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Traumatic brain injury (TBI) and stroke share a common pathophysiology that worsens over time due to sec-
ondary tissue injury caused by sustained inflammatory response. However, studies on pharmacological in-
terventions targeting the complex secondary injury cascade have failed to show efficacy. Here, we demonstrated
that low-dose ionizing radiation (LDIR) reduced lesion size and reversed motor deficits after TBI and photo-
thrombotic stroke. Magnetic resonance imaging demonstrated significant reduction of infarct volume in LDIR-
treated mice after stroke. Systems-level transcriptomic analysis showed that genes upregulated in LDIR-treated
stoke mice were enriched in pathways associated with inflammatory and immune response involving micro-
glia. LDIR induced upregulation of anti-inflammatory- and phagocytosis-related genes, and downregulation of
key pro-inflammatory cytokine production. These findings were validated by live-cell assays, in which microglia
exhibited higher chemotactic and phagocytic capacities after LDIR. We observed substantial microglial clustering
at the injury site, glial scar clearance and reversal of motor deficits after stroke. Cortical microglia/macrophages
depletion completely abolished the beneficial effect of LDIR on motor function recovery in stroke mice. LDIR
promoted axonal projections (brain rewiring) in motor cortex and recovery of brain activity detected by elec-
troencephalography recordings months after stroke. LDIR treatment delayed by 8 h post-injury still maintained
full therapeutic effects on motor recovery, indicating that LDIR is a promising therapeutic strategy for TBI and
stroke.

1. Introduction of neural circuits (Maas et al., 2017; Ghajar, 2000; Campbell et al.,

2019). The phenotypic transformation of resident microglia toward a

Traumatic brain injury (TBI) and ischemic stroke are the leading
causes of death and disability, and approximately half of TBI patients
experience lifelong motor impairments and disability (Ma et al., 2014;
Schaechter, 2004). TBI is caused by an external mechanical insult to the
brain, and ischemic stroke is caused by occlusion of a cerebral artery.
Secondary brain damage following TBI or ischemic stroke results from
delayed metabolic, neurochemical and cellular events that lead to
inflammation, glial scar formation, axonal degeneration and disruption
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neuroprotective state plays an important role in limiting this secondary
damage to the brain (Russo and McGavern, 2016; Simon et al., 2017;
Albert-Weissenberger et al., 2013; Bethea et al., 1999). Microglia are the
main immune cells in the central nervous system (CNS), and their po-
larization modulates the primary events of inflammatory response
following CNS injury. Microglial polarization is a double-edged sword
and can either exacerbate or limit secondary tissue damage, but the
overall effects of inflammation are believed to be detrimental to CNS
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injury. For instance, prolonged exposure to neurotoxic pro-
inflammatory mediators (e.g. IL-1f, TNF-a, NOX2, IFN-y) following
CNS injury contributes to secondary tissue damage (Donat et al., 2017;
Wang et al., 2014; Jassam et al., 2017; Kumar et al., 2016; Ma et al.,
2017; Xiong et al., 2016) and is one of the most established risk factors
for increased incidence of neurodegenerative diseases (Au and Ma,
2017; Plassman et al., 2000; Tang and Le, 2016). Modulations of
microglia phenotype switching toward neuroprotective function by anti-
inflammatory mediators such as IL-4, IL-10 and IL-13, results in
increased neuronal survival and repair after CNS injury (Li et al., 2023;
Zhao et al., 2015; Spera et al., 1998). However, microglia exist in dy-
namic and multidimensional states depending on the timing and nature
of the injury itself. Therefore, strategies that can drive the phenotypic
transformations of microglia toward the neuroprotective function to
exert neurorestorative effects on the CNS after injury are urgently
needed.

During the initial phase of TBI and ischemic stroke, microglia colo-
nize the injury site and adopt neuroprotective phenotype along with the
upregulation of anti-inflammatory cytokines (Morrison and Filosa,
2013; Faden et al.,, 2016; Kreutzberg, 1996), which promote tissue
repair and wound healing, and phagocytize myelin debris and dying
neurons (Neumann et al., 2009; Hu et al., 2015; Hu et al., 2012).
However, the neuroprotective function is transient (phased out within
hours/days), and microglia gradually acquire properties for pro-
inflammatory cytokines production, and are therefore thought to be
the principal drivers of exacerbated inflammation and secondary tissue
damage in the brain, as well as reducing microglial phagocytic capacity
to clear myelin debris at the site of injury (Kumar et al., 2016; Faden
et al., 2016; Hu et al., 2012; Tam and Ma, 2014). A similar phenotypic
transformation of microglia has been reported shortly after injury in
animal models of spinal cord injury and ischemic optic retinopathy
(Kigerl et al., 2009; Sivakumar et al., 2011), suggesting that it is a
common pathologic mechanism across various models of CNS injury.

Accumulating evidence suggests that low-dose ionizing radiation
(LDIR) induces a beneficial adaptive response to enhance the overall
functional ability of organisms and their defence system (Calabrese and
Baldwin, 2003; Kaiser, 2003). LDIR, such as X-ray, has been reported to
have beneficial effects on stimulating cell growth, extending average life
span in rodents, and conferring potential neuroprotection in animal
models of disease as well as in humans with leukaemia (Howell et al.,
2012; Jacobs and King, 1987; Le Bourg, 2009). Several studies demon-
strated that the LDIR-induced adaptive response is primarily due to
immunomodulation. LD X-ray irradiation at 100-700 mGy upregulates
the anti-inflammatory cytokine TGF-f in cultured mouse macrophages
while maintaining the expression of the pro-inflammatory cytokine IL-
1pB at low levels. The chemotactic response of X-ray-irradiated macro-
phages to WKYMVm (a chemotaxis stimulant) is greatly enhanced at
100-500 mGy (Wunderlich et al., 2015). LDIR at 500-700 mGy reduces
the production of pro-inflammatory IL-1f by cultured mouse macro-
phages (Frischholz et al., 2013) and human (Lodermann et al., 2012).
These studies suggest that LDIR induces macrophages to produce anti-
inflammatory cytokines, which is involved in changing the inflamma-
tory microenvironment to an anti-inflammatory microenvironment.
However, the effect of LDIR on microglial polarization and the thera-
peutic potential of LDIR in TBI and stroke remain unexplored.

Here, we investigate the therapeutic application of LDIR by animal
models of TBI and stroke. Using motor function analyses, magnetic
resonance imaging, systems-level transcriptomic analysis, primary live-
cell functional assays, electroencephalogram (EEG) recording and his-
tology approaches, we provide evidence of resolving inflammatory
response after TBI and stroke, resulting in reduction of lesion size and
glial scar deposition, increased microglial chemotactic and phagocytic
capacities, and complete reversal of motor impairments. Gene ontology
(GO) enrichment analysis showed that stroke differentially regulated
signaling pathways related to inflammatory response, and widespread of
neuronal loss and their axonal projection, whereas genes upregulated by
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LDIR tended to be associated with the regulation of inflammatory
response and plasticity. Depletion of microglia/macrophages abolished
the beneficial effect of LD X-ray in motor recovery after stroke. Further
analyses revealed a remarkable brain rewiring in the motor cortex and
recovery of EEG activity two months after ischemic stroke. We therefore
propose the use of LD X-ray irradiation as a potential effective thera-
peutic option for TBI and ischemic stroke.

2. Methods
2.1. Animals

All animal experiments were conducted in accordance with protocols
approved by the Animal Research Ethics Sub-Committee at City Uni-
versity of Hong Kong and in compliance with the American Veterinary
Medical Association (AVMA) guidelines. For cell culture studies, post-
natal day (P) 0 to P3 C57BL/6 mice were used. For animal studies, adult
male C57BL/6 mice (8-12 weeks old) were used. The mice were pro-
vided food and water ad libitum and maintained on a 12:12-hour
light-dark cycle. We made our best effort to reduce the number of ani-
mals used in the current study.

2.2. Cortical stab wound injury

A cortical stab wound injury was performed on adult mice as pre-
viously described (Ben-Gigi et al., 2015; Kang et al., 2014). Adult male
C57BL/6 mice (8-12 weeks old) were anaesthetized with ketamine (100
mg/kg) and xylazine (10 mg/kg) and placed in the stereotactic appa-
ratus (Stoelting). A midline incision was made through the scalp, and the
skin was retracted laterally. A scalpel blade (#10) was inserted 2 mm
posterior to bregma and 1 mm lateral to bregma at a depth of 5 mm from
the skull, and the scalpel blade was left in place for 3 min to ensure
complete incision. Finally, the skin incision was closed with a 5-0 suture
(Ethicon). For sham operation, a midline incision was made through the
scalp and immediately re-sutured. Injured adult animals were placed on
a heating pad for 1 h postsurgery and then returned to their home cages
immediately after sham or X-ray irradiation.

2.3. Photothrombotic ischemic stroke

Adult male C57BL/6 mice (8-12 weeks old) were subjected to
photothrombosis-induced focal ischaemic stroke as previously described
with slight modifications (Joy et al., 2019). Adult male C57BL/6 mice
were first anaesthetized with ketamine (100 mg/kg) and xylazine (10
mg/kg) and placed in the stereotactic apparatus (Stoelting). Rose bengal
(Sigma) was first dissolved in saline at a concentration of 15 mg/ml and
then injected intraperitoneally (10 mg/kg body weight). A midline
incision was made through the scalp, and the skin was retracted laterally
to expose the skull surface. An area of the motor and somatosensory
cortices 2.5 mm in diameter (1.5 mm lateral from bregma) was illumi-
nated on the intact skull for 10 min by a cold light source (Leica
CLS150XE) with a maximum power of 150 W. After illumination, the
scalp was sutured using a 5-0 suture (Ethicon), and the mice were
allowed to recover on a heating pad and then exposed to sham or X-ray
irradiation before being returned to their home cages. For sham injury,
the adult male C57BL/6 mice were received an intraperitoneal admin-
istration of saline and light illumination at their motor and somatosen-
sory cortices for 10 min. The scalp was sutured immediately after light
illumination and the mice were allowed to recover on a heating pad, and
then exposed to sham or X-ray irradiation before being returned to their
home cages.

