical changes within 
cellular structures, the mechanisms underlying its ben-
eficial effect at a systemic level are not fully understood. 
The most widely accepted mechanism of action is that 
PBMT improves cellular functions via a direct effect on 
mitochondrial activity, involving a chromophore, the 
cytochrome c oxidase [15–18]. Several reports have doc-
umented how this photobiomodulation of mitochondrial 
activity can facilitate neuronal recovery in neurodegen-
erative diseases [19].

MS is a severe autoimmune disorder that affects more 
than 2.8 million people worldwide. MS patients suffer 
from the related progressive lifelong locomotor and cog-
nitive disabilities that impede their quality of life [20]. 
The clinical course of MS falls into two main subtypes. 
Relapsing–remitting MS diagnosed in > 85% of patients is 
transient and characterized by relapses of disease sepa-
rated by periods without clinical signs. However, for 
approximately 15% of people, MS is progressive, with 
irreversible neurological deterioration occurring either 
from the disease onset (primary progressive) or after a 
prolonged relapsing–remitting period (secondary pro-
gressive). It is now recognized that progression occurs 
throughout the disease course, independent of relapse 
activity, a phenomenon termed progression independent 
of relapse activity (PIRA) [21].

MS likely develops as a result of a dynamic interplay 
among genetic, environmental, and lifestyle factors. 
Despite a low incidence of familial MS (< 13%) [22], pre-
disposing genetic factors [23, 24] can amplify the sus-
ceptibility to early-life encounters with environmental 
pathogens [25]. These encounters, in turn, contribute to 
shape adaptive immune responses, influencing the sub-
sequent reactivity toward self-antigens in adulthood. 
Depending on one’s acquired repertoire of pathogen-
specific B and T regulatory leukocytes [25], infection by 
typically innocuous viruses like Epstein-Barr virus or the 
human herpes virus [26, 27] can turn into a detrimental 

triggering event. Autoreactive leukocytes could thus be 
reactivated through molecular mimicry between viral 
sequences and myelin protein, potentially leading to MS 
[26, 28]. While the exact cause of MS remains unknown, 
such a scenario is worthy of attention considering the 
number of worldwide viral pandemics experienced in 
recent years and their acknowledged relevance to MS 
incidence [29].

There are four key pathological features of MS: (i) 
inflammation, believed to be the main trigger of the cas-
cade of events leading to tissue damage; (ii) demyelina-
tion, where the myelin sheath or the oligodendrocyte 
cell body is destroyed by the inflammatory process; (iii) 
axonal damages or losses; and (iv) reactive gliosis [20]. 
Complex interactions among peripheral immune cell 
subsets (i.e., LysM+ myeloid cells), astrocytes, micro-
glia, oligodendrocytes, and neurons play intricate roles 
in the control of neurotransmission, inflammation, and 
neurodegeneration.

Despite significant progress in identifying relevant cell 
subsets and targets for their specific modulation, thera-
peutic strategies remain limited. Pharmacological treat-
ments specific to MS effectively alleviate symptoms but 
may entail adverse effects, underscoring the need for 
novel therapeutic modalities with more favorable safety 
profiles [30, 31].

The murine model of experimental autoimmune 
encephalomyelitis (EAE) has been instrumental in reca-
pitulating key features of MS [32]. This model provides 
crucial insights into the immunological aspects of MS 
[33] and presents potential avenues for therapeutic inter-
ventions [20]. We induced EAE in adult triple heterozy-
gous Thy1-ECFP//LysM-EGFP//CD11c-EYFP reporter 
mice [34] to follow the dynamics of axons and innate 
inflammatory cell subsets.

In this study, we aimed to (i) evaluate the safety and 
efficacy of an optimized red and near-infrared PBMT 
device, simultaneously targeting both the back and the 
abdomen, for its application on the sensorimotor defi-
cits observed in the EAE mouse model of MS and (ii) to 
obtain insights into the dynamics of its effect on neuroin-
flammatory cellular interactions. We showed that PBMT 
significantly decreased inflammation and axonal losses, 
preventing neuronal hyperexcitability and improving 
sensorimotor deficits. Dorsoventral PBMT may thus rep-
resent a valuable non-invasive and safe therapy for MS.

Materials and methods
We implanted a glass window in 50 adult (> 15  weeks) 
triple heterozygous Thy1-ECFP//LysM-EGFP//CD11c-
EYFP transgenic mice of either sex, and induced EAE 
in 35 of them. Seven mice did not develop clinical signs 
and were removed from the study. An endpoint for the 
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experiments was fixed when weight loss exceeded 20% 
of the initial body weight during three consecutive days; 
none had to be excluded based on this criterion.

Mice of either sex were randomized in four groups: 
(1) EAE-induced (EAE), (2) EAE-induced and treated by 
PBMT (EAE-PBMT), (3) healthy control (CTRL), and 
(4) healthy control treated by PBMT (CTRL-PBMT). We 
determined sample size to mimize the number of experi-
mental animals involved while providing sufficient power 
to detect statistical differences. The numbers of animals 
and biological replicates are specified in each figure leg-
end. Automated image analysis was conducted after two-
photon imaging and immunohistochemistry. Operators 
were moreover blinded to mouse experimental condi-
tions for all outcome measures of functional locomotor 
deficits and for image analyses.

Spinal cord glass window implantation
As described previously [35, 36], a glass window was 
cemented and sealed on the exposed spinal parenchyma. 
Briefly, mice were deeply anaesthetized with an intra-
peritoneal injection of ketamine/xylazine (120 mg/kg or 
12  mg/kg) administration prior to dorsal midline inci-
sion over T12–L2 and scalpel resection of their muscles 
between the spinal and transverse processes. Animals 
were then suspended on a spinal-fork stereotaxic appa-
ratus (Harvard Apparatus) to facilitate the fixation of the 
metallic scaffold later serving as an anchoring point for 
surgery and imaging. Once it was firmly held by its han-
dle, spinal processes were drilled and removed to expose 
the dorsal spinal tissue. A line of liquid Kwik-Sil (World 
Precision Instruments) was applied to the dura mater 
surface along the midline of the spinal cord, and the 
glass window was immediately glued and hermetically 
cemented over the spinal cord. Postoperative analgesia 
was applied immediately following surgery and every two 
days for 10 days. EAE was induced three weeks after glass 
window implantation, at which time surgical-related 
inflammation had resumed.

EAE induction
Three weeks after the surgery, mice were deeply anaes-
thetized and subcutaneously injected with an emulsion 
of MOG 35–55 peptide (200  μg, GMPT1519-80, Pro-
teogenix) and Freund’s complete adjuvant. The complete 
adjuvant was prepared with incomplete Freund’s adju-
vant (F5506 Sigma-Aldrich) supplemented with 800  μg 
of mycobacterium tuberculosis (BD Difco #231141), as 
described [34]. Induction was completed by intraperito-
neal (i.p.) injections of 400  ng of pertussis toxin (#3097 
Torcis) in PBS the same day and two days after. As CTRL 
and CTRL-PBMT mice were not EAE-induced, “time 

post-induction” in the figures means the time after the 
three weeks of recovery following surgery.

Dorsoventral PBMT
We used the RGn535 noninvasive preclinical device man-
ufactured by REGEnLIFE (Paris, France) for mouse con-
tention and dorsoventral PBMT. The device is tailored 
to immobilize mice safely and securely while delivering 
targeted PBMT. It includes two identical PBMT mod-
ules (one dorsal and one ventral, Fig. 1C) whose positions 
can be adjusted to target light at the desired locations for 
mice of varying sizes. Positions were set symmetrically 
above the spinal window center and on the clean shaven 
belly of a vigil mouse. The shuttle was tailored to accom-
modate the handle of the implanted spinal chamber.

