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Photobiomodulation inhibits the activation
of neurotoxic microglia and astrocytes

by inhibiting Lcn2/JAK2-STAT3 crosstalk

after spinal cord injury in male rats
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Abstract

Background: Neurotoxic microglia and astrocytes begin to activate and participate in pathological processes after
spinal cord injury (SCI), subsequently causing severe secondary damage and affecting tissue repair. We have previ-
ously reported that photobiomodulation (PBM) can promote functional recovery by reducing neuroinflammation
after SCI, but little is known about the underlying mechanism. Therefore, we aimed to investigate whether PBM ame-
liorates neuroinflammation by modulating the activation of microglia and astrocytes after SCI.

Methods: Male Sprague—-Dawley rats were randomly divided into three groups: a sham control group, an SCl 4 vehi-
cle group and an SCI+ PBM group. PBM was performed for two consecutive weeks after clip-compression SCI models
were established. The activation of neurotoxic microglia and astrocytes, the level of tissue apoptosis, the number

of motor neurons and the recovery of motor function were evaluated at different days post-injury (1, 3, 7, 14, and

28 days post-injury, dpi). Lipocalin 2 (Lcn2) and Janus kinase-2 (JAK2)-signal transducer and activator of transcription-3
(STAT3) signaling were regarded as potential targets by which PBM affected neurotoxic microglia and astrocytes. In

in vitro experiments, primary microglia and astrocytes were irradiated with PBM and cotreated with cucurbitacin | (a
JAK2-STAT3 pathway inhibitor), an adenovirus (shRNA-Lcn2) and recombinant Lcn2 protein.

Results: PBM promoted the recovery of motor function, inhibited the activation of neurotoxic microglia and astro-
cytes, alleviated neuroinflammation and tissue apoptosis, and increased the number of neurons retained after SCI. The
upregulation of Lcn2 and the activation of the JAK2-STAT3 pathway after SCl were suppressed by PBM. In vitro experi-
ments also showed that Lcn2 and JAK2-STAT3 were mutually promoted and that PBM interfered with this interaction,
inhibiting the activation of microglia and astrocytes.

Conclusion: Lcn2/JAK2-STAT3 crosstalk is involved in the activation of neurotoxic microglia and astrocytes after SC|,
and this process can be suppressed by PBM.
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Introduction
The incidence of spinal cord injury (SCI) has gradu-
ally increased in recent years, placing great burdens on
individuals, families and society, but there are no effec-
tive interventions [1]. Neuroinflammation after SCI is
receiving increasing attention due to its complex and
contradictory effects. Neuroinflammation is initially a
defense mechanism that removes cell debris and pro-
motes tissue repair [2], but persistent inflammation is
harmful and may lead to failure of recovery. Microglia
and astrocytes, which are innate immune cells in situ,
are ubiquitously distributed throughout the brain and
spinal cord and play important roles in pathology and
repair processes [3]. According to their activated states
under different pathological conditions, microglia and
astrocytes may secondarily acquire specific reactive
phenotypes with different impacts on injury or disease
progression. These phenotypes can be divided broadly
into neurotoxic and neuroprotective phenotypes (or
pro-inflammatory and anti-inflammatory phenotypes)
[4]. Neurotoxic microglia express inducible nitric oxide
synthase (iNOS) and other inflammatory markers and
tend to release destructive mediators, including tumor
necrosis factor-a (TNF-a), interleukin (IL)-1f and
IL-6 [5], which are harmful to tissue repair. Neurotoxic
astrocytes with activation of complement C3 (C3) are
considered to have lost most of their normal functions.
This functional loss leads to abnormal synthesis and
release of neurotransmitters, disrupted synapse forma-
tion, and rapid killing of neurons and mature differ-
entiated oligodendrocytes [6]. Notably, microglia and
astrocytes are closely related; neurotoxic astrocytes
are induced by IL-1a, component 1q (Clq) and TNF-«a
secreted by activated microglia [6]. Therefore, many
studies have regarded microglia and astrocytes as one
unit and have focused on exploring the mechanisms
of microglial neurotoxicity and astrocyte activation in
order to find potential intervention targets [7-9].
Photobiomodulation (PBM), also known as low-level
laser therapy (LLLT), refers to the use of low-energy
lasers to irradiate tissues at specific wavelengths in
order to activate cytochrome c oxidase (CCO), enhance
mitochondrial function, and improve blood flow and
tissue energy metabolism [10, 11]. As an effective
therapy for central nervous system (CNS) injury and
disease models, PBM has been used in the treatment
of traumatic brain injury (TBI), ischemic stroke, Alz-
heimer’s disease (AD), Parkinson’s disease (PD), SCI,
and other conditions [12—-14]. Previous studies by our

team have shown that the application of PBM in an
SCI mouse model can affect the polarization of bone
marrow-derived macrophages (BMDMs), thus inhibit-
ing the formation of glial scars, alleviating inflamma-
tion of the injured area, and promoting the recovery of
motor function [15, 16]. However, the effect of PBM on
neurotoxic microglia and astrocytes has not been eluci-
dated. Therefore, we hypothesized that PBM can inhibit
the neurotoxicity of activated microglia and astrocytes,
thereby promoting SCI repair.

Lipocalin 2 (Lcn2), also known as neutrophil gelati-
nase-associated lipocalin (NGAL), is an acute-phase
response protein that is upregulated in CNS diseases or
injury and plays a regulatory role as an amplifier in neu-
roinflammation [17-19]. Both in vivo and in vitro studies
have shown that Lcn2 is an autocrine mediator of reac-
tive glial cells, which can further promote the activation
of microglia and astrocytes and increase the sensitivity
of neurons to death signals [20-22]. The Janus kinase-2
(JAK2)-signal transducer and activator of transcription-3
(STAT3) pathway is also activated in CNS injury depend-
ing on the degree of severity of the injury; this pathway
regulates the expression of various genes that are essen-
tial to basic functions, including cell proliferation and
differentiation, synaptic plasticity, learning and memory,
and immunomodulation [23-25]. There is evidence that
inhibiting the activation of the JAK2-STAT3 pathway
after SCI can effectively reduce secondary damage and
promote repair [26—28]. Therefore, targeting the Lcn2
and JAK2-STAT3 pathways, which play key roles in neu-
roinflammation after SCI, has been verified as a promis-
ing treatment strategy [22, 29]. In this study, we reveal for
the first time that Lcn2/JAK2-STAT3 crosstalk plays an
important role in the activation of neurotoxic microglia
and astrocytes. Our findings suggest that inhibiting this
interaction may be a mechanism by which PBM exerts a
therapeutic effect to promote SCI repair.

Materials and methods

Animals

Male Sprague—-Dawley (SD) rats (250-300 g) were sup-
plied by the Animal Centre of Air Force Medical Univer-
sity, Xi'an, Shaanxi Province, People’s Republic of China.
The animal experimental protocol was approved by the
Animal Protection and Utilization Committee of Air
Force Medical University. The rats were housed under
standard conditions (temperature: 22-25 °C, relative
humidity: 45-65%, light:dark cycle: 12 h:12 h, food and
water ad: libitum). A total of 279 subjects were included,
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and they were randomly divided into three groups: the
sham control group (n=94), the SCI+ vehicle group
(n=94) and the SCI+PBM group (n=91).

Animal model construction

SCI was established with the modified bilateral spinal
cord clamp model we have described previously [15].
Briefly, rats were anaesthetized with an intraperitoneal
injection of pentobarbital sodium (50 mg/kg). Midline
skin incisions were made, the T10 spinous processes
were exposed, and a laminectomy was performed at T10.
Compression was conducted by placing forceps (Fine
Science Tools) lateral to the exposed spinal cord. Com-
plete closure was performed with modification by add-
ing a metal spacer between the blades to obtain a gap
of 0.5 mm for 40 s. The forceps were removed, and the
bleeding was stopped. Then, laser fibers were implanted;
the detailed procedures are described in our previous
report [30]. In brief, the wound was washed with sterile
saline to remove blood and debris, and then the front end
of the laser fiber was fixed to the soft tissue at the T10
spinous region by using absorbable sutures. The rear end
of the laser fiber was interfaced with the laser irradia-
tion device (MW-GX-808, Lei Shi Optoelectronics Co.,
Ltd.) to confirm that the laser energy projected directly
onto the surface of the spinal cord, and then the rear end
of the laser fiber was stitched tightly to the skin. After
washing the incision, the muscles and skin were sutured
carefully layer by layer. Throughout the experiment, the
rats were placed on a blanket and maintained at a con-
stant temperature of approximately 37 °C. An antibiotic
was given by intraperitoneal injection for 5 days after
the operation. Urinary retention was relieved by twice-
daily bladder expression until the recovery of sponta-
neous micturition. The sham-operated rats underwent
every surgical step except for spinal cord compression;
laser fibers were implanted in both the SCI+ vehicle and
SCI+PBM groups.

Laser irradiation

The parameters of laser irradiation were set according
to previous studies [15, 31]. Rats were lightly anaesthe-
tized, put into a warm cage, and continuously irradiated
with an 810-nm diode laser (150 mW output power). The
first irradiation was carried out immediately post surgery,
and PBM was continued for 60 min daily beginning at 9
am for two consecutive weeks in the SCI+PBM group.
The rats in the sham group and SCI+ vehicle group were
treated identically except for the laser application.

Functional assessment
The Basso—Beattie—Bresnahan (BBB) scale and the Lou-
isville Swim Scale (LSS) were used to evaluate locomotor
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function as previously described [32, 33]. The BBB score
was calculated to assess hindlimb locomotor function
with a scale ranging from 0 to 21; a score of 0 represented
no observable movement, and a score of 21 represented
normal movement. The BBB score was evaluated before
the operation and at 1 day post-injury (dpi), 3 dpi, 5 dpi, 7
dpi, 14 dpi, 21 dpi and 28 dpi. LSS scoring was conducted
to assess the movement and alternation of the hindlimbs.
The dependence on the forelimbs, body angle and trunk
instability were also evaluated. Rats were trained to swim
from one edge of the glass tank to the other for the swim-
ming test before the operation. The LSS score was evalu-
ated before the operation and at 3 dpi, 7 dpi, 14 dpi, and
28 dpi. Each animal was tested twice, and two observers
who were blinded to the animal groups evaluated each
animal independently (n =6 rats per group).

