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Research paper 
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wound healing after closed-head injury by increasing inflammation and 
BBB disruption 

Nitin Sawant a, Airi Watanabe a, Haruna Ueda a, Hideyuki Okano b, Mitsuhiro Morita a,c,* 

a Biomolecular Organization, Department of Biology, Kobe University, Kobe, Hyogo 657-8501, Japan 
b Department of Physiology, Keio University School of Medicine, Tokyo 160-8582, Japan 
c Application Division, Center of Optical Scattering Image Science, Kobe University, Kobe, Hyogo 657-8501, Japan   

A R T I C L E  I N F O   

Keywords: 
Brain injury 
Reactive astrocyte 
Wound healing 
Inflammation 
Blood brain barrier 
STAT3 

A B S T R A C T   

Wound healing after closed-head injury is a significant medical issue. However, conventional models of focal 
traumatic brain injury, such as fluid percussion injury and controlled cortical impact, employ mechanical im
pacts on the exposed cerebral cortex after craniotomy. These animal models are inappropriate for studying 
gliosis, as craniotomy itself induces gliosis. To address this, we developed a closed-head injury model and named 
“photo injury”, which employs intense light illumination through a thinned-skull cranial window. Our prior work 
demonstrated that the gliosis of focal cerebral lesion after the photo injury does not encompass artificial gliosis 
and comprises two distinct reactive astrocyte subpopulations. The reactive astrocytes accumulated in the per
ilesional recovery area actively proliferate and express Nestin, a neural stem cell marker, while those in distal 
regions do not exhibit these traits. The present study investigated the role of perilesional reactive astrocytes 
(PRAs) in wound healing using the ablation of reactive astrocytes by the conditional knockout of Stat3. The 
extensive and non-selective ablation of reactive astrocytes in Nestin-Cre:Stat3f/f mice resulted in an exacerbation 
of injury, marked by increased inflammation and BBB disruption. On the other hand, GFAP-CreERT2:Stat3f/f mice 
exhibited the partial and selective ablation of the PRAs, while their exacerbation of injury was at the same extent 
as in Nestin-Cre:Stat3f/f mice. The comparison of these two mouse strains indicates that the PRAs are an essential 
astrocyte component for wound healing after closed-head injury, and their anti-inflammatory and regenerative 
functions are significantly affected even by incomplete accumulation. In addition, the reporter gene expression in 
the PRAs by GFAP-CreERT2 indicated a substantial elimination of these cells and an absence of differentiation into 
other cell types, despite Nestin expression, after wound healing. Thus, the accumulation and subsequent elim
ination of PRA are proposed as promising diagnostic and therapeutic avenues to bolster wound healing after 
closed-head injury.   

1. Introduction 

There is a significant societal and medical need to improve wound 
healing after closed-head injuries due to falls, traffic accidents, and 
sports injuries (Maas et al., 2017). Since focal intact skull cerebral le
sions are common in these brain injuries, we have developed a novel 
brain injury model and named “photo injury”, which is created by 
intense light illumination through a thinned-skull cranial window 
(Suzuki et al., 2012). This light illumination increases the tissue tem
perature by a few degrees at the focus and forms a cerebral contusion 
within one month (Suzuki et al., 2012), presumably through heat- 

induced hyperexcitability (Das et al., 2021) and subsequent dysregula
tion of glucose metabolism, which is a common degenerative process in 
the acute phase of head trauma (Amorini et al., 2016; Koenig and Dulla, 
2018). Mechanical impacts on the skull often result in focal cerebral 
lesions in large human brains, with no damage to the life-sustaining 
brainstem. However, the force of mechanical impact is hardly adjusted 
to induce cerebral lesions in small rodent brains without affecting the 
brainstem. Therefore, conventional traumatic brain injury models, such 
as fluid percussion injury and controlled cortical impact (CCI), employ 
mechanical impacts on the exposed cerebral cortex after craniotomy. 
These brain injury models are inappropriate to study gliosis, as 
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craniotomy itself induces gliosis (Xu et al., 2007). Meanwhile, the 
thinned-skull cranial window does not induce the activation of astro
cytes and microglia (Xu et al., 2007), and our photo injury does not 
encompass artificial gliosis (Suzuki et al., 2012). Therefore, our photo 
injury offers a unique opportunity to explore how gliosis influences the 
outcome of closed-head injury. 