Each PBMT module was composed of three differ-
ent energy sources: one near-infrared (NIR) laser diode 
(850  nm) and two light-emitting diodes (LEDs), respec-
tively, at 850  nm and 660  nm. The photonic emissions 
were pulsed at a 10 Hz frequency through a ring-shaped 
magnet, creating a static magnetic field at 200  mT 
(Table 1).

After a short phase of habituation (< 5  days), mice 
autonomously entered the illuminating shuttle into the 
RGn535. The temperature inside the shuttle never raised 
more than 0.5 °C during the 6 min PBMT protocol, and 
illumination did not induce signs of discomfort in the 
mice. On D12 following EAE induction, corresponding to 
the day of the first clinical signs, mice were submitted to 
the treatment procedure for 6 min per day, with or with-
out light illumination, to evaluate the effect of PBMT on 
the course of the disease.

Functional analysis of locomotor deficits
Clinical score
EAE progression was evaluated daily by assigning a clini-
cal score as follows: 0, no detectable signs; 0.5, flaccid tail; 
1, complete tail paralysis; 2, partial hind limb paralysis; 
2.5, unilateral complete hind limb paralysis; 3, complete 
bilateral hind limb paralysis; 3.5, complete hind limb 
paralysis and partial forelimb paralysis; 4, total paralysis 
of forelimbs and hind limbs; and 5, death. The progres-
sion profile of the clinical scores throughout the 28-day 
protocol allowed us to divide it into four periods: base-
line (D0–D11), onset (D12–D16), peak (D17–D21), and 
recovery (D22–D28).

Sensorimotor coordination
The rotarod test required the mouse to balance itself 
while running on a rod. It was performed in a ramping 
mode using a rotating rod (#47650 Ugo Basile SRL) that 
accelerated over 5 min from 5 to 40 rotations per minute 
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(rpm). On each evaluation day, the latency of the mouse 
to fall was recorded.

Postural deficits
To precisely analyze postural deficits during spontane-
ous locomotion, mice were placed in a transparent cage 
(33 cm × 16 cm × 13 cm) for about 5 min. Short profile 
videos, including typically 4–5 events of spontaneous 
cage crossing, were acquired at 30 fps using a regular 

USB camera. Locomotion periods were defined using the 
x-position of the mouse’s mouth/nose during its crossing 
from one side of the cage to the other. DeepLabCut [37] 
was used to automatically identify anatomical points of 
interest in the videos as well as the position of the box 
corners to normalize x and y positions of anatomical 
labels of interest. Training was achieved by manual labe-
ling of five frames for each individual video. The output 
data generated with DeepLabCut was further analyzed 

Fig. 1  Longitudinal and multimodal evaluations of photobiomodulation therapy (PBMT) from a mouse model of MS. A–F Outline 
of the experimental protocol. Note that the mice were divided into four groups: EAE, EAE-PBMT, CTRL, and CTRL-PBMT (A). Spinal cord glass 
window was implanted on triple transgenic fluorescent reporter mice (Thy1-ECFP//LysM-EGFP//CD11c-EYFP) for intravital imaging (B). Three weeks 
after the surgery, mice were immunized using the active EAE model of MS. From the onset of the first sensorimotor symptoms (D12) to the end 
of the study (D28), half of the animals were treated with PBMT consisting of a near-infrared light stimulation 6 min/day (C). Sensorimotor deficits 
were assessed with clinical EAE scoring, rotarod test, and analysis based on DeepLabCut tracking throughout the protocol (D). Neuroinflammation 
was evaluated in a longitudinal way with two-photon intravital microscopy (B) and histological analysis on coronal spinal slices at D17 and D28 (E). 
Finally, electrophysiological properties of two neuronal populations were recorded at D28 post-immunization (F)
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using custom MATLAB scripts (available source at 
link). Robust estimates of the positions of the labeled 
points were obtained from the median values across 
all the frames of the locomotion period present in the 
video. Those values were then averaged across the videos 
belonging to a given disease stage.

To identify locomotion periods, we used the x-position 
of the mouse mouth/nose to identify periods in which 
the animal crosses from one side of the cage to the other. 
To estimate the hind limb motion during locomotion, 
we used the standard deviation of the y-position after 
detrending the signal to correct for slow variations in the 
y-position. This step was necessary considering the small 
range of motion of the limbs compared with slight asym-
metries in the box positioning. These asymmetries result 
in shifts in the y-direction when animals move from one 
side of the box to the other and therefore mask the true 
range of motion of the limbs.

We observed no significant differences in the effects of 
PBMT on locomotor and postural deficits between EAE 
mice with spinal glass window implants and those with-
out. Consequently, we pooled the data for analysis.

Immunohistology
On D17 or D28 after EAE induction, mice were intra-
cardially perfused with 25  ml of 1× phosphate-buffered 
saline (PBS) at 4  °C, followed by 4% paraformaldehyde 
(Electron Microscopy Science #15710) at RT. Then spi-
nal cords were gently removed with fine Dumont forceps 
and scissors (FST) placed in PBS, post-fixed overnight 
in 4% PFA, and then stored at 4 °C in PBS (1×)/Na-azide 
(0.1 g/L). On the day of the immunofluorescence experi-
ment, thoracic segments (T12–L2) of the fixed spinal 
cord were embedded in an agarose gel (3.5%) and cut into 
50  µm-thick coronal sections using a vibratome (Leica 
Microsystem). Immunostaining was performed on 3–5 
slices located below the glass window and interspaced at 
500 µm. Freshly cut slices were then placed in a blocking 
buffer (1% IgG-free BSA, 10% normal donkey serum, 0.2% 
Triton X-100 in PBS) for 90 min prior to their incubation 

with primary antibodies diluted in a blocking buffer over-
night at 4  °C under gentle agitation. Primary antibod-
ies were then washed four times (5 min/washes) in PBS 
before a 2 h incubation in secondary antibodies diluted in 
a blocking buffer without Triton X-100 at room tempera-
ture. The secondary antibodies were then washed three 
times (5 min/washes) in PBS before mounting with aque-
ous medium (Fluoromount F4680). Anti-IBA1 (Wako 
#019-19741, 1/750) was used in combination with Alexa 
Fluor® 647-conjugated antibody (Jackson #711-605-152, 
1/400), while anti-GFAP (Invitrogen #PA1-10004, 1/750) 
was used with DyLight® 405-conjugated antibody (Jack-
son #703-475-155, 1/400). Given the triple endogenous 
staining for Thy1, LysM, and CD11c, we obtained spinal 
cord slices shining with five fluorescent colors.