Tissue processing

Two methods were used to process spinal cord tissue for
the different experiments. In the first method, for immu-
nofluorescence and TUNEL assays, samples were col-
lected separately at 1 dpi, 3 dpi, 7 dpi, 14 dpi and 28 dpi
(n=6 rats per group at each time point). The rats were
perfused with 4% paraformaldehyde in phosphate buffer
(4 °C), and an approximately 2-cm segment containing
the same length of normal spinal cord tissue at a sym-
metrical rostral and caudal direction to the epicenter was
carefully dissected from the lesion site. After being placed
in 4% paraformaldehyde in phosphate buffer for 4-6 h,
the spinal cord was transferred to 25% glucose phosphate
buffer at 4 °C for dehydration until it sank. The dehy-
drated tissue was removed and surface water drained,
and the target tissue was smoothed with a scalpel and
placed face-up on the specimen chuck. Optimum cut-
ting temperature (OCT) embedding agent was dropped
around the tissue, and the specimen chuck was placed on
the quick-freeze table of a cryostat (CM1900, Leica) for
quick-freezing and embedding. When the OCT became
white and hard, it was sectioned. Approximately 10 um
thick serial sagittal sections were sliced and then placed
on slides. The sections near the center of each subject
sample were selected for storage at—20 °C. For subse-
quent molecular biology experiments, rats were perfused
with saline (4 °C), and an approximately 1 cm spinal cord
segment was dissected from the lesion site, snap-frozen
in liquid nitrogen and stored at—80 °C. For real-time
quantitative PCR (RT-PCR), samples were collected at 1
dpi, 3 dpi, 7 dpi, 14 dpi and 28 dpi (n=5 rats per group at
each time point). For Western blotting, samples were col-
lected at 1 dpi, 3 dpi, 7 dpi, 14 dpi and 28 dpi (n==6 rats
per group at each time point). For enzyme-linked immu-
nosorbent assay (ELISA), samples were collected at 3 dpi
(n=6 rats per group).
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Immunofluorescence

Immunofluorescence was performed to calculate the
number of positive cells and to evaluate the activation
states of microglia and astrocytes. Sections were rinsed
three times in phosphate-buffered saline (PBS) for 5 min
each at room temperature and then blocked with 1% don-
key serum containing 0.3% Triton X-100 for 30 min. The
sections were then incubated with primary antibodies
overnight at 4 °C and with appropriate secondary anti-
bodies at 37 °C for 2 h the next day. Finally, to label the
nuclei, the sections were counterstained with 4/,6-diami-
dino-2-phenylindole (DAPI). The following primary anti-
bodies were used: anti-NeuN (1:100, Abcam, ab177487),
anti-glial fibrillary acidic protein (GFAP) (1:400, ab4674,
Abcam), anti-ionized calcium binding adapter molecule
1 (Ibal) (1:500, Abcam, ab178846), anti-INOS (1:500,
Abcam, ab49999), anti-C3 (1:300, Abcam, ab200999),
and anti-Len2 (1:200, Abcam, ab63929). Images were
obtained under a fluorescence microscope (BX51,
Olympus).

TUNEL assay

To assess the level of tissue apoptosis, a TUNEL kit (Bey-
otime) was used following the manufacturer’s protocol.
Frozen sections were washed in PBS for 5 min and then
blocked with 1% donkey serum containing 0.3% Triton
X-100 for 30 min. TUNEL detection solution was pre-
pared and added to the samples, and the samples were
incubated at 37 °C for 2 h in the dark. The nuclei were
counterstained with DAPI. Images were obtained under a
fluorescence microscope (BX51, Olympus).

Image analysis and quantification

For each animal, we chose three nonconsecutive sec-
tions near the central canal of the spinal cord with

Table 1 RT-PCR primer sequences
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intervals of 100 pm. The GFAP-positive cells and Ibal-
positive cells were counted in a region of interest (ROI)
that was within4+600 pm of the lesion epicenter in the
rostral and caudal directions. The NeuN-positive cells
and TUNEL-positive cells were counted in an ROI that
was within4150 pm of the lesion epicenter in the ros-
tral and caudal directions of the ventral horn of the spinal
cord. The cell counting method was followed by calibra-
tion with an empirical method to ensure that unbiased
data were collected [34, 35]. The cell counts were aver-
aged from five independent fields (randomly selected
from within the ROI at a symmetrical rostral and caudal
distance from the epicenter) for analysis (#=6 rats per
group at each time point). All quantifications were per-
formed by experimenters who were blinded to the exper-
imental groups by using Image]J software (NIH).

RT-PCR

Total RNA was extracted from injured spinal cord tissue
stored at— 80 ‘C with a commercial RNA extraction kit
(Takara Bio) according to the manufacturer’s protocol.
RNA integrity was evaluated, and purified RNA with an
RNA integrity number (RIN) >7 was reverse-transcribed.
cDNA was reverse-transcribed from 1 pg of RNA tem-
plate with a PrimeScript RT Master Mix Kit (Takara Bio).
Fluorescent RT-PCR was performed in 10 pL of solution
containing 1.5 pL of ¢cDNA, 2.5 pL of ddH20O, 1 uL of
primer and 5 pL of SYBR Green according to the manu-
facturer’s instructions. Clean reads were obtained after
removing low-quality reads and those containing adapter
and poly-N sequences. The GAPDH gene was used as an
internal reference. The RT-PCR data were analyzed by
the 2722CT method. The sequences of the primer pairs
for the target genes are provided in Table 1.

Gene Forward primer sequence (5'-3) Reverse primer sequence (5'-3’)
Lcn2 CCGACACTGACTACGACCAG AATGCATTGGTCGGTGGGAA
iNOS TGGTGAGGGGACTGGACTTT ATCCTGTGTTGTTGGGCTGG

C3 CCAGCTCCCCATTAGCTCTG GCACTTGCCTCTTTAGGAAGTC
Gfap AACCGCATCACCATTCCTGT TCCTTAATGACCTCGCCATCC
Amigo?2 GTTCGCCACAACAACATCAC GTTTCTGCAAGTGGGAGAGC
Serping] TGGCTCAGAGGCTAACTGGC GAATCTGAGAAGGCTCTATCCCCA
Clq TCTGCACTGTACCCGGCTA CCCTGGTAAATGTGACCCTTTT
I-1a GCACCTTACACCTACCAGAGT AAACTTCTGCCTGACGAGCTT
TNF-a CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG

IL-6 ATTGTATGAACAGCGATGATGCAC CCAGGTAGAAACGGAACTCCAG
I-18 CCCTGAACTCAACTGTGAAATAGCA CCCAAGTCAAGGGCTTGGAA
GAPDH GAACATCATCCCTGCATCCA CCAGTGAGCTTCCCGTTCA
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Western blot analysis

Total protein was extracted from injured spinal cord tis-
sue stored at — 80 °C by using radioimmunoprecipitation
assay (RIPA) lysis and extraction buffer that included a
protease inhibitor cocktail. The concentration of protein
was determined by the BCA method. Equal amounts
of protein (30-50 pg) from each sample were separated
using 4-20% SurePAGE™ Gels (Genscript) and trans-
ferred to nitrocellulose (NC) membranes (EMD Mil-
lipore Corp). The membranes were blocked with 5%
bovine serum albumin for 1 h at room temperature and
then incubated overnight at 4 °C with the following spe-
cific primary antibodies: rabbit anti-iNOS (18,985-1-AP,
Proteintech, 1:1000), rabbit anti-C3 (ab200999, Abcam,
1:1000), rabbit anti-GFAP (SAB4300647, Sigma, 1:1000),
rabbit anti-JAK2 (3230, Cell Signaling Technology,
1:1000), rabbit anti-pJAK2 (AF3022, Affinity, 1:1000),
rabbit anti-STAT3 (12,640, Cell Signaling Technology,
1:1000), rabbit anti-pSTAT3 (ab76315, Abcam, 1:1000),
rabbit anti-Len2 (ab63929, Abcam, 1:1000), and anti-f3-
actin (66,009-1-Ig, Proteintech, 1:1000). After incubation
with the corresponding secondary antibodies (1:2000) for
1 h at room temperature, the membranes were scanned
with ECL-Plus Reagent (Millipore) and observed under
an Amersham Imager 600 (General Electric). The band
intensity was analyzed by using Image]J software (NIH).

ELISA

The levels of Clq, IL-1a, and TNF-a in injured spinal
cord tissue stored at — 80 °C at 3 dpi were evaluated with
ELISA kits (Meimian Industrial Co., Ltd.). The injured
spinal segments were homogenized in PBS, and the tissue
homogenate supernatants were collected and analyzed
according to the manufacturer’s instructions.

RNA-seq analysis

RNA-seq experiments were performed to compare the
sham control group and the SCI group at 1 dpi (n=3
rats per group). The total RNA for each sample was sepa-
rated and purified with TRIzol (Invitrogen) according
to the operating protocol provided by the manufacturer.
Then, a NanoDrop ND-1000 was used to determine the
amount and purity of the total RNA. The integrity of the
RNA was tested with an Agilent 2100 with an RIN>7.0
as the qualifying standard, and agarose gel electropho-
resis was used for verification. Five micrograms of total
RNA was removed, and a Ribo-Zero' rRNA Removal
Kit (Illumina) was used to capture and remove ribosomal
RNA according to standard operating procedures. Then,
the linear RNA was removed by the action of RNase R
(Epicentre Inc.), and the remaining RNA was fragmented
with divalent cations at high temperature. Reverse
transcriptase was used to synthesize ¢cDNA from the
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fragmented RNA. Then, E. coli DNA polymerase I and
RNase H were used for two-strand synthesis to convert
these double-stranded DNA and RNA complexes into
double-stranded DNA. At the same time, dUTPs were
incorporated into the two strands to blunt the ends of
the double-stranded DNA. Then, an A base was added at
each end so that the DNA could be connected to a linker
with a T base at the end, and magnetic beads were used
to screen and purify the DNA fragments by size. The two
strands were digested with UDG, and then PCR was used
to form a library with a fragment size of 300 bp (50 bp).
Finally, we used an Illumina HiSeq 4000 (LC Bio) to per-
form paired-end sequencing according to the standard
operating procedures.