2.4. Whole-body X-ray irradiation

Adult male C57BL/6 mice were received whole-body X-ray irradia-
tion at 300 mGy immediately after cortical stab wound injury or
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induction of photothrombotic ischemic stroke, except for the case of
Fig. S4 in which whole-body X-ray irradiation was delayed for 8 h post-
injury. Briefly, animals were subjected to a single dose of whole-body X-
ray irradiation at 300 mGy using an X-Rad 320 cabinet X-ray irradiator
(Precision X-Ray) equipped with a beam-conditioning filter (1.5 mm
aluminum, 0.25 mm copper and 0.75 mm tin) at a focus-to-surface
distance (FSD) of 70 cm. To ensure that each animal received the
same and an even amount of radiation inside the pie cage, the X-ray
irradiator was calibrated before each experiment using a dosimeter
(UNIDOS® E Dosemeter, Precision X-Ray). The dosimeter was placed
inside the pie cage in which the animals were held during X-ray irra-
diation to measure the actual dosimetry that the animals were exposed
to and ensure that the value matched the input dose values. During
irradiation, the pie cage was placed on a turntable that rotated slowly at
4 rpm to allow uniform X-ray irradiation. The voltage and current of the
X-ray irradiator were set at 320 kV and 2 mA, respectively, to achieve a
dose rate of 80 mGymin~!. The mice were subjected to a single dose of X-
ray irradiation at 300 mGy. Sham irradiation was performed by placing
the mice in the cabinet for the equivalent period of time as for X-ray
irradiation at 300 mGy without switching on the X-ray irradiator.

2.5. Cresyl violet staining and wound size measurement

Seven days after cortical stab wound injury or ischemic stroke, the
brains were harvested and fixed in 4 % paraformaldehyde (PFA) and 20-
um-thick sagittal sections were prepared (Karve et al., 2016; Xia et al.,
2015). Every fifth sagittal brain cryosection per mouse (100 um apart)
was stained with cresyl violet and imaged at 10 x magnification using a
Nikon Ni-E microscope equipped with a digital camera. The boundary of
the injury site was outlined based on the significant loss or reduction in
cresyl violet staining intensity, or alteration of histomorphology of
brain. To ensure that the entire injury site was covered, a serial sagittal
cryosections of brain was examined systematically and the wound area
between successive pairs of cryosections were determined until the
infarct area became inapparent from each mouse. The area of wound
size was determined using ImageJ software and is presented as mm?.
Measurements were performed by a researcher blinded to treatments.

2.6. TTC staining

The infarct volume of the brain was measured in freshly dissected
brain tissues on days 1 and 3 after photothrombotic ischemic stroke
using a well-established 2,3,5-triphenyltetrazolium chloride (TTC)
staining protocol with slight modifications (Bi et al., 2017). Briefly, the
brains were snap frozen on ice for 5 min and immediately placed in an
ice-cold brain matrix (RWD Life Science) to obtain a series of 2-mm
brain slices. The brain slices were then transferred to 2 % TTC solu-
tion (Sigma), incubated at 37 °C for 20 min, and post-fixed with 4 %
PFA. Digitalized brain images were captured using a Nikon SMZ1270
stereomicroscope. The infarct volume was determined by NIS-Elements
software (Nikon) and is presented as mm?. The infarct volume in a single
slice was calculated using the following formula: lesion volume in one
slice = lesion area x slice thickness. Total infarct volume was deter-
mined by summing the infarct volume of the slices within the lesion. At
least 7 mice from each treatment group were used to determine the
average infarct volume.

2.7. Magnetic resonance imaging (MRI)

MRI was performed on day 1, 3, 5 and 7 after stroke induction using
Bruker ICON™ 1 T System (Bruker, Germany) (Huang et al., 2020;
Asthana et al., 2022). Briefly, the mice were first anesthetized with 2 %
isoflurane and at 1-1.5 % isoflurane during the experiment. The body
temperature of the mice was maintained at 37 °C using a heat pad
throughout the entire scanning procedures. A 82-mm quadrature coil
and 23-mm surface coil was used to transmit and receive signals from
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the mouse brain, respectively. T2-weighted images were acquired using
rapid acquisition with refocused echoes (RARE) sequence, with the
following parameters: field of view = 20 x 20 mm, matrix = 128 x 128,
slice thickness = 1.5 mm, repetition time = 2500 ms, echo time = 20 ms,
average = 8 and RARE factor = 12. The total scan time for each animal
was approximately 2 min 40sec. The infarct area of each slice was
measured manually using ImageJ by an observer blinded with treat-
ment, and the infarct volume in a single slice was calculated using the
following formula: lesion volume in one slice = lesion area x slice
thickness (i.e. 1.5 mm). Total infarct volume of the lesion was estimated
by summing the infarct volume of the 3 consecutive slides within the
lesion. At least 5-7 mice from each treatment group were used to
determine the mean infarct volume.

2.8. Animal behavior assessment

Adult mice were habituated and trained for three sessions (30 min
per session) the week before cortical stab wound injury or photo-
thrombotic ischemic stroke. Baseline values for each behavioural
assessment were measured one day before the injury. Motor function
recovery tests were performed 1, 3, 5, 7, 14, 21 and 28 days postsurgery
(for cortical stab wound injury) or 1, 3, 5, 7, 14, 21, 28, 35, 42, 49 and
56 days postsurgery (for photothrombotic ischemic stroke), and each
test was performed 30 min apart. The behavioural tests were performed
by a researcher blinded to the treatments (Asthana et al., 2022; Kumar
et al., 2022; Asthana et al., 2021; Kumar and Ma, 2023; Au et al., 2016;
Asthana et al., 2020; Au et al., 2022). We conducted the animal
behaviour tests between 09:30 and 12:30 during the light cycle.

2.9. Beam walking test

Fine motor coordination and body balance were evaluated using the
beam walking test after cortical stab wound injury and photothrombotic
stroke (Kumar et al., 2022; Kumar and Ma, 2023; Yao et al., 2015). The
narrow beam walking test is commonly used to evaluate motor
impairment. A significant increase was observed in the total time taken
to transverse the beam and number of foot-slips incurred after ischemic
stroke (Lee et al., 2016; Wang et al., 2021). Mice were trained to traverse
a 100-cm-long, 1-cm-diameter round wooden beam placed 50 cm above
the bench, and behaviour over a period of 2 min was recorded with an
overhead video camera using the ANY-maze automated video tracking
system (Stoelting, USA). In case of a fall during training, the mouse was
immediately placed back at the starting position and allowed to traverse
the beam again. Baseline values were measured after the training ses-
sions were successfully completed. The mice were then tested three
times in three separate sessions with intervals of at least 20 min. In case
of a fall during the tests, a maximum time of 120 s was recorded. The
motor activity of the animals in each treatment group was depicted in a
heat map generated by ANY-maze video tracking software. The latency
to traverse the beam was determined and is presented as the average
time of three trials. The number of foot slip errors (indicated by a paw
slipping off the beam) was recorded manually by viewing the video
clips.

2.10. Pole climbing test

Each mouse was placed facing upwards on top of a wooden pole with
a rough surface (50 cm in height, 1 cm in diameter), turned around on
the rod, released its forelimbs, rotated its trunk while supporting its
body with its hindlimbs, and descended the pole with its head facing
downwards. The latency to reach the platform was recorded using ANY-
maze software (Stoelting, USA) (Kumar et al., 2022; Kumar and Ma,
2023; Gadani et al., 2015). During the training session, the mice were
allowed to descend the pole repeatedly (even after they fell) within 2
min. During the actual experiment, the mice were given a maximum
time of 2 min to complete the task. If a mouse fell from the pole, the
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maximum time (i.e., 120 s) was recorded for that trial. The motor ac-
tivity of the animals from each treatment group was depicted by a heat
map generated by ANY-maze video tracking software. The mice were
tested three times in three separate sessions with intervals of at least 20
min.

2.11. Grip strength test

Forelimb and hindlimb grip strength were measured using a grip
strength metre (GT-3, Bioseb) (Asthana et al., 2022; Kumar et al., 2022;
Au et al., 2016; Asthana et al., 2020; Au et al., 2022; Alexander et al.,
2000). To measure forelimb grip strength, the forelimbs of the mouse
were placed on the T-bar of the grip strength metre and gently pulled off
until the grip was released from the bar. To assess hindlimb grip
strength, the forelimbs were rested on a plastic bar, and the hindpaws
were positioned to grip the T-bar and pulled off. The values in grams at
which the mouse forelimbs and hindlimbs released the T-bar, as
measured by the grip strength metre, were considered grip strength. The
mice were tested five times in two separate sessions with an interval of at
least 30 min. The final value of grip strength was the average value
obtained from the 5 trials.

2.12. Whole transcriptomic analysis using RNA-sequencing (RNA-seq)

The right (i.e. injured) hemisphere was harvested at various time
points following photothrombotic ischaemic stroke and whole-body X-
ray irradiation as indicated. Each RNA sample was pooled from 2 mice.
Total RNA was extracted using Trizol reagent, and the quantity and
integrity of each RNA sample were assessed using NanoDrop 2000
spectrophotometer and Bioanalyzer (Agilent), respectively. A total of 1
ug total RNA from each sample (n = 3 per group) was used for library
construction according to the manufacturer’s protocols (KAPA). The li-
brary of each sample was sequenced on an Illumina Novaseq 6000 with
151 bp pair-end reads to a depth of 50 million reads per sample. Quality
control of each sample was performed using FastQC (v0.11.9) and
adapter trimming was performed using trim galore (v0.6.6). The
sequencing data were subsequently mapped to mouse reference genome
GRCm38 using STAR (v2.7.8a) and the uniquely mapped counts were
then converted to TPMs (transcripts per million) using RSEM (v1.3.3).

2.13. Weighted gene co-expression network analysis (WGCNA)

To construct gene networks and identify highly relevant genes and
pathways involved in the ischemic stroke mice as well as response to LD
X-ray irradiation, we applied R package WGCNA (Zhang and Horvath,
2005), a dynamic tree-cutting algorithm. In brief, TPMs were used to
cluster genes that show similar expression pattern across samples and
coexpression modules were defined by hierarchical clustering. The
following configuration was adopted: network type = unsigned, soft
threshold power = 5, merge cut height = 0.1, minimum module size =
30, correlation type = weighted bi-correlation (bicor) and reassign
threshold = 0. We performed WGCNA with two design formulas: (1)
considering only the effect of ischemic stroke, and (2) incorporating the
effect of the LD X-ray irradiation to identify related modules. After
performed the correlation analysis between modules (eigengene) with
phenotypes, the modules with Benjamini-Hochberg (BH)-adjusted P
value < 0.05 were selected and then merged for functional enrichment
analysis (Au et al., 2022).

2.14. Functional enrichment analysis

We began with a collection of mouse functional gene sets from the
Gene Ontology (GO) (Ashburner et al., 2000). To interpret biological
functions of selected module, enrichment analysis was performed by
calculating the probabilities of overlapping genes between the module
genes and the GO gene sets with the HTSanalyzeR package (Wang et al.,
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2011). Significantly enriched gene sets were defined by BH-adjusted P
value < 0.05.