Imaging
Two‑photon intravital imaging
Each mouse was longitudinally imaged before and at 7, 
10, 14, 17, 21, 24, and 28 days after EAE induction. For 
each imaging session, mice were anesthetized with an 
intraperitoneal injection of ketamine/xylazine (100  mg/
kg or 10 mg/kg) administration. Freely breathing animals 
were placed in a microscope chamber warmed to 32  °C 
to maintain the body temperature at 37  °C. A tunable 
femtosecond pulsed laser (Ultra II Chameleon Coherent) 
was coupled with a Zeiss two-photon (2P) microscope 
(LSM 780, Carl-Zeiss) equipped with a 20 × water-
immersion objective lens (NA = 1.0) and five non-des-
canned detectors. The resulting field of view was typically 
424 µm × 424 µm. The laser was tuned to 940 nm to opti-
mize the simultaneous excitation of the labeling fluoro-
phore combination. Filter sets were designed to optimize 
the separation of the emission spectra of multiple fluo-
rophores (420–490  nm, 498–510  nm, 520–550  nm, 
555–600  nm, 608–678  nm). For each image stack, the 
laser intensity was adjusted according to imaging depth 
in order to maximize signal intensity while minimizing 
saturation throughout the image stack. A second har-
monic signal reflected by superficial collagen fibers was 

Table 1  Technical specifications of the preclinical RGn535 PBMT device

Component Laser diode IR LED Red LED

Wavelength (nm) 850 850 660

Mode Pulsed wave at 10 Hz; 50% duty cycle

Power density (irradiance max.—mW/cm2) 8.86 18.50 13.23

Dose (fluence max. for 6 min. exposure—J/cm2) 1.59 3.33 2.38

Cumulated dose (for 17 treatments—J/cm2) 27.03 56.61 40.46

Total number (dorsal module) 1 1 1

Total number (ventral module) 1 1 1
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used to identify meninges. Blood vessels and remark-
able axon patterns were used as anatomical markers to 
find the region of interest for each animal. Tiled stacks of 
2D images were acquired every 3 µm along the z-axis to 
generate a typical volume of interest of 2500 × 1250 × 100 
µm3 starting at the level of the meninges. Angular micro 
adjustments during mouse repositioning allowed the 
imaging of the same volume of interest throughout imag-
ing sessions.

Confocal imaging
Immunostained slices were imaged in a confocal mode 
on an LSM 780 (Carl-Zeiss) using a 20 × water-immer-
sion objective lens (NA = 1.0) with the following excita-
tion laser lines: 405  nm, 458  nm, 488  nm, 514  nm, and 
633 nm. Emitted fluorescence was collected on the tun-
able spectrometric Quasar detection unit using the fol-
lowing bands: 389–455  nm, 460–486  nm, 505–511  nm, 
536–580 nm, and 655–717 nm. Tiled stacks of 2D images 
were acquired over a depth of 25 µm using an optical sec-
tioning of 5 µm.

Image analysis
Images were analyzed using ZEN 2.1 (Zeiss, Jena, Ger-
many) and Arivis Vision 4D software (Arivis AG, Berlin, 
Germany V3.6.2).

Intravital images
Images were spectrally unmixed, cropped, and manually 
registered across sessions using ZEN 2.1. The volume of 
interest (VOI) lying between 30 and 50  µm below the 
dura mater was typically used for quantitative analysis. 
In this volume, individual immune cells were automati-
cally segmented and counted in the total 3D volume of 
the cropped images using a custom-designed pipeline 
on the Arivis software. The pipeline was based on the 
blob-finder algorithm and used different feature filters 
such as color, size, intensity, sphericity, and volume to 
separate the cells into three classes: LysM+ circulating 
cells, LysM+ infiltrated cells, and CD11c+. Cell densities 
were evaluated per volume unit of 0.01 mm3 to minimize 
VOIs’ inter-animal variability. Axonal densities were 
evaluated on maximum intensity projections images at 
six different locations along the rostro-caudal axis, which 
were carefully repositioned across imaging sessions. Flu-
orescence intensity profiles of the axonal staining (Thy1+) 
were used along 300 µm segments lying perpendicular to 
the dorsal vein. Each peak of fluorescence above a prede-
termined threshold value was counted as an axon whose 
location was classified according to its proximity to the 
dorsal vein: proximal (0–100 µm), medial (100–200 µm), 
and distal (200–300 µm). The average axonal density over 
the six locations was used for the statistical analyses.

Confocal images
Modified versions of the in vivo Arivis pipeline (V3.6.2) 
were used to perform object segmentation on the maxi-
mum intensity projection images of the whole spinal cord 
slices. The blob-finder algorithm was combined with 
available feature filters to classify six different cell sub-
types: Thy1+ axons, Thy1+ somas, LysM+ cells, CD11c+ 
cells, Iba1+ cells, and GFAP+ processes. Cell densities 
were evaluated per volume unit of 0.01  mm3 to mini-
mize the interslice variability while offering a compari-
son opportunity with intravital data. Regional masks 
were then overlaid to characterize differences of cell 
density between dorsal and ventral regions of the spinal 
cord as well as between WM and GM. Physical contacts 
between Iba1+ and GFAP+ objects were evaluated via the 
intersecting compartment tool in Arivis. The number of 
contacts was normalized by the number of Iba1+ cells to 
define the number of contact/cells. LysM+ cell infiltra-
tive behavior on D17 was calculated by measuring the 
minimum distance of each cell from the manually defined 
border of the spinal cord slice.

Electrophysiological study
Ex vivo preparations
Deeply anesthetized mice were decapitated prior to fast 
spinal cord removal by laminectomy. Fresh tissue was 
placed in ice-cold (1–2°) aCSF containing (in mM) 252 
sucrose, 3 KCl, 1.25 KH2PO4, 4 MgSO4, 0.2 CaCl2, 26 
NaHCO3, 25 d-glucose, and pH 7.4, bubbled with 95% O2 
and 5% CO2. The meninges were then removed and the 
spinal cord (T12–L5) embedded in a 1% agarose solution. 
L1–3 lumbar segments were sliced into 325 µm coronal 
sections using a vibrating micotome (Leica, VT1000S) 
and an ice-cold slicing solution (1–2°) containing  (in 
mM) 130  k-gluconate, 15 KCl, 0.05 EGTA, 20 HEPES, 
25 d-glucose, 3 kynurenic acid, and pH 7.4 with NAOH 
[38]. After a resting period of 30–60 min at 32–34 °C in 
regular aCSF containing (in mM) 120 NaCl, 3 KCl, 1.25 
NaH2PO4, 1.3 MgSO4, 1.2 CaCl2, 25 NaHCO3, 20 D-glu-
cose, and pH 7.4, individual slices were transferred to the 
recording chamber filled and superfused with the same 
bubbled (95% O2 and 5% CO2) regular aCSF. All record-
ings were made with the regular aCSF at 32–34 °C.

Electrophysiology
Whole-cell patch-clamp recordings were performed 
using a Multiclamp 700B amplifier driven by Pclamp 10 
software (Molecular Devices) either from ventromedial 
premotor neurons (lamina X) or from sensory dorsal 
horn neurons (lamina I–II). Patch electrodes (5–7 MΩ) 
were pulled from borosilicate glass capillaries (1.5  mm 
OD, 1.12  mm ID; #TW150-4; World Precision Instru-
ments) on a Sutter P-97 puller (Sutter Instruments 
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Company) and filled with an intracellular solution (in 
mM): 140 K+-gluconate, 5 NaCl, 2 MgCl2, 10 HEPES, 
0.5 EGTA, 2 ATP, 0.4 GTP, and pH 7.3. Pipette and 
neuronal capacitive currents were canceled, and after 
breakthrough, the series resistance was compensated. 
Recordings were digitized online and filtered at 10  kHz 
(Digidata 1440A, Molecular Devices). All experiments 
were designed to gather data within a stable period 
(i.e., at least 2  min after establishing whole-cell access). 
Because (i) the cell size influences neuronal excitability 
[39] and because (ii) we recorded non-identified neurons, 
we only compared the electrophysiological parameters of 
cells with the same size in both conditions to avoid any 
recording bias related to their morphological features.