Cell culture

Primary microglia and astrocytes were generated
from postnatal (PO-P2) rat pups according to meth-
ods described previously with minor modifications
[36]. Briefly, the cerebral cortex was carefully removed,
cleaned of the meninges and the choroid plexus, dis-
sected into 0.5-mm-thick slices, placed in 0.125% trypsin
EDTA solution (Thermo Fisher Science) and shaken gen-
tly for 20 min in a 37 °C incubator. The digested tissue
was centrifuged at 1000 rpm for 5 min and resuspended
in DMEM/F12 (Gibco) with 10% fetal bovine serum
(Gibco), 100 U/mL penicillin and 100 pug/mL strepto-
mycin (Thermo Fisher Science). After filtration with
100 pm nylon mesh, the final single-cell suspension was
cultured in a T75 culture flask that had been precoated
with poly-L-lysine (Sigma Aldrich). The culture medium
was exchanged the next day and then refreshed every
three days. After culturing in vitro for 12—14 days, the
culture flasks were shaken at 200 rpm for 2 h, and then
mature microglia were obtained from the supernatant.
The remaining astrocytes were digested with trypsin
and recultured for follow-up experiments. Ventral spinal
cord 4.1 (VSC4.1) motoneurons were cultured in DMEM
(Gibco) supplemented with 10% fetal bovine serum
(Gibco). All cells were incubated at 37 °C in a humidified
incubator under 5% CO2.

Cell treatment

Microglia with a neurotoxic phenotype were induced
with lipopolysaccharide (LPS, 1 pug/ml, Sigma Aldrich)
and interferon gamma (IFN-y, 20 ng/ml, Sigma
Aldrich). Astrocytes with a neurotoxic phenotype were
induced with Clq (400 ng/ml, MyBioSource, MBS
143,105), TNF-a (30 ng/ml, Cell Signaling Technology,
8902SF) and IL-la (3 ng/ml, Sigma, i3901). To detect
the effect of PBM on induced microglia and astro-
cytes, the cells were treated with PBM (810 nm, 6 mW,
4.5 cm? 8 min) immediately following induction and
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irradiated twice each day (every 12 h at fixed times of
9 am and 9 pm). To detect the neurotoxicity of induced
microglia and astrocytes, microglia and astrocytes were
induced for 24 h, and then the supernatants from the
culture media were collected as microglia-conditioned
medium (MCM) and astrocyte-conditioned medium
(ACM), respectively. Then, half of the VSC4.1 cell cul-
ture medium was replaced with MCM or ACM, and the
cells were cultured for another 24 h before detection of
the apoptotic rates. After that, to explore the mecha-
nism of activation of macroglia and astrocytes, we
designed several experiments. In the first experiment,
microglia and astrocytes were separately pretreated
with cucurbitacin I (0.5 uM, MedChemExpress) for
1 h to inhibit the JAK2-STAT3 pathway. The cells were
then induced for 24 h and treated or not treated with
PBM. In the second experiment, an adenovirus carry-
ing shRNA-LCN2 (HanBio) was used to knock down
the levels of Lcn2 in microglia and astrocytes indepen-
dently. Transfection was performed at a multiplicity of
infection (MOI) of 20 for 24 h according to the manu-
facturer’s instructions. To upregulate the level of Lcn2
in culture medium, recombinant Lcn2 protein (ReLcn2,
1 pug/ml, R&D Systems) was added to the medium of
microglia and astrocytes separately at the same time
as cell induction. Equal volumes of DMSO (without
cucurbitacin I), adenoviral vector (without the target
shRNA) and PBS (without ReLcn2) were used as con-
trols. After induction for 24 h, cells were collected for
subsequent experiments.

Flow cytometry

To measure apoptosis, VSC4.1 cells treated with MCM or
ACM for 24 h were collected for dual staining with pro-
pidium iodide (PI) and Alexa Fluor 488-annexin V using
an Alexa Fluor 488-annexin V Dead Cell Apoptosis Kit
(Thermo Fisher) according to the manufacturer’s proto-
col. The stained cells were analyzed by flow cytometry
(Beckman F500), and at least 10,000 cells in each sample
were analyzed.

Statistical analysis

All data are presented as the means+standard devia-
tions (means= SDs). Statistical analysis was performed
with GraphPad Prism 8 software. One-way analysis of
variance (ANOVA) followed by Bonferroni’s post hoc test
was used to test differences between groups at specific
times. Two-way repeated measures ANOVA followed
by Bonferroni’s post hoc test was used to test differences
between groups at different times. Statistical significance
was defined at p <0.05.
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Results

1. PBM promoted motor function recovery, reduced
apoptosis and increased the number of surviving neurons
after SCI

The BBB scale and the LSS were used to comprehen-
sively evaluate the effect of PBM on the recovery of
motor function after SCI. The BBB score results showed
that the difference between the SCI+PBM group
and the SCI+ vehicle group began to appear at 7 dpi
(Fig. 1A, F (7, 70)=12.69, p<0.0001. SCI+PBM group
vs. SCI+vehicle group, 3.334+1.03 vs. 1.33+0.52,
p=0.0274, 7 dpi). The LSS showed similar results: the
score in the SCI4+PBM group was higher than that in
the SCI+ vehicle group at 7 dpi (Fig. 1B; F (4, 40)=10.83,
p<0.0001. SCI+PBM group vs. SCI+vehicle group,
3.33+1.03 vs. 1.50£0.84, p=0.0372, 7 dpi).

Next, we investigated tissue apoptosis in each group and
found that apoptosis mainly occurred in the acute phase
(within 7 dpi). No TUNEL-positive cells were detected in
the sham control group. As shown in Fig. 1C, the propor-
tions of TUNEL-positive cells in the SCI+PBM group
vs. the SCI+ vehicle group (F (2, 20)=10.12, p=0.0009)
were 30.8% +4.6% vs. 54.7% £+ 11.8% at 1 dpi (p =0.0090),
26.2% £5.8% vs. 40.0%+5.1% at 3 dpi (p=0.0047), and
2.5%+0.8% vs. 5.9%+1.3% at 7 dpi (p=0.0018). We
also counted surviving motor neurons in the ventral
spinal cord, which are essential to motor function. The
results showed that there were more neurons in the
SCI+PBM group than in the SCI+ vehicle group at 7 dpi
(Fig. 1D, F (4, 40)=2.177, p=0.0890. SCI+PBM group
vs. SCI+vehicle group, 97.174+10.19 vs. 77.83+8.59,
p=0.0273). Similarly, at 14 dpi and 28 dpi, the ability to
retain motor neurons after injury was significantly differ-
ent between the SCI+PBM group and the SCI+ vehicle
group (69.00+6.23 vs. 56.83+5.78, p=0.0285, 14 dpi;
66.00+7.15vs. 52.67 +7.12, p=10.0447, 28 dpi).

2.Effects of PBM on the dynamic changes in microglia/
macrophages and astrocytes after SCI

Subsequently, we examined the distribution and activa-
tion of microglia/macrophages (Ibal™ cells) and astro-
cytes (GFAPT cells) in spinal cord tissue on different
days after injury. As shown in Fig. 2a, the normal and
complete tissue structure was destroyed, and microglia/
macrophages began to activate and proliferate within
24 h after SCI By 3 dpi, a large number of microglia/
macrophages had been recruited to the damaged area.
The number of microglia peaked at 7 dpi. When inflam-
mation entered the subacute phase, astrocytes started to
take over microglia/macrophages, significantly upregu-
lating the expression of GFAP, and the two types of glial
cells jointly participated in scar formation. By 28 dpi, the
spinal cord cavity had formed, and the scar structure had
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become denser. Compared with vehicle treatment, PBM
downregulated the expression levels of Ibal and GFAP
post SCI (Fig. 2B, F (4, 40)=7.217, p=0.0002. p =0.0201,
7 dpi; p=0.0312, 14 dpi; p=0.0081, 28 dpi. Figure 2C, F
(4, 40) =4.796, p=0.0030. p=0.0145, 3 dpi; p=0.0100, 7
dpi; p=0.0191, 14 dpi).

To further explore the activation of neurotoxic micro-
glia/macrophages and astrocytes, we investigated the
mRNA expression of C3 and iNOS by RT-PCR. The
results suggested that the expression of C3 began to peak
at 7 dpi, while PBM suppressed this upregulation trend
(Fig. 2D, F (4, 32)=7.605, p=0.0002. p=0.0368, 7 dpi).
The level of iNOS immediately increased at 1 dpi and

then gradually decreased, and PBM significantly inhib-
ited the upregulation of iNOS at 3 dpi (Fig. 2E, F (4,
32)=3.112, p=0.0285. p=0.0256, 3 dpi).

3. PBM inhibited the activation of neurotoxic microglia/
macrophages after SCI

Considering that microglial/macrophage activation was
most obvious in the acute phase after injury, we first
observed changes in microglia/macrophages (Fig. 3A). At
3 dpi, a large number of microglia/macrophages had high
iNOS expression (neurotoxic type) in the injury epicenter
in the SCI+ vehicle group, while the intensity of iNOS
in the SCI+PBM group was weaker (F (2, 20) =4.609,
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28 dpi

Fig. 2 Effects of PBM on the dynamic changes in microglia/
macrophages and astrocytes after SCI. A Representative images

of immunofluorescence staining for GFAP (red) and Ibal (white)

in injured spinal cord sections in the SCI 4 vehicle group and the
SCI+PBM group (at 1 dpi, 3 dpi, 7 dpi, 14 dpi and 28 dpi). GFAP:
glial fibrillary acidic protein; Iba1: ionized calcium binding adapter
molecule 1. B, C Quantification of the mean fluorescence intensity
of GFAP and Iba1™ cells (n=6 rats per group at each time point).
D, E Relative mRNA expression of C3 and iNOS presented as the fold
change in comparison to the level in the sham control group (n=5
rats per group). C3: complement C3;iNOS, inducible nitric oxide
synthase. Scale bar: 400 pm. Statistical comparisons were performed
using two-way ANOVA followed by Bonferroni's post hoc test.
*0<0.05, *p<0.0]1

p=0.0226; p=0.0293, 3 dpi). Western blot assays showed
the same results (Fig. 3B, F (2, 15)=39.06, p<0.0001.
SCI+PBM group vs. SCI+ vehicle group, p=0.0325). At
7 dpi and 14 dpi, we also observed that the intensity of
iNOS was decreased in the SCI+PBM and SCI+ vehicle
groups, but there was no significant difference between
the two groups (Fig. 3A, p=0.4569, 14 dpi; p=0.1809, 28
dpi).