Our previous report showed that the photo injury is followed by a 
prominent perilesional tissue recovery. Furthermore, the reactive as
trocytes in the perilesional recovery area actively proliferate and express 
Nestin, a neural stem cell marker, whereas those in distal regions lacked 
both traits (Suzuki et al., 2012). While similar perilesional reactive as
trocytes (PRAs) have been highlighted in several publications, their role 
in the pathological process after injury remains a subject of debate. The 
ablation of perilesional Nestin-expressing reactive astrocytes after spinal 
cord injury by conditional Stat3 knockout with Nestin-Cre exacerbated 
injury (Okada et al., 2006; Renault-Mihara et al., 2017). The reactive 
astrocytes in the vicinity of various brain lesions acquire stem cell 
properties, which are thought to accelerate wound healing by replen
ishing cells lost due to injury (Sirko et al., 2013). In contrast to these 
beneficial influences of PRAs, the suppression of proliferating reactive 
astrocytes after CCI by conditional Sox2 knockout with Gfap-CreERT2 

reduced lesion size and improved behavioral recovery (Chen et al., 
2019). The ablation of proliferating reactive astrocytes exacerbated 
moderate CCI, which has minimum inflammation, but did not affect 
severe CCI, which has significant inflammation (Myer et al., 2006). 
Thus, the accumulation and functions of PRAs are likely influenced by 
the context of injury. Such a complexity is supposed to reflect the di
versity of reactive astrocytes, which is suggested by our previous in vitro 
studies showing the dual regulation of astrocyte functions by growth 
factors and proinflammatory cytokines (Morita et al., 2003, 2007), as 
well as the recent identification of neurodegenerative A1 and neuro
protective A2 reactive astrocyte subtypes (Liddelow et al., 2017). Thus, 
the PRAs after closed-head injury remain to be characterized as future 
diagnostic and therapeutic avenues. 

In order to address this issue, we ablated reactive astrocytes after the 
photo injury by conditional knockout of Stat3. Signal Transducer and 
Activator of Transcription 3 (STAT3) is a common transcription factor 
for inducing both A1 and A2 reactive astrocytes (Fan and Huo, 2021), 
and conditional Stat3 knockout has previously been shown to ablate 
reactive astrocytes (Okada et al., 2006; Nobuta et al., 2012; Reichenbach 
et al., 2019). In the present study, we found that the ablation was 
extensive and non-selective for both reactive astrocyte subpopulations 
in Nestin-Cre:Stat3f/f mice (Nes-STAT3 mice), while partial and PRA- 
selective in Gfap-CreERT2:Stat3f/f mice (GFAP-STAT3 mice). Therefore, 
we investigated the role of PRAs in wound healing through the histo
logical comparison of these mice. In addition, we also examined the fate 
of PRAs by the PRA-selective reporter gene expression using GFAP- 
CreERT2, because the PRAs are thought to acquire stem cell properties, as 
indicated by Nestin expression. Our data demonstrate the essential role 
of PRAs after closed head injury. 

2. Materials and methods 

2.1. Animal experiments 

All animal experiments were approved by the Institutional Animal 
Care and Use Committee of Kobe University (approval number: 24–01, 
28–06-06) and conducted in accordance with the Animal Experimen
tation Regulations of Kobe University. Mice were housed in cages with 
unrestricted access to food pellets and water and maintained in an 
environment with controlled temperature (23 ± 2 ◦C), humidity (50 ±
10%), and 12 h light/dark cycle. All mice were of C57BL/6 J back
ground, including wild type mice used as controls. Nestin-Cre:Rosa26- 
GFP mice (Nes-GFP mice) and Nestin-Cre:Stat3f/f mice (Nes-STAT3 mice) 
were generated by crossing Nestin-Cre mice (Okada et al., 2006) with 
Rosa26-GFP mice (Kawamoto et al., 2000) and Stat3f/f mice (Okada 

et al., 2006), respectively. Gfap-CreERT2:Rosa26-GCaMP6 mice (GFAP- 
GCaMP mice) and Gfap-CreERT2:Stat3f/f mice (GFAP-STAT3 mice) were 
generated by crossing Gfap-CreERT2 mice (Hirrlinger et al., 2006) with 
Rosa26-GCaMP6 mice (RIKEN BRC RBRC09450) (Ohkura et al., 2012) 
and Stat3f/f mice, respectively. The photo injury was generated in 8–16 
weeks old mice of both sexes as described (Suzuki et al., 2012). Briefly, 
each mouse was anesthetized with ketamine (100 mg/kg, Daiichi- 
Sankyo, Tokyo, Japan) and xylazine (10 mg/kg, Bayer Yakuhin, 
Osaka, Japan) and a thinned-skull cranial window (~ 0.5 mm in 
diameter and ~ 20 μm in thickness) was created over the right primary 
somatosensory cortex (1.5 mm posterior to the bregma and 3 mm lateral 
from the midline) by scraping the skull with a micro-drill burrs (19007- 
07 M; FST, Foster City, CA, USA) and a microsurgical blade (Nordland 
Blade #6900; Salivan, Charlotte, NC, USA). The mouse was mounted on 
a microscope stage for light illumination. Its head was fixed with the 
cranial window centered under a 20× water immersion microscope 
objective (XLUMPLFLN 20× W NA1.0; Olympus, Tokyo, Japan), setting 
the focal point 200 μm below the cortical surface. The cortical tissue was 
exposed for a duration of 1.5–2.5 min to the light from a 90-W halogen 
bulb mounted in a housing directly over a microscope camera port. We 
adjusted the exposure time at every bulb replacement to ensure the in
duction of total neuronal loss, reaching 80–90% of the cortical thickness 
within 12 h after exposure. Tamoxifen (Toronto Research Chemicals, 
Toronto, Canada) dissolved in corn oil (Sigma-Aldrich, St. Louis, MO, 
USA) was administered orally (250 mg/kg) one day before the photo 
injury. 