2.15. Cytokine profiling using multiplex enzyme-linked immunosorbent
assay (ELISA) array

The right (i.e. injured) hemisphere was harvested at various time
points following photothrombotic ischaemic stroke and whole-body X-
ray irradiation as indicated, lysed with protein lysis buffer (Kumar et al.,
2022; Asthana et al., 2021; Asthana et al., 2018; Chine et al., 2019;
Chine et al., 2019; Ma et al., 2011), and the protein concentration of
each sample was determined using BCA assay (Pierce). Mouse Cytokine
multiplex Assay (Bio-Rad) was used for the quantification of different
cytokines according to the manufacturer’s protocols.

2.16. Primary microglial culture

Microglia were purified from PO-P3 mice as previously described
(Tam and Ma, 2014; Griffin et al., 2007; Tam et al., 2016). Briefly, the
cerebral cortices were dissected, cleared of meninges, trypsinized, and
mechanically dissociated. Eight to ten cortices were used per T75 flask.
Microglial cultures were prepared from at least 2 litters to ensure that we
obtained a sufficient number of postnatal cortices for microglial purifi-
cation. The cell suspensions were plated in T75 flasks coated with poly-
D-lysine (10 ug/ml, Sigma Aldrich), and the purity of microglia was
approximately 95-99 %, as determined previously (Tam and Ma, 2014;
Griffin et al., 2007; Tam et al., 2016). Microglia were maintained in
DMEM (Gibco) supplemented with 10 % foetal bovine serum (FBS) and
macrophage colony-stimulating factor (M—CSF, Peprotech). On days 12
to 14 of culture, microglia were isolated by gently shaking the T75 flasks
on an orbital shaker.

To expose purified microglia to LD X-ray irradiation, a micro-
centrifuge tube containing a microglial cell suspension was placed in the
centre of an X-ray irradiator cabinet and subjected to a single dose of X-
ray irradiation at 75 mGy at a dose rate of 80 mGymin ' (see details
below). Sham irradiation was performed by placing a purified microglial
cell suspension inside the cabinet for the equivalent amount of time as
for X-ray irradiation at 75 mGy without switching on the X-ray irradi-
ator. Immediately after X-ray irradiation, irradiated microglia were
plated in poly-D-lysine (10 pg/ml, Sigma Aldrich)-coated 35-mm dishes
at a density of 120,000-200,000 cells per dish and incubated with
serum-free neurobasal medium for RNA extraction and conditioned
medium collection. Cell survival was determined using the WST-1 cell
viability assay according to the manufacturer’s instructions (ClonTech).

2.17. Total RNA extraction, reverse transcription, and qPCR analysis

Total RNA from the right hemisphere of ischemic stroke brains or
primary microglia was isolated using TRIzol reagent (Invitrogen) 17 h
after sham or LD X-ray irradiation (Tam and Ma, 2014; Tam et al., 2016).
Reverse transcription was performed with the specific primers listed in
Table S4 using Superscript III First-Strand Synthesis SuperMix (Invi-
trogen). Quantitative PCR (qPCR) was performed in triplicate using the
KAPA SYBR Fast qPCR Kit (KAPA) on a QuantStudio 12 K Flex Real-Time
PCR System (Applied Biosystems). Gapdh was used as an endogenous
control for normalization, and the relative fold change in gene expres-
sion was calculated using the 284t method (Tam and Ma, 2014; Au
et al., 2022; Tam et al., 2016; Au et al., 2022).

2.18. Microglial migration assay

The microglial migration assay was performed using a Boyden
chamber as previously described (Honda et al., 2001). Briefly, after
sham or X-ray irradiation, 20,000 microglial cells were plated in the
fibronectin-coated upper compartment of a Boyden chamber (Corning).
We quantified the number of microglia that migrated towards the lower
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compartment, which contained 10 pM adenosine triphosphate (ATP),
after 3.5 h. ATP is a well-known chemoattractant released by injured
neurons (Davalos et al., 2005). After incubation, the microglia in the
upper compartment were removed using a sterile cotton swab. Microglia
that migrated towards the lower compartment were then fixed with 4 %
PFA, permeabilized with 0.1 % Triton X-100, and stained with cresyl
violet for 15 min. The membrane was carefully removed from the
chamber and mounted on a microscope slide for imaging. Ten to fifteen
nonoverlapping images per treatment group were randomly taken at 20
x magnification using a Nikon Ni-E microscope equipped with a digital
colour camera. The number of microglia in the lower compartment was
counted manually using the cell counter plugin of ImageJ software.
Measurements were performed by a researcher blinded to treatments.
Data were obtained from three separate experiments repeated in
triplicate.

2.19. Microglial phagocytosis assay

Sham or X-ray-irradiated microglia were plated on 8-well poly-D-
lysine (10 ug/ml; Sigma Aldrich)-coated chamber slides (Millipore) at
a density of 20,000 cells/well and incubated with Alexa Fluor 488-con-
jugated zymosan A particles (Molecular Probes) in serum-free neuro-
basal medium with 10 uM ATP for 1 h. PFA-fixed microglia were then
identified by IBA-1 (1:500, rabbit polyclonal; Wako) immunostaining.
Ten to fifteen nonoverlapping random images were taken at 40 x
magnification using a Nikon Ni-E epifluorescence microscope. IBA-1-
positive microglia were outlined using ImageJ and defined as the ROL.
The fluorescence intensity of zymosan within the ROI was measured and
normalized to the area of the ROI (representing the total area of each
microglial cell). Over 300 microglia were quantified per treatment
group. Measurements were performed by a researcher blinded to the
treatments. Data were obtained from three separate experiments
repeated in triplicate.

2.20. Quantification of proliferating microglia

Microglia were plated on 8-well poly-D-lysine (10 pg/ml; Sigma
Aldrich)-coated chamber slides (Millipore) at a density of
12,000-20,000 cells per well and cultured with serum-free neurobasal
medium for 17 h. After incubation, the cells were fixed with ice-cold
100 % methanol for 20 min, blocked with 0.5 % BSA/0.1 % Triton X-
100 in PBS for 1 h, and incubated with anti-PCNA (a proliferating cell
marker; 1:1,000, Cell Signaling) (Tam and Ma, 2014) and anti-IBA-1
(1:500; Wako) primary antibodies and Alexa Fluor 488/555-conjugated
secondary antibodies (1:300; Molecular Probes). Twenty to twenty-five
nonoverlapping images were taken randomly for each treatment group
at 40 x magnification using a Nikon Ni-E epifluorescence microscope
equipped with a motorized stage. The total number of PCNA-positive
microglia was manually counted using ImageJ software. At least 300
microglia were examined from each treatment condition, and the values
represent the percentage of PCNA-positive microglia from 3 indepen-
dent experiments.

2.21. Immunohistochemistry

Adult mice were perfused transcardially with 4 % PFA, and the whole
brains were harvested, postfixed, cryoprotected and frozen in OCT
compound (Tissue-Tek) at 6 h (for cortical stab wound injury), 1 d (for
photothrombotic ischemic stroke) or 7 days (for both cortical stab
wound injury and photothrombotic ischemic stroke) post-injury.
Sixteen-micrometre-thick sagittal brain sections were blocked with
0.5 % bovine serum albumin (BSA)/0.5 % Triton X-100 (Sigma Aldrich)
in PBS and incubated with primary antibodies against anti-NF200
(1:1,500; Millipore), anti-IBA-1 (1:500; Wako), anti-CS56 (1:200;
Sigma Aldrich), and anti-GFAP (1:500; ThermoFisher) overnight at 4 °C.
After three washes with PBS, the cryosections were incubated with
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corresponding secondary antibodies conjugated to Alexa Fluor 488,
Alexa Fluor 555, and Alexa Fluor 647 (1:300, Molecular Probes). Images
were acquired at 20 x magnification using a Nikon Ni-E epifluorescence
microscope equipped with a motorized stage.

2.22. Quantification of microglial cell density, microglial morphology and
CSPG immunoreactivity

Using a customized and automated algorithm developed in NIS-
Element AR software with the General Analysis 3 module (Nikon), the
injury site was manually outlined as the region of interest (ROI). The
actual microglial cell density (average microglial cellsy mm?) and
microglial cell morphology (i.e., number of branching and summed
branch length) within each ROI were determined using this automated
NIS-Element software. Immunoreactivity for CSPG was quantified as
integrated raw fluorescence intensity using ImageJ software and
normalized to the area of the ROI at the lesion site. For each animal, the
average microglial cell density/morphology and CSPG immunoreac-
tivity were quantified in 5 sections (48 um apart) to ensure covering the
whole lesion site. Three animals from each treatment group were used to
determine the average microglial cell density and CSPG
immunoreactivity.

2.23. Microglia/macrophage depletion

Five days before photothrombotic ischemic stroke, liposomal clodr-
onate (or control liposome as vehicle control) was administrated via
intracerebroventricular injection as previously described (Asai et al.,
2015; Torres et al., 2016). Briefly, 2 ul of liposomal clodronate (7 mg/
ml) was injected into the pre-motor cortex at the following stereotactic
coordinates relative to bregma: anteroposterior (AP) = — 1.8 mm,
mediolateral (ML) = — 1.75 mm, and dorsoventral=+0.75 mm from the
skull surface of the right hemisphere using a 32G Hamilton syringe and
1.4 mg of liposomal clodronate (in 200 pl of saline) was injected intra-
peritoneally to the same mice immediately after intracerebroventricular
injection. After 5 days of injections, 1.4 mg of liposomal clodronate (in
200 pl of saline) was injected intraperitoneally to the mice to ensure
sustained microglial depletion immediately after photothrombotic
ischemic stroke induction and X-ray irradiation. Our immunohisto-
chemical analysis demonstrated that intracerebroventricular and intra-
peritoneal injections of liposomal clodronate depleted over 70 % of
microglia/macrophages in adult brain (Fig. S14), which is consistent
with previous studies (Asai et al., 2015; Torres et al., 2016).

2.24. Anterograde axonal tracing using biotinylated dextran amine
(BDA)

Two months after ischemia and assessment of motor function re-
covery, 10 % BDA solution (0.6 ul) was injected into the pre-motor
cortex (1.8 mm A/P, 1.75 mm M/L, 0.75 mm D/V) of the right
(injured) hemisphere (Joy et al., 2019) (see Fig. 7B and Fig. S15 for the
site of injection) (Brown et al., 2009). One week after BDA injection,
mice were perfused with 4 % PFA, and the whole brains were harvested,
post-fixed, cryoprotected, and stored in OCT compound for cry-
osectioning. To visualize BDA-labelled axons, 30-um-thick coronal sec-
tions of the brain were blocked with 0.5 % BSA/0.5 % Triton X-100
(Sigma) and incubated with a streptavidin/Alexa Fluor 488-conjugated
antibody for confocal imaging.

