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Abstract
Background: Fibrotic scar of the central nervous system (CNS) has dual roles for inhibiting axon
regeneration and promoting repair. However, it is poorly understood for formed and regulated
mechanisms. M2 macrophages regulate �brotic scar formation after heart, lung, kidney, and CNS injury,
but the regulated mechanisms are unclear. Interleukin 4 (IL4) plays a decisive role for M2 macrophage
polarization. Sonic Hedgehog (Shh) signaling can regulate �brosis of central and peripheral tissues.
Therefore, we hypothesized that IL4-dependent M2 macrophage regulated �brotic scar formation and
functional restoration via Shh/TGFβ1 axis in the early stage of cerebral ischemia in rats.

Methods: Rats after middle cerebral artery occlusion/reperfusion (MCAO/R) were injected with drugs and
adenovirus vectors by intracerebroventricular injection. Invasive macrophages, �brotic scar, Shh
signaling, neovascularization, and cell apoptosis were then detected. Cultured macrophages were treated
with drugs and adenovirus vectors, and evaluated the underlying mechanism using western blot and
immuno�uorescence. We also examined the effects of macrophage conditioned medium on the
functions of �broblasts.

Results: We found that cerebral ischemia induced persistent �brosis and massive macrophages
in�ltration in the ischemic core in rats. Moreover, numbers of in�ltrated macrophages were a robust
positive correlation with �bronectin (FN) expression. Depletion of circulating monocyte-derived
macrophages by clodronate liposomal attenuated �brotic scar. Further, IL4 was strongly enhanced in the
ischemic cerebral tissues and IL4-dependant M2 macrophages polarization was susceptible to �brotic
scar formation in the ischemic core in rats. At the same time, macrophage conditioned medium could
directly promote �broblast proliferation as well as extracellular matrix (ECM) proteins generation in vitro.
Using pharmacological and genetic approaches, we showed that Shh protein, secreted by M2
macrophage, promoted �brogenesis in vitro and in vivo, which was mediated by secreting key �brosis-
associated regulatory proteins TGFβ1 and MMP9. At the same time, IL4-afforded functional restoration
on angiogenesis, cell apoptosis and infarct volume in the ischemic core from MCAO/R rats were
markedly impaired by the Shh signaling inhibitor, and parallel with the extent of �brosis.

Conclusions: We identi�ed that IL4-dependent M2 macrophage regulated �brotic scar formation via
Shh/TGFβ1 axis, thereby enhancing angiogenesis and reducing ischemic injury.

Introduction
Ischemia, trauma, infection or in�ammation of brain or spinal cord form inner �brotic scar as well as
outer glial scar. After injury, reactive astrocytes are almost immediately located around the site and
formed glial scar, which have been extensively studied. A few days following injury, myo�broblasts
in�ltrated and ECM proteins deposited in the injury core and formed the �brotic scar. There is little
research on the formation and role of the �brotic scar after brain or spinal cord injury (SCI). Previous
studies showed that the �brotic scar hindered axon growth [1, 2]. However, recent reports suggest if
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�brotic scar formation is fully hindered, a cavity unfavorable for regeneration is left due to the non-
sealing of lesion following SCI [3]. On the contrary, if it was reduced, but not completely ablated,
regeneration of axons was enhanced and neurological function was improved after SCI [4, 5]. This
suggest that it may become a vital therapeutic strategy to stimulate repair after brain injury through
modulating moderate �brotic scar formation, and it is urgently needed to elucidate �brotic scar
generation related mechanism and its regulation.

After organ injury, tissue undergoes three stages, including in�ammation, new tissue formation and
remodeling. Excess in�ammatory cell invasion accounts for a central constitute in the pathogenesis of
�brogenesis in peripheral organs. In an experimental mouse model of autoimmune encephalomyelitis
and multiple sclerosis, in�ammatory cell in�ltration drives persistent �brotic scar of the CNS [6]. Among
them, macrophage exerts a vital function in initiating, maintaining and resolving tissue damage, and is a
key regulator of tissue �brosis [7, 8]. Conventionally, macrophages are categorized as M1 (pro-
in�ammatory) and M2 (anti-in�ammatory) types. M2 macrophages are involved in regulating �brotic scar
formation, promoting repair and alleviating injury after peripheral tissue injury, such as heart, lung and
kidney [9–11]. After SCI, M2 macrophages can promote migration and ECM secretion of PDGFRβ+

pericytes [12]. However, it is obscure whether macrophage recruitment is the culprit of the �brotic scar
formation and its underlying regulated signaling mechanisms after ischemic cerebral stroke.

IL4 is mostly produced by activated T cells and exerts a vital decisive function during the polarization of
M2 macrophages. IL4-mediated M2 macrophages can engulf cell debris, secrete anti-in�ammatory
factors, reduce neuronal damage, improve long-term neurological functions [13–15], and regulate heart,
kidney, skin, liver and lung �brosis [16–18]. Knockout of macrophage-speci�c IL4Rα diminish pancreatic
�brosis in chronic pancreatitis [19]. However, it remains to be clari�ed whether and how IL4-induced M2
macrophages regulate �brotic scar formation after ischemic cerebral injury.

The Shh pathway is constituted by Shh ligand, Gli transcription factor, and Smoothened (Smo) and
Patched-1 receptors. The Shh signal is widely involved in repairing and reconstructing tissues post-
ischemic brain injury [20–22], and in regulating �brous scar generation following kidney, lung, and liver
injury and glial scar generation post SCI or brain injury [10, 23–25]. However, it remains to be investigated
whether IL4-induced M2 macrophages regulated �brotic scar formation after ischemic cerebral stroke
through the Shh signaling. Therefore, we hypothesized that IL4-dependent M2 macrophage regulated
�brotic scar formation via Shh/TGFβ1 axis in the early stage of ischemic brain stroke in rats.

The present work revealed the close relation of macrophages with �brotic scar distribution spatio-
temporally after MCAO/R injury. IL4-dependant M2 macrophages polarization was susceptible to �brosis
in the ischemic core in rats. Moreover, IL4-dependant M2 macrophages secreted Shh protein to promote
�brogenesis in vitro and in vivo, thereby enhancing angiogenesis and decreasing ischemic injury, which
was mediated by secreting key �brosis-associated regulatory proteins transforming growth factor beta 1
(TGFβ1) and matrix metalloproteinase 9 (MMP9). These suggest that IL4-dependent M2 macrophage-
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derived Shh protein induces �brosis via Shh/TGFβ1 axis, thereby enhancing angiogenesis and reducing
ischemic injury, which is a promising new therapeutic target for stroke.

Methods
Experimental animals

200-250 g Male and one-day-old Sprague-Dawley (SD) rats were bought from the Department of Animal
Experiments, Chongqing Medical University. Afterwards, each rat was raised under SPF conditions of
24°C, 12-h/12-h light/dark cycle, and 60% humidity. The animals were allowed to drink water and eat food
freely. Each animal experiment was carried out following the related laws and relevant regulations
released by the Animal Experimental Committee of Chongqing Medical University, Chongqing, China.
Researchers who were blinded to our experimental settings were invited to measure outcomes.   

MCAO/R model

Intraluminal MCAO was performed to induce focal cerebral ischemia, according to our previous study
[21]. 