2.2. Immunofluorescence analysis 

Mice were sacrificed at specified time points after injury and tissue 
samples were subjected to histological analysis. After anesthesia with an 
overdose of sodium pentobarbital (75 mg/ kg, i.p.), mice were trans
cardially perfused with ice-cold 0.1 M PBS containing 1 units/mL hep
arin (Wako, Tokyo, Japan), followed by 4% (w/v) paraformaldehyde in 
0.1 M phosphate-buffered saline (PBS). Brains were postfixed for six 
hours and sliced coronally at a thickness of 100 μm in PBS using a 
microslicer (Zero-One, DOSAKA, Osaka, Japan). The slices were stored 
at − 20 ◦C in a preservative containing 0.3% glycerol, 0.3% ethylene 
glycol, 0.1 M sodium phosphate, and 0.85% NaCl. For immunofluores
cence staining, the slices were washed with PBS, twice, 10 min each, 
treated with 50 mM NH4Cl for 10 min, washed with PBS, twice, 10 min 
each, permeabilized with PBS containing 0.4% (w/v) Triton X-100 for 
two hours, and blocked with blocking buffer (PBS containing 5% normal 
goat serum and 0.1% Triton X-100). Slices were incubated with primary 
antibodies in blocking buffer overnight at 4 ◦C, returned to room tem
perature, washed with PBS, three times, 10 min each, incubated with 
secondary antibodies in blocking buffer for two hours, washed with PBS, 
three times, 10 min each, and mounted with Gelvatol (Harlow and Lane, 
2006) containing 100 mg/mL DABCO (Sigma). Primary antibodies 
included: rabbit anti-GFAP (1:250, Vector Laboratories); mouse anti- 
NeuN (1:500, CHEMICON); rat anti-CD68 (1:300, abcam); rabbit anti- 
Stat3 (1:500, Sigma); rabbit anti-Iba1 (1:200, Wako); rabbit GFP 
(1:500, Invitrogen); mouse anti-S100β (1:400, DAKO, Glostrup, 
Denmark). Immunofluorescence was visualized with FITC-, Cy3- or Cy5- 
conjugated secondary antibodies (1:100, Jackson ImmunoResearch 
Laboratories, West Grove, PA, USA). Low magnification fluorescence 
images of Nissl staining were obtained by an epifluorescence microscope 
(IX70, Olympus) equipped with a 2× Objective and a cooled-CCD 
camera (Orca-ER, Hamamatsu, Hamamatsu, Japan). Other fluores
cence images were obtained as Z-stacks of confocal images (step size = 2 
μm) using a Fluoview1000 (Olympus) with a 20× or 40× objectives and 
analyzed using Fiji (Schindelin et al., 2012). 

2.3. Quantitative analysis 

The densities of cells and GFAP fibers, as well as IgG fluorescence, 
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were measured in region of interest (ROI), which were total 0.1–0.2 
mm2 from each mouse. GFAP fibers were measured as total number of 
pixels above the predetermined threshold of fluorescence intensity, 
which was consistently set for all sample. IgG deposition was measured 
as the average digitized fluorescence intensity in ROI. Statistical analysis 
was conducted by Microsoft Excel, and graphs were generated by Mat
plotlib (Hunter, 2007). Data were expressed as the mean ± standard 
deviation of the mean (SD) with dots representing individual mice. The 
number of mice subjected to analysis was indicated by ‘n’ in each figure 
legend. Difference between groups were assessed using two-tailed Stu
dent’s test-test. Significance was set at P < 0.05. 

3. Results 

3.1. STAT3 activation in astrocytes after injury was abolished in Nes- 
STAT3 mice 

It has been shown that the reporter gene expression and conditional 
knockout by Nestin-Cre are selective for perilesional Nestin+ reactive 
astrocytes after spinal cord injury, in a series of reports (Okada et al., 