Data analysis
Electrophysiological data was analyzed with Clampfit 10 
software (Molecular Devices). Only neurons with a stable 
membrane potential below − 55 mV, stable access resist-
ance (no > 20% variation), and overshooting action poten-
tials were analyzed. Reported membrane potentials were 
corrected for liquid junction potentials.

We determined the input resistance by the slope of lin-
ear fits to voltage responses evoked by small positive and 
negative current injections. Firing properties were meas-
ured from depolarizing current pulses of varying ampli-
tudes. The rheobase was defined as the minimum step 
current intensity required to induce an action potential 
from the membrane potential held at the resting mem-
brane potential (Vrest). The voltage threshold for firing 
was determined on the first spike of the depolarizing cur-
rent step at rheobase, as the point at which the first deriv-
ative of the voltage reached 10 mV/ms [40].

To determine the frequency-current (F-I) relationship, 
depolarizing current steps of increasing amplitude were 
delivered, and the spike number during the entire step 
duration (600  ms) was determined and plotted against 
the amplitude of the injected current from the rheobase. 
The slope of the plot was linearly fitted. The maximum 
instantaneous firing frequency was determined as the 
largest number of the inverse of the interspike interval 
during the most depolarized current step. The cell body 
cross-sectional area was automatically calculated using 
FIJI software.

Statistics
All statistical analysis was performed using Graph Pad 
Prism® 9. Values are expressed as means ± standard error 
of the mean (SEM). Statistical comparisons between 
each group were performed using the nonparametric 
two-tailed Mann–Whitney U test. Simple linear regres-
sion was performed to evaluate the correlation between 
two variables. Significance was assessed using a 95% 

confidence level and the degree of significance presented 
by *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant.

Results
PBMT alleviates sensorimotor deficits in EAE mice
To investigate the potential impact of PBMT on MS, 
we employed adult triple heterozygous Thy1-ECFP//
LysM-EGFP//CD11c-EYFP transgenic mice [34] of either 
sex, and induced EAE in part of them (see “Methods”) 
in the absence or presence of a spinal glass window to 
allow recurrent in  vivo imaging. In the latter case, we 
induced EAE three weeks after the implantation of a spi-
nal glass window to allow resorption of the inflamma-
tion induced by surgery. Whereas the window itself did 
not significantly impede the mice behavior over weeks, 
the first signs of tail paralysis were clearly observed 
12–14 days after induction. The sensorimotor deficits of 
the EAE-control and PBMT-treated mice were meticu-
lously assessed throughout the 28  days post-induction 
(Figs.  1A–C, 2). EAE clinical scoring revealed a gradual 
onset of sensorimotor paralysis in the hindlimbs, reach-
ing a maximum around day 17 (D17). Subsequently, there 
was spontaneous, albeit modest, recovery by the end of 
the protocol at D28 (Fig. 2A).

We conducted identical behavioral analyses on EAE-
PBM-treated mice, receiving daily PBMT (6  min, 
660  nm–850  nm; see “Methods” and Table  1) starting 
from D12. We previously assessed an absence of func-
tional side effects in control mice following the same 
treatment (Fig. S1A). A four-day consecutive PBMT 
period was sufficient to observe a significant deceleration 
in disease progression (Fig.  2A). Notably, daily PBMT 
demonstrated efficacy at the disease onset (p = 0.018), 
attenuating significantly the sensorimotor deficits at the 
peak (p < 0.001) and the recovery phases (p < 0.001). We 
verified that the glass window did not modify the effi-
ciency of PBMT treatment. Furthermore, sensorimo-
tor symptoms were reduced by half at D28 and became 
residual (Fig. 2A).

In parallel to the EAE clinical scoring, we evaluated the 
locomotor deficits using the accelerating rotarod task 
on the same mice (Fig.  2B). A very significant effect of 
PBMT was observed at the peak (p = 0.004), and recovery 
(p < 0.001) phases of the disease (Fig. 2B). Mice were also 
able to run at almost twice faster speeds on the accelerat-
ing rotarod task (Fig. 2B) as expected from the negative 
correlation between the locomotor performances and the 
EAE clinical scores (Fig. 2C).

In a subset of animals where we recorded videos over 
multiple days, postural deficits of EAE mice were fur-
ther characterized using analyses based on DeepLabCut 
(DLC) tracking (Fig.  2D) considering the whole video 
duration (Fig. 2E, F) as well as restricting the analyses to 
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locomotion periods (Fig.  2G). The tail tip (Fig.  2E) and 
the back height (Fig. 2F) as well as the foot motion range 
(Fig. 2G) appeared as reliable markers of the EAE clinical 
score severity.

Moreover, postural deficits (Fig.  2D, F) and locomo-
tor function (Fig.  2G), which exhibited no recovery in 
the absence of PBMT, significantly improved by the end 
of the second week of PBMT (respectively: p = 0.004, 
p = 0.047, p = 0.031). Altogether, the data demonstrate 
that the EAE-induced functional deficits are significantly 
alleviated by PBMT.

PBMT decreases dorsal inflammation and axonal damages
To obtain insights into the cellular mechanisms by which 
PBMT decreases sensorimotor symptoms of EAE mice, 
we conducted longitudinal intravital spinal cord imaging 
of the axons and neuroinflammatory cells at microscopic 

resolution throughout the progression of the disease. 
For this purpose, we utilized triple fluorescent mice to 
visualize Thy1+ neurons, LysM+ peripheral innate leu-
kocytes, and CD11c+ resident activated microglia. We 
conducted longitudinal multicolor 3D microscopic imag-
ing of the dorsal spinal cord (Fig. 3A, B), and cells were 
subsequently automatically segmented for quantitative 
analyses (Fig. S2). The green LysM+ cells, collectively con-
tributing to the peripheral component of inflammation, 
were categorized into circulating (Fig. 3C) and infiltrated 
(Fig. 3D) subtypes based on their vascular or parenchy-
mal localization and shape. The yellow CD11c+ cells were 
identified as an activated microglial cell subtype, part of 
the resident component of inflammation (Fig. 3E).

Three weeks after the surgery required to implant the 
glass window, all mice exhibited a low basal level of resi-
dent inflammation with virtually no signs of peripheral 

Fig. 2  Sensorimotor improvements after PBMT. A, B EAE clinical score (A) and latency to fall in rotarod test (B) for EAE and EAE treated with PBMT 
(EAE-PBMT) animals. Time windows that were considered for analysis: baseline (D0–D11), onset of symptoms (D12–D16), peak of symptoms 
(D17–D21), and recovery stage (D22–D28). C Linear regression of the normalized latency to fall as a function of EAE clinical score. D Mouse posture 
at onset (top) and peak (bottom) of the symptoms with anatomical labels. E, F Top. Anatomical parameters of interest: tail tip height (E); sacrum 
height between tail base and iliac crest (F); limb elongation during locomotion period (G). Bottom, average evolution of the parameters of interest 
across the main stages of disease progression for untreated (gray) and PBMT-treated (red) mice. A–C n = 16 EAE and n = 12 EAE-PBMT mice. 
(E–G) n = 12 EAE and n = 8 EAE-PBMT mice. All the data were analyzed using the nonparametric two-tailed Mann–Whitney U test and presented 
as mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001
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inflammation (Fig. 3A–E). In healthy control mice receiv-
ing PBMT, these levels remained consistent over weeks 
showing that the inflammatory status of the dorsal spi-
nal cord was unaffected by PBMT (Fig. S3). These levels 
were also stable during the initial 10 days (D0–D10) post-
induction in EAE mice (Fig. 3A, B).