Intracerebroventricular catheterization and injection

This work conducted this process according to previous description [22]. In brief, after rat anesthesia, they
were placed onto the digital stereotaxic apparatus (RWD life science, Shenzhen, China). Thereafter, this
work inserted one 23-G guiding cannula (RWD life science, Shenzhen, China) in right lateral ventricle with
the Bregma-based coordinates below, 0.9-mm posterior, 3.6-mm ventral, as well as 1.5-mm lateral.
Thereafter, this work utilized a dental cement to secure the guide cannula, whereas a stainless steel wire
to seal it for preventing occlusion. After 7 days, MCAO/R was induced. In intracerebroventricular injection,
drug was added into the 10-µL Hamilton microsyringe-connected 27-G injection cannula, later, the
injection cannula was advanced in the guiding cannula by 0.5 mm of its tip. Rats in sham operation
group received identical operation with no MACO induction or cerebroventricular injection.

Cell culture 

The present work collected RAW264.7 cells in American Type Culture Collection (ATCC). After collection,
cells were kept within high-glucose Dulbecco’s modi�ed Eagle’s medium (DMEM) (Gibco, Beijing, China)
that contained 1% penicillin/streptomycin as well as 10% fetal bovine serum (FBS) (Gibco, Gaithersburg,
USA). 

Additionally, this work conducted induction of bone marrow-derived macrophages (BMDMs) according to
previous description [26, 27]. Brie�y, the present work collected bone marrow cells in male SD rats (4-
week-old) by �ushing femur and tibiae with DMEM. The rinse �uid was exposed to erythrocyte lysis to
remove red blood cells, followed by �ltration with the 70-µm cell strainer for removing bone fragments as
well as cell debris. Thereafter, we kept bone marrow cells within macrophage differentiation media



Page 6/41

(DMEM that contained 1% penicillin/streptomycin, 20ng/ml recombinant rat macrophage colony
stimulating factor (Cat: 400-28-10, PeproTech, USA), and 10% FBS). The next day, this work collected non-
adhering cells, followed by 1-week culture for generating BMDMs. On day 7, the adhering cells developed
into mature macrophages. 

Rat meningeal-derived �broblasts were isolated from one-day-old SD rats for primary culture according to
Redmond et al.’s approach after mild modi�cation [28]. In brief, this work cut up meninges, followed by 5-
min incubation using 0.125 % trypsin under 37 °C. After 15-min incubation using DMEM that contained
type IV collagenase (1 mg/ml) under 37 °C, the samples were subject to neutralization. After eliminating
large particles, this work inoculated cells within DMEM/F12 (Gibco, Beijing, China) that contained 10%
FBS under 37°C and 5% CO2 conditions overnight. Afterwards, non-adhering cells were eliminated,
whereas the adhering ones were further cultured to passage 3/4, and the primary �broblasts were
collected in later assays. 

Fibroblast-macrophage conditioned medium (MCM) co-culture was plated in a 1:1 ratio of complete
DMEM/F12 to MCM supplemented with 2% FBS and robotnikinin (Cat: HY-100515, Medchemexpress,
USA) (5 µM, an inhibitor of Shh) (co-culture media, CCM) for 72 h. Brie�y, this work incubated �broblasts
with DMEM/F12 that contained 2% FBS for a 24-h period, followed by 72-h stimulation using CCM.

Adenovirus vector transfection 

Various adenovirus vectors (ADV) were used to deliver either negative control (ADV1NC: 1×1010 PFU/ml)
or Shh knockdown (ADV7-Shh-Rat: 1×1010 PFU/ml), or to overexpress Shh (ADV11-Shh-Rat:
1×1010 PFU/ml). Adenoviruses of SHH-shRNA, adenoviruses of SHH and negative control were generated
from GenePharma (Shanghai, China). Adenoviruses intracerebroventricular injections (5 µl/rat) were
made four days prior to MCAO/R, the knockdown or overexpression e�ciencies of Shh were con�rmed by
the increased green �uorescent protein (GFP) intensity within cerebral tissue sections as well as western
blot assay within homolateral ischemic tissues.

For adenovirus transfection, this work inoculated RAW264.7 cells that achieved 70-80% cell density into
the 6-well plates, followed by infection by adenovirus at a multiplicity of infection (MOI) of 30 and
polybrene (5 µg/ml). After infection for 72 hours, DMEM that contained 10% FBS was used to replace the
original one, followed by 48-h incubation. At last, this work performed western blot assay for assessing
Shh protein level. 

Treatment

In order to investigate dynamic expressions of FN, Collagen type I (Col1), Shh and TGFβ1 post-cerebral
ischemic injury, rats were classi�ed as 3 groups, including (1) normal (Norm), (2) Sham, and (3) MCAO/R
groups, with 12 rats in each group.
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To examine the effect of clodronate liposomes on the depletion of circulating monocytes/macrophages,
based on previously described protocols [29]. Clodronate liposomes (Cat: 40337ES10, Liposoma B.V.,
Netherlands) at 2 ml per 200 g body weight was given, starting at 24 h after MCAO/R by vein injection
and then repeated on days 4, 10 (daily) (n = 4). Rats in vehicle group were injected with equivalent volume
of PBS-�lled liposomes.

To study the effect of IL4 on macrophage M2 polarization after MCAO/R, recombinant rat IL4 (Cat:
P6267, Beyotime Institute of Biotechnology, Jiangsu, China) (800 ng/d in 10 µl PBS) was designed to
achieve a constant infusion rate of 0.5 µL/h for 7 days by a minipump (model KDS LEGATO 130, RWD
life science, Shenzhen, China), starting from 2 h after MCAO/R. Rats in vehicle group were injected with
equivalent PBS volume. 

To study the expressions of Smo and Gli1 after MCAO/R in IL4-treated rats, rats were classi�ed as 5
groups, including (1) Sham (n=8) group, where animals were free of MCAO/R injury and
cerebroventricular injection; (2) ischemic/reperfusion vehicle (Veh or Con, n = 8) group. Animals were
exposed to 10 µl dimethyl sulfoxide (DMSO) once a day for a week from 2 h after MCAO/R; (3)
ischemia/reperfusion IL4-treated (IL4, n = 8) group. Rats were treated with 800 ng/d recombinant rat IL4
in 10 µl DMSO once a day for 7 days from 2 h after MCAO/R; (4) IL4+cyclopamine (IL4/Cyc, n = 8) group.
Rats were treated with 800 ng/d recombinant rat IL4 and 20 µM cyclopamine (Cyc) (Cat: HY-17024,
Medchemexpress, USA) in 10 µl DMSO once a day for 7 days from 2 h after MCAO/R. (5) cyclopamine
(Cyc, n = 8) group. Rats were treated with 20 µM Cyc in 10 µl DMSO once a day for 7 days from 2 h after
MCAO/R. Before administering the drug, rats were weighed every day.