2006; Renault-Mihara et al., 2017). Meanwhile, this mouse strain is 
widely used to label or manipulate neural stem cells during development 
and their progeny, including adult neurons and astrocytes (Gavériaux- 
Ruff and Kieffer, 2007). Therefore, the efficiency of Nestin-Cre for ce
rebral neurons and astrocytes, as well as for reactive astrocytes at 7 days 
post-injury (dpi) was examined using Nes-GFP mice. As shown in Fig. 1A 
and B, GFP expression was induced in 62% of astrocytes (S100β+), 
whereas it was 32% and 0% in neurons (NeuN+) and microglia (Iba1+), 
respectively. Meanwhile, the efficiency for the PRAs (GFAP+) was 84%, 
indicating an increase in efficiency for astrocytes after injury (Fig. 1C 
and D). These results suggest that Stat3 is deleted in both normal cortical 
neurons and astrocytes, and additionally in the PRAs after injury in Nes- 
STAT3 mice. Stat3 is essential for the differentiation of neural stem cells 
into astrocytes (Herrmann et al., 2008), which play a vital role in 
maintaining the brain environment (Götz et al., 2015). However, no 
significant differences were observed in the distribution and 
morphology of cerebral neurons, astrocytes and microglia, as well as in 
the limited GFAP expression between the control (Cont) and Nes-STAT3 
mice (Fig. 2A and B). In addition, the densities of neurons, astrocytes 
and microglia did not significantly differ between Cont and Nes-STAT3 

Fig. 1. Reporter gene expression was induced in both cortical neurons and astrocytes before injury, and additionally in the PRAs after injury in Nes-GFP mice. 
Immunostaining images of reporter gene (GFP) and markers for astrocytes (S100β), neurons (NeuN) and microglia (Iba1) (A) and recombination efficiency in as
trocytes (S100β+), neurons (NeuN+) and microglia (Iba1+) (B) in the cerebral cortex of Nestin-Cre:Rosa26-GFP (Nes-GFP) mice (n = 3, total 90 cells for each 
marker). Cell type marker-positive cells with and without reporter gene expression are indicated by arrows and arrowheads, respectively, in (A). Immunostaining of 
GFP and a reactive astrocyte marker (GFAP) (C), and the recombination efficiency in reactive astrocytes (GFAP+) (D) in the perilesional region of Nes-GFP mice at 7 
days post-injury (dpi) (n = 3, total 90 cells). 
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mice (Fig. 2C). The density of GFAP+ cells was not measured because it 
is too low and significantly fluctuates depending on the cortical areas, 
primarily due to the presence of clusters of GFAP+ cells along large 
blood vessel (Fig. 2A, arrows). On the other hand, the accumulation of 
STAT3 in the nuclei of GFAP+ reactive astrocytes after injury was 
largely abolished in both the perilesional (PR) and distal (DR) regions at 
7 dpi in Nes-STAT3 mice (Fig. 3A). The densities of GFAP+/STAT3+
cells in the PR (15.3 ± 5.8 cells/mm2) and DR (9.0 ± 1.0) of Nes-STAT3 
mice were 88% and 85% significantly lower than in the PR (134.3 ±
42.7) and DR (59.3 ± 11.0) of Cont mice, respectively (Fig. 3B). These 

results indicate that STAT3 is activated exclusively in astrocytes after 
injury, and this STAT3 activation was largely abolished in Nes-STAT3 
mice. The exclusive activation of STAT3 in astrocytes suggests that the 
deletion of Stat3 in non-astrocytic cells, including neurons, has a limited 
impact on the pathology after injury. Thus, the similarity of brain cells 
between Cont and Nes-STAT3 mice before injury, along with the 
abolition of astrocyte-selective STAT3 activation after injury in Nes- 
STAT3 mice, suggest that the difference between Cont and Nes-STAT3 
after injury is primarily due to the extensive and non-selective abla
tion of reactive astrocytes resulting from the STAT3 abolition. It is 

Fig. 2. Distribution, morphology and density of neurons, astrocytes and microglia were not significantly different between control and Nes-STAT3 mice. 
Low (A) and high (B) magnification images of NeuN, S100β, Iba1 and GFAP immunostaining, and the densities of neurons (NeuN), astrocytes (S100β) and microglia 
(Iba1) (C) in the cerebral cortex of control (Cont, n = 4) and Nestin-Cre:Stat3f/f (Nes-STAT3, n = 4) mice. Mean ± SD. ns, not significant by Student’s t-test. The arrows 
in (A) indicate clusters of GFAP+ cells along large blood vessels. 
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noteworthy that some reactive astrocytes lacking nuclear STAT3 accu
mulation in Nes-STAT3 mice (Fig. 3A right) are larger than those in Cont 
(Fig. 3A left). These characteristics of reactive astrocytes are supposed to 
reflect astrocyte activation in the absence of STAT3 signaling or in the 
perilesional region with impaired wound healing, as mentioned later. 