2.25. The three-dimensional (3D) axonal sprouting mapping and
quantification

The 3D axonal sprouting mapping and quantification of the motor
cortex (M1 and M2) and somatosensory area (S1) of both the contrale-
sional and ipsilesional cortices were performed (n = 4 per treatment
group) in five 30 um-thick cryosections (150 um apart) (Joy et al., 2019;
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Caracciolo et al., 2018). For each section, a total of 29 z-stack images (1
um apart) were captured using a Nikon A1HD25 confocal microscope
equipped with a high-speed resonant scanner and motorized stage and
stitched using NIS-Elements software (Nikon). BDA-positive axonal
projections in each z-stack image were first traced using NIS-Elements
with Spot Detection plug-in (Nikon). All thresholds and other parame-
ters for axonal tracing were kept constant for all treatment groups. The
axonal projection puncta in each z-stack image were then converted to a
binary layer, and a total of 145 z-stack images from 5 sections were used
as inputs for detection of BDA-positive axonal projections with a
customized MATLAB program. The BDA-positive axonal projections
were then digitally traced in the customized MATLAB program, and each
axonal puncta was assigned an x/y/z coordinate. At least 3 axonal
puncta were detected from the same x/y coordinate to confirm BDA-
positive axonal projections in each x/y coordinate. Coordinates with
fewer than 2 axonal puncta were filtered out and considered background
signals. Each coordinate (>3 axonal puncta) was scored (0 to 0.2), and
axonal projections were colour-coded based on the puncta density. We
generated x/y/z axonal plots in three dimensions based on the
normalized maximal values (0 to 0.2), as shown in Fig. 7B. The total
number of coordinates with more than or equal to three BDA-positive
axonal puncta in a total of 145 z-stack images from each mouse was
counted using a customized MATLAB program. At least 4 mice per
treatment group were used to determine the average number of BDA-
positive axonal projections, which is presented as fold change relative
to sham-irradiated controls (Fig. 7C).

2.26. Electroencephalography (EEG) recording of the motor cortex

Mice were anaesthetized, and an epidural stainless-steel screw
recording electrode was implanted bilaterally over the parietal cortex (2
mm A/P and 2 mm M/L from bregma). The reference electrode was
implanted over the frontal bone and fixed to the skull with dental
cement. Buprenorphine (75 pg/kg) was administered before and after
implantation for pain relief. The mice were allowed to recover for 5 days
post-surgery. EEG signals were recorded in freely moving mice for at
least 30 min using a data acquisition system (Bio-Signal). Total power
spectral analysis was analyzed and quantified by Spike2 software
(Cambridge Electronic Design) as previously described (Kumar et al.,
2022; Kumar and Ma, 2023; Kumar et al., 2017). The maximum local
field potential (LFP) peak amplitude was obtained by averaging the
amplitude envelope time series using the Hilbert transformation of
filtered LFPs (customized MATLAB program) (Bi et al., 2017).

2.27. Statistical analysis

The data are presented as the mean + SEM. Student’s t-test (2
groups) or one-way ANOVA (>2 groups) with post hoc Bonferroni tests
was used for data analysis where appropriate. All animal behavior data
were analyzed by two-way repeated-measures ANOVA with post hoc
Bonferroni tests. P < 0.05 was considered statistically significant. Sta-
tistical analyses were performed using GraphPad Prism 9.0 software.

3. Results
3.1. LDIR reduces lesion size after TBI and ischemic stroke

The resolution of inflammation is a critical determinant of the
functional outcome in patients with TBI and ischemic stroke (Simon
et al., 2017). Given that LDIR exhibited a broad spectrum of neuro-
protective and immunomodulatory effects in various neurological dis-
orders (Kim et al., 2020; Betlazar et al., 2016; El-Ghazaly et al., 2013;
Otani et al., 2012), we first examined the in vivo promoting effect of X-
ray irradiation on wound closure in adult mice which is known to exhibit
lower level of anti-inflammatory responses than the young mice after
TBI (Kumar et al., 2013). Mice were subjected to cortical stab wound
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injury immediately followed by sham irradiation or whole-body X-ray
irradiation (300 mGy), and the wound area (with dark brownish scar-
ring tissue) was examined at 7 days post-injury (dpi) using cresyl violet-
stained serial sagittal sections of the brain to ensure inclusion of the
entire lesion area (Fig. 1A). Sham-irradiated mice sustained a consid-
erable loss in cells near the site of injury at 7 dpi (indicated by the black
dotted line) and the wound area was comparable among individual
sham-irradiated mice (Fig. 1B). In contrast, X-ray-irradiated mice
exhibited a significant reduction of lesion size by 48 % when compared
with sham-irradiated mice (Fig. 1C). We then tested the therapeutic
potential of LD X-ray irradiation in a mouse model of severe TBI. We
induced focal ischemic stroke in adult mice by unilateral photo-
thrombotic lesion using rose bengal (Joy et al., 2019) (Fig. 1D). TTC and
cresyl violet staining revealed a uniform injury area covering the motor
cortex (M1 and M2) and the somatosensory area (S1), and no significant
variation was detected between animals (Fig. S1A, B). Compared to
sham irradiation, X-ray irradiation robustly reduced the lesion size by
63 % (Fig. 1E and F). We also validated the chronology of infarct
development following ischemic stroke using TTC staining, which is a
widely used method. The mean infarct volume was 59.0 = 4.9 mm? in
the sham-irradiated group which was markedly reduced to 21.8 + 3.1
mm? in the X-ray-irradiated mice at 1 dpi (Fig. 1G). At 3 dpi, cortical
infarction volume was significantly greater in the sham-irradiated mice
(50.9 + 4.5 mm®) than in the X-ray-irradiated mice (17.6 + 2.0 mm®)
(Fig. 1H). To further validate the temporal changes of brain infarction
after ischemic stroke, we performed MRI, which is used extensively in
the clinic to aid in the evaluation of stroke and allows us to monitor
brain infarction of the same animal during the recovery (Huang et al.,
2020; Liu et al., 2017) (Fig. 1I). In line with the TTC staining, X-ray-
irradiated mice showed a 43-51 % reduction of mean infarct volume at
1-7 dpi compared with the sham-irradiated controls (Fig. 1J), demon-
strating the therapeutic potential of LD X-ray irradiation in reducing the
lesion size after TBI and ischemic stroke.

3.2. LDIR reverses motor deficits in TBI mice

To highlight the therapeutic potential of X-ray irradiation in TBI, we
hypothesize that the reduced lesion size/infarct volume in TBI mice after
X-ray irradiation results in acceleration of motor function recovery. In
mice, motor function deficits can be detected as early as 12 h after
cortical stab wound injury, and the motor function of injured mice did
not return to baseline levels by 21 dpi (Xia et al., 2015). We assessed
motor function recovery in adult mice by an exhaustive list neuro-
behavioural tests (narrow beam walking, pole climbing, and grip
strength tests) (Asthana et al., 2022; Kumar et al., 2022; Asthana et al.,
2021; Kumar and Ma, 2023) and subjected them to X-ray irradiation
immediately after the injury (Fig. 2A). For the narrow beam walking
test, the behaviour of the mice was video-tracked for 2 min, and the time
spent in different locations on the beam was shown in heat maps. Heat
maps analysis revealed that sham-irradiated TBI mice tended to spend
more time on the beam after TBI and made frequent stops to rest, and
stabilize themselves while walking across the beam (Fig. 2B). At 1 dpi,
the average time for X-ray-irradiated TBI mice to traverse the beam was
25.2 + 8.1 s, while the sham-irradiated TBI mice took much longer time
(93.4 + 13.1 s) to traverse the beam. Strikingly, the latency to traverse
the beam in X-ray-irradiated TBI mice fully recovered back to baseline
levels by 14 dpi, when compared to sham-irradiated mice by 28 dpi
(Fig. 2C). Overall, sham-irradiated mice took a longer time to traverse
the narrow beam than X-ray-irradiated mice and made more foot-slips
(Fig. 2D), indicating reduced motor coordination and balance (Movie
S1). Noticeably, X-ray-irradiated mice were able to cross the narrow
beam successfully with few foot-slip errors even on the next day after
TBI (Movie S1).

We then subjected the mice to a challenging motor task, which was
the pole climbing test. Successful descending, which involves turning
around on the rod, releasing the forelimbs, rotating the trunk,
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Fig. 1. LDIR accelerates wound closure after cortical stab wound injury and ischemic stroke in adult mice. (A) Mice were subjected to a single exposure of
sham irradiation or LD X-ray irradiation at 300 mGy immediately after cortical stab wound injury and brain tissues were harvested for histology analysis at 7 days
post-injury (dpi). (B) Serial sagittal sections of the cortices of sham- and X-ray-irradiated adult mice were stained with cresyl violet. The dotted area indicates the site
of injury. Intracerebral haemorrhage yielded dark brownish areas, as indicated by the green arrowheads, which were more prevalent in sham-irradiated mice. Scale
bar: 200 um. (C) X-ray irradiation reduced lesion size, as reflected by the smaller wound area in X-ray-irradiated mice than in sham-irradiated mice at 7 dpi. (D) Rose
bengal was injected intraperitoneally at a concentration of 10 mg/kg, and a 2.5-mm-diameter area spanning the primary motor cortex (M1 and M2) and somato-
sensory area (S1) of the right hemisphere was illuminated on the intact skull for 10 min via a cold light source. Immediately after ischemic stroke induction, mice
were received a single exposure to sham irradiation or LD X-ray irradiation at 300 mGy and brain tissues were harvested for histology analysis at 7 days post-injury.
(E) Serial cresyl violet-stained sagittal brain sections from both sham- and X-ray-irradiated mice. The injury site is outlined (black dotted line), as indicated by
reduced cresyl violet staining intensity. Scale bar: 1 mm. (F) The area of wound was determined and is presented as the percentage of the wound area in the sham-
irradiated group. X-ray irradiation reduced wound area significantly at 7 dpi. (G and H) The brain infarct volume was quantified at 1- and 3-days post-injury (dpi)
using a well-established TTC staining protocol. In sham-irradiated mice, damage after ischemic stroke correlated well with motor function deficits. Strikingly, the
infarct volume (black dotted line) was markedly reduced in X-ray-irradiated (300 mGy) mice at 1 and 3 dpi. Scale bars: 1 mm. (I) To further validate the temporal
changes of brain infarction after ischemic stroke, we performed magnetic resonance imaging (MRI) to monitor brain infarction of the same animal during the re-
covery. (J) MRI confirmed the significant reduction of mean infarct volume (red dotted line in G) in X-ray-irradiated mice. Mean + SEM [n = 3 per group (C and F); n
= 7-8 per group (G and H); n = 5-7 per group (J)]. * P < 0.05; Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is
Eeferred to the web version of this article.)
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Fig. 2. LDIR accelerates motor function recovery after cortical stab wound injury. (A) Schematic diagram showing treatment paradigm for cortical stab wound
injury. Adult mice were subjected to a single exposure of sham irradiation or LD X-ray irradiation at 300 mGy immediately after cortical stab wound injury. Motor
function recovery was assessed by the narrow beam walking, pole climbing, and grip strength tests for a period of 28 days. (B) Heat maps of the position of the mice
in the narrow beam walking test generated by the automated ANY-maze video tracking system revealed that sham-irradiated TBI mice tended to spend more time on
the beam after TBI and made frequent stops to rest. Strikingly, X-ray-irradiated mice successfully crossed the beam immediately after TBI at 1 day post-injury (dpi).
(C) Sham-irradiated mice took a much longer time than X-ray-irradiated mice to traverse the beam at all time points because they made frequent stops to rest and
stabilize themselves on the beam. (D) X-ray-irradiated mice made significantly fewer foot-slip errors than sham-irradiated mice. (E) Heat maps of the position of the
mice in the pole climbing test showed that sham-irradiated mice spent most of the time at the top of the pole and did not manage to descend the pole properly until 28
dpi. (F) Notably, the time taken by X-ray-irradiated mice to descend the pole was significantly shorter than that taken by sham-irradiated mice at all time points after
TBI. (G and H) Forelimb and hindlimb grip strength were measured using a grip strength meter. X-ray-irradiated mice demonstrated faster recovery of forelimb (G)
and hindlimb (H) grip strength than sham-irradiated mice. Mean + SEM [n = 10 per group (B-H)]. *P < 0.05; two-way repeated-measures ANOVA followed by
Bonferroni’s post hoc test.
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supporting the body with the hindlimbs, descending with the head
facing downwards, is demanding, and the latency to reach the platform
was recorded. Heat maps showed that sham-irradiated mice spent most
of the time at the top of the pole and were not able to descend the pole
properly until 28 dpi (Fig. 2E) (Movie S2). At 1 dpi, the average time
required to travel from the top to the bottom of the pole was 56.1 + 16.6
s for sham-irradiated mice but was significantly reduced to 20.2 + 4.8 s
for X-ray-irradiated mice (Fig. 2F). In addition to motor coordination,
quantitative evaluation of muscle strength is an important measure of
motor function recovery in patients as well as in mice. TBI induced a
substantial loss of muscle strength, as indicated by the marked 58.6 %
and 55.4 % reductions in the forelimb (Fig. 2G) and hindlimb (Fig. 2H)
grip strength of sham-irradiated mice compared to X-ray-irradiated mice
at 5 dpi, respectively. X-ray irradiation restored forelimb and hindlimb
grip strength to baseline levels at 7 dpi. In contrast, sham-irradiated
mice took 28 days to return to baseline levels (Fig. 2G, H). Whole-
body X-ray irradiation at 300 mGy (or sham irradiation) did not affect
the motor function of uninjured (sham-operated) mice and their motor
activities remained unchanged throughout the 28 days of assessment
period (Fig. S2).