To study the role of Shh signaling in �brogenesis after MCAO/R in rats, six groups were investigated: (1)
sham (Sham, n = 8) group. Rats without exposure to MCAO/R injury and cerebroventricular injection; (2)
ischemic/reperfusion vehicle (Veh or Con, n = 8) group. Rats were treated with 10 µl PBS once four days
prior to MCAO/R; (3) ischemia/reperfusion IL4 (IL4, n = 8) group. Rats were treated with 10 µl PBS once
four days prior to MCAO/R and 800 ng/d recombinant rat IL4 in 10 µl PBS once a day for 7 days from 2 h
after MCAO/R; (4) ischemia/reperfusion Ad-NC (Ad-NC, n = 8) group. Rats were treated with 5 µl
adenoviruses of negative control (Ad-NC) in 5 µl PBS once four days prior to MCAO/R and 10 µl PBS once
a day for 7 days from 2 h after MCAO/R; (5) ischemia/reperfusion Ad-shSHH or Ad-SHH (Ad-shSHH or Ad-
SHH, n = 8) group. Rats were treated with 5 µl adenoviruses of SHH-shRNA (Ad-shSHH) or adenoviruses
of SHH (Ad-SHH) in 5 µl PBS once four days prior to MCAO/R and 10 µl PBS once a day for 7 days from 2
h after MCAO/R; (6) ischemia/reperfusion IL4 plus Ad-NC or Ad-shSHH or Ad-SHH (IL4/Ad-NC or IL4/Ad-
shSHH or IL4/Ad-SHH, n = 8) group. Rats were treated with 5 µl adenoviruses of negative control (Ad-NC)
or SHH-shRNA (Ad-shSHH) or adenoviruses of SHH (Ad-SHH) in 5 µl PBS once four days prior to MCAO/R
and 800 ng/d recombinant rat IL4 in 10 µl PBS once a day for 7 days from 2 h after MCAO/R.

For investigating how IL4 affected M2 polarization of macrophages in vitro, BMDMs and RAW264.7 cells
were starved for 24 hours by incubation with DMEM including 2% FBS and subsequently stimulated with
recombinant rat IL4 (20 ng/mL) for two days. The control cells received a corresponding culture protocol
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without IL4 treatment. The supernatant MCM was gathered, centrifuged at 12000 g for 10 min, and
subsequently maintained at -80 °C. 

To investigate the function of Shh signaling in RAW264.7 cells for IL4-induced M2 polarization, �ve
groups were explored: (1) control (Con) group, cells were cultivated in DMEM containing 2% FBS for 72
hours; (2) 20 ng/mL IL4 (IL4) group, where DMEM that contained 2% FBS was utilized to incubate cells
for a 24-h period, followed by stimulation with 20 ng/mL recombinant rat IL4 for two days; (3) 10µM
recombinant mouse sonic hedgehog (Shh) group, where DMEM that contained 2% FBS was utilized to
incubate cells for a 24-h period, followed by stimulation with 10µM recombinant mouse sonic hedgehog
(Cat: HY-P7409, Medchemexpress, USA) for 48 hours; (4) IL4 plus Shh (IL4/Shh) group, where DMEM that
contained 2% FBS was utilized to incubate cells for a 24-h period, followed by stimulation with 20 ng/mL
recombinant rat IL4, 10µM recombinant mouse sonic hedgehog for 48 hours; (5) IL4 plus Shh and Cyc
(IL4/Shh/Cyc) group, where DMEM that contained 2% FBS was utilized to incubate cells for a 24-h period,
followed by stimulation with 20 ng/mL recombinant rat IL4, 10µM recombinant mouse sonic hedgehog
and 10µM Cyc for 48 hours. The supernatant RAW264.7 conditioned medium was collected.

For analyzing how Shh signaling affected the M2 polarization of BMDMs mediated by IL4, cells were
divided into 5 groups, including (1) control (Con) group, where DMEM containing 2% FBS was used to
incubate cells for 72 hours; (2) 20 ng/mL IL4 (IL4) group, where DMEM that contained 2% FBS was
utilized to incubate cells for a 24-h period, followed by stimulation with 20 ng/mL recombinant rat IL4 for
48 hours; (3) 0.5% DMSO (DMSO) group, where DMEM that contained 2% FBS was utilized to incubate
cells for a 24-h period, followed by addition with 0.5% DMSO for 48 hours; (4) 10µM Cyc (Cyc) group,
where DMEM that contained 2% FBS was utilized to incubate cells for a 24-h period, followed by addition
with 10µM Cyc plus 0.5% DMSO for 48 hours; (5) IL4 plus Cyc (IL4/Cyc) group, where DMEM that
contained 2% FBS was utilized to incubate cells for a 24-h period, followed by stimulation with 20 ng/mL
recombinant rat IL4, 10µM Cyc and 0.5% DMSO for 48 hours. This work then obtained the supernatant
BMDMs conditioned medium. 

To investigate the impact of MCM on the production of Col1 and FN proteins in �broblasts in vitro, cells
were divided into 6 groups, including (1) control (Con) group, where DMEM/F12 containing 2% FBS was
utilized to culture �broblasts for 72 h after starvation; (2) DMEM+IL4+Cyc (DMEM/IL4/Cyc) group, where
a mixture constituted by DMEM and complete DMEM/F12 (volumetric ratio, 1:1) that contained 20 ng/mL
recombinant rat IL4, 10µM Cyc, 5 µM robotnikinin and 2% FBS was used to culture cells for 72 h after
starvation; (3) MCM without IL4 treatment (MCM/DMEM) group, where a mixture constituted by complete
DMEM/F12 and MCM without IL4 treatment (volumetric ratio, 1:1) containing 5 µM robotnikinin and 2%
FBS for 72 h after starvation was used to culture �broblasts; (4) MCM with IL4 treatment (MCM/IL4)
group, where a mixture constituted by complete DMEM/F12 and MCM with IL4 treatment (volumetric
ratio, 1:1) containing 5 µM robotnikinin and 2% FBS for 72 h after starvation was used to culture
�broblasts; (5) MCM with IL4 plus Cyc treatment (MCM/IL4/Cyc) group, where a mixture constituted by
complete DMEM/F12 and MCM with IL4 plus Cyc treatment (volumetric ratio, 1:1) containing 5 µM
robotnikinin and 2% FBS for 72 h after starvation was used to culture cells; (6) MCM with Cyc treatment
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(MCM/Cyc) group, where a mixture constituted by complete DMEM/F12 and MCM with Cyc treatment
(volumetric ratio, 1:1) containing 5 µM robotnikinin and 2% FBS for 72 h after starvation was used to
culture cells. 

To explore the function of Shh signaling in RAW264.7 cells for IL4-induced M2 polarization, cells were
classi�ed as 6 groups below, including (1) control (Con) group, where DMEM containing 2% FBS was
used to culture cells for 72 hours; (2) Ad-NC + PBS (Ad-NC/PBS) group, where cells were infected with Ad-
NC at a MOI of 30 and polybrene (5 µg/ml) for 72 h, then cultured in DMEM containing 2% FBS for 24
hours, and then stimulated with 10 µl PBS for 48 hours; (3) Ad-NC + 20 ng/mL IL4 (IL4/Ad-NC) group,
where cells were infected with Ad-NC at a MOI of 30 and polybrene (5 µg/ml) for 72 h, then cultured in
DMEM containing 2% FBS for 24 hours, and then stimulated with 20 ng/mL recombinant rat IL4 for 48
hours; (4) Ad-shSHH + PBS (Ad-shSHH/PBS) group, where cells were infected with Ad-shSHH at a MOI of
30 and polybrene (5 µg/ml) for 72 h, then cultured in DMEM containing 2% FBS for 24 hours, and then
stimulated with 10 µl PBS for 48 hours; (6) Ad-shSHH + 20 ng/mL IL4 (IL4/Ad-shSHH) group, where cells
were infected with Ad-shSHH at a MOI of 30 and polybrene (5 µg/ml) for 72 h, then cultured in DMEM
containing 2% FBS for 24 hours, and then stimulated with 20 ng/mL recombinant rat IL4 for 48 hours.