There were differences in the spatial distribution of
microglia/macrophages after SCI. Therefore, we sepa-
rately counted the Ibal™ cells at distances of 150 pm,
300 pum, and 600 pm from the epicenter to the rostral
or caudal sides at 3 dpi. The results showed that PBM
reduced the number of Ibal*t cells within 150 pum of
the epicenter in the rostral and caudal directions in
the spinal cord (Fig. 3C, F (6, 70)=2.601, p=0.0247.
SCI+PBM group vs. SCI+ vehicle group, 268.56 £ 28.05
vs. 328.26£29.61, p=0.0028, at 150 pum rostral direc-
tion; 379.95+46.20 vs. 440.71 £22.30, p=0.0023, at epi-
center; 287.66+13.88 vs. 351.514+26.91, p=0.0012, at
150 pm caudal direction).

We next investigated the morphology of microglia/
macrophages within 150 um of the center of the injury
area (Fig. 3D). Ramified microglia/macrophages are
in a homeostatic state, while bushy and hypertrophic
microglia/macrophages represent a typical activated
phenotype. In the sham control group, ramifications
with reduced cell diameters and increased numbers of
bifurcations were dominant. After injury, most of the
cell branches were reduced in number, the cell bodies
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were hypertrophic, and the proportions of bushy and
hypertrophic microglial cells were increased. PBM
inhibited the activation of microglia/macrophages, as
indicated by evaluation of the numbers of branches and
the diameters of the cell bodies of microglia (Fig. 3E, F (2,
15)=26.73, p<0.0001. SCI+PBM group vs. SCI+ vehi-
cle group, p=0.0076; Fig. 3E, F (2, 15)=11.96, p =0.0008.
SCI+PBM group vs. SCI+vehicle group, p=0.4703).
PBM reduced the total ratio of bushy- and hypertrophic-
phenotype cells after injury (Fig. 3G).

4. PBM inhibited the activation of neurotoxic astrocytes
after SCI

Neurotoxic astrocytes are induced by Clq, IL-1a, and
TNF-a secreted by activated microglia [6]. We investi-
gated the protein expression levels in the injured spinal
cord tissue at 3 dpi by ELISA and found that the levels
of Clq, IL-1a and TNF-a were significantly higher in
the injury group than in the sham control group. PBM
inhibited the increasing trend (Fig. 4E, F (2, 15)=32.82,
p<0.0001. SCI+PBM group vs. SCI+vehicle group,
91.50£9.97 wvs. 120.504+17.19 ng/ml, p=0.0027;
Fig. 4F, F (2, 15)=23.00, p<0.0001. SCI+PBM group
vs. SCI+vehicle group, 32.69+3.97 vs. 42.77 +6.98 pg/
ml, p=0.0085; Fig. 4G, F (2, 15)=29.90, p<0.0001.
SCI+PBM group vs. SCI+vehicle group, 146.50+23.52
vs. 204.50+25.78 pg/ml, p=0.0014).

By 7 dpi, neurotoxic astrocytes were obviously acti-
vated, and a large number of C3% cells had appeared in
the injured area (Fig. 4A). As the injury course entered
the subacute phase, the expression of C3 was also upreg-
ulated and basically colocalized only with GFAP™ cells.
After PBM, the expression of GFAP and C3 (Fig. 4B)
was effectively inhibited (F (4, 40)=8.491, p<0.0001.
p=0.0309, 7 dpi; p=0.0164, 14 dpi; p=0.01287, 28
dpi). Western blot assays also showed that the C3 and
GFAP protein levels in the SCI+PBM group were lower
than those in the SCI+vehicle group at 7 dpi (Fig. 4H,
C3: F (2, 15)=29.26, p<0.0001. SCI+PBM group vs.
SCI+vehicle group, p =0.0019; GFAP: F (2, 15)=52.81,
p<0.0001. SCI+PBM group vs. SCI+vehicle group,
p=0.0106). However, when we measured the process
lengths and the cell body diameters of astrocytes, there
were no significant differences between the SCI+ vehi-
cle group and the SCI+PBM group at 3 dpi, 7 dpi, or 14
dpi (Fig. 4C, F (2, 20)=1.423, p=0.2644; Fig. 4D, F (2,
20) =2.208, p = 0.1360).

5. Lcn2 upregulation and JAK2-STAT3 pathway activation
were suppressed by PBM after SCI

Within 24 h after SCI, large amounts of proinflamma-
tory factors were released from the injured area, caus-
ing an inflammatory storms. RNA-seq analysis showed
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Fig. 4 PBM inhibited the activation of neurotoxic astrocytes after SCI. A Representative images of immunofluorescence staining for GFAP (green)
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in the injured spinal cords of each group at 3 dpi (n =6 rats per group). Statistical comparisons were performed using one-way ANOVA followed
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that 1,379 genes were upregulated and 168 genes were
downregulated in the SCI group and sham groups at 1
dpi. Lcn2 was one of the significantly upregulated genes
(Fig. 5A, B). Lcn2 is a member of the secreted lipocalin
protein family that is upregulated in CNS diseases or
injury contexts and aggravates neuroinflammation [37].

Lcn2 is synthesized and secreted as an inducible factor
from activated microglia and reactive astrocytes, and it
has been recognized as a modulatory factor for diverse
cellular processes, such as cell death, survival, morphol-
ogy, migration, invasion, differentiation, and functional
polarization [21, 38]. We next assessed the expression
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dpi, 3 dpi, 7 dpi, 14 dpi and 28 dpi. e. Representative blots showing

of Lcn2 in the tissues on different days after injury. The
RT-PCR results showed that the Lcn2 expression in the
SCI group was dramatically increased at 1 dpi (Fig. 5C,
F (5, 24)=41.76, p<0.0001), which was consistent with
the results of immunofluorescence staining. Lcn2 expres-
sion decreased gradually within 28 dpi. On different days
after injury, the fluorescence intensity of Lcn2 in the
SCI+PBM group was lower than that in the SCI+ vehi-
cle group (Fig. 5D).

Considering the important role of JAK2-STAT3 sign-
aling pathway activation in Lcn2 regulation and glial
cell activation after SCI, we next examined the activa-
tion of the JAK2-STAT3 pathway in the SCI+PBM and
SCI+vehicle groups. Western blot analysis showed that

the activation time course of the JAK2-STAT3 path-
way after SCI paralleled the course of Lcn2 expression.
In contrast, PBM inhibited the activation of the JAK2-
STAT3 pathway, which was consistent with the suppres-
sion of Len2 (Fig. 5E, Len2: F (4, 40)=3.996, p=0.0081;
pJAK2/JAK2: F (4, 40)=6.051, p=0.0007; pSTAT3/
STAT3: F (4, 40) =3.854, p=0.0097).

6. PBM inhibited the activation of microglia and astrocytes
in vitro

To better verify the mechanism of PBM, we simulated
neuroinflammatory conditions in vitro to activate micro-
glia and astrocytes. We cultured primary microglia and
astrocytes; used LPS and IFN-y to induce microglial
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activation; and used Clq, TNF-a and IL-la to induce
astrocyte activation. Then, laser irradiation was applied
with optimized parameters in order to verify the effect
of PBM on neurotoxic microglia and astrocytes. The
irradiation had no obvious effects on resting cells, as
previously shown by our team (data not shown). The
immunofluorescence and Western blot results showed
that the expression of iNOS in induced microglia (in-
MG) was significantly upregulated, while PBM inhibited
this upregulation (Fig. 6A, B, F (2, 6)=36.29, p=0.0004.
In-MG+PBM group vs. in-MG group, p=0.0494).
RT-PCR showed that proinflammatory factors such as
iNOS, IL-6, and IL-1B, as well as C1q, IL-1a, and TNEF-
a, were all upregulated after induction. PBM inhibited
the upregulation of inflammatory indicators to varying
degrees (Fig. 6C, iNOS: F (2, 6) =259.9, p<0.0001; IL-6,
F (2, 6)=885.3, p<0.0001; IL-1B, F (2, 6)=56.98,
p=0.0001. Figure 6D, Clq, F (2, 6)=31.71, p=0.0006;
IL-1a, F (2, 6) =24.27, p=0.0013; TNF-q, F (2, 6) =40.67,
»=0.0003).

Immunofluorescence staining and Western blot analy-
sis showed that in addition to the expression of C3, which
was high in induced astrocytes (in-AST) in vitro, the
expression of Lcn2 increased significantly. After PBM,
the increases in C3 and Lcn2 were inhibited (Fig. 6F, G,
C3: F (2, 6)=33.31, p=0.0006. In-AST+PBM group
vs. in-AST group, p=0.0202; Lcn2, F (2, 6)=37.13,
p=0.0004. In-AST+PBM group vs. in-AST group,
p=0.0236). We also assessed the reactive astrocyte-spe-
cific transcripts Amigo2 and Serpingl. Similar to findings
regarding the expression of C3 and Lcn2, PBM blocked
the high mRNA expression of these molecules in induced
astrocytes (Fig. 6E, C: F (2, 6) =41.34, p=0.0003; Lcn2,
F (2, 6)=18.91, p=0.0026; Amigo2, F (2, 6)=28.24,
p=0.0009; Serpingl, F (2, 6) =44.34, p=0.0003).