3.2. Extensive and non-selective ablation of reactive astrocytes exacerbate 
injury by accelerating inflammation and BBB disruption in Nes-STAT3 
mice 

The ablation of reactive astrocytes and its impact on wound healing 
in Nes-STAT3 mice at 7 dpi were investigated. The size of lesion core 
(LC) visualized by Nissl staining in Nes-STAT3 mice (404.7 ± 25.9 A.U.) 
was 27% significantly larger than that in Cont mice (316.83 ± 29.10) 
(Fig. 4A and B). The density of GFAP+ fibers in both the PR (5.99 ± 0.82 
A.U.) and DR (2.79 ± 1.07) of Nes-STAT3 mice was 82% and 84% 
significantly lower than that in the PR (33.77 ± 6.28) and DR (17.81 ±
5.32) of Cont mice (Fig. 4C and D). The remaining GFAP+ reactive as
trocytes in Nes-STAT3 mice likely reflect the 84% recombination effi
cacy of Nestin-Cre in reactive astrocytes, as described for Fig. 1D. 
However, the contribution of GFAP+ cells in uninjured mice, as shown 
in Fig. 1A and B, and the STAT3-independent activation, as mentioned 
for Fig. 3 cannot be excluded. The density of perilesional Nissl+ neurons 
in Nes-STAT3 mice (73.66 ± 14.57 cells/mm2) was 72% significantly 
lower than that in Cont mice (261.66 ± 40.46) (Fig. 4E). These results 
indicate that the extensive ablation of both perilesional and distal 
reactive astrocytes exacerbated injury, as reflected by LC size and per
ilesional neuronal density in Nes-STAT3 mice. In addition, the ablation 
of reactive astrocytes in Nes-STAT3 mice likely impaired perilesional 
tissue recovery, a process evidenced by the reduction of LC size and the 

expansion of perilesional region containing disorganized neurons, be
tween 4 and 7 dpi in our previous study (Suzuki et al., 2012). 

The impact of extensive and non-selective reactive astrocyte ablation 
was further analyzed with a focus on inflammation and BBB disruption. 
The density of perilesional CD68+ microglia in Nes-STAT3 mice (198.3 
± 26.6) was 137% significantly greater than in Cont (83.5 ± 13.5) 
(Fig. 5A and B). Similarly, the fluorescence intensity indicating perile
sional IgG deposit in Nes-STAT3 mice (55.3 ± 19.0) was 368% signifi
cantly greater than in Cont mice (11.8 ± 5.8) (Fig. 5C and D). According 
to our previous study, the number of CD68+ microglia increases from 4 
dpi to 7dpi, whereas IgG deposition at 4 dpi is largely cleared by 7 dpi in 
the PR (Suzuki et al., 2012). Therefore, these results suggest the accel
erated accumulation of CD68+ microglia and impaired clearance of IgG, 
likely resulting from increased inflammation and BBB disruption, 
respectively, in Nes-STAT3 mice. 

3.3. PRA-specific inducible recombination with Gfap-CreERT2 

We examined several Cre driver mouse strains for PRA-selective 
knockout and found a PRA-selective recombination by Gfap-CreERT2. 
GFAP-GCaMP mice were treated with tamoxifen one day before the 
photo injury and then reporter gene expression at 7 dpi was examined by 
GFP immunofluorescence staining. As shown in Fig. 6A, the majority of 
GFP+ cells were PRAs. The density of GFP+ cells in the PR (11.25 ±
2.87) was significantly higher than that in the DR (1.75 ± 1.70), and 
GFP+ cells in the DR were almost negligible (Fig. 6B). These results 
suggest that GFAP-STAT3 allows a PRA-selective ablation. 

Fig. 3. Astrocyte-selective activation of STAT3 after injury was abolished in Nes-STAT3 mice. 
GFAP and STAT3 immunostaining images (A) and the density of GFAP+/STAT3+ cells (B) in the cerebral cortex of Cont (n = 3) and Nes-STAT3 mice (n = 3) at 7 dpi. 
The boundaries between lesion core (LC), perilesional (PR) and distal (DR) regions are indicated by white dashed lines. Mean ± SD. **p < 0.01, Student’s t-test. 
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3.4. Partial PRA ablation exacerbated injury by increasing inflammation 
and BBB disruption in GFAP-STAT3 mice 

The ablation of PRAs and its impact on wound healing in GFAP- 
STAT3 mice at 7 dpi were investigated. The influence of tamoxifen 
was excluded by treating control mice with tamoxifen as for GFAP- 
STAT3. The size of LC in GFAP-STAT3 mice (412.6 ± 58.2) was 40% 
significantly larger than that in Cont mice (294.6 ± 28.2) (Fig. 7A and 
B). In the PR, the density of GFAP+ fibers in GFAP-STAT3 mice (20.1 ±
2.9) was 45% significantly lower than that in Cont mice (36.5 ± 8.3). 
However, in the DR, the density in GFAP-STAT3 mice (11.80 ± 2.60) 
was not significantly different from that in Cont mice (16.03 ± 2.31) 
(Fig. 7C and D). This indicates that the ablation of reactive astrocytes in 
GFAP-STAT is partial and selective to PRAs. The density of perilesional 
Nissl+ neurons in GFAP-STAT3 (155.7 ± 31.0) was 53% significantly 
lower than control (335.3 ± 46.4) (Fig. 7E). The exacerbation of injury 
was further analyzed with a focus on inflammation and BBB disruption. 