Determination of cerebral infarct volume 

At 7 days post-MCAO/R, 6 rats from every group were killed after deep anesthesia. Thereafter, brain
tissues were rapidly dissected on ice, followed by 20-min immediate freezing under −20°C and slicing in
2-mm coronal sections. Later, sections were incubated with 1% solution 2,3,5-triphenyltetrazolium
chloride monohydrate (TTC) (Cat: #G3005, Solarbio, Beijing, China) for a 30-min period in dark under
37°C, �xed using 4% paraformaldehyde for 12 hours at room temperature. TTC-stained sections were
photographed. Image J software was utilized for measuring infarct area, and formula below was utilized
to determine infarction percentage: infarct area/total area of the ischemic hemisphere × 100% by one
researcher blinded to experimental design.  

TUNEL staining

Apoptotic cells in brain tissues were probed with TUNEL Cell Apoptosis Detection Kit (Cat: G1502-
50T, Servicebio, Wuhan, China) in line with speci�c protocols. In brief, after 15-min �xation using 4% PFA,
sections were subject to 10-min incubation using proteinase K solution under 37 °C, 10-min treatment
with equilibration buffer under ambient temperature, and rinsing by PBS in each of the above steps.
Thereafter, this work incubated each section using �uorescein reaction mixture (Equilibration Buffer:
TMR-5-dUTP Labeling Mix: Recombinant TdT enzyme = 50:5:1) under 37 °C for a 1-h period, followed by
DAPI counter-staining. After rinsing by PBS, each slide was subject to air drying as well as mounting with
anti-�uorescein buffer. The Zeiss LSM 800 confocal microscope (Zeiss, Braunschweig, Germany) was
utilized for imaging. This work then measured apoptotic cell percentage by dividing nuclear-condensed
cell count by overall cell number under all experimental conditions. 

Histology staining
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Picric-sirius red staining was used to observe collagen deposition as manufacturer instructions (Abcam,
USA). After depara�nage, each section was subject to hydration, washing, 60-min staining using 0.1%
picro-sirius red, as well as 2-min washing using the 0.01M hydrochloric acid. Thereafter, each section was
processed with dehydration and sealing using the mounting medium. Later, a digital camera-equipped
microscope (Zeiss, Braunschweig, Germany) was employed for visualizing �bers, whereas Image J
software was utilized to quantitatively evaluate each section. 

Western blot (WB) analysis

Following euthanasia, brain tissues were dissected in lesion center rapidly, followed by freezing with dry
ice. Thereafter, RIPA buffer that contained protease/phosphatase inhibitors was utilized for protein
isolation. BCA assay (Beyotime Institute of Biotechnology, Jiangsu, China) was utilized to measure
protein content. SDS-PAGE was applied in separating equal amounts of protein from different groups,
followed by transfer onto PVDF membranes. Afterwards, 5% defatted milk was utilized to block PVDF
membranes under ambient temperature for a 1-h period. Then, primary antibodies below were utilized for
incubation, monoclonal mouse anti-Gli1 (1:200, sc-515781, Santa Cruz Biotechnology, USA), monoclonal
rabbit anti-TGF beta 1 (1:1000, ab215715, Abcam, USA), anti-Col1 (1:1000, #72026, Cell Signaling
Technology, USA), anti-�bronectin (1:1000, ab268020, Abcam, USA), anti-GAPDH (1:1000, 60004-1-Ig,
Proteintech, Wuhan, China), polyclonal rabbit anti-Smo (1:1000, ab236465, Abcam, USA), anti-MMP9
(1:1000, 10375-2-AP, Proteintech, Wuhan, China), anti-Shh (1:1000, ab19897, Abcam, USA) with gentle
shaking overnight under 4 °C. Membranes were rinsed and later further incubated using secondary
antibodies under ambient temperature for a 1-h period. The luminescent image analyzer (Bio-Rad,
Chemidoc) was utilized for quantifying protein bands. Images were analyzed by Image J software. The
protein level was determined by mean signal gray level, with GAPDH being the reference. Each assay was
conducted in triplicate.  

Immunocytochemistry and Immuno�uorescence (IF)

This work harvested cells in vitro and brain tissues and stained them according to previous description.
Firstly, cells or tissues were �xed for 30-min by 4% PFA, rinsed by PBS, permeabilized for 20-min using
0.3% Triton X-100 under ambient temperature, washed again by PBS thrice, treated with tris-EDTA
solution (pH 9.0) for antigen retrieval, heated in a microwave for 10-15 min, rinsed by PBS thrice again,
and blocked for 30 min by 10% normal goat serum under 37 °C, respectively. Then, they were incubated
for overnight with primary antibodies under 4 °C, including monoclonal mouse anti-�bronectin (1:100,
66042-1-Ig, Proteintech, Wuhan, China), anti-F4/80 (1:50, sc-377009, Santa Cruz Biotechnology, USA),
monoclonal rabbit anti-Col1 (1:100, #72026, Cell Signaling Technology, USA), anti-Vimentin (1:100,
#5741, Cell Signaling Technology, USA), polyclonal rabbit anti-CD206 (1:150, ab64693, Abcam, USA),
anti-α-SMA (1:100, 14395-1-AP, Proteintech, Wuhan, China), anti-CD31 (1:100,  ab281583, Abcam, USA)
and anti-Shh (1:70, ab19897, Abcam, USA) antibodies, rinsed by PBS, followed by further secondary
antibody incubation, including goat anti-mouse and anti-rabbit IgG Dylight 488/594 (1:200, Abbkine,
Wuhan, China) antibodies for 1 h at 37 °C, respectively. Cellular nuclei were stained with DAPI for 10 min
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in the dark. This work treated negative controls in a similar manner with no primary antibody incubation.
At last, the Zeiss LSM 800 confocal microscope (Zeiss, Braunschweig, Germany) or Dragon�y 200 high
speed confocal microscope (Andor, Oxford, UK) was employed to observe cells/tissues. All assays were
conducted in triplicate. Ten or more �elds were randomly selected in each section to quantitatively
analyze positively-stained area with Image J software during computer-assisted densitometry.  

Immunohistochemistry (IHC)

Each slide was subject to depara�nage and rehydration routinely. In brief, after washing by PBS, slides
were treated with 3% H2O2 for a 10-min period to block endogenous peroxidase activities, and antigenicity
was retrieved by boiling each slide for a 20-min period within the tris-EDTA antigen retrieval buffer
(pH=9.0). Slides were incubated using bovine serum albumin under ambient temperature for a 15-min
period, and then using primary antibodies below, monoclonal rabbit anti-Col1 (1:50, #72026, Cell
Signaling Technology, USA), anti-TGF beta 1 (1:200, ab215715, Abcam, USA) overnight at 4 °C, followed
by another 20-min using poly-HRP and polymer Helper anti-rabbit IgG (PV-9001) under 37 ◦C. A negative
control (without primary antibody) was also performed. DAB and hematoxylin were utilized to be
chromogen and nuclear counter-stain, separately. Each section was later processed by dehydration,
sealing and cover-slipping. Each assay was conducted in triplicate.

ELISA analysis

To examine IL-4/6/10 and IFN-γ levels, this work homogenized brain tissues within the extraction buffer,
and centrifuged the homogenate to obtain supernatants. Thereafter, cytokines levels in supernatants
were determined using the commercially available Quantikine ELISA kits (Multi Sciences, Hangzhou,
China) following speci�c instructions. 