An acute peak of inflammation in EAE mice occurred 
at D14, characterized by high densities of circulating 
peripheral cells (Fig.  3C) and their extensive infiltration 
into the parenchyma (Fig. 3D). Subsequently, the periph-
eral inflammation diminished while a chronic inflam-
mation appeared through the progressive activation of 
resident microglia from D21 to D28 (Fig.  3E). The sud-
den accumulation of inflammatory peripheral cells in the 
spinal cord at D14 coincided with a drastic loss of axons. 
This loss was quantified at different distances from the 
dorsal vein (Fig. 3F). Interestingly, axon losses were more 
pronounced in the vicinity of blood vessels (Fig.  3G–I), 
corresponding to locations of inflammatory plaques. 
Axonal numbers progressively recovered with the remis-
sion of peripheral inflammation (Fig. 3G).

PBMT exhibited very significant effects on (i) the ini-
tial recruitment of peripheral cells, (ii) subsequent axonal 
losses, and (iii) chronic microglial density. In the dor-
sal spinal cord, PBMT significatively resulted in a 70% 
reduction in the densities of circulating cells (p < 0.015) 
(Fig. 3C) and a 50% decrease in infiltrated cells (p < 0.003) 
(Fig. 3D) at D14. From D17 to D28, the residual densities 
of peripheral cells, both circulating and infiltrated, were 
unaltered with daily PBMT.

The acute reduction of peripheral inflammation by 
PBMT correlated with a significant 40% increase in 
axonal density at D14 compared with untreated EAE 
mice (p < 0.003) (Fig.  3G). Notably, our longitudinal 
in vivo model outlined a correlation between peripheral 
inflammation and axonal degeneration (Fig. 4A), as well 
as chronic microglial reactivity (Fig.  4 B) and sensori-
motor deficits (Fig.  4C). Additionally, the level of acute 
peripheral inflammation correlated with subsequent 
level of chronic microglial reactivity (Fig.  4B), which 
might have accounted for the delayed effect of PBMT 

on chronic microglial reactivity, as observed on D24 
(p < 0.027) and D28 (p < 0.005) (Fig. 3E).

Collectively, the results highlight a link between 
peripheral inflammation and sensorimotor deficits 
through axonal degeneration and chronic microglial 
reactivity (Fig.  4D). They also demonstrate the potent 
anti-inflammatory and neuroprotective action of PBMT 
in the EAE MS model (Fig. 4A–C).

PBMT protects the whole spinal cord from acute 
inflammation and axonal damage
Since the intravital imaging was confined to the super-
ficial dorsal spine, we sought to determine whether the 
effects of PBMT extended to the whole spinal cord. We 
elucidated the physiopathological impact of PBMT at the 
peak of EAE symptoms (D17) with a focus on its ventral 
region. To this end, we conducted histological analy-
sis on coronal slices employing a five-color approach. 
Immunostaining against Iba1 (microglia) and GFAP 
(astrocytes) was utilized in addition to the three endog-
enous fluorophores to characterize the interplay between 
inflammatory foci and glial reactivity or axons (Fig.  5A, 
B).

At D17, EAE mice exhibited white matter (WM) axonal 
degeneration (Fig. 5C), which was associated with a sub-
stantial infiltration of peripheral cells, particularly in the 
ventral region of the spinal cord, where their density was 
twice that of the dorsal region (Fig. 5D). PBMT did not 
change the number of neuronal soma in the gray matter 
(GM) but resulted in diminished axonal loss (p = 0.048) 
(Fig.  5C). This decreased axonal loss was concomitant 
with a significant attenuation (50%) of peripheral cells in 
the ventral region (p = 0.009) (Fig. 5D) likely due to their 
reduced in-depth parenchymal infiltration (p = 0.004) 
(Fig. 5E).

In terms of the glial contribution to inflammation, 
PBMT did not alter CD11c + densities (Fig. 5F). However, 
it globally reduced the density of Iba1+ cells, particularly 
in the ventral region (p = 0.006) (Fig. 5G), without modi-
fying the proportion of CD11c+ among the total Iba1+ 
microglial population (Fig. 5H). Moreover, the microglial 

Fig. 3  Anti-inflammatory and neuroprotective effect of PBMT evaluated via longitudinal and intravital microscopy. A Representative maximal 
intensity projection (MIP) of in vivo 2P z-stack of dorsal spinal cord images obtained from the same animals on days 0, 7, 10, 14, 17, 21, 24, and 28 
for EAE (top) and EAE-PBMT (bottom) triple transgenic (Thy1-CFP//LysM-EGFP//CD11c-EYFP) mice. Scale bar, 200 µm. B Zoom of the gray and red 
boxes represented in A. Scale bar, 200 µm. C–E Evolution of the average cell densities for circulating peripheral LysM+ cells (C), infiltrated peripheral 
LysM+ cells (D), and resident CD11c+cells (E) for EAE (gray) and EAE-PBMT (red) mice. Insets show examples of raw (left) or segmented (right) images 
for each cell subtype. F Neuronal component of a representative MIP image illustrating the protocol for multisite quantification of axon numbers 
at various distances from the dorsal vein: proximal (0–100 µm), medial (100–200 µm), distal (200–300 µm). G–I Evolution of the normalized axon 
numbers at different distances from the dorsal vein for EAE (gray) and EAE-PBMT (red) mice. C–I n = 8 mice for each group (EAE and EAE-PBMT). All 
data were analyzed using the nonparametric two-tailed Mann–Whitney U test and presented as mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001; NS, 
not significant

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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phenotype switched from an activated amoeboid pheno-
type to a ramified resting state in response to PBMT (Fig. 
S4).

Using a GFAP level of expression as an index of astro-
cyte reactivity, we observed a 25% decrease in response 
to PBMT, mainly at the ventral level (p < 0.001) (Fig. 5I) 
and in WM (p < 0.001) (Fig. 5J). These changes in micro-
glia morphologies and astrocyte reactivity resulting from 
PBMT did not significantly modify the number of con-
tacts between astrocytes and microglia (Fig. 5K).

Altogether, these findings underscore a ventral effect of 
PBMT at the peak of the disease and support a dual effect 
on peripheral inflammation and glial reactivity.

PBMT protects the progressive spread of glial reactivity
To further elucidate the physiopathological impact 
of PBMT during the recovery phase of EAE, we con-
ducted a comparable histological study at D28. We 
found a higher average axonal density in the WM in 
PBMT mice compared with untreated mice (p = 0.046) 
(Fig.  6A–C). No alterations were observed in soma 
density within the GM (Fig.  6C). In agreement with 
the in vivo observations (Fig. 3A), inflammation at D28 
was predominantly orchestrated by resident microglia 
rather than infiltrated peripheral cells (Fig.  6D–H). 
Although some foci of inflammatory peripheral cells 
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correlation between LysM+ cell densities and axonal densities at D14 for all EAE and EAE-PBMT mice n = 16 (A). Linear correlation between the cell 
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Fig. 5  Effects of PBMT in the ventral spinal regions on D17. A Representative confocal images of Thy1 (cyan), LysM (green), CD11c (yellow), Iba1 
(red), and GFAP (blue) labeling in the spine of EAE (left) and EAE-PBMT (right) mice at D17. For each marker, whole slice expression (left column) 
is followed by two zoomed-in views focusing on the regions highlighted by white rectangles (middle and right columns). Scale bar, respectively, 
300 µm, 100 µm, and 40 µm. B Raw and segmented views of cell subtypes. C–K Average densities in specific spinal regions for EAE (gray) 
and EAE-PBMT (red) mice. C Thy1+ axons and soma in the white matter (WM) and gray matter (GM), respectively. D Dorsal and ventral densities 
of LysM+ cells. E Average LysM+ cell distance to the surface. F, G Dorsal and ventral densities of CD11c+ (F) or Iba1+ (G) cells. H Percentage of CD11c+ 
among the total Iba1+ cells. I, J Percentage of the GFAP+ surface in the dorsal and ventral regions (I), in the WM or GM (J). K Proportion of Iba1+ 
cells contacting GFAP+ processes (C–K) n = 13 slices for three EAE and for three EAE-PBMT mice. Data presented as mean ± SEM and analyzed 
by nonparametric two-tailed Mann–Whitney U test; *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant

(See figure on next page.)
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persisted, mostly in the ventral part, their presence was 
significantly decreased by PBMT (p = 0.015) (Fig. 6D).