3.3. LDIR or delayed LDIR treatment reverses motor deficits in ischemic
stroke mice

To further validate the therapeutic applicability of X-ray irradiation
in a more severe brain injury model, we assessed motor function re-
covery after the induction of irreversible motor deficits by localized
ischemic stroke (Joy et al., 2019). Whole-body X-ray irradiation was
performed immediately after the induction of photothrombotic stroke
(Fig. 3A). Sham-irradiated mice developed motor deficits that persisted
throughout the testing period of 8 weeks immediately after photo-
thrombotic cortical lesion. Strikingly, X-ray-irradiated stroke mice were
able to cross the elevated narrow beam (43.9 + 12.7 s) at 1 dpi, but the
sham-irradiated mice were not able to complete the task until 5 dpi
(Fig. 3B). It took only 14 days for the X-ray-irradiated stroke mice to
return to the baseline latency (18.4 + 2.7 s), while the sham-irradiated
stroke mice were approximately 4-5 times slower in traversing the
narrow beam than X-ray-irradiated stroke mice at 21-56 dpi (Fig. 3C)
(Movie S3). The number of foot-slip errors was dramatically increased in
the sham-irradiated controls (10-13 foot-slips) compared to X-ray-irra-
diated mice at 1-7 dpi (3-5 foot-slips). More strikingly, the X-ray-irra-
diated mice traversed the beam with no more than two foot-slips at
14-56 dpi (Fig. 3D). Performance on the pole climbing test revealed a
dramatic difference in motor function between sham-irradiated and X-
ray-irradiated mice throughout the testing period (Fig. 3E). At 1 dpi,
most of the X-ray-irradiated mice were able to rapidly climb down the
pole (19.3 + 5.2 s). Much to our surprise, the time for X-ray-irradiated
mice to climb down to pole completely returned to the baseline value
within 7 days after stroke (14.7 + 3.0 s), and they performed consis-
tently well for the rest of the testing period. In contrast, sham-irradiated
mice struggled to climb down the pole in a timely fashion and displayed
a significant prolongation of descending latency (61-94 s) compared
with X-ray-irradiated mice (11-18 s) at 7-56 dpi (Fig. 3F) (Movie S4).
During the entire course of the experiment, X-ray-irradiated mice suc-
cessively demonstrated better forelimb and hindlimb grip strength re-
covery than sham-irradiated mice at the same time points. Delayed
spontaneous recovery of grip strength was detectable in sham-irradiated
mice between days 1 and 28, which then stagnated until the endpoint of
the study. At 28 dpi, the grip strength of X-ray-irradiated mice returned
to the baseline level and remained unchanged until 56 dpi (Fig. 3G, H).
Similarly, whole-body LD X-ray irradiation (or sham irradiation) did not
affect baseline motor function in uninjured (sham-operated) mice
throughout the 56 days of assessment period (Fig. S3). Sham-operated
mice received intraperitoneal administration of saline (instead of rose
bengal) and light illumination in the motor cortex.

We next assessed the clinically relevance of LDIR in treating ischemic
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stroke and evaluated the efficacy of post-injury treatment of LDIR
delayed by 8 h (Fig. S4A). LDIR treatment delayed by 8 h was still
effective in allowing for a complete recovery of motor function, while
sham-irradiated mice displayed irreversible motor deficits in narrow
beam walking (Fig. S4B-D), pole climbing (Fig. S4E, F), and grip
strength (Fig. S4G, H). Taken together, the results of the three sponta-
neous motor behavioural tests demonstrate that X-ray irradiation
treatment not only accelerates motor function recovery in TBI mice, but
also leads to a complete recovery of impaired neurological functions in
permanent focal ischemic stroke. More importantly, LDIR is able to
delay therapeutic intervention by such a large time window is advan-
tageous in the translation of findings into clinical application.

3.4. Systems-level transcriptomic analysis reveals the modulation of
inflammatory responses and neuroplasticity in ischemic stroke mice
following LDIR treatment

To gain mechanistic insight into the beneficial effects of LD X-ray
irradiation, we compared the genome-wide transcriptomic changes that
occurred in the ipsilesional cortices from sham- and LD X-ray-irradiated
mice at multiple time points (1, 3 and 7 dpi) (Fig. S5A). We first per-
formed a weighted gene co-expression network analysis (WGCNA)
which enabled the identifications of highly co-expressed genes (mod-
ules) with similar biological functions and signaling pathways (Au et al.,
2022; Androvic et al.,, 2020; Chandran et al., 2016) (Fig. S5B).
Consensus network analysis revealed 39 co-expression modules with
similar expression pattern (Fig. S5C; Fig. S6). We found 12 consensus
modules with 8,099 highly co-expressed genes after induction of
ischemic stroke. Consensus modules plum1, cyan, blue, green, turquoise
and light yellow showed significant up-regulation in ischemic stroke
(Fig. 4A), while consensus modules magenta, midnight blue, brown,
dark grey, dark olive green and saddle brown showed significant down-
regulation in ischemic stroke (Fig. 4B). We then performed gene sets
over-representation analysis (GSOA) (Wang et al., 2011) and gene
ontology (GO) enrichment analyses, which measure the fraction of
differentially expressed genes according to their GO categories. GO
functional analysis for co-expression modules revealed enrichment for
GO categories related to upregulation of inflammatory responses,
apoptotic processes, DNA repair, and protein modifications (Fig. 4C)
(Table S1); and downregulation of cell cytoskeleton, neuronal projec-
tion, cell growth and proliferation, neuropeptide signaling, and nervous
system development (Fig. 4D) (Table S2). Several previous studies on
ischemic stroke have demonstrated the increase of neuroinflammation,
and widespread of neuronal loss and their axonal projection (Androvic
et al., 2020; Zeng et al., 2019; Jin et al.,, 2021; Cai et al., 2019),
consistent with our observations.

By performing a module-trait relationship analysis (Fig. S6), we
identified three gene modules (dark grey, dark green and brown) har-
bouring 1,072 genes that were significantly (Bonferroni-corrected P-
value < 0.05) correlated with LD X-ray irradiation traits in ischemic
mice (Fig. 4E). To have a better understanding of these LDIR associated
co-expressed genes and their functions, we performed GO enrichment
analyses to annotate module function that were functionally associated
with the beneficial effects of LD X-ray irradiation in ischemic stroke
mice. GO functional analysis showed enrichment for several GO cate-
gories in the upregulated co-expression modules (dark grey, dark green
and brown) that are functional associated with neuroinflammation.
Significant clusters included enrichment for various categories related to
inflammatory responses (red-highlighted GO terms) and plasticity
(green-highlighted GO terms) (Fig. 4F). These analyses support a hy-
pothesis whereby LD X-ray irradiation alleviates the inflammatory
environment to minimize secondary injury damage, so further
enhancing cytoskeletal reorganization and neuronal plasticity.
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Fig. 3. LDIR reverses motor deficits following a permanent ischemic stroke. (A) Schematic diagram showing experimental paradigm for induction of ischemic
stroke and X-ray irradiation. Rose bengal was injected intraperitoneally at a concentration of 10 mg/kg, and a 2.5-mm-diameter area spanning the primary motor
cortex (M1 and M2) and somatosensory area (S1) of the right hemisphere was illuminated on the intact skull for 10 min via a cold light source. Inmediately after
ischemic stroke induction, mice were received a single exposure to sham irradiation or LD X-ray irradiation at 300 mGy. Motor function recovery was assessed by the
narrow beam walking, pole climbing, and grip strength tests for a period of 56 days. (B) Heat maps of narrow beam walking test data revealed that sham-irradiated
mice failed to traverse the beam within the first three days after ischemic stroke and only managed to traverse the beam with frequent stop for rest and stabilization in
the subsequent days. In contrast, X-ray-irradiated mice successfully traversed the beam beginning 1 day after ischemic stroke. (C and D) Sham-irradiated mice took a
significantly longer time to traverse the narrow beam (C) and made significantly more foot-slip errors (D) than X-ray-irradiated mice. (E) Sham-irradiated mice spent
a significant amount of time at the top of the pole throughout the course of the experiment and failed to descend the pole properly. (F) X-ray-irradiated mice took
significantly less time to descend the pole than sham-irradiated control mice. (G and H) During the course of the experiment, X-ray-irradiated mice successively
demonstrated better forelimb and hindlimb grip strength recovery than sham-irradiated mice at the same time points. Mean + SEM [n = 9-12 per group (B-H)]. * P
< 0.05; two-way repeated-measures ANOVA followed by Bonferroni’s post hoc test.
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Fig. 4. Systems-level transcriptomic analysis identifies consensus modules associated with the neuroprotective effects of LD X-ray irradiation in ischemic
stroke. (A and B) Weighted gene co-expression network analysis (WGCNA) identified twelve consensus modules and six of them were significantly up-regulated (A)
and down-regulated (B) after ischemic stroke. (C) Gene set over-representation analysis (GSOA) and gene ontology (GO) enrichment analyses suggested that the up-
regulated co-expression modules were functionally related to inflammatory responses, apoptotic processes, DNA repair, and protein modifications (highlighted in
red). (D) GSOA on co-expression modules revealed that the down-regulated genes were functionally annotated with cell cytoskeleton, neuronal projection, cell
growth and proliferation, neuropeptide signaling, and nervous system development (highlighted in red). GO enrichment analysis measures the fraction of differ-
entially expressed genes according to their GO categories. (E) WGCNA revealed three consensus modules (1,072 genes) that were highly correlated with the neu-
roprotective effect of LD X-ray irradiation. (F) GSOA on the co-expression modules suggested that the up-regulated genes were functional associated with
neuroinflammation (highlighted in red) and neuronal plasticity (highlighted in green) after LD X-ray irradiation in ischemic mice. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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3.5. LDIR alters the gene expression of key inflammatory mediators after
ischemic stroke