Statistical analysis

This work applied Shapiro–Wilk test for assessing whether data were normally distributed. Student’s t-
test was utilized for evaluating differences of both groups. One-way analysis of variance (ANOVA) was
employed for comparing several groups. Co-expression pro�les were determined by Spearman’s
correlation. Results were represented by mean ± SD. P < 0.05 stood for statistical signi�cance. Prism 8
software (GraphPad Software, USA) was adopted for performing statistical analysis in the present study. 

Results
MCAO/R injury signi�cantly induced �brosis of the ischemic core in rats 

After tissue injury, �brotic scar mostly consists of myo�broblasts and excess ECM, primarily containing
collagen, FN, and laminin. Therefore, we �rstly evaluated whether MCAO/R injury induced occurrence of
�brotic scar in the ischemic core in rats. Immuno�uorescence, immunohistochemical and Picro-Sirius Red
staining showed that FN (Fig.1 A-D) and Col1(Fig.1 E-L) deposition in the ischemic core were signi�cantly
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increased at 7d and 14d following MCAO/R than those in the Sham group. Moreover, western blot
analysis also demonstrated that FN and Col1 expressions were obviously enhanced in the MCAO/R
groups than those in the Norm and Sham groups (Fig.1 M-O), and peaked at 14 d, and then gradually
decreased. According to the obtained results, MCAO/R injury could signi�cantly induce �brosis of the
ischemic core in rats.

Blood monocyte-derived macrophages mediated �brogenesis in the ischemic core after MCAO/R in rats.

Monocyte-derived macrophages and resident microglia represent the predominant innate immunocyte
subpopulations within CNS, which are partly similar in cell markers. F4/80 serves as the monocyte-
derived macrophages marker with relative high speci�city [30]. We �rstly determined temporal and
dynamic response of macrophages after rat MCAO/R injury. As revealed by immuno�uorescence (IF)
staining, excessive F4/80-positive cell in�ltration was observed at ischemic core at 3d after MCAO/R,
which was not seen in contralateral hemisphere and sham group (Fig. 2A-D). Meanwhile, F4/80-positive
cell number notably increased at ischemic core at 7d and 14d than those at 3d after MCAO/R, and
peaked at 14d (Fig. 2E-I). F4/80-positive cells had a uniform round shape without apparent processes. 

Further, immuno�uorescent double staining demonstrated that FN-positive �bres and F4/80-positive
macrophages were intertwined, and this state became prominent over the time course of injury (Fig. 2J-
W). Pearson correlation analysis suggested a robust positive association between numbers of F4/80-
positive macrophages and FN �uorescence intensity (Fig. 2X). 

Next, circulating monocyte/macrophages were transiently depleted with clodronate-�lled liposome (Clo)
(Fig. 3A), which could mediate macrophage ‘suicide’ [31]. After clodronate-�lled liposome treatment for 7
d following cerebral ischemia in rats, F4/80-positive cell quantity at ischemic core were decreased for
two-fold than that of vehicle-�lled liposome (Veh) group (Fig. 3B-I). At the same time, FN-positive �bers
and Col1-positive �bers were decreased for 62.1% and 64.3%, respectively, in the clodronate-�lled
liposome group than that in the Veh group at 7d post-MCAO/R in rats (Fig. 3J-O). In addition, WB
suggested obviously reduced FN and Col1 protein expressions in the clodronate-�lled liposome group
compared with the Veh group at 7d post-MCAO/R in rats (Fig. 3P, Q). 

These results con�rmed that blood monocyte-derived macrophages contributed to the development of
�brotic scar in the early stage of ischemic core after MCAO/R in rats.

IL4-induced M2 macrophages participated in �brogenesis after MCAO/R

Macrophages have been described for 2 main polarization statuses, including classically-activated type 1
(M1) as well as alternatively-activated type 2 (M2). M1 macrophage polarization can be triggered by IFNγ
or LPS. IL4/10/13, IL1 receptor ligands, toll-like receptor or immune complexes can induce M2
macrophage polarization. M2 macrophages promote PDGFRβ+ pericytes migration and form �brotic scar
following mouse SCI [12]. Our above results have shown that circulating monocyte-derived macrophages
mediate �brotic scar formation in the ischemic core after MCAO/R in rats. Therefore, IL4 was used to
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induce M2 macrophage polarization to further investigated whether M2 macrophages play a role in
�brotic scar formation after MCAO/R. 

First, we determined concentration of IL4, IFNγ, IL 6 and IL10 in the ischemic core after MCAO/R and
found that level of the IL4 was signi�cantly elevated within 1 day following cerebral ischemia, maintained
for at least 7 d, and then collapsed at 14 d (Fig. 4B). Meanwhile, a higher co-expression of F4/80-positive
and CD206-positive (a M2 macrophage marker) cells at ischemic core were found in the IL4-treated rats
in comparison with the PBS-treated rats (Fig. 4E-K) at 7 d after MCAO/R. At the same time, CD206-
positive cells were signi�cantly increased after Raw264.7 cells (Fig. 4 L, M) or BMDMs (Fig. 4 N, O) were
stimulated with recombinant rat IL4 for 2 d in vitro.

Fibroblasts are vital in ECM remodeling and deposition. Macrophages form the stable association with
�broblasts for the reciprocal control of cell survival and proliferation [27]. In order to investigate whether
�broblasts were directly related to macrophages, the present work analyzed how the RAW264.7 or
macrophage conditioned medium (RCM or MCM) affected those cultivated �broblasts (Figure 5A).
According to EdU cell proliferation assay, IF staining and WB assay, MCM/DMEM increased numbers of
EdU-positive proliferating �broblasts (Fig. 5B-E), α-SMA-positve myo�broblast (Fig. 5 F-I), and production
of col1 (Fig. 5J-M, X) and FN (Fig. 5N-W, X) than those in the control group, while MCM/IL4 was found to
further enhance effects of MCM/DMEM. Moreover, RCM/DMEM and RCM/IL4 had same effects as
MCM/DMEM and MCM/IL4 (Fig. 6).

Next, we investigated the effects of IL4 on �brogenesis and macrophages M2 polarization after MCAO/R
in vivo. Based on WB assay and IF or IHC staining, Col1 and FN deposition, CD206-positive macrophages
were obviously enhanced in the IL4-treated groups than those in the PBS-treated groups at 7 d after
MCAO/R (Fig.7). Pearson correlation analysis demonstrated a robust positive correlation between
numbers of CD206-positive macrophages and FN �uorescence intensity (Fig. 7I). Furthermore, according
to WB assay, Col1 and FN protein levels at ischemic core at 14 d after MCAO/R were enhanced in the IL4-
treated groups than those at 7 d following MCAO/R (Fig.7 M-O). These results suggest that IL4-induced
M2 macrophages participate in �brogenesis after MCAO/R. 

IL4-dependent M2 macrophages secreted Shh to promote �brogenesis. 

The Shh signaling exerts a vital function in the pathogenesis of lung, kidney, skin and liver �brosis [10,
32]. Our above results suggest that M2 macrophages mediate �brosis of the ischemic core after
MCAO/R. Therefore, we further investigated whether IL4-induced M2 macrophage mediated �brosis after
MCAO/R by secreting Shh protein.