At this later stage, both CD11c+ (Fig.  6F) and Iba1+ 
(Fig.  6G) microglia were significantly diminished by 
PBMT across the entire spinal cord compared with D17, 
with a more pronounced impact in the ventral region 
(CD11c+: p < 0.001, Iba1+: p = 0.040). Iba1+ cells were pre-
dominantly concentrated in the GM, while CD11c + cells 
tended to accumulate in the WM; PBMT demonstrated 
effectiveness in both regions (Fig. S5). The proportion of 
reactive CD11c+ microglia among Iba1+ cells was, more-
over, globally lowered by PBMT (p < 0.001) (Fig.  6H). 
GFAP was extensively expressed in all spinal regions 
of EAE mice and PBMT globally reduced this reactiv-
ity, especially within the GM (Fig.  6I, J) (respectively, 
p = 0.046; p = 0.050, p = 0.041; p = 0.005). The number of 
contacts between astrocytes and microglia, still remained 
unaffected by PBMT (Fig.  6K). Importantly, such pro-
longed PBMT did not alter the inflammatory status of the 
spinal cord in healthy control mice (Fig. S6).

In summary, the findings demonstrate that prolonged 
PBMT exerts beneficial effects on EAE-induced chronic 
inflammation and glial reactivity. It prevents the spread 
of glial activation from WM to GM and does not affect 
healthy spinal tissue.

PBMT decreases EAE‑induced neuronal hyperexcitability
To bridge the gap between the anti-inflammatory effects 
of PBMT and its functional consequences on sensori-
motor deficits, we investigated the electrophysiological 
properties of the dorsal horn sensory neurons (lamina 
I–II) and of the ventromedial premotor neurons (lamina 
X) from lumbar slices on D28 (Fig. 7A, B). We observed 
hyperexcitability of these neurons in EAE mice, charac-
terized by an increased firing frequency in response to 
a depolarizing current (F-I gain) (p = 0.011) (Fig. S7A); 
(p = 0.031) (Fig. S7B). These electrophysiological proper-
ties were consistent with the high degree of inflammation 
observed in the regions of recordings (Figs. 6A, S5A).

Interestingly, the PBMT was sufficient to decrease 
the EAE-induced hyperexcitability for both neuronal 

subtypes (Fig. 7C–H), while PBMT was completely inef-
fective in control mice (Fig. S8). Therefore, PBMT on 
EAE mice resulted in (i) a more hyperpolarized resting 
membrane potential (p = 0.001, p = 0.002 for dorsal and 
ventral neurons, respectively), (ii) a recruitment at higher 
currents related to an increased rheobase (p < 0.001 
for ventral neurons), and (iii) a lower maximum spik-
ing frequency for both neuronal populations (p = 0.046, 
p = 0.014 for dorsal and ventral neurons, respectively) 
(Fig. 7E, F). Importantly, PBMT reduced neuronal excit-
ability mainly through the F-I gain for both neuronal 
types from EAE mice. This effect was more pronounced 
for premotor neurons (p = 0.008, p < 0.001 for dorsal and 
ventral neurons, respectively)(Fig. 7G, H).

Altogether, these results highlight the role of PBMT in 
preventing EAE neuronal hyperexcitability.

Discussion
We performed a longitudinal and multimodal study of 
the effects of PBMT on a rodent EAE MS model using 
complementary tools such as intravital imaging on a 
unique multifluorescent transgenic mouse line, behavio-
ral analyses to assess in vivo functional deficits, five-color 
histological imaging, and ex  vivo electrophysiological 
patch-clamp recordings in adult spinal slices. We high-
lighted a robust PBMT beneficial effect on sensorimotor 
deficits from EAE mice highly correlated to the dynam-
ics of inflammation as evaluated in the dorsal spinal cord. 
More precisely, we further demonstrated that PBMT (i) 
displayed a dual anti-inflammatory effect, both on the 
infiltration of myeloid cells during the onset phase and on 
glial reactivity during the recovery phase; (ii) protected 
from axonal loss; and (iii) counterbalanced the EAE-
induced neuronal hyperexcitability.

To evaluate whether the PBMT might be envisaged 
for patients with relapsing–remitting MS, we started the 
PBM irradiation on our EAE-induced mice at the occur-
rence of the first clinical symptoms. PBMT stimulation 
parameters were defined from successful preclinical 
studies [11]. Notably, we verified on control mice (not 
EAE-induced) that such PBMT conditions and repeated 

(See figure on next page.)
Fig. 6  PBMT decreases chronic inflammation and promotes axonal regeneration on D28. A Representative confocal images of Thy1 (cyan), LysM 
(green), CD11c (yellow), Iba1 (red), and GFAP (blue) labeling in the spine of EAE (left) and EAE-PBMT (right) mice at D28. For each marker, whole slice 
expression (left column) is followed by two zoomed-in-views focusing on the regions highlighted by white rectangles (middle and right columns). 
Scale bar, respectively, 300 µm, 100 µm, and 40 µm. B Regionalization views of the segmented cell subtypes. C–K Average densities in specific 
spinal regions for EAE (gray) and EAE-PBMT (red) mice. C Thy1+ axons and soma in the white matter (WM) and gray matter (GM), respectively. D 
Dorsal and ventral densities of LysM+ cells. E Peripheral inflammation at D17 gave way to microglia inflammation at D28. F, G Dorsal and ventral 
densities of CD11c+ (F) or Iba1+ (G) cells. H Percentage of CD11c+ among the total Iba1+ cells. I, J Percentage of the GFAP+ surface in the dorsal 
and ventral regions (I), in the WM or GM (J). K Proportion of Iba1+ cells contacting GFAP+ processes (C–K) n = 12 slices for three EAE and for three 
EAE-PBMT mice. Data presented as mean ± SEM and analyzed by nonparametric two-tailed Mann–Whitney U test; *P < 0.05; **P < 0.01; ***P < 0.001; 
NS, not significant
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Fig. 7  PBMT decreases the EAE-induced hyperexcitability of lumbar interneurons. A, B Bright field images of acute lumbar slices with patch-clamp 
recording pipette. Scale bar, 400 µm. Inset: High magnification images of interneurons in the dorsal horn (DH), scale bar, 50 µm, (A) or ventro-medial 
(VM) premotor region (B). C, D Representative membrane potential responses to depolarizing pulses at rheobase (top) or twice the rheobasic 
strength (bottom) for DH (C) or VM (D) neurons from EAE (gray) or EAE-PBMT (red) mice. E, F Quantification of the resting membrane potentials 
(left), rheobase (middle), and maximum firing frequency (right) of DH (E) or VM (F) neurons from EAE (gray) or EAE-PBMT (red) mice. G, H Cell body 
cross-sectional area (left) and number of action potentials induced by depolarizing current steps (right) for the same DH (G) or VM (H) neurons 
as in E, F. E–H: n = 16 DH and n = 12 VM neurons from six EAE mice and n = 12 DH and n = 15 VM from seven EAE-PBMT mice. Data presented 
as mean ± SEM and analyzed by nonparametric two-tailed Mann–Whitney U test (E, F, G left, H left) or slope comparisons test of simple linear 
regressions (G right, H right); *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. See also Figs. S7, S8