To test the hypothesis that LDIR modulates inflammatory response to
minimize secondary brain damage, we examine gene expression profiles
of key pro-inflammatory and anti-inflammatory cytokines/chemokines
in motor cortex of LDIR-/sham-irradiated ischemic stroke mice. We
validated the RNA-seq data by selecting RNAs whose expression was
differentially expressed in LD X-ray irradiated ischemic stroke mice
compared to the sham-irradiated ischemic stroke mice (Table S3). In
LDIR-treated mice, we observed a significant reduction in mRNA
expression of several inflammatory mediators known to be neurotoxic
(Il-1a, II-1b, 1I-6, II-12a, Cd16, Cd86, Ifn-y, Rgs1, Ccl2, Ccl6, Ccl12, and
Clic1) (Androvic et al., 2020; Lambertsen et al., 2012; Waje-Andreassen
et al.,, 2005; Lee and Bou Dagher, 2016; Domingo-Fernandez et al.,
2017) compared to sham-irradiated controls at early time points after
ischemic strokes (Fig. S7A). Interestingly, the gene expression of II-10,
an important neuroprotective inflammatory cytokine that could reduce
infarct volume effectively in stroke rats (Spera et al., 1998), was
markedly increased at 1 dpi only in X-ray-irradiated mice and its
expression remained significantly higher than the sham-irradiated
stroke mice at 3 and 7 dpi (Fig. S7B). Runx1 is a key transcription fac-
tor that controls the proliferation and differentiation of myeloid cells
(Gao et al., 2022), and microglial ramification (Zusso et al., 2012). The
mRNA expression of Runx1 was markedly increased at 1 dpi and sus-
tained increase in Runx1 expression was observed only in X-ray-irradi-
ated stroke mice for at least 1 week. Several neuroprotective
inflammatory mediators including Il-4; Cd206, Tgf-B, and G-CSF also
showed significant up-regulation in X-ray-irradiated mice at 3 and 7 dpi,
while the expression of these genes remained relatively low in sham-
irradiated mice after stroke (Fig. S7B). We further confirmed our
gPCR analysis with the Bio-Plex Multiplex Immunoassay System, sug-
gesting that LD X-ray irradiation drives the restoration of tissue ho-
meostasis and resolution of acute inflammation in the motor cortex of
stroke mice (Fig. S8).

In response to injury, increased microglial chemotaxis and phago-
cytosis are both considered as beneficial events, which has been tradi-
tionally associated with the anti-inflammatory mediators. To further
validate that X-ray induced anti-inflammatory environment, as indi-
cated by enhanced microglial chemotactic and phagocytic capacities, we
performed live-cell functional assays using mouse primary microglial
culture to mimic the reactive microglial state observed after injury.
Microglial migration in response to ATP, which is a classic chemo-
attractant released by injured neurons, was measured by a Boyden
chamber chemotaxis assay. Both sham- and X-ray-irradiated microglia
responded to ATP by actively moving towards the source of ATP in the
lower compartment for 3.5 h (Fig. S9A) (Davalos et al., 2005). Microglial
cells were treated with increasing dose of X-ray irradiation and micro-
glial migration was increased linearly until reaching a plateau at 75
mGy. Notably, compared to sham irradiation, X-ray irradiation at 75
mGy increased the chemotaxis of microglia by 52.9 % upon exposure to
ATP but had no effect on the basal motility of cultured microglia in the
absence of ATP (Fig. S9B). Exposure of microglia to X-ray irradiation at a
dose ranging from 25 mGy to 150 mGy did not have any adverse effects
on cell survival (Fig. S9C). To examine the phagocytic capability of these
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highly mobile microglia after X-ray irradiation, we performed a
phagocytosis assay using fluorescent-tagged zymosan particles. We
determined the rate at which the zymosan particles were phagocytosed
by quantifying the fluorescence intensity of internalized zymosan in
microglia after one hour of incubation (Fig. S9D). The phagocytic ca-
pacity of microglia was assessed based on the average fluorescence in-
tensity of zymosan particles in each IBA-1-positive microglial cell.
Compared with sham irradiation, X-ray irradiation enhanced phagocy-
tosis by 23.1 % (Fig. S9E). Subsequent qPCR analysis revealed that LD X-
ray irradiation induced up-regulation of several neuroprotective in-
flammatory mediators (II-4, II-10, Cd206 and Tgf-$) and genes involved
in phagocytosis, and chondroitin sulfate proteoglycan (CSPG) degrada-
tion (Mmp2, Mmp9 and Mfge8) (Fig. SOF). We further demonstrated that
the increases in microglial chemotactic and phagocytic capacities were
not simply due to an increase in the microglial proliferation rate. The
number of primary microglia positive for PCNA (a proliferating cell
marker) was unchanged between X-ray-irradiated cultures and sham-
irradiated controls (Fig. S10) (Tam and Ma, 2014).

3.6. LDIR attenuates CSPG immunoreactivity after TBI and ischemic
stroke

We then validated the microglial chemotactic and phagocytic ca-
pacities in adult mice after cortical stab wound injury immediately fol-
lowed by whole-body X-ray irradiation at 300 mGy. To rule out the
possibility that the LDIR treatment itself would activate glial cells, we
first examined the activation of astrocyte and microglia in uninjured
brain tissues after LDIR. There was no significant difference in glial
fibrillary acidic protein (GFAP) immunoreactivity (astrocyte activation)
between X-ray and sham-irradiated mice on the contralateral (unin-
jured) (Fig. S11A) and ipsilateral (injured) sides (Fig. S11B) at 1 dpi,
indicating that X-ray irradiation did not alter astrocyte activity in the
brain. X-ray irradiation also did not affect the relatively low baseline
microglial cell density on the contralateral side (Fig. S11C). Using an
automated algorithm developed in NIS-Element AR software with the
General Analysis 3 module (Nikon), we found no significant overall
differences in average microglial cell density (Fig. S11D), branch num-
ber (Fig. S11E) and summed branch length (Fig. S11F) between X-ray-
irradiated and sham-irradiated uninjured mice. At 6 h after cortical stab
wound injury, we observed an increase in the number of IBA-1-positive
microglia (59.7 %) colonizing the injury site (Fig. S12A, B). There were
no statistically differences in the average microglial branch number
(Fig. S12C) and summed branch length (Fig. S12D) between X-ray- and
sham-irradiated mice after injury. Immunoreactivity for CSPG (anti-
CS56), a major constituent of the glial scar that strongly contributes to
the non-permissive, growth-inhibitory CNS microenvironment, was
dramatically reduced at 6 h post-injury near the site of injury (50 %
reduction) (Fig. S12E). At 7 days after cortical stab wound injury, the
injury site remained colonized by an excessive number of IBA-1-positive
microglia in X-ray-irradiated mice (67 % increase) compared with sham-
irradiated injured controls (Fig. S12F, G). Similarly, the average
microglial branch number (Fig. S12H) and summed branch length
(Fig. S12I) between X-ray- and sham-irradiated mice remained largely
unchanged after injury. Immunoreactivity for CSPG was significantly
reduced in X-ray-irradiated mice (25 % reduction) compared to sham-
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Fig. 5. LDIR stimulates microglial clustering and reduces CSPG deposition at the injury site of ischemic mice. (A) An increased number of IBA-1-positive
microglia (green) was found clustered at the injury site in LD X-ray-irradiated mice compared to sham-irradiated mice at 1 day after ischemic stroke. (B) The
number of IBA-1-positive microglia within each region of interest was quantified using a customized and automated algorithm developed in NIS-Element AR software
with the General Analysis 3 module (Nikon). The microglial cell density was calculated and presented as the total number of IBA-1-positive microglia at the injury site
(in mm?). (C) Reduced immunoreactivity for chondroitin sulfate proteoglycan (CSPG, anti-CS-56) was observed in LD X-ray-irradiated mice shortly after injury. (D)
The injury site remained colonized by an excessive number of IBA-1-positive microglia in X-ray-irradiated mice at 7 days of post-injury (dpi). (E) Graph showing a
similar significant increase in IBA-1-positive microglia at 7 dpi. (F) Sustained reduction of glial scar deposition was observed in LD X-ray-irradiated mice at 7 dpi, as
indicated by decreased CSPG immunoreactivity. Scale bars: 500 ym (A, C, D and F). (G) The mRNA expression of Mmp2 and Mmp9 genes were significantly
upregulated after X-ray irradiation. Mean + SEM (n = 3 per group). * P < 0.05; Student’s t-test (B, C, E and F) or two-way ANOVA followed by Bonferroni’s post hoc

test in (G). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

irradiated mice (Fig. S12J) at 7 dpi, indicating early and sustained in-
hibition of glial scar formation.