First, we investigated whether the Shh signaling pathway was activated during IL4-induced M2
macrophage polarization in BMDMs and RAW264.7 cells in vitro and MCAO/R model in vivo. Shh, Smo
and Gli1 are vital constituents of the Shh pathway. When the Shh pathway was activated, Gli1, Shh and
Smo levels were increased.  
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In BMDM cells, IL4 treatment enhanced expressions of Smo and Gli1 proteins which was signi�cantly
inhibited by Smo receptor inhibitor Cyc (Fig. 8A). However, treatment of RAW264.7 cells with Shh alone
had little effect on the Gli1 and Smo protein levels. Combined treatment with IL4 and Shh markedly
elevated Gli1 and Smo protein levels compared with Shh or IL4 alone group, which was markedly reduced
by combined treatment with IL4, Shh and Cyc (Fig. 8B). Additionally, knockdown of Shh via adenovirus
infection in Raw264.7 cells abrogated effects of IL4 on Gli1, Shh and Smo protein levels (Fig. 8C). 

Following cerebral ischemia, Shh protein expression was markedly enhanced as early as at 3 d, peaked at
7 d, and then declined in the ischemic core by WB assay (Fig. 8E). Based on IF double-labeling, obvious
immunoreactivity for Shh could be seen in F4/80-positive macrophages at 7 d, then the �uorescence
signal of Shh was gradually decreased at 14 d (Fig. 8D). Further, Smo and Gli1 proteins levels in the
ischemic core were notably increased at 7 d after ischemia in rats treated with recombinant rat IL4 by
intracerebroventricular injection compared with the sham and Veh groups, which was abrogated by
combined treatment of IL4 and Cyc (Fig. 8F). Shh and Smo protein levels were notably reduced in rats
treated with clodronate-�lled liposome for depleting circulating monocyte/macrophages for 7 days
compared with the PBS-treated groups in the ischemic core following cerebral ischemia, which were
further lowered after clodronate liposomes treatment for 14 days (Fig. 8G). These results suggest that
IL4-induced M2 macrophages maybe secret Shh and activate Shh pathway in vivo and in vitro. 

Next, this work explored whether the Shh signaling pathway affected production of FN and Col1 in
�broblasts by co-culture with MCM in vitro and MCAO/R model in vivo. Immunoblot analysis
demonstrated that expressions of FN and Col1 proteins in �broblasts were obviously enhanced in the
MCM/IL4 group than those in the MCM/DMEM or Con or DMEM/IL4/Cyc groups, which was abolished by
MCM/IL4/Cyc (Fig. 9A). In vivo, Shh-knockdown via adenoviruses infection decreased FN and Col1
proteins levels in the ischemic core at 7 d after MCAO/R (Fig.9B, C) and abrogated effects of IL4 on
protein expressions of FN and Col1 (Fig.9C). Further, overexpression of Shh via adenoviruses infection
had the opposite effects on FN and Col1 expressions (Fig.9D, E). Based on the obtained results, Shh
signaling can regulate the expressions of FN and Col1 in vitro and in vivo. 

Above all, these results indicate that IL4-induced M2 macrophages secret Shh to mediate �brosis after
MCAO/R.

IL4-mediated Shh signaling regulated production of �brosis-associated regulatory proteins TGFβ1 and
MMP9 in IL4-induced M2 macrophages in vitro and MCAO/R model in vivo

Tissue �brosis is regulated by a variety of signals or related proteins. As a primary regulator of liver,
kidney, lung, skin and heart �brosis, TGFβ1 is immediately increased following stroke or other CNS injury,
and regulate glial and �brotic scar formation [33]. MMP9 is also extensively implicated in the
pathogenesis of �brosis [34]. We next studied whether the Shh signaling modulated expressions of
TGFβ1 and MMP9 in IL4-induced M2 macrophages in vitro and MCAO/R model in vivo. 
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After stimulating BMDMs with recombinant rat IL4 for 2 days, MMP9 and TGFβ1 protein levels were
markedly increased compared with the control group (Fig. 10A), which were signi�cantly inhibited by Smo
receptor inhibitor Cyc or IL4 combined with Cyc in RAW264.7 cells (Fig. 10B).

After MCAO/R in rats, expressions of TGFβ1and MMP9 proteins were increased as early as at 3 d, peaked
at 7 d, and then declined in the ischemic core, which was notably reduced by Shh-knockdown and
enhanced by Shh-overexpression via adenoviruses infection in the ischemic core at 7 d (Fig. 10C-F).
Moreover, knockdown or overexpression of Shh abrogated or ehnanced the ability of IL4 for upregulating
expression of TGFβ1and MMP9 proteins, respectively (Fig.10E, F). These results suggest that IL4-
mediated Shh signaling regulate expressions of �brosis-associated regulatory proteins TGFβ1 and MMP9
in IL4-induced M2 macrophages in vitro and MCAO/R model in vivo.

Fibrotic scar formation is positively associated with angiogenesis and parallel to neuroprotection by IL4-
mediated Shh signaling at the early stage after MCAO/R. 

Excessive �brosis hinders tissue function reconstruction, but completely inhibiting �brotic scar formation
leads to cavity formation, which is also not compatible with regeneration [3]. Therefore, we further study
whether �brotic scar formation affect angiogenesis and decrease injury at the early stage after MCAO/R
in rats. 

IF staining showed that IL4 treatment increased expression of CD31, an angiogenesis-related marker,
compared with the control and sham groups in the ischemic core at 7 d after MCAO/R, which was blunted
by Cyc or IL4 combined with Cyc treatment. Moreover, it was minimal in the Cyc alone rats (Fig. 11A).
Further, IF double labeling demonstrated that FN �uorescence intensity was positively correlated with
microvessel density (MVD) (Fig. 11B). Next, TUNEL (Fig. 12A-Q) and TTC staining (Fig. 12R, S) indicated
that IL4 treatment signi�cantly decreased apoptosis and infarct volume in comparison with the control
group, which was cancelled by Cyc or IL4 combined with Cyc treatment, and it was maximal in the Cyc
alone rats, respectively. These results show that IL4-mediated Shh signaling promoting angiogenesis and
decreasing injury at the early stage after MCAO/R, at least in part, may be associated with �brotic scar
formation.

Discussion
The present study found that cerebral ischemia resulted in persistent �brosis, massive macrophages
in�ltration, upregulation of IL4, Shh, Smo, Gli1, TGFβ1 and MMP9 proteins in the ischemic core in rats.
Numbers of in�ltrated macrophages were a robust positive correlation with FN expression. Depletion of
circulating monocyte-derived macrophages by clodronate liposomal attenuated �brotic scar. IL4-
dependant M2 macrophage polarization was susceptible to �brotic scar formation in the ischemic core in
rats. At the same time, conditioned medium of IL4-induced M2 macrophages directly enhanced �broblast
growth as well as ECM proteins generation in vitro. Using Smo receptor inhibitor Cyc, or knockdown and
overexpression of Shh via adenoviruses infection, we showed that Shh protein, secreted by IL4-induced
M2 macrophages, regulated �brogenesis in vitro and in vivo, promoted secretion of key �brosis-
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associated regulatory proteins TGFβ1 and MMP9, enhanced angiogenesis, inhibited cell apoptosis, and
reduced infarct volume in the early stage of MCAO/R. These �ndings identi�ed that IL4-dependent M2
macrophages regulated �brotic scar formation and functional restoration via Shh/TGFβ1 axis in the early
stage of cerebral ischemia. Therefore, regulating M2 macrophages polarization to control moderate
formation of the �brotic scar via targeting Shh/TGFβ1 axis may become a potential and promising
therapeutic target for cerebral ischemia.