The density of perilesional CD68+ microglia in GFAP-STAT3 mice 
(171.0 ± 20.7) was 86% significantly greater than in Cont mice (91.5 ±
13.6) (Fig. 8A and B). Similarly, the fluorescence intensity indicating 
perilesional IgG deposit in GFAP-STAT3 mice (24.8 ± 12.3) was 211% 
significantly greater than in Cont mice (7.9 ± 5.4) (Fig. 8C and D). These 
results indicate that the partial and selective ablation of PRA in GFAP- 
STAT3 exacerbated the injury to a similar extent as the extensive and 
non-selective ablation of reactive astrocytes in the Nes-STAT3. In 
addition, the exacerbations of injury in GFAP-STAT3 and Nes-STAT3 
likely result from a similar increase of inflammation and BBB disruption. 

3.5. Elimination of PRAs after wound healing 

In our previous study, the reduction of LC size saturated at 30 dpi 
(Suzuki et al., 2012), presumably due to the completion of wound 
healing. Thus, the fate of PRAs after wound healing was examined by 
comparing the GFAP and GFP immunostaining in GFAP-GCaMP6 mice 

Fig. 4. Extensive and non-selective ablation of reactive astrocytes exacerbated injury in Nes-STAT3 mice. 
Low magnification Nissl staining images of injury (A) and LC size (B) in Cont and Nes-STAT3 mice at 7 dpi. High magnification images of GFAP immunostaining and 
Nissl staining (C) and the density of GFAP+ fibers in the PR or DR (D) or Nissl+ neurons in the PR (E) in Cont (n = 4 for D and n = 3 for E) and Nes-STAT3 mice (n = 4 
for D and n = 3 for E) at 7 dpi. Mean ± SD. **p < 0.01, Student’s t-test. 
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at 7 dpi and 56 dpi (Fig. 9A and B). The density of GFAP+ fibers at 56 dpi 
(8.62 ± 2.69) was 70.9% significantly lower than that at 7 dpi (29.59 ±
7.03) in the PR. In addition, the majority of GFP+ cells were GFAP+ and 
GFP+/GFAP- cells were negligible at both 7 dpi and 56 dpi as shown in 
Fig. 9C. These results indicate that the PRAs are largely eliminated and 
persist as reactive astrocytes after wound healing. 

4. Discussion 

The role of PRAs in wound healing after closed head injury was 
investigated by ablating reactive astrocytes after the photo injury. Based 
on a series of preceding studies involving the ablation of PRAs in Nes- 
STAT3 mice after spinal cord injury (Okada et al., 2006; Renault- 
Mihara et al., 2017), we initially examined the efficiencies of Nestin-Cre 

after the photo injury. Nes-GFP mice showed reporter gene expressions 
in both normal cortical neurons and astrocytes, as well as in the PRAs. 
Meanwhile, Nes-STAT3 mice, whose brain cells were indistinguishable 
from control mice, showed the abolition of astrocyte-selective STAT3 
activation. Thus, Nes-STAT3 mice were suggested as a model for 
studying the influences of extensive and non-selective ablation of reac
tive astrocytes on wound healing. In addition, we established a condi
tion for PRA-selective recombination by Gfap-CreERT2. GFAP-GCaMP 
showed a reporter gene expression specifically in the PRAs and the 
ablation in GFAP-STAT3 was partial and selective to the PRAs. Nes- 
STAT3 (82% ablation of PRAs) and GFAP-STAT3 (45% ablation of 
PRAs) showed similar exacerbation of injury with increased LC size 
(27% and 42% increases in Nes-STAT3 and GFAP-STAT3, respectively) 
and decreased density of perilesional neurons (72% and 52% decreases). 

Fig. 5. Increased inflammation and BBB disruption in Nes-STAT3 mice. 
GFAP and CD68 immunostaining images (A) and the density of CD68+ cells in the PR (B) in Cont and Nes-STAT3 mice at 7 dpi. Arrowheads indicate CD68+ cells in 
the PR in (A). GFAP and IgG immunostaining images (C) and the intensity of IgG immunofluorescence in the PR (D) in Cont (n = 3) and Nes-STAT3 (n = 3) mice at 7 
dpi. Mean ± SD. **p < 0.01, *p < 0.05, Student’s t-test. 
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The results in Nes-STAT3 and GFAP-STAT3 mice were not compared 
statistically due to differences in Tamoxifen treatment for their respec
tive control mice. Nevertheless, the outcome of partial and selective PRA 
ablation in GFAP-STAT3 mice appears to be comparable to that of 
extensive and non-selective reactive astrocyte ablation in Nes-STAT3 
mice. In addition, this exacerbation of injury was accompanied by a 
similarly increased inflammation and BBB disruption, as reflected by 
increases in perilesional CD68+ microglia (137% and 86% increases) 
and IgG deposition (368% and 221% increases), respectively. These 
results indicate that the incomplete accumulation of PRAs impairs 
wound healing by increasing inflammation and BBB disruption. In 
addition, tracing the fate of PRAs through selective reporter gene 
expression using GFAP-CreERT2 revealed that the majority of PRAs 
persisted as GFAP+ reactive astrocytes after wound healing and the 
reduction of PRAs. This suggests that PRAs are cleared after wound 
healing without contributing to the replenishment of brain cells as stem 
cells. 