After photothrombotic ischemic stroke, X-ray irradiation at 300 mGy
greatly increased the microglial cell density from 560 + 31 (sham-
irradiated) to 1249 + 117 IBA-positive cells/ymm? at 1 dpi (Fig. 5A, B).
Injury-induced CSPG expression was dramatically increased following
ischemic stroke. This increase was observed by 1 dpi and persisted
around the lesion site for at least 7 days. Low levels of CSPG immuno-
reactivity were observed in X-ray-irradiated mice at 1 dpi, whereas
intense CSPG deposition was found in the sham-irradiated controls
(Fig. 5C). By 7 dpi, the microglial cell density of X-ray-irradiated mice
(2726 + 83 IBA-positive cells/mm?) was remained significantly higher
than the sham-irradiated mice (2113 + 168 IBA-positive cells/mm?)
(Fig. 5D, E). CSPG immunoreactivity was intense and robust throughout
the entire lesion site in the sham-irradiated controls, while an insignif-
icant amount of CSPG was detected in X-ray-irradiated mice (Fig. 5F).
MMPs are proteolytic enzymes that promote the degradation of CSPG,
and their expression was upregulated in motor cortex of X-ray-irradiated
stroke mice, suggesting that they are involved in degrading CSPG near
the site of injury (Fig. 5G) (Hsu et al., 2006; Ihara et al., 2001). The
microglial branch number and summed branch length remained un-
changed between X-ray- and sham-irradiated mice at 1 dpi (Fig. S13A,
B) and 7 dpi (Fig. S13C, D), respectively.

3.7. Microglia/macrophage depletion abolishes neuroprotective effect of
LDIR

To assess whether the improved motor function recovery in LD X-ray-
irradiated mice required microglia/macrophages, we performed intra-
cerebroventricular and intraperitoneally injections of clodronate to
deplete microglia/macrophages in the pre-motor cortex (Asai et al.,
2015; Torres et al., 2016) before we induced photothrombotic stroke in
the adult mice (Fig. 6A). We confirmed that intracerebroventricular and
intraperitoneally injections of clodronate (Fig. S14A) successfully
reduced the number of IBA-1-positive cell density by 70.2 % in the pre-
motor cortex (Fig.S14B, C), which was consistent with previous studies
(Han et al., 2019; Hanlon et al., 2019). In the absence of microglia/
macrophages, LD X-ray-irradiated mice failed to cross the elevated
narrow beam during the first 3 days after stroke induction, and devel-
oped persistent motor deficits similar to the sham-irradiated mice
(Fig. 6B). They took significantly longer time (40.8-116.5 s) to trans-
verse the narrow beam throughout the entire 2-month testing period,
compared with their baseline values before induction of photo-
thrombotic stroke (Fig. 6C) (Movie S3). After the induction photo-
thrombotic stroke, the number of foot-slip errors was dramatically
increased in the sham-irradiated controls (10-13 foot-slips). The LD X-
ray-irradiated mice with microglia/macrophage depletion (8 foot-slips)
performed equally bad as sham-irradiated counterparts in making
frequent foot slip errors (8 foot-slips) 2 months after stroke induction
(Fig. 6D). For pole climbing test, the microglia/macrophage-depleted
mice spent most of the time at the top of the pole during the first 3
days after stroke and X-ray irradiation (Fig. 6E), and were unable to
return to their baseline descending latency (Fig. 6F) (Movie S4). While
the grip strength of sham-irradiated mice remained significantly lower
than their baseline values throughout the entire experimental period,
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microglia/macrophage-depleted and X-ray-irradiated mice displayed
similar spontaneous recovery of grip strength (Fig. 6G, H). To this end,
the absence of microglia/macrophages abolishes the beneficial effect of
X-ray irradiation in motor recovery.

3.8. LDIR increases brain rewiring and recovers EEG activities after
ischemic stroke

Increasing evidence suggests that meaningful function recovery is
associated with changes in the brain’s axonal rewiring (Joy et al., 2019;
Caracciolo et al., 2018; Li et al., 2010; Overman et al., 2012). Consistent
with these studies, our systems-level transcriptomic analysis demon-
strated that GO categories related to cell cytoskeleton, neuronal pro-
jection and nervous system development were significantly
downregulated after ischemic stroke. We therefore examined the effect
of X-ray irradiation on axonal sprouting by microinjection of the
anatomical tracer BDA into the ipsilesional motor cortex 8 weeks after
stroke (Fig. S15) to compare motor cortex projections between sham-
and X-ray-irradiated stroke mice (Fig. 7A). To examine the overall
neuronal projections in the motor and somatosensory cortex area, we
quantified and mapped neuronal projections by overlaying hundreds of
digitalized BDA coronal brain sections using the MATLAB program. In
the sham-irradiated mice, limited axonal sprouting was observed in the
ipsilesional and contralesional motor and somatosensory cortex. In
contrast, we observed a significant number of neuronal projections in
the peri-infarct motor and somatosensory cortex of X-ray-irradiated mice
2 months after stroke (3.9 + 0.9-fold) as well as widespread and
extensive BDA-labelled projections crossing the midline into the con-
tralesional motor cortex (7.8 + 2.1-fold) (Fig. 7B, C). Brain rewiring
(neuronal plasticity) in the post-stroke brain results in restoration of lost
function. In particular, brain oscillations in the motor cortex, which are
directly correlated with the degree of motor impairment, are altered
after stroke (Brown et al., 2009; Murphy and Corbett, 2009; Nudo et al.,
1996; Stroemer et al., 1998). We therefore examined oscillatory activity
by EEG recordings of the injured motor cortex in freely moving mice
(Fig. 7D). The total EEG power spectrum frequency was reduced
dramatically and barely detectable in sham-irradiated mice compared to
X-ray-irradiated mice 2 months after stroke (Fig. 7E). In contrast, the
recovery of motor cortex connectivity was evident from the significant
improvement (47.2 %) in the average local field potential (LFP) oscil-
lations in the X-ray irradiated mice compared with the injured sham-
irradiated mice (Fig. 7F).

4. Discussion

Modulating microglial polarization to alleviate inflammatory
response and secondary tissue damage in the brain is the central goal of
regenerative medicine. Here, we describe a promising approach to
promote motor function recovery after severe brain injuries by LDIR.
Module trait relationship between stroke and normal tissues was
established and gene enrichment analysis was performed for major gene
modules. Many of the genes differentially regulated were related to in-
flammatory response and plasticity in LDIR-treated stroke mice. Gene
expression studies revealed the upregulation of several key anti-
inflammatory markers in the motor cortex of LDIR-treated stroke
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Fig. 6. Depletion of cortical microglia/macrophages completely abolishes the neuroprotective effect of LDIR in ischemic mice. (A) Schematic diagram
showing treatment paradigm for ischemic stroke and microglia depletion. Mice received intracerebroventricular and intraperitoneal injections of liposomal clodr-
onate 5 days before photothrombotic stroke induction. Immediately after ischemic stroke and sham irradiation or X-ray irradiation at 300 mGy, liposomal clodronate
was intraperitoneally administrated to the mice to ensure sustained microglial depletion. Motor function recovery was assessed by the narrow beam walking, pole
climbing, and grip strength tests for a period of 56 days. (B) Heat maps of narrow beam walking test data revealed that sham-irradiated and microglia-depleted X-ray-
irradiated mice failed to traverse the beam within the first three days after ischemic stroke and only managed to traverse the beam with frequent stop for rest and
stabilization in the subsequent days. In contrast, X-ray-irradiated mice successfully traversed the beam beginning 1 day after ischemic stroke. (C and D) Sham-
irradiated and microglia-depleted X-ray-irradiated mice took a significantly longer time to traverse the narrow beam (C) and made significantly more foot-slip
errors (D) than X-ray-irradiated mice. (E) Sham-irradiated and microglia-depleted X-ray-irradiated mice spent a significant amount of time at the top of the pole
throughout the course of the experiment and failed to descend the pole properly. (F) X-ray-irradiated mice took significantly less time to descend the pole than sham-
irradiated controls and microglia-depleted X-ray-irradiated mice. (G and H) During the course of the experiment, X-ray-irradiated mice successively demonstrated
better forelimb and hindlimb grip strength recovery than sham-irradiated and microglia-depleted X-ray-irradiated mice at the same time points. Mean + SEM [n =
9-12 per group (B-H)]. * P < 0.05; two-way repeated-measures ANOVA followed by Bonferroni’s post hoc test.
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Fig. 7. LDIR treatment induces axonal sprouting, brain rewiring and EEG oscillatory activity 2 months after ischemic stroke. (A) The anatomical tracer
biotinylated dextran amine (BDA) was microinjected into the ipsilesional (right) motor cortex 2 months after ischemic stroke. In X-ray-irradiated mice, a significant
portion of axonal projections crossed the midline into the contralesional motor cortex. However, very few BDA-positive axonal projections were found in the
contralesional motor cortex in sham-irradiated mice. (B and C) Three-dimensional reconstruction of individual axonal projections revealed a significant number of
neuronal projections in the peri-infarct motor and somatosensory cortices of X-ray-irradiated mice 2 months after stroke as well as widespread and extensive BDA-
labelled projections that crossed the midline into the contralesional motor cortex. Site of photothrombotic stroke and BDA injection was indicated by a green and blue
circle, respectively. (D) Two months after photothrombotic stroke at the right hemisphere (green circle), epidural stainless-steel screw recording electrodes was
implanted bilaterally over the parietal cortex. EEG signals were recorded from both injured (ipsilesional, red circle) and uninjured (contralesional, yellow circle)
cortices simultaneously in freely moving mice. (E) EEG activity was barely detectable in sham-irradiated mice 2 months after ischemic stroke. In contrast, brain
activity was markedly increased in X-ray-irradiated mice compared to sham-irradiated mice and was strongly correlated with the motor function recovery and axonal
sprouting observed in these mice. (F) The maximal peak amplitude of local field potential (LFP) oscillations was largely reduced in the injured motor cortices of
sham-irradiated mice. In contrast, X-ray-irradiated mice displayed significantly larger LFP oscillations than sham-irradiated mice 2 months after ischemic stroke.
Mean + SEM [n = 4 per group (C); n = 7-8 per group (F)]. * P < 0.05; Student’s t-test (C); one-way ANOVA followed by Bonferroni’s post hoc test (F). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

mice, suggesting that LDIR is important for the attenuation and/or associated with a significant reduction of glial scar at the lesion site of
resolution of acute inflammation after brain injury. Our live-cell func- ischemic stroke mice. Finally, we showed that LDIR induced a significant
tional assays demonstrated that the chemotactic and phagocytic ca- brain rewiring and recovery of EEG activity after ischemic stroke. Our
pacities were significantly enhanced after LDIR, and positively work lays an important conceptual foundation to treat severe brain
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injuries by resolving inflammatory response.