Next, we used VSC4.1 motoneurons to verify the
neurotoxic effects of induced microglia and astro-
cytes and to determine whether PBM could attenuate
these neurotoxic effects. We added MCM and ACM to
VSC4.1 cells separately and performed flow cytometry
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to detect the apoptosis levels in VSC4.1 cells (Fig. 6H,
I). The results showed that when VSC4.1 cells were
incubated with induced MCM (in-MCM) for 24 h, the
early apoptotic rate was 5.23+0.15%, the late apop-
totic rate was 2.004+0.85%, and the total apoptotic rate
was 7.23+0.78%. However, irradiation of the induced
microglia twice daily (every 12 h) before the medium
was collected alleviated the neurotoxic effects of MCM.
Flow cytometry revealed that the early apoptotic rate
was 4.434+0.35% (vs. in-MCM group, F (2, 6)=29.82,
p=0.0008), the late apoptotic rate was 1.60=+0.44% (vs.
in-MCM group, F (2, 6)=0.1950, p=0.8278), and the
total apoptotic rate was 6.03 +0.21% (vs. in-MCM group,
F (2, 6)=4.557, p=0.0626). The effect of PBM on ACM
was similar; the high rate of early apoptosis in VSC4.1
cells caused by induced ACM (in-ACM) was reversed
after PBM. The early apoptotic rate in the PBM +in-ACM
group was 3.534+0.21% (vs. in-ACM group, 4.17 £0.25%,
F (2, 6) =62.53, p<0.0001), the late apoptotic rate in the
PBM +in-ACM group was 5.70+0.36% (vs. in-ACM
group, 5.67+0.53%, F (2, 6)=6.337, p=0.0332), and
the total apoptotic rate in the PBM+in-ACM group
was 9.13£0.25% (vs. in-ACM group, 9.83+0.67%, F (2,
6)=25.77, p=0.0011).

7. PBM interfered with Lcn2/JAK2-STAT3 crosstalk

during the activation of neurotoxic microglia

and astrocytes in vitro

The results of animal experiments suggested that the
mechanism of PBM may be related to the inhibition of
high Lcn2 expression and the activation of the JAK2-
STATS3 signaling pathway after SCI. To explore the rela-
tionship between these two factors, we designed in vitro
experiments. First, we used cucurbitacin I in vitro to
specifically block the JAK2-STAT3 pathway before the
induction of microglia and astrocytes. Similar to PBM,
application of cucurbitacin I alone reduced the levels
of C3 and iNOS while also attenuating the increase in
Lcn2 with cell induction. Combined application of PBM
and cucurbitacin I resulted in enhanced inhibition of

(See figure on next page.)

Fig. 6 PBM inhibited the activation of microglia and astrocytes in vitro. A Representative images of immunofluorescence staining for Iba1 (red) and
iNOS (green) in the control group, the in-MG group and the in-MG + PBM group. In-MG: induced microglia. B Western blotting was used to detect
the protein levels of INOS in each group. Quantification of the relative expression of iINOS in comparison to the expression in the control group.

C, D RT-PCR was used to detect the mRNA levels of iNOS, IL-6, IL-13, TNF-a, C1q and IL-1a in each group. e RT-PCR was used to detect the mRNA
levels of C3, Lcn2, Amigo2 and Serping1 in the control group, the in-AST group and the in-AST group. In-AST: induced astrocyte. F Representative
images of immunofluorescence staining for GFAP (green) and C3 (red) or Lcn2 (red) in the control group, the in-AST group and the in-AST group.

G Western blotting was used to detect the protein levels of C3 and Lcn2 in each group. Quantification of the relative expression of C3 and Lcn2 in
comparison to the expression in the control group. H, I Apoptosis was measured by flow cytometry. B1, B2, B3, and B4 represent quadrants for dead,
late apoptotic, viable, and early apoptotic cells, respectively. Early apoptosis, not late apoptosis or total apoptosis, was induced in VSC4.1 cells in the
in-MCM group and in-AST group, but this effect was alleviated by two pretreatments with PBM. Con-MCM: control microglia-conditioned medium;
Con-ACM: control astrocyte-conditioned medium; in-MCM: induced microglia-conditioned medium; in-ACM: induced astrocyte-conditioned
medium. Scale bar: 200 mm. The experiments were independently repeated three times. Statistical comparisons were performed using one-way
ANOVA followed by Bonferroni's post hoc test. *p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001
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microglial and astrocyte activation (Fig. 7A, iNOS: F (4,
10) =28.74, p<0.0001; Lcn2: F (4, 10)=22.02, p<0.0001;
pJAK2/JAK2: F (4, 10)=28.80, p<0.0001; pSTAT3/
STAT3: F (4, 10)=62.39, p<0.0001. Figure 7B, C3: F (4,
10) =42.03, p<0.0001; Lcn2: F (4, 10) =71.25, p<0.0001;

Page 14 of 20

pJAK2/JAK2: F (4, 10)=32.32, p<0.0001; pSTAT3/
STATS3: F (4, 10) =43.44, p <0.0001).

Next, we altered Lcn2 levels in microglia and astro-
cytes via adenovirus transfection and recombinant pro-
tein application. The results showed that when microglia
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and astrocytes were not induced, the levels of Lcn2 and
JAK2-STAT3 pathway activation were relatively low,
and adenovirus transfection effectively reduced the level
of Len2. After PBM and RelLcn2 were applied to rest-
ing microglia and astrocytes, respectively, there were no
significant changes in the expression of Lcn2, the acti-
vation of JAK2-STAT3, or the level of iNOS (or C3). In
induced microglia and astrocytes, knocking down Lcn2
alone inhibited the high expression of iNOS (or C3)
and simultaneously blocked the activation of the JAK2-
STAT3 pathway. The addition of ReLcn2 to the culture
medium further increased the activation of the JAK2-
STAT3 pathway and of neurotoxic microglia and astro-
cytes. Cotreatment with PBM enhanced the inhibitory
effect of SARNA-Lcn2, while ReLcn2 weakened the effect
of PBM (Fig. 7C, iNOS: F (2, 6) =27.73, p=0.0009; Lcn2:
F (2, 6)=53.13, p=0.0002; pJAK2/JAK2: F (2, 6) =40.33,
p=0.0003; pSTAT3/STAT3: F (2, 6)=91.99, P<0.0001.
Figure 7D, C3: F (2, 6)=37.48, p=0.0004; Lcn2: F (2,
6)=42.18, p=0.0003; pJAK2/JAK2: F (2, 6)=29.96,
p=0.0008; pSTAT3/STAT3: F (2, 6) =24.29, p=0.0013).

Discussion

In this study, we implanted previously developed
implantable laser fibers [30] in SCI male rats and found
that PBM alleviated secondary damage in the rats. Spe-
cifically, PBM led to outcomes including a moderate
inflammatory response, a reduced level of tissue apop-
tosis, an increase in the number of surviving neurons,
and improved motor function recovery. PBM is a reli-
able strategy for treating CNS diseases or injuries whose
therapeutic effects have been validated in SCI models by
different research teams [39-41]. As early as a decade
ago, Byrnes et al. applied 810-nm low-level lasers for two
consecutive weeks in SCI rats and found that PBM pro-
moted neuronal regeneration and functional recovery
[39]. Wu et al. also tested PBM with similar parameters in
rats with SCI caused by two different types of trauma and
again proved the repair-promoting effects of PBM [41].
Since then, increasing evidence has suggested that PBM
primarily affects SCI models by inhibiting scar formation
and regulating inflammation [12, 42, 43]. Our team has
focused on optimizing PBM and exploring the underly-
ing mechanism. Previous data have shown that PBM can
facilitate alternatively activated macrophage/microglia
polarization, relieve secondary neuroinflammation, and
improve the ability of neurons to resist insults caused by
trauma [15, 16, 44, 45]. However, in the corresponding
studies, PBM was applied transcutaneously at the lesion
site, and only a small dose of energy (approximately 6%)
was able to penetrate tissue and reach the spinal cord sur-
face, according to reports [39, 46]. In addition, due to the
biphasic dose-response for PBM, simply increasing the
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irradiation power and exposure time may cause the opti-
mal effect to be lost and may even cause tissue damage
[47]. Therefore, we have developed biocompatible laser
fibers that can be implanted beside the lamina in vivo to
project laser energy directly onto the spinal cord surface
with appropriate irradiation parameters. This strategy
reduces energy scattering and passive absorption by body
tissues, thus exerting a better biotherapeutic effect, and
the feasibility and safety of this strategy has been reliably
verified [30, 48].

Through this study, we found that inhibition of acti-
vated neurotoxic-type microglia and astrocytes is a
potential mechanism of PBM. After SCI, microglia and
astrocytes, as innate immune resident cells, begin to be
activated and participate in secondary damage and tis-
sue repair. Previous studies have classified activated
microglia/macrophages and astrocytes simply as “good”/
“bad” types (M1/M2 microglia/macrophages or Al/
A2 astrocytes) depending on their different roles in the
pathological process. However, these simple binary divi-
sions do not reflect the heterogeneity and plasticity of
glial cells or the continuity of functional states [49, 50].
The activation states of microglia/macrophages and
astrocytes are constantly changing under different dis-
ease or injury conditions. In the absence of better ter-
minology, we considered a group of cells that expressed
similar gene clusters as neurotoxic microglia and astro-
cytes (or proinflammatory microglia and astrocytes),
while we considered cells that expressed another group
of gene clusters neuroprotective (or anti-inflammatory).
Here, we observed that the activation of microglia/mac-
rophages and astrocytes occurred at different stages after
SCI. Microglia/macrophages immediately responded to
injury and began to activate, proliferate and translocate
to the lesion area. The number of microglia/macrophages
peaked at 7-14 dpi and then gradually subsided, while
the activation of astrocytes was not obvious until 7 dpi
and continued to strengthen within 28 dpi. PBM for two
consecutive weeks significantly inhibited the activation
of microglia/macrophages and astrocytes after SCI. The
numbers of Ibal™ cells decreased within a certain range
from the epicenter, although it was unclear whether
this was due to PBM-mediated suppression of prolifera-
tion, recruitment, or both. It was clear, however, that the
expression levels of iNOS, a classic marker of neurotoxic
microglia/macrophages, were reduced in microglia/mac-
rophages. Unlike in microglia/macrophages, PBM had
little effect on astrocyte morphology, but it did down-
regulate the level of the neurotoxic astrocyte marker C3.
Liddelow et al. reported that neurotoxic astrocytes are
induced by Clq, IL-1a and TNF-a secreted by activated
microglia [6], so we tested the levels of these three factors
in injured spinal cord tissue at 3 dpi. The results indeed
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showed that PBM effectively downregulated the levels of
these molecules, suggesting inhibition of astrocyte acti-
vation that was possibly followed by inhibition of micro-
glial activation.