Invading organisms and dying or dead cells released pathogen-associated molecular patterns and
damage-associated molecular patterns to quickly initiate in�ammatory response when infection, trauma,
poisoning, ischemia or bleeding damaged tissues, which recruited all kinds of hematopoietic and non-
hematopoietic cells, such as stem cells, macrophages, neutrophils, NK cells, T and B cells, endothelial
cells, and �broblasts, to consititute the cellular response that coordinates tissue repair [7]. Macrophages
from bone marrow were recruited to damaged area to mediate �brosis and tissue repair when heart, lung,
liver, kedney or skin were injured [35, 36], which also regulated formation of �brotic scar after myelopathy
[5, 37, 38]. Here, our study indicated that a large number of blood monocyte-derived macrophages were
immersed to the cerebral ischemic area and regulated the formation of �brotic scar following cerebral
ischemia, which extended previous �ndings.

In the pathological state, resting macrophages were polarized into M1 or M2 types depending on the
pathological microenvironment. M1 macrophages have pro-in�ammatory functions, which accelerates
tissue damage. M2 (alternatively activated) macrophages have anti-in�ammatory functions, which
promotes tissue repair. However, so far, there are fewer studies for really exploring the speci�c roles of M2
macrophages in �brosis and repair. IL4, a multifunctional cytokine secreted mainly by T-helper 2 cells, is a
robust promoter of M2 polarization in macrophages, which stabilizes long-term behavioral performance
after cerebral ischemia [14], and correlated with the risk of developing �brosis in Schistosoma mansoni-
infected baboons [39]. IL4-dependent M2 macrophages regulated assembly of collagen �brils in the skin
repair model [18]. Moreover, M2 macrophages can induce migration and ECM secretion of platelet derived
growth factor receptor β (PDGFRβ+) pericytes via autocrining PDGFRβ, which contrlled formation of
�brotic scar following spinal cord damage [12]. Here, our study using ELISA assay showed that IL4 level
was markedly elevated at damage core at days 1–7 after MCAO/R, followed by dramatic decline at 14
days post-cerebral ischemic injury. Meanwhile, IL4-dependant M2 macrophages polarization regulated
formation of the �brotic scar in the ischemic core in rats. At the same time, conditioned medium of IL4-
induced M2 macrophages directly enhanced �broblast growth as well as ECM proteins generation in
vitro. Taken together, these studies indicate that IL4-induced M2 macrophages can mediate formation of
�brosis in the different injured tissues.

The �broblast-macrophage crosstalk is related to homeostasis maintenance in normal situations and
during the process of �brosis [40]. Medzhitov et al. proposed that �broblasts were symbiotically related to
macrophages, and that they were involved in the stable association for controlling cell ratios by
reciprocally exchanging growth factors [27]. Consistent with the previous study [41], we found that
BMDMs and RAW264.7 cells were alternatively activated to CD206-positive cells after IL4 treatment in
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vitro, MCM promoted protein levels of �brotic molecules containing α-SMA, Col1 and FN in �broblasts.
Macrophages are suggested to serve as the ligand sources that promote �brotic activation within
�broblasts. Typically, TGFβ1 has been considered as a master to regulate �brosis [42]. In models of
�brosing steatohepatitis, macrophages promote �brosis, which is related to their produced TGFβ1 [43].
Genetically deleting Tgfb1 out of macrophages according to LyzMcre allele can markedly reduce the total
�brosis score and lung collagen level during bleomycin-mediated �brosis [44]. In line with these studies,
we found that IL4-activated macrophages expressed TGFβ1 in vitro, though without the pharmacologic
inhibition of IL4 here. In addition, we observed a dynamic protein expression of TGFβ1 in the ischemic
core after MCAO/R, which peaked at 7 days, implying possible function in directly stimulating
proliferation and activation of �broblasts. To adapt to environmental alterations, it is necessary to
modify, break and rebuild ECM. Macrophages have critical effects on ECM remodeling through ECM
degradation by generating proteases [45]. To take an example, macrophages can promote MMP9
generation upon stimulation via in�ammatory factors like IL-1β and TNFα [46]. We also found that IL4-
activated macrophages expressed MMP9 in vitro, and a dynamic protein expression of MMP9 in the
ischemic core after MCAO/R was observed. These results show that IL4 induces macrophages to polarize
towards M2-phenotype and secrete TGFβ1 and MMP9, which regulates �brogenesis through interaction
with �broblasts in the ischemic core after MCAO/R.

The Shh pathway can be activated during chronic or acute injury in peripheral/central nervous systems,
like stroke [47]. Our previous research showed that Shh signaling could promote neurorestoration in
ischemic cerebral injury [47]. Rising evidence supports Shh signaling role of the �brogenesis, in regulating
macrophage polarization as well as in controlling �broblast activation. As suggested in some works, Hh
genes show expression within human macrophages as well as monocytes [48, 49]. It has been stated that
Shh can enhance the osteopontin-mediated mechanism to polarize M2 cells via the activation of
JAK2/STAT3 in idiopathic pulmonary �brosis pathogenesis [10]. Additionally, as reported by Pereira and
his colleagues, schistosome antigens can stimulate the production of Shh ligands with biological activity
via macrophages. Later, the Shh signal-mediated M2 activation induced angiogenesis as well as liver
�brosis [50]. However, the mechanism of IL4 in regulating macrophages polarization after MCAO/R
remain to be explored. Here, our study showed that macrophages expressed Shh ligands in the ischemic
core after MCAO/R in rats, and IL4 treatment activated the Shh signaling of macrophages in vivo and in
vitro, yet Cyc abrogated its effects. The macrophages M2 polarization was consistent with the Shh
signaling activation in the ischemic core after MCAO/R in rats treated with IL4, suggesting that at least in
part, IL4-dependent macrophage-derived Shh regulate macrophages polarization, the result is consistent
with previous �ndings [10, 50]. Activation of �broblasts and differentiation of myo�broblasts represent 2
critical �brosis-related pathogenic mechanisms. TGFβ1 as well as cytokines promoting �brosis can boost
�broblasts to differentiate into myo�broblasts, while the latter generate excessive ECM. The Shh pathway
has been previously suggested to mediate the differentiation of myo�broblasts in the presence [51] or
absence [52] of TGFβ1. However, compared to TGFβ1, Shh stimulation was not completely adequate in
myo�broblast differentiation [53]. The current work con�rmed the expression of TGFβ1 in macrophages
with IL4 treatment, yet Cyc abrogated this effect. Further, the co-culture of �broblasts with MCM/IL4
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promoted the production of ECM proteins of �broblasts in vitro. Additionally, Shh-knockdown could
prevent �brogenesis in the ischemic core after MCAO/R, which is characterized by the reduced expression
of Col1 and FN proteins. Thus, it is likely that the IL4/Shh/TGFβ1 axis in macrophage regulates the
�broblast activation in �brosis indirectly by paracrine signal. However, we cannot rule out the possibility
that Shh directly acts on �broblast activation.