The present results showing the reporter gene expression in both 
neurons and astrocytes by Nestin-Cre is consistent with a number of 
studies using the same mouse strain. Nestin-Cre induces reporter gene 
expression in neural stem cells in both the developing spinal cord and 
brain (Dubois et al., 2006), and is widely used for ubiquitous reporter 
gene expression, as well as conditional knockout in the adult spinal cord 
and brain (Di Malta et al., 2012; Jia et al., 2016). We speculate that the 
reports showing the exclusive reporter gene expression in PRAs by 
Nestin-Cre after spinal cord injury (Okada et al., 2006; Renault-Mihara 
et al., 2017) may reflect additional reporter gene expression after injury 
and a more pronounced contrast than in the present study. This possi
bility arises because these studies utilized a reporter mouse strain car
rying multiple copies of the reporter gene (Kawamoto et al., 2000). 
Thus, it is most likely that the deletion of Stat3 occurred during devel
opment in some neurons and astrocytes, and then additionally in 
Nestin-expression reactive astrocytes after injury in both spinal cord 
(Okada et al., 2006; Renault-Mihara et al., 2017) and the present study. 
The deletion of Stat3 in neurons does not complicate the essential role of 
PRAs in wound healing, because STAT3 activation was limited in reac
tive astrocytes in both studies. Although GFAP is a pan marker of 
reactive astrocytes, GFAP-CreERT2 selectively induced reporter gene 
expression in the PRAs after photo injury. Since the GFAP promoter 
contains AP-1 and SP-1 binding sites that are activated by growth signals 
(Brenner and Messing, 2021), it was likely further activated in the PRAs 
during proliferation (Gazon et al., 2018). Our experimental conditions 
including the dose and timing of tamoxifen treatment, mouse strain and 

method of injury, for the PRA selective recombination, will accelerate 
future studies of this protective reactive astrocyte subpopulation. In 
addition, this method is advantageous over the classical method for 
ablating proliferative reactive astrocytes by thymidine kinase expression 
by Gfap promoter and Ganciclovir treatment, which also ablate intesti
nal GFAP+ cells and cause death after long-term treatment (Bush et al., 
1998). 

The robust exacerbation by the partial PRA ablation likely implies 
that the PRAs are actively involved in wound healing by anti- 
inflammatory and regenerative functions, rather than by glial scar for
mation. Perilesional proliferation of reactive astrocytes is generally 
thought to form glial scar and isolate toxic substances and cells in the LC 
(Okada et al., 2006). However, the involvement of PRAs in glial scar 
formation is complicated by recent studies indicating the production of 
scar-forming reactive astrocytes by NG2 glia (Hesp et al., 2018; Kirda
jova et al., 2021). In addition, a recent report showing the permeability 
of glial scar to toxic substances (Zbesko et al., 2018) raised a question 
about the protective function of glial scar. On the other hand, anti- 
inflammatory and regenerative functions characterize A2 reactive as
trocytes, which share proliferation and Nestin expression with the PRAs 
(Liddelow et al., 2017). Among the anti-inflammatory cytokines pro
duced by A2 reactive astrocytes (Luo, 2022), TGF-β not only suppresses 
inflammation, but also promotes tissue remodeling by inducing the 
production of extracellular matrix and tight junction proteins after 
various injuries (Lichtman et al., 2016). Indeed, the astrocyte-selective 
conditional knockout of TGF-β has been shown to cause severe infil
tration of immune cells, including CD68+ microglia (Cekanaviciute 
et al., 2014) and to accelerate BBB disruption (Ronaldson et al., 2009). 
Thus, the PRAs are likely categorized as A2 reactive astrocytes and their 
ablation may exacerbate the injury by reducing TGF-β. However, the 
present study does not exclude the involvement of other reactive 
astrocytes-derived anti-inflammatory cytokines, such as IL-10 (Shanaki- 
Bavarsad et al., 2022) and tissue remodeling growth factors, such as 
Sonic hedgehog and VEGF (Argaw et al., 2012). 