To further explore the activation mechanisms of neu-
rotoxic microglia and astrocytes, we conducted RNA-
seq experiments. We found that Lcn2 expression was
strongly increased immediately after injury, which is
consistent with other reports [22, 51]. Interestingly, the
time course of JAK2-STAT3 signaling pathway activa-
tion after SCI was consistent with the changes in Lcn2
levels. According to other reports, JAK2-STAT3 pathway
activation is necessary for neuroinflammation involving
microglia and astrocytes, and inhibiting the JAK2-STAT3
pathway can reduce the reactivity of glial cells [52-54].
Lcn2 secreted by activated microglia and astrocytes
under inflammatory conditions can recruit more inflam-
matory cells through JAK2-STAT3 pathway activation.
This recruitment causes chemokines to be upregulated
and secreted, thereby amplifying neuroinflammation and
further enhancing the activation [17, 55, 56].

Subsequently, in vitro experiments were conducted to
verify the roles of the Lcn2 and JAK2-STAT3 pathways in
the activation of microglia and astrocytes. We first added
a JAK2-STAT3 signaling pathway inhibitor (cucurbita-
cin I) to microglia and astrocytes. The results showed
that cucurbitacin I effectively inhibited the upregulation
of the JAK2-STAT3 pathway during the activation of
microglia and astrocytes and simultaneously suppressed
the upregulation of C3 and iNOS expression. Next, we
separately transfected microglia and astrocytes with an
adenovirus carrying shRNA in order to knock down Lcn2
and found that Lcn2 knockdown suppressed microglia/
astrocyte activation and blocked JAK2-STAT3 pathway
activation. Moreover, adding ReLcn2 protein to the cul-
ture medium of induced microglia and astrocytes fur-
ther enhanced JAK2-STAT3 pathway activation and cell
activation. However, ReLcn2 at certain concentrations
did not significantly affect the Lcn2 and JAK2-STAT3
pathways in resting microglia and astrocytes and did not
effectively promote the activation of microglia and astro-
cytes. This finding is in contrast to previous reports that
elevated levels of ReLcn2 can induce microglia/astrocyte
activation [19, 38, 57]. Therefore, we believe that a certain
concentration of Lcn2 can stimulate the JAK2-STAT3
pathway and further accelerate cell activation only under
conditions that induce reactivity in resting-state micro-
glia and astrocytes. The Lcn2 and JAK2-STAT3 path-
ways jointly participate in the activation of microglia
and astrocytes. Specifically, the two pathways engage in
crosstalk for mutual regulation and can promote each
other’s effects to enhance the degree of cell activation.
Elucidation of the crosstalk of Lcn2/JAK2-STAT3 in the
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activation of microglia and astrocytes provides a better
understanding of neuroinflammation. Blockade of the
interaction may also partly explain the ability of PBM to
ameliorate the neurotoxicity of microglia and astrocytes,
which has been preliminarily validated in both in vivo
and in vitro experiments.

PBM has been applied in experiments and in the clinic
for more than 50 years. PBM seems to have a wide range
of influences at the molecular, cellular and tissue levels,
but the precise underlying biochemical mechanism has
not yet been fully clarified, which has limited its wide-
spread application. At present, the initial reaction is the
absorption of photons by mitochondrial respiratory chain
CCO, which then increases adenosine triphosphate (ATP)
production, modulates reactive oxygen species (ROS),
induces transcription factors, and causes downstream
reactions [58]. For the first time, we propose that PBM
inhibits the crosstalk of Lcn2/JAK2-STAT3 to suppress
the activation of neurotoxic microglia and astrocytes,
thereby alleviating neuroinflammation and facilitating
tissue repair. Signaling associated with inflammation,
such as mitogen-activated protein kinase (MAPK) sign-
aling, nuclear factor kappa-B (NF-«B) signaling, c-Jun
N-terminal kinase (JNK) signaling, and Toll-like recep-
tor (TLR)/myeloid differentiation primary response 88
(MYDB88) pathway signaling, is suppressed by PBM; in
contrast, the phosphatidylinositol 3-kinase (PI3K)/Akt
pathways, extracellular signal-regulated kinase (ERK)/
cyclic adenosine monophosphate-responsive element
binding protein (CREB) pathways, and transforming
growth factor-f (TGF-B)/Smad signaling pathways can
be upregulated by PBM [59-63]. In cultured cells treated
with PBM, the expression of GFAP and the secretion of
cartilage sulfate proteoglycans (CSPGs) by primary astro-
cytes are decreased [16]; the levels of ROS and the axon
retraction of dorsal root ganglion (DRG) neurons under
oxidative stress conditions are improved [64]; NF-kB
signaling in the activation of M1-type BMDM polariza-
tion is inhibited; and the protein kinase A (PKA)/CREB
pathway participating in M2 polarization is activated
[44, 45]. Our findings will contribute to clarification of
the biochemical mechanism of PBM, especially since the
roles of microglia and astrocytes in neuroinflammation
have received increasing attention.

It is undeniable that we ignored the effect of sex on
pathophysiology and recovery after SCI. Although
more than 80% of patients are men aged approximately
30 years old [65], some reports have shown that female
rodents may have better outcomes than male rodents
after SCI [66, 67]. A recent study showed stronger total
inflammation and more microglia at the lesion epi-
center in SCI male rats than in SCI female rats, while
the number of macrophages in the damaged area was
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higher in SCI female rats [68]. Considering that PBM
in our study inhibited the activation of total Ibal™
cells indiscriminately, we predict that the therapeutic
effects of PBM can be reproduced in female rat mod-
els of SCI without changing the overall conclusions,
although this requires confirmation in the future.

Conclusion

In this study, we discovered the activation time course of
neurotoxic microglia and astrocytes after SCI and proved
that the crosstalk of Len2/JAK2-STATS3 is involved in this
process. In addition, we verified that PBM can inhibit
the activation of neurotoxic microglia and astrocytes by
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inhibiting Lcn2/JAK2-STAT3 crosstalk, thereby promoting
recovery after SCI (Fig. 8).

Abbreviations

PBM: Photobiomodulation; SCI: Spinal cord injury; CNS: Central nervous
system; dpi: Days post-injury; GFAP: Glial fibrillary acidic protein; Iba1: lon-

ized calcium binding adapter molecule 1; JAK2-STAT3: Janus kinase 2-signal
transducer and activator of transcription 3; Lcn2: Lipocalin 2; iNOS: Inducible
nitric oxide synthase; TNF- a: Tumor necrosis factor-a; IL-1(: Interleukin-16;
IL-6: Interleukin-6; IL-1a: Interleukin-1a; C1q: Complement component 1g; BBB:
Basso—Beattie—Bresnahan; LSS: Louisville Swim Scale; OCT: Optimal cutting
temperature; PBS: Phosphate-buffered saline; DAPI: 4’,6-Diamidino-2-phe-
nylindole; ROI: Region of interest; RT-PCR: Real-time quantitative PCR; ELISA:
Enzyme-linked immunosorbent assay; RNA-seq: RNA sequencing; VSC4.1 cells:
Ventral spinal cord 4.1 motoneurons; LPS: Lipopolysaccharide; IFN-y: Interferon
gamma; MOI: Multiplicity of infection; ReLcn2: Recombinant Lcn2 protein; Pl
Propidium iodide; DMEM: Dulbecco’s modified Eagle medium; MCM (ACM):
Microglia-conditioned medium (astrocyte-conditioned medium); in-MG:
Induced microglia; in-AST: Induced astrocyte; in-MCM (in-ACM): Induced
microglia-conditioned medium (induced astrocyte-conditioned medium); SD:
Standard deviation; ANOVA: Analysis of variance; CCO: Cytochrome c oxidase;
BMDMs: Bone marrow-derived macrophages; LLLT: Low-level laser therapy.

Acknowledgements
We thank Professor Tan Ding for providing the biocompatible laser fiber.

Authors’ contributions

XW, XL, XH, and ZW designed and conceived the study. XL, ZL, TD and XW
built the animal model and conducted PBM intervention. XW, XL, XZ, ZL, KL,
YM, PL, ZZ, JW, ZS, HQ and ZZ performed the experiments. XK, CJ, and ZZ
contributed to analysis. The manuscript was written by XW, XH, and ZW, XH
and ZW critically contributed to and revised the manuscript. All authors read
and approved the final manuscript.

Funding

This work was supported by National Natural Scientific Foundation of China
Grant (Nos. 81070996, 81572151), Shaanxi Provincial Key R&D Program, China
(Nos. 2020ZDLSF02-05, 2021ZDLSF02-10, 2021SF-029), Everest Project of
Military Medicine of Air Force Medical University (2018RCFCO02).

Availability of data and materials
All raw data used in this manuscript are available on reasonable request.

Declarations

Ethics approval and consent to participate
All procedures involving animals were approved by the Institutional Animal
Care and Use Committee at Air Force Medical University.

Consent for publication
All authors consent this article for publication.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Orthopedics, Xijing Hospital, Fourth Military Medical Univer-
sity, Xi'an 710032, Shaanxi, China. 2967 Hospital of People’s Liberation Army
Joint Logistic Support Force, Dalian 116044, Liaoning, China.

Received: 27 April 2021 Accepted: 29 October 2021
Published online: 05 November 2021

Page 18 of 20

References

1. Global, regional, and national burden of neurological disorders,
1990-2016: a systematic analysis for the Global Burden of Disease Study
2016. Lancet Neurol 2019, 18:459-480.