It has been shown that the stroke infarct location and volume are
directly proportional to motor function outcomes (Burke Quinlan et al.,
2015). In human, the growth of cortical infarction was usually
completed within the first three days after stroke and very limited
infarct growth thereafter (Karonen et al., 1999; Kucinski et al., 2005).
Stroke patients with confined cortical infarction and better preservation
of neuronal connectivity between ipsilesional and contralesional motor
cortex often showed improved motor function outcomes during reha-
bilitation as assessed by functional MRI (Burke Quinlan et al., 2015).
Consistent with these studies, our MRI results revealed that a large
cortical infarct were rapidly developed in the first 3 days, and showed a
limited extent of spontaneous recovery in untreated (sham-irradiated)
mice. The infarct growth correlated well with our neurological function
tests that sham-irradiated mice demonstrated extremely poor perfor-
mance in all of these motor behavioral assessments during the first 3
days post-stroke and showed only limited improvement thereafter. In
stark contrast, LDIR limited the growth of cortical infarct by 45-47 % at
1 and 3 days post-stroke with the development of mild motor function
impairment in LDIR-treated mice and returned to baseline motor func-
tion levels within 2 weeks. Our results support a common clinical
observation that stroke patients with smaller infarct volume usually
results in improved clinical outcomes after therapeutic intervention
such as recanalization (Yoo et al., 2012). Interestingly, several thera-
peutic interventions could also effectively reduce the cortical infarct
volume leading to improve motor function outcomes after stroke. In rats,
administration of neuregulin-1 largely limited the infarct volume after
middle cerebral artery occlusion (MCAO) and improved neurological
score at day 1 post stroke (Wang et al., 2015; Xu et al., 2006), but its
long-term beneficial effects on recovering motor function remained
unexplored. Similarly, administration of granulocyte colony-stimulating
factor or mesenchymal stem cells overexpressing BDNF showed
improved motor function outcomes associated with reduced infarct
volume at 1-2 weeks after MCAO. However, these treatments were not
effective to protect the brain from further tissue damages during the
early phase of ischemic stroke as relatively large cortical infarct volume
was observed at days 1-2 post-stroke with significant motor impair-
ments (Kurozumi et al., 2004; Shyu et al., 2004). We therefore propose
that LDIR offers an early neuroprotection by limiting the extent of tissue
damages (smaller cortical infarct size) results in accelerated motor
function recovery after stroke.

Photothrombotic ischemic stroke has far more severe cortical tissue
damage than cortical stab wound injury (Xia et al., 2015; Rehman et al.,
2021; Wang et al., 2007). The lesion size is relatively small (Xia et al.,
2015) and the loss of neurons is less profound after cortical stab wound
injury (Rehman et al., 2021), when compare with photothrombotic
ischemic stroke. Therefore, it is not surprising to observe spontaneous
motor function recovery in mice with cortical stab wound injury (Fig. 2).
In stark contrast, mice with photothrombotic ischemic stroke (Fig. 3) or
other commonly used mouse models of stroke induce substantial dam-
ages to the pre-motor cortex resulting in irreversible motor deficits (Joy
et al., 2019; Conti et al., 2023; Li et al., 2014). The extent of brain
damage and motor deficits in our photothrombotic ischemic stroke mice
highly resembles the clinical features of stroke patients with life-long
irreversible disability (Kessner et al., 2019). Our current study demon-
strates that LDIR not only accelerates motor function recovery in mild
cortical stab wound injury, but also reverses motor deficit completely in
mice with a much more severe brain injury after ischemic stroke. Future
study is therefore warranted to investigate whether LDIR could posi-
tively impact the motor recovery of post-stroke patients.

Our WGCNA analysis suggested that LDIR exhibited a strong
immunomodulatory effect by expression of genes involved in inflam-
matory and immune responses. Shortly after TBI or ischemic stroke, the
up-regulation of pro-inflammatory cytokines in injured cortical tissues
hampers recovery and the subsequent secondary tissue damage could
last for years after the initial mechanical insult (Bigler, 2013). Recent
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studies demonstrate that neurotoxic pro-inflammatory cytokine levels
peak at 12-24 h and neuroprotective anti-inflammatory cytokines were
only transiently upregulated after ischemic injury (Faden et al., 2016;
Collmann et al., 2019; Liu et al., 2016). In addition, prolonged micro-
glial polarization toward a neurotoxic phenotype induces exacerbated
chronic inflammation and further amplifies the production of neurotoxic
pro-inflammatory cytokines, resulting in massive neuronal cell loss,
secondary brain damage and poor microglial phagocytic capacity (Au
and Ma, 2017; Tang and Le, 2016; Karve et al., 2016; Cherry et al., 2014;
Hernandez-Ontiveros et al., 2013). The production of pro-inflammatory
mediators such as IL-1B, TNF-« and IFN-y induce oligodendroglial
apoptotic cell death (Buntinx et al., 2004; Takahashi et al., 2003) and
delays the remyelination process for subsequent recovery of neural ac-
tivities after ischemic stroke. However, anti-inflammatory cytokine IL-4
promotes the differentiation of oligodendrocyte progenitor cells (OPCs)
and remyelination, resulting in improved cognitive and motor function
after ischemic stroke (Zhang et al., 2019). Our qPCR and immunoassay
further strengthen our hypothesis that LDIR reshapes inflammatory re-
sponses that favor brain tissue recovery and motor function recovery
after ischemic stroke (Figs. S7 and S8). Additionally, ablation of cortical
microglia/macrophages using liposomal clodronate completely abol-
ished the promoting effects of LDIR (Fig. 6), and the significant
improvement in brain rewiring and motor cortical LFP (~50 %) after
stroke (Fig. 7), in such a way that they are consistent with the previously
observed pivotal roles of microglia in the context of post-stroke re-
sponses to neurons, oligodendrocytes, OPCs, and the associated func-
tional outcomes after ischemic stroke.

Aging is known to adversely affect inflammatory responses and
worsen the neurological function after CNS injuries. Previous studies
show that aged microglia switch to a more neurotoxic phenotype and
produced an elevated level of pro-inflammatory cytokines/chemokines
including IL-1B, TNFa, inducible nitric oxide (iNOS), CCL2, and CCL3
along with reduced expression of anti-inflammatory cytokines (TGFf)
after TBI (Kumar et al., 2013). The exacerbated and uncontrolled in-
flammatory responses cause a widespread neuronal damage in hippo-
campus and thalamus in aged mouse brain after TBI (Kumar et al.,
2013). The substantial loss in cognitive function of aged mice is due, at
least in part, to the activation of the complement system, in which
cognitive function could be partially reversed by pharmacological
blockade of complement activation using anti-Clq antibodies (Kru-
kowski et al., 2018). Recent transcriptomic analyses revealed that type I
interferon (IFN-I)-mediated signaling pathway was activated specif-
ically in aged mice after TBI and ischemic stroke (Androvic et al., 2020;
Barrett et al., 2021). IFN-I signaling pathway is well known for its
essential function to increase the production of pro-inflammatory cy-
tokines (IL-1f and IL-6) and to augment inflammatory responses after
TBI (Abdullah et al., 2018). Inhibition of IFN-I signaling pathway by
genetic ablation of its upstream effector STING markedly reduced infarct
volume after cortical impact injury in mice (Abdullah et al., 2018). It is
worth mentioning that the current study used mice at a relatively young
age (2-3-month-old male mice and postnatal mice for primary micro-
glial cultures). Therefore, the beneficial effects of LDIR on aged mice
require further investigations, both in terms of its ability to potentially
modify the inflammatory responses as well as to improve motor function
recovery.

Post-stroke motor recovery is influenced by direct loss of neurons
and dysfunction in neural connectivity both local and distant to the
lesion site. Previously, neuroimaging studies have identified inter-
hemispheric interactions between neuronal networks to be required for
post-stroke motor function recovery (Takatsuru et al., 2009; Mohajerani
et al., 2011; Wang et al., 2012). In human, non-invasive evaluation of
cortical neuronal network using EEG recordings to measure evoked
motor cortical responses is commonly used (Sato et al., 2015). Our
findings, for the first time, revealed that complete recovery of post-
stroke motor function was associated with widespread axonal sprout-
ing and greater EEG activities in the motor cortex of LDIR mice. Our BDA
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axon tracing results support the notion that widespread reorganization
occur in regions remote from the lesion in both ipsilesional and con-
tralesional hemisphere, which implicates an important role of expansive
cortical networks in motor function recovery. In general, the adult brain
has a very limited capacity to form new connections after stroke and that
limited capacity can be increased by blocking glial growth (Murphy and
Corbett, 2009; Carmichael et al., 2017). Strikingly, we showed that LDIR
induced a more robust and longer distance axonal sprouting than stroke
alone, but this sprouting is not limited to the peri-infarct cortex and
within the motor-premotor-somatosensory areas of both hemispheres to
facilitate motor function recovery. Our findings therefore raise the
intriguing question of how LDIR induces widespread axonal sprouting.
CSPGs are primarily secreted by reactive astrocytes and the deposition
of CSPG around the lesion site forming glial scar to restrict axonal
sprouting and formation of new connections for functional recovery (Yiu
and He, 2006; Lang et al., 2014). In our studies, we demonstrated that
LDIR induced up-regulation of Mmp2 and Mmp9 at the site of injury,
which are proteases that degrade extracellular matrix CSPG (Hsu et al.,
2006; Thara et al., 2001; Rosenberg et al., 2001), and more importantly,
we observed a significant reduction of in vivo CSPG deposition at the
lesion core of LDIR-treated stroke mice. Similarly, pharmaceutical
blockade of growth inhibitory signalling pathways associated with
ephrin-A5 and Nogo receptors induced axonal sprouting largely within
the ipsilesional cortex after ischemic stroke (Li et al., 2010; Overman
et al.,, 2012). Our data provide further support for efforts to induce
axonal sprouting results in accelerating motor function recovery after
stroke (Joy et al., 2019).

Finally, we show that LDIR treatment can be delayed by 8 h post-
injury and still maintain full therapeutic effects on motor recovery
(Fig. S2). These data provide a clinically relevant and therapeutically
promising treatment strategy for reshaping heterogenous inflammatory
landscapes and promoting tissue remodelling following severe brain
injury. The clinical success of using LD radiation therapy (0.3-0.7 Gy for
single dose and 3-10 Gy in total dose) directly on the affected knee joints
for pain relief and improvement of motor symptoms in treating degen-
erative osteoarthritis (OA) has been widely recognized for several de-
cades. The clinical experience of using LD radiation therapy has grown
tremendously in recent years regarding its mechanisms of actions and its
low toxicity profile further assure LD radiation therapy as an irre-
placeable treatment option for OA patients (Rodel et al., 2012; Ruhle
et al., 2017; Montero et al., 2020). Further investigation is needed to
explore the potential use of low-dose cranial irradiation for TBI to avoid
radiation exposure to the whole body although whole-body irradiation
can induce many alternations in additional to the neurons and glial cells
in the brain such as circulating blood immune cells (Grassberger et al.,
2019).
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