The clearance of PRA after wound healing is consistent with the 
report showing the reduction of A2 astrocytes after 14 dpi in ischemia 
model (Wang and Li, 2023). Resolution of gliosis, including clearance of 
activated astrocytes and microglia is important for avoiding chronic 
inflammation. However, its mechanisms, encompassing factors for 
intercellular communication, intracellular signaling, and glial cell fate 
are largely unknown. Although there have been reports of neuronal 
differentiation of Nestin-expressing reactive astrocytes after transfer to 
cell culture has been reported (Sirko et al., 2013), the PRA did 

Fig. 6. Perilesional reactive astrocyte selective recombination by Gfap-CreERT2. 
GFP and GFAP immunostaining images (A) and the densities of GFP+ cells (B) in the PR and DR of Gfap-CreERT2:Rosa26-GCaMP6 (GFAP-GCaMP, n = 4) mice at 7 
dpi. Mean ± SD. **p < 0.01, Student’s t-test. 
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differentiate into non-astrocytic cells in the present study. Thus, the it is 
suggested that the lesion environment after closed head injury prevents 
the PRAs from differentiating into other cell types. 

Our results suggest that the failure of PRA accumulation impairs the 
wound healing in patients with closed head injuries. Systemic and local 
inflammation are likely to inhibit the proliferation of PRAs, because our 
previous in vitro study showed the suppression of growth factor-induced 
astrocyte functions by proinflammatory cytokines (Morita et al., 2003) 
(Morita et al., 2007), and A2 reactive astrocytes are converted to A1 
subtype by pro-inflammatory substances (Liddelow et al., 2017). Thus, 
the biochemical measurement of inflammatory factors and molecular 
imaging techniques, like PET and SPECT, tailored for PRAs, will emerge 
as a future diagnostic method for monitoring wound healing after closed 

head injury. In addition, the therapeutic treatment to ensure the balance 
in the accumulation and clearance of PRAs will improve the outcome of 
closed head injury. The excessive accumulation or impaired clearance of 
PRAs may hinder recovery. This is because some extracellular matrix 
proteins produced by reactive astrocytes for tissue remodeling, espe
cially chondroitin sulfate proteoglycan are known to inhibit neurite 
growth during neuronal network reorganization (Bartus et al., 2012). 
Hence, both diagnostic and therapeutic strategies for PRAs should pri
oritize regulating their accumulation at an appropriate level. 

The present results demonstrate the essential role of PRAs in wound 
healing after the photo injury. Meanwhile, the wound healing in patients 
with closed-head injury is often unpredictable due to various factors 
such as gender (Mollayeva et al., 2018), age (Coulter and Forsyth, 

Fig. 7. The ablation of reactive astrocytes was accompanied by the increased of LC size and perilesional neuronal loss in GFAP-STAT3 mice. 
Low magnification Nissl staining images of LC (A) and LC size (B) in Cont (n = 5) and Gfap-CreERT2:Stat3f/f (GFAP-STAT3, n = 5) mice at 7 dpi. High magnification 
images of GFAP+ immunostaining and Nissal+ staining (C) and the density of GFAP+ fibers in the PR and DR (D) and perilesional neuron (E) in tamoxifen-treated 
Cont (n = 3) and GFAP-STAT3 mice (n = 3) at 7 dpi. Mean ± SD. **p < 0.01, Student’s t-test. 
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2019), genetic background (McAllister, 2015), nutritional status (Härtl 
et al., 2008), and medical history (Maas et al., 2017). Therefore, the 
clinical relevance of these findings will be further validated by analyzing 
the consequence of PRA ablation after the photo injury under various 
conditions. This study primarily focused on perilesional recovery at 7 
dpi and demonstrated the protective effects of PRAs during the sub- 
acute phase of brain injury. Further long-term physiological and 
behavioral analysis of the photo injury will establish the contribution of 
PRAs to the outcome of closed-head injury. The PRAs shared a number of 
characteristics with A2 reactive astrocytes. The single-cell gene 
expression profiles of reactive astrocytes after the photo injury are ex
pected to identify the PRAs as A2 reactive astrocytes and propose the 
photo injury as an experiment model for studying the role of A2 reactive 
astrocytes in wound healing. The gene expression profile may also reveal 
previously uncategorized subpopulations of reactive astrocytes in the 
distal region of the photo injury. Beyond the categorization of A1 and 
A2, recent proposals emphasize the importance of assessing reactive 
astrocytes in vivo using multiple molecular and functional parameters 

(Escartin et al., 2021). The distal reactive astrocytes differ from the PRAs 
in terms of proliferation and Nestin expression, while lacking the 
neurotoxic influences of A1 reactive astrocytes (Suzuki et al., 2012). In 
addition, the gene expression profile will address the mechanisms 
regulating the accumulation of PRA, as well as the anti-inflammatory 
and tissue repair functions of PRA, and lead to diagnosis and thera
peutic advancement based on this study to improve the outcome of 
closed head injury. 
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