2. Wyss-Coray T, Mucke L. Inflammation in neurodegenerative disease-a
double-edged sword. Neuron. 2002;35:419-32.

3. Vainchtein ID, Molofsky AV. Astrocytes and Microglia: In Sickness and in
Health. Trends Neurosci. 2020;43:144-54.

4. Kwon HS, Koh SH. Neuroinflammation in neurodegenerative disorders:
the roles of microglia and astrocytes. Transl Neurodegener. 2020,9:42.

5. Pisanu A, Lecca D, Mulas G, Wardas J, Simbula G, Spiga S, Carta AR.
Dynamic changes in pro- and anti-inflammatory cytokines in microglia
after PPAR-y agonist neuroprotective treatment in the MPTPp mouse
model of progressive Parkinson’s disease. Neurobiol Dis. 2014;71:280-91.

6. Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L,
Bennett ML, Minch AE, Chung WS, Peterson TC, et al. Neurotoxic reactive
astrocytes are induced by activated microglia. Nature. 2017;541:481-7.

7. ZhengJ,LuJ, Mei S,Wu H, Sun Z, Fang Y, Xu S, Wang X, Shi L, Xu W, et al.
Ceria nanoparticles ameliorate white matter injury after intracerebral
hemorrhage: microglia-astrocyte involvement in remyelination. J Neuro-
inflammation. 2021;18:43.

8. Jiang D, Gong F, Ge X, Lv C, Huang C, Feng S, Zhou Z, Rong Y, Wang J, Ji
C, et al. Neuron-derived exosomes-transmitted miR-124-3p protect trau-
matically injured spinal cord by suppressing the activation of neurotoxic
microglia and astrocytes. J Nanobiotechnol. 2020;18:105.

9. HeJ, LiuH, Zhong J, Guo Z, Wu J, Zhang H, Huang Z, Jiang L, Li H, Zhang
Z, et al. Bexarotene protects against neurotoxicity partially through a
PPARy-dependent mechanism in mice following traumatic brain injury.
Neurobiol Dis. 2018;117:114-24.

10. Chen AC, Arany PR, Huang YY, Tomkinson EM, Sharma SK, Kharkwal GB,
Saleem T, Mooney D, Yull FE, Blackwell TS, Hamblin MR. Low-level laser
therapy activates NF-kB via generation of reactive oxygen species in
mouse embryonic fibroblasts. PLoS ONE. 2011;6:e22453.

11. Bayat M, Abdi S, Javadieh F, Mohsenifar Z, Rashid MR. The effects of low-
level laser therapy on bone in diabetic and nondiabetic rats. Photomed
Laser Surg. 2009;27:703-8.

12. Svobodova B, Kloudova A, Ruzicka J, Kajtmanova L, Navratil L, Sedlacek R,
Suchy T, Jhanwar-Uniyal M, Jendelova P, Machova Urdzikova L. The effect
of 808 nm and 905 nm wavelength light on recovery after spinal cord
injury. Sci Rep. 2019;9:7660.

13. Salehpour F, Farajdokht F, Mahmoudi J, Erfani M, Farhoudi M, Karimi P,
Rasta SH, Sadigh-Eteghad S, Hamblin MR, Gjedde A. Photobiomodulation
and coenzyme Q10 treatments attenuate cognitive impairment associ-
ated with model of transient global brain ischemia in artificially aged
mice. Front Cell Neurosci. 2019;13:74.

14. Morries LD, Cassano P, Henderson TA. Treatments for traumatic brain
injury with emphasis on transcranial near-infrared laser phototherapy.
Neuropsychiatr Dis Treat. 2015;11:2159-75.

15. Song JW, Li K, Liang ZW, Dai C, Shen XF, Gong YZ, Wang S, Hu XY, Wang Z.
Low-level laser facilitates alternatively activated macrophage/microglia
polarization and promotes functional recovery after crush spinal cord
injury in rats. Sci Rep. 2017;7:620.

16. Sun J, Zhang J, Li K, Zheng Q, Song J, Liang Z, Ding T, Qiao L, Zhang J,

Hu X, Wang Z. Photobiomodulation Therapy Inhibit the Activation and
Secretory of Astrocytes by Altering Macrophage Polarization. Cell Mol
Neurobiol. 2020;40:141-52.

17. Lee S,Kim JH, Kim JH, Seo JW, Han HS, Lee WH, Mori K, Nakao K, Barasch J,
Suk K. Lipocalin-2 Is a chemokine inducer in the central nervous system:
role of chemokine ligand 10 (CXCL10) in lipocalin-2-induced cell migra-
tion. J Biol Chem. 2011;286:43855-70.

18. Jha MK, Jeon S, Jin M, Ock J, Kim JH, Lee WH, Suk K. The pivotal role
played by lipocalin-2 in chronic inflammatory pain. Exp Neurol.
2014,254:41-53.

19. LeeS, Lee J,Kim S, Park JY, Lee WH, Mori K, Kim SH, Kim IK, Suk K. A dual
role of lipocalin 2 in the apoptosis and deramification of activated micro-
glia. J Immunol. 2007;179:3231-41.

20. Lee S, Park JY, Lee WH, Kim H, Park HC, Mori K, Suk K. Lipocalin-2 is an
autocrine mediator of reactive astrocytosis. J Neurosci. 2009;29:234-49.

21. BiF Huang C,Tong J, Qiu G, Huang B, Wu Q, Li F, Xu Z, Bowser R, Xia XG,
Zhou H. Reactive astrocytes secrete Icn2 to promote neuron death. Proc
Natl Acad Sci U S A. 2013;110:4069-74.



Wang et al. J Neuroinflammation

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34

35.

36.

37.

38.

39.

40.

41.

(2021) 18:256

Braga A, Bandiera S, Verheyen J, Hamel R, Rutigliani C, Edenhofer F, Smith
JA, Pluchino S. Combination of In Situ Lcn2 pRNA-RNAi Nanotherapeutics
and iINSC Transplantation Ameliorates Experimental SCI in Mice. Mol Ther.
2020;28:2677-90.

Shyu WC, Lin SZ, Chiang MF, Chen DC, Su CY, Wang HJ, Liu RS, Tsai CH,

Li H. Secretoneurin promotes neuroprotection and neuronal plasticity
via the Jak2/Stat3 pathway in murine models of stroke. J Clin Invest.
2008;118:133-48.

Nicolas CS, Peineau S, Amici M, Csaba Z, Fafouri A, Javalet C, Collett VJ,
Hildebrandt L, Seaton G, Choi SL, et al. The Jak/STAT pathway is involved
in synaptic plasticity. Neuron. 2012;73:374-90.

Shan, Tan S, LinY, Liao S, Zhang B, Chen X, Wang J, Deng Z, Zeng Q,
Zhang L, et al. The glucagon-like peptide-1 receptor agonist reduces
inflammation and blood-brain barrier breakdown in an astrocyte-
dependent manner in experimental stroke. J Neuroinflammation.
2019;16:242.

Zheng XQ, Huang JF, Lin JL, Zhu YX, Wang MQ, Guo ML, Zan XJ, Wu AM.
Controlled release of baricitinib from a thermos-responsive hydrogel sys-
tem inhibits inflammation by suppressing JAK2/STAT3 pathway in acute
spinal cord injury. Colloids Surf B Biointerfaces. 2020;199:111532.

Fu XM, Wang Y, Fu WL, Liu DH, Zhang CY, Wang QL, Tong XJ. The
combination of adipose-derived schwann-like cells and acellular nerve
allografts promotes sciatic nerve regeneration and repair through the
JAK2/STAT3 signaling pathway in rats. Neuroscience. 2019;422:134-45.
Li JW, Kuang Y, Chen L, Wang JF. LncRNA ZNF667-AST inhibits inflamma-
tory response and promotes recovery of spinal cord injury via suppress-
ing JAK-STAT pathway. Eur Rev Med Pharmacol Sci. 2018;22:7614-20.
Zheng XQ, Huang JF, Lin JL, Zhu YX, Wang MQ, Guo ML, Zan XJ, Wu AM.
Controlled release of baricitinib from a thermos-responsive hydrogel sys-
tem inhibits inflammation by suppressing JAK2/STAT3 pathway in acute
spinal cord injury. Colloids Surf B Biointerfaces. 2021;199:111532.

Liang Z, Lei T, Wang S, Zuo X, Li K, Song J, Sun J, Zhang J, Zheng Q, Kang
X, et al. Photobiomodulation by diffusing optical fiber on spinal cord: A
feasibility study in piglet model. J Biophotonics. 2020;13:€201960022.
Liang Z, Lei T, Wang S, Zuo X, Li K, Song J, Sun J, Zhang J, Zheng Q, Kang
X, et al. Photobiomodulation by diffusing optical fiber on spinal cord: A
feasibility study in piglet model. J Biophotonics. 2019;1:€201960022.
Basso DM, Beattie MS, Bresnahan JC. A sensitive and reliable locomotor
rating scale for open field testing in rats. J Neurotrauma. 1995;12:1-21.
Smith RR, Burke DA, Baldini AD, Shum-Siu A, Baltzley R, Bunger M,
Magnuson DS. The Louisville Swim Scale: a novel assessment of hindlimb
function following spinal cord injury in adult rats. J Neurotrauma.
2006;23:1654-70.

Coggeshall RE, La Forte R, Klein CM. Calibration of methods for deter-
mining numbers of dorsal root ganglion cells. J Neurosci Methods.
1990;35:187-94.

Coggeshall RE, Lekan HA. Methods for determining numbers of cells and
synapses: a case for more uniform standards of review. J Comp Neurol.
1996;364:6-15.

Wolfes AC, Ahmed S, Awasthi A, Stahlberg MA, Rajput A, Magruder DS,
Bonn S, Dean C. A novel method for culturing stellate astrocytes reveals
spatially distinct Ca24- signaling and vesicle recycling in astrocytic pro-
cesses. J Gen Physiol. 2017;149:149-70.

Suk K. Lipocalin-2 as a therapeutic target for brain injury: An astrocentric
perspective. Prog Neurobiol. 2016;144:158-72.