Page 16 of 20Escarrat et al. Journal of Neuroinflammation          (2024) 21:321 

irradiations were not inducing identifiable cellular modi-
fications in the spinal cord tissue. We assessed the sen-
sorimotor deficits of the EAE-control and PBMT-treated 
mice by independently measuring postural and loco-
motor deficits throughout the 28  days post-induction. 
PBMT delivered at the disease onset demonstrated effi-
cacy in significantly attenuating the peak of deficits while 
improving locomotor function by the end of the first 
week of PBMT.

Since sensorimotor functions are controlled by neu-
ronal activity, we investigated the effects of PBMT on 
the evolution of axonal densities in the dorsal spinal cord 
from disease onset to D28 as well as its effect on the elec-
trophysiological properties of neurons on D28, namely 
the sensory neurons in the dorsal horn and the premotor 
neurons in the ventromedial area. On D14, we observed 
by intravital imaging that the loss of axons was reduced 
by nearly 50% in the PBMT-treated mice. Axonal den-
sities were also consistently enhanced throughout the 
spinal cord during the recovery phase as evidenced by 
postmortem histology on D17 and D28. Whereas EAE 
has been associated with increased dorsal root ganglion 
excitability [41], we describe here, for the first time, the 
presence of EAE-induced hyperexcitability of at least two 
central nervous system (CNS) spinal neuronal subtypes 
associated with sensorimotor functions [42]. Spinal neu-
ron hyperexcitability has been associated with sensory 
[43, 44] and motor deficits [45, 46] in response to spinal 
cord injury; it is thus likely responsible for the functional 
deficits observed in our EAE model of MS. Importantly, 
PBMT countered this hyperexcitability and stabilized the 
neuronal electrophysiological properties. These observa-
tions thus infer that PBMT protects from axonal degen-
eration and neuronal dysfunctions. It remains to be seen 
whether PBMT also has an effect on myelinization of 
axons.

Although we cannot exclude that such beneficial out-
come is due to a local and direct effect of the irradiation 
on neurons, several of our observations, as well as pre-
vious work, support the view that most of the effect is 
indirect and attributable to the systemic modulation of 
cellular interactions.

First, a strong effect of PBMT was observed in the 
ventral motor networks, where photons struggled to 
penetrate, compared with the dorsal regions that are 
more directly exposed to light after spinal glass window 
implantation. Second, since astrocytes are intercon-
nected by gap junctions into widespread glial networks 
[47] and modulate neuronal excitability in both the dor-
sal [44] and ventral [48] spinal cord, dorsal illumination 
could thus indirectly impact ventral neuronal excitabil-
ity. However, the effect of PBMT on glial reactivity, both 
astrocytic and microglial, was also larger in the ventral 

region than in the dorsal one. Third, glial reactivity can 
disturb the electrophysiological properties of neurons 
[49, 50] due to (i) increased secretion of cytokines or 
excitatory metabolites [51, 52] or (ii) K+ and glutamate 
dyshomeostasis [53]. Thus, the glial reactivity that we 
highlighted in this study through astrocytic GFAP and 
microglial CD11c labeling could explain the observed 
EAE-induced neuronal hyperexcitability. The fact that 
PBMT limited the glial reactivity in the recovery phase 
of EAE mice likely explains the decrease of neuronal 
hyperexcitability and the subsequent improvement at 
the behavioral level in EAE-PBMT-treated mice. Finally, 
we observed a significant and early inhibitory effect of 
PBMT on the infiltrating peripheral inflammatory cells. 
Under physiological conditions, the blood–brain barrier 
(BBB) efficiently controls their entrance into the CNS 
[54, 55], while under pathological conditions such as in 
EAE and MS, neutrophiles and monocytes infiltrate the 
CNS and collaborate with reactive microglia to promote 
inflammatory axonal damage that leads to paralysis [56, 
57]. This recruitment from the systemic circulation into 
the CNS involves chemokines secreted by spinal astro-
cytes or microglia in pathological conditions, which facil-
itate the disruption of tight junctions, permeabilization 
of the BBB, and transmigration of inflammatory cells into 
the parenchyma [58–61]. In our study, PBMT decreased 
both the reactivity of microglia and astrocytes and the 
infiltration of peripheral inflammatory cells during the 
onset phase of EAE. A possible explanation of the effect 
of PBMT could therefore be that the light-induced damp-
ening of chemokine release resulted in the maintenance 
of BBB integrity.

The mechanism by which PBMT may modulate inflam-
mation through glial reactivity, however, remains unclear. 
Some data support a direct action of light on glia [62, 63] 
and peripheral inflammatory cells [64] in an intensity-
dependent manner [65]. Our data might instead support 
a predominant systemic action of superficial PBMT on 
skin [66] and blood vessels [67] whose immunoregula-
tory role and endocrine release might impact the deepest 
CNS compartments using the dense networks of blood 
[68] and glymphatic [69] vessels. It was, for example, 
shown that exosomes emanating from every cell type of 
the body circulate in the blood of MS subjects and regu-
late inflammatory processes [70, 71]. Such a hypothesis 
was raised as a possible explanation of the neuroprotec-
tive effect of PBMT when applied on the leg or abdomen 
in a nonhuman primate model of Parkinson’s disease [7].

In this view, exosomes released from the enteric sys-
tem itself might similarly regulate the inflammatory 
status of the spinal cord. The device used in this study 
indeed relies on a dorsoventral PBMT that may trigger 
the gut-brain axis [72]. Over the past decade, numerous 
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studies have suggested the role of this complex network 
as a key player in immunity [73, 74] and showed that the 
gut microbiota can modulate immune responses relevant 
to MS pathogenesis [75, 76]. In further support of this 
hypothesis, PBMT simultaneously targeted to the brain 
and to the enteric system efficiently dampened brain 
inflammation and improved cognitive functions in a 
rodent model of Alzheimer’s disease, while brain stimula-
tion alone was ineffective [11].

Although preclinical animal models represent a 
required step to justify and support clinical trials, subtle 
differences in the immune systems of mice and humans 
might have to be taken into account [77]. Importantly, 
the treatment protocol used here has not identified a 
specific therapeutic window that maximizes the PBMT 
effects. To optimize therapeutic protocols, additional 
experiments are necessary to decide whether the dura-
tion of treatment could be stopped after the peak of 
inflammation while allowing for a long-lasting protec-
tion of neuronal attacks or whether both dorsal and ven-
tral illuminations are necessary until complete remission. 
Finally given its efficacy in dorsoventral application for 
treating MS, it would be valuable to explore the effects of 
PBMT on brain regions where inflammation is elevated 
in MS.