Jang E, Kim JH, Lee S, Kim JH, Seo JW, Jin M, Lee MG, Jang IS, Lee WH,
Suk K. Phenotypic polarization of activated astrocytes: the critical role of
lipocalin-2 in the classical inflammatory activation of astrocytes. J Immu-
nol.2013;191:5204-19.

Byrnes KR, Waynant RW, Ilev IK, Wu X, Barna L, Smith K, Heckert R, Gerst
H, Anders JJ. Light promotes regeneration and functional recovery and
alters the immune response after spinal cord injury. Lasers Surg Med.
2005;36:171-85.

Veronez S, Assis L, Del Campo P, de Oliveira F, de Castro G, Renno AC,
Medalha CC. Effects of different fluences of low-level laser therapy in

an experimental model of spinal cord injury in rats. Lasers Med Sci.
2017,32:343-9.

Wu X, Dmitriev AE, Cardoso MJ, Viers-Costello AG, Borke RC, Streeter J,
Anders JJ. 810 nm Wavelength light: an effective therapy for transected
or contused rat spinal cord. Lasers Surg Med. 2009;41:36-41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 19 of 20

Ayar Z, Gholami B, Piri SM, Kaveh M, Baigi V, Ghodsi Z, Hassannejad Z,
Rahimi-Movaghar V. The effect of low-level laser therapy on pathophysi-
ology and locomotor recovery after traumatic spinal cord injuries: a
systematic review and meta-analysis. Lasers Med Sci. 2021. https://doi.
0rg/10.1007/s10103-021-03301-5.

Hu D, Moalem-Taylor G, Potas JR. Red-light (670 nm) therapy reduces
mechanical sensitivity and neuronal cell death, and alters glial responses
after spinal cord injury in rats. J Neurotrauma. 2020;37:2244-60.

Zhang J, Sun J, Zheng Q, Hu X, Wang Z, Liang Z, Li K, Song J, Ding T, Shen
X, et al. Low-level laser therapy 810-nm up-regulates macrophage secre-
tion of neurotrophic factors via PKA-CREB and promotes neuronal axon
regeneration in vitro. J Cell Mol Med. 2020;24:476-87.

Li K, Liang Z, Zhang J, Zuo X, Sun J, Zheng Q, Song J, Ding T, Hu X, Wang
Z. Attenuation of the inflammatory response and polarization of mac-
rophages by photobiomodulation. Lasers Med Sci. 2020;35:1509-18.
Piao D, Sypniewski LA, Dugat D, Bailey C, Burba DJ, DeTaboada L. Transcu-
taneous transmission of photobiomodulation light to the spinal canal of
dog as measured from cadaver dogs using a multi-channel intra-spinal
probe. Lasers Med Sci. 2019;34:1645-54.

Huang YY, Sharma SK, Carroll J, Hamblin MR. Biphasic dose response in
low level light therapy—an update. Dose Response. 2011;9:602-18.

Zuo X, Liang Z, Zhang J,Wang S, Zheng Q, Ma'Y, Li P, Ding T, Hu X, Wang
Z. Photobiomodulation and diffusing optical fiber on spinal cord’s impact
on nerve cells from normal spinal cord tissue in piglets. Lasers Med Sci.
2021. https://doi.org/10.1007/510103-020-03231-8.

Funes SC, Rios M, Escobar-Vera J, Kalergis AM. Implications of mac-
rophage polarization in autoimmunity. Immunology. 2018;154:186-95.
Escartin C, Galea E, Lakatos A, O'Callaghan JP, Petzold GC, Serrano-Pozo
A, Steinhduser C, Volterra A, Carmignoto G, Agarwal A, et al. Reactive
astrocyte nomenclature, definitions, and future directions. Nat Neurosci.
2021;24:312-25.

Rathore K|, Berard JL, Redensek A, Chierzi S, Lopez-Vales R, Santos M,
Akira S, David S. Lipocalin 2 plays an immunomodulatory role and has
detrimental effects after spinal cord injury. J Neurosci. 2011;31:13412-9.
Ceyzériat K, Ben Haim L, Denizot A, Pommier D, Matos M, Guillemaud O,
Palomares MA, Abjean L, Petit F, Gipchtein P, et al. Modulation of astrocyte
reactivity improves functional deficits in mouse models of Alzheimer’s
disease. Acta Neuropathol Commun. 2018;6:104.

Mai HN, Nguyen LTT, Shin EJ, Kim DJ, Jeong JH, Chung YH, Lei XG, Sharma
N, Jang CG, Nabeshima T, Kim HC. Astrocytic mobilization of glutathione
peroxidase-1 contributes to the protective potential against cocaine
kindling behaviors in mice via activation of JAK2/STAT3 signaling. Free
Radic Biol Med. 2019;131:408-31.

ShuM, Zhou'Y, Zhu W, Wu S, Zheng X, Yan G. Activation of a pro-survival
pathway IL.-6/JAK2/STAT3 contributes to glial fibrillary acidic protein
induction during the cholera toxin-induced differentiation of C6 malig-
nant glioma cells. Mol Oncol. 2011;5:265-72.

Jang E, Lee S, Kim JH, Kim JH, Seo JW, Lee WH, Mori K, Nakao K, Suk K.
Secreted protein lipocalin-2 promotes microglial M1 polarization. Faseb J.
2013;27:1176-90.

Lee S, Jha MK, Suk K. Lipocalin-2 in the inflammatory activation of brain
astrocytes. Crit Rev Immunol. 2015;35:77-84.

Nam Y, Kim JH, Seo M, Kim JH, Jin M, Jeon S, Seo JW, Lee WH, Bing SJ,
Jee, et al. Lipocalin-2 protein deficiency ameliorates experimental
autoimmune encephalomyelitis: the pathogenic role of lipocalin-2 in the
central nervous system and peripheral lymphoid tissues. J Biol Chem.
2014,289:16773-89.

Chung H, Dai T, Sharma SK, Huang YY, Carroll JD, Hamblin MR. The

nuts and bolts of low-level laser (light) therapy. Ann Biomed Eng.
2012;40:516-33.

Yang L, Tucker D, Dong Y, Wu C, Lu Y, Li Y, Zhang J, Liu TC, Zhang Q.
Photobiomodulation therapy promotes neurogenesis by improving post-
stroke local microenvironment and stimulating neuroprogenitor cells.
Exp Neurol. 2018;299:86-96.

Song S, Zhou F, Chen WR. Low-level laser therapy regulates microglial
function through Src-mediated signaling pathways: implications for
neurodegenerative diseases. J Neuroinflammation. 2012,9:219.

Meng C, He Z, Xing D. Low-level laser therapy rescues dendrite atrophy
via upregulating BDNF expression: implications for Alzheimer's disease. J
Neurosci. 2013;33:13505-17.


https://doi.org/10.1007/s10103-021-03301-5
https://doi.org/10.1007/s10103-021-03301-5
https://doi.org/10.1007/s10103-020-03231-8

Wang et al. J Neuroinflammation (2021) 18:256

62.

63.

64.

65.

Yan X, Liu J, Zhang Z, LiW, Sun S, Zhao J, Dong X, Qian J, Sun H. Low-level
laser irradiation modulates brain-derived neurotrophic factor mRNA
transcription through calcium-dependent activation of the ERK/CREB
pathway. Lasers Med Sci. 2017;32:169-80.

Wu X, Shen Q, Zhang Z, Zhang D, Gu Y, Xing D. Photoactivation of TGF{3/
SMAD signaling pathway ameliorates adult hippocampal neurogenesis in
Alzheimer’s disease model. Stem Cell Res Ther. 2021;12:345.

Zheng Q, Zhang J, Zuo X, Sun J, Liang Z, Hu X, Wang Z, Li K, Song J, Ding
T, et al. Photobiomodulation promotes neuronal axon regeneration after
oxidative stress and induces a change in polarization from M1 to M2 in
macrophages via stimulation of CCL2 in neurons: relevance to spinal cord
injury. J Mol Neurosci. 2021;71:1290-300.

Stewart AN, MacLean SM, Stromberg AJ, Whelan JP, Bailey WM, Gensel

JC, Wilson ME. Considerations for studying sex as a biological variable in
spinal cord injury. Front Neurol. 2020;11:802.

Page 20 of 20

66. Datto JP, Bastidas JC, Miller NL, Shah AK, Arheart KL, Marcillo AE, Dietrich
WD, Pearse DD. Female rats demonstrate improved locomotor recovery
and greater preservation of white and gray matter after traumatic spinal
cord injury compared to males. J Neurotrauma. 2015;32:1146-57.

67. Chan WM, Mohammed Y, Lee |, Pearse DD. Effect of gender on recovery
after spinal cord injury. Transl Stroke Res. 2013;4:447-61.

68. Stewart AN, Lowe JL, Glaser EP, Mott CA, Shahidehpour RK, McFarlane KE,
Bailey WM, Zhang B, Gensel JC. Acute inflammatory profiles differ with
sex and age after spinal cord injury. J Neuroinflammation. 2021;18:113.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Photobiomodulation inhibits the activation of neurotoxic microglia and astrocytes by inhibiting Lcn2JAK2-STAT3 crosstalk after spinal cord injury in male rats
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Animals
	Animal model construction
	Laser irradiation
	Functional assessment
	Tissue processing
	Immunofluorescence
	TUNEL assay
	Image analysis and quantification
	RT-PCR
	Western blot analysis
	ELISA
	RNA‐seq analysis
	Cell culture
	Cell treatment
	Flow cytometry
	Statistical analysis

	Results
	1. PBM promoted motor function recovery, reduced apoptosis and increased the number of surviving neurons after SCI
	2.Effects of PBM on the dynamic changes in microgliamacrophages and astrocytes after SCI
	3. PBM inhibited the activation of neurotoxic microgliamacrophages after SCI
	4. PBM inhibited the activation of neurotoxic astrocytes after SCI
	5. Lcn2 upregulation and JAK2-STAT3 pathway activation were suppressed by PBM after SCI
	6. PBM inhibited the activation of microglia and astrocytes in vitro
	7. PBM interfered with Lcn2JAK2-STAT3 crosstalk during the activation of neurotoxic microglia and astrocytes in vitro

	Discussion
	Conclusion
	Acknowledgements
	References