Conclusion
Our preclinical study provides a robust demonstration 
of PBMT efficacy as a new, efficient, and complementary 
therapeutic strategy to treat EAE. PBMT can be applied 
in a non-invasive and safe way while showing important 
benefits on sensorimotor functions in pathological con-
ditions without side effects. It can be easily applied in 
humans since PBMT offers the major advantage of mod-
ulating inflammation without complete and detrimen-
tal immunosuppression. Chronic treatment with PBMT 
would thus allow patients to maintain their immune 
defenses while dampening pathological inflammation, 
not only observed in MS but also in many other chronic 
inflammatory diseases.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12974-​024-​03294-2.

Additional file 1: Figure S1. PBMT does not alter functional outcomes and 
locomotor performances in healthy control mice. (A–B) EAE clinical score 
(A) and rotarod latency to fall (B) for control (CTRL, n = 8) and CTRL treated 
by PBMT (CTRL-PBMT n = 8). Data presented as mean ± SEM and analyzed 
by nonparametric two-tailed Mann–Whitney U test; *P < 0.05; **P < 0.01; 
***P < 0.001; NS, not significant.

Additional file 2: Figure S2. Automated cell segmentation of intravital 
images of the inflammatory dorsal spinal cord. (A) Representative maximal 
intensity projection (MIP) of a z-stack of images acquired by in vivo 2P on 
a triple transgenic Thy1-CFP//LysM-EGFP//CD11c-EYFP) EAE mouse at 

D14. Scale bar, 400 µm. (B) Set of segmented images corresponding to 
the data presented in (A). High magnification image sets of the three 
inflammatory cell subtypes: the circulating LysM+ cells (red, left), the 
infiltrated LysM+ cells (green, middle), and the CD11c+ resident cells 
(yellow, right). Scale bar, 20 µm.

Additional file 3: Figure S3. PBMT does not affect basal inflammatory 
state in healthy control mice. (A) Representative maximal intensity 
projection (MIP) of in vivo 2P z-stack of dorsal spinal cord images 
obtained from two animals on days 0, 7, 10, 14, 17, 21, 24, and 28 for 
one CTR (top) and one CTR-PBMT (bottom) triple transgenic (Thy1-
CFP//LysM-EGFP//CD11c-EYFP) mice. Scale bar, 200 µm. (B, C) Evolution 
of the average cell densities for all peripheral LysM+ cells (circulating 
and infiltrated) (B) and resident CD11c+ cells (C) for CTR (gray, n = 4) 
and CTR-PBMT (red, n = 4) mice. Data presented as mean ± SEM and 
analyzed by nonparametric two-tailed Mann–Whitney U test; *P < 0.05; 
**P < 0.01; ***P < 0.001; NS, not significant.

Additional file 4: Figure S4. Microglial change of morphological 
phenotype induced by PBMT in EAE mice. (A) Representative maximal 
intensity projection (MIP) of z-stacks of confocal images showing 
intraspinal CD11c+ cells on coronal slices of EAE (top) and EAE-PBMT 
(bottom) mice at D17. Scale bar, 50 µm. (B, C) Cell circumference (left), 
cell surface (middle), and cell sphericity (right) of the CD11c+ (B) and 
Iba1+ (C) cells from EAE (gray, n = 3) and EAE-PBMT (red, n = 3) mice. 
Data presented as mean ± SEM and analyzed by nonparametric two-
tailed Mann–Whitney U test; *P < 0.05; **P < 0.01; ***P < 0.001; NS, not 
significant.

Additional file 5: Figure S5. PBMT reduces the glial reactivity also in 
the gray matter (GM) on D28 in EAE mice. (A) Representative maximal 
intensity projection (MIP) of z-stacks of confocal images showing 
coronal slices of spinal cord stained for Iba1 (red) and GFAP (blue) 
in addition to the triple endogenous staining for Thy1 (cyan), LysM 
(green), and CD11c (yellow) for EAE (left) and EAE-PBMT (right) mice on 
D28. Scale bar, 300 µm. White boxes highlight the ventro-medial region 
and the dorsal horn, where neurons were recorded with patch-clamp. 
High magnifications of the distribution of each marker in these boxes 
(below) Scale bar, 100 µm. (B, C) Densities of cells in the WM (left) and 
in the GM (right) for CD11c+ cells (B) and Iba1+ cells (C). (D) Percentage 
of the GFAP+ spinal surface in regions where neurons were recorded 
with patch-clamp. N = 12 slices from three EAE and three EAE-PBMT 
mice. Data presented as mean ± SEM and analyzed by nonparametric 
two-tailed Mann–Whitney U test; *P < 0.05; **P < 0.01; ***P < 0.001; NS, 
not significant.

Additional file 6: Figure S6. PBMT does not affect glial reactivity or 
neuronal density in healthy control mice. (A) Representative maximal 
intensity projection (MIP) of z-stacks of confocal images showing 
coronal slices of spinal cord stained for Iba1 (red) and GFAP (blue) 
in addition to the triple endogenous staining for Thy1 (cyan), LysM 
(green), and CD11c (yellow) for control (CTRL, left) and control treated 
by PBMT (CTRL-PBMT, right) mice 28 days after the initial 3 weeks 
postsurgical recovery. Scale bar, 300 µm. (B) Average densities of Thy1+ 
axons in the WM (left) and of Thy1+ somas in the GM (right) for CTRL 
and CTRL-PBMT mice. (C) Average density of LysM + cells. (D–F) Aver-
age densities of CD11c+ cells (D), Iba1+ cells (E), and relative GFAP+ 
surface (F). n = 8–9 slices from three CTRL and three CTRL-PBMT mice. 
Data presented as mean ± SEM and analyzed by nonparametric two-
tailed Mann–Whitney U test; *P < 0.05; **P < 0.01; ***P < 0.001; NS, not 
significant.

Additional file 7: Figure S7. Neuronal hyperexcitability in EAE mice com-
pared with controls (A–D). (A, B) Number of action potentials induced 
by depolarizing current steps (right) for the dorsal horn (A) or ventral 
premotor (B) neurons. For this electrophysiological analysis, n = 9 dorsal 
and n = 6 ventral neurons from five CTRL untreated mice and n = 12 
dorsal and n = 15 ventral neurons from six EAE mice. Data presented as 
mean ± SEM and analyzed by slope comparisons test of simple linear 
regressions (A, B); *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant.

Additional file 8: Figure S8. PBMT does not affect neuronal excitability 
in healthy control mice. (A, B) Representative membrane potential 
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responses to depolarizing pulses at rheobase (top) or twice the rheobasic 
strength (bottom) for dorsal horn (a) or ventral premotor (B) neurons from 
CTRL (gray) or CTRL-PBMT (red) mice. (C, D) Quantification of the resting 
membrane potentials (left), rheobase (middle), and maximum firing fre-
quency (right) of dorsal horn (C) or ventral premotor (D) neurons from EAE 
(black) CTRL (gray) or CTRL-PBMT (red) mice. (E, F) Cell body cross-sec-
tional area (left) and number of action potentials induced by depolarizing 
current steps (right) for the same dorsal horn (E) or ventral premotor (F) 
neurons as in (C–D). For this electrophysiological analysis, n = 9 dorsal and 
n = 6 ventral neurons from five CTRL untreated mice and n = 5 dorsal and 
n = 8 ventral neurons from four CTRL-PBMT treated mice. Data presented 
as mean ± SEM and analyzed by nonparametric two-tailed Mann–Whitney 
U test (C–D, E left, F left) or slope comparisons test of simple linear regres-
sions (E right, F right); *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant.
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