Fibrotic scars form within CNS acute lesion center, and they mostly contain ECM deposits, stromal
�broblasts, as well as mononuclear macrophages. Typically, �brotic scar has been reported to restrict
in�ammation, suppress post-SCI axonal regeneration and keep intact tissues [40]. In the case of complete
ablation of �brotic scar post-SCI, an unsealed lesion is observed and a cavity not good for regeneration is
left [3]. In the meantime, decreasing scar size rather than totally suppressing scar formation post-SCI can
enable axonal regeneration to enhance functional recovery [4, 5]. Additionally, perivascular and meningeal
�broblasts play an important role in driving �brotic scar formation post-neuroin�ammation as well as
eliminating proliferating �broblasts, thus reducing scar formation and decreasing motor disability [6]. On
the contrary, CNS scar is suggested to promote tissue protection [54]. Macrophages can enhance tissue
repair and remodeling through eliminating myelin or cellular debris, producing neurotrophic factors and
degrading scar tissues [55]. Favorable and unfavorable characteristics are tightly associated and
interdependent according to disease stage/course or injury type (namely, acute or chronic). In fact, the
functional consequences of �brotic scar are often context dependent and defy oversimpli�ed views [4].
Regardless of the above progresses, �brotic scar’s function in ischemic stroke as well as its in�uence on
tissue repair remains largely unclear. In fact, we observed that a large number cells gathered in the center
of �brotic scar, not just simple macrophages. So, the foremost role of secreting ECM proteins might be an
essential scaffold in the extensive damage areas after MCAO/R, and it is crucial for brain because of the
very low regenerative capacity. It is the scaffold that offers roads or channels navigating or migrating
cells into the infarct area in early stage after stroke. Fibroblasts can generate excessive growth factors,
chemokines, cytokines, and hormones [45, 56], thereby providing signals for dictating cell fates in local
environment. Generally speaking, �broblasts in peripheral blood have important effects on blood vessel
generation, since they can produce matrix proteins for facilitating vascular endothelial growth factor and
tube formation [57]. In some studies, pial vessel-covering �broblasts are reported to contribute to �uid
exchange between perivascular space and cerebrospinal �uid [58]. CCR2+ monocytes will result in deadly
cerebral edema in acute stage post-cerebrovascular injury, but they are also needed subsequently for
promoting angiogenesis [59]. The same to our study that many neovascularization was observed in early
stage within the ischemic core after MCAO/R in rats treated with IL4, which is consistent with the
formation of �brosis. Moreover, FN �uorescence intensity was positively related to MVD, which at least
shows that �brotic scar is not negatively affect angiogenesis in early stage. Angiogenesis plays an
important role in repairing damaged brain tissues. The elevated microvessel number within infarcted
cerebral tissues is reported to be related to the longer long-run survival [59]. In MCAO induction Pdgfrβ+/−

mice, the formation of �brotic scars decreases, while the total infarct size increases [60]. Furthermore,
ECM proteins, in particular FN, have been suggested with important effects on decreasing infarct size,
which can also promote axonal regeneration following acute brain injury [61]. When there is no immune-
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regulated tissue regeneration, it indicates neuronal loss and failed functional recovery [59]. Clearly, IL4
treatment reduced infarct volume and the number of apoptosis in the early stage within the ischemic core
after MCAO/R in rats. But, whether these functions of pro-angiogenesis and pro-neurorestoration are
macrophage-dependent or �broblast-dependent, or the integrative effects of these different cells, need
further study.

Conclusions
This work has �rst suggested the critical effect of IL4-dependent M2 macrophages on �brotic scar
formation and functional restoration in the early stage after MCAO/R in rat through Shh/TGFβ1 axis.
Therefore, regulating M2 macrophages polarization to control moderate formation of the �brotic scar via
targeting Shh/TGFβ1 axis may become a potential and promising therapeutic target for cerebral
ischemia.
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Figure 1

Fibrotic scar formation occurs in the ischemic core after MCAO/R in rats. Representative
immuno�uorescence staining (A-C), immunohistochemical staining (E-G) and Picro-Sirius Red staining (I-
K) in brain tissues from MCAO/R rats. The intensity of FN (D) and Col1 (H) were calculated (n=10). The
amount of collagen protein was identi�ed by Picro-Sirius Red staining (L) (n=10). Expressions of FN and
Col1 proteins in the ischemic core tissues from MCAO/R rats, as determined by western blotting (M-O)
(n=3). *P < 0.05; ****P < 0.0001. Ns indicates no signi�cant difference. Data was represented as mean ±
SD. One-way ANOVA, Tukey test.
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Figure 2

Macrophages in�ltrate into the ischemic area and maybe positively correlated with �brotic scar
formation. (A-D) In�ltration of macrophages was examined by F4/80 immunostaining in the cortex and
striatum of the ischemic core at 3d after MCAO/R in rats (left rectangles), no F4/80 immunosignal was
detected in the contralateral hemisphere brain (right rectangle). Right panels are higher magni�cations of
the insets. (E-I) The numbers of F4/80-positive cells in the ischemic core were counted at 3, 7 and 14 d
after MCAO/R in rats. (J-X) Double-label immuno�uorescence of F4/80 with FN in the ischemic core after
MCAO/R in rats. The numbers of F4/80-positive macrophages were positively associated with FN
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�uorescence intensity. *P < 0.05; ****P < 0.0001. Ns represents no signi�cant difference. Data was
represented as mean ± SD. One-way ANOVA, Tukey test, n = 10 per group

Figure 3

Macrophage depletion prevents �brotic scar formation in the lesion core after MCAO/R in rats. (A) A
diagram for procedure of animal experiment. (B-I) Representative immuno�uorescence analysis of F4/80-
positive macrophages in the cortex and striatum (rectangles) of the ischemic core at 7d after MCAO/R
rats without or with clodronate treatment. Quanti�cation of the number of F4/80-positive cells per area in
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the cortex and striatum (n=10). Right panels are higher magni�cations of the insets. (J-O)
Immunostaining of FN and Col1 with or without clodronate treatment. The graph demonstrates the score
of FN-positive intensity and Col1-positive intensity (n=10). (P-Q) The immunoblot analysis of FN and
Col1. Expression levels of FN and Col1 were quanti�ed by densitometry and normalized with GAPDH
(n=3). ****P < 0.0001; #P < 0.01 vs. Sham; △P < 0.01 vs. MCAO/R 7d/Veh; ▲P < 0.05 vs. MCAO/R 7d/Clo; P
< 0.05 vs. MCAO/R 7d/Clo. Data was represented as mean ± SD. Student’s t-test, One-way ANOVA, Tukey
test. 

Figure 4
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Macrophages are alternatively activated after IL4 treatment in the ischemic core and in vitro. (A-D) Protein
was extracted from the ischemic core in rats after MCAO/R injury and subjected to the ELISA assay for
IFN γ, IL 4, IL 6 and IL 10 (n=10). (E-K) Double-label immuno�uorescence of F4/80 with CD206 in the
ischemic core at 7d after MCAO/R in rats treated with or without recombinant rat IL4 (800 ng/d in PBS)
for 7 d by intracerebroventricular injection. The numbers of F4/80+CD206+ cells were counted (n=10). (L-
O) Representative immuno�uorescence analysis of CD206-positive BMDMs and RAW264.7 cells treated
with or without recombinant rat IL 4 (20 ng/ml) for 48 h in vitro (n=3). *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001. Ns represents no signi�cant difference. Data was represented as mean ± SD. Student’s t-
test, One-way ANOVA, Tukey test.
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Figure 5

MCM promotes the proliferation and activation of �broblasts. (A) Experimental scheme for co-culture of
MCM and �broblasts in vitro. MCM co-cultured with �broblasts (macrophage conditioned medium [MCM]
[black, control], MCM treated with DMEM [yellow, MCM/DMEM] or IL4 [20 ng/mL; red, MCM/IL4]).
Representative immuno�uorescent labeling for EdU (green) and DAPI (blue) (B-D) in cultured �broblasts
treated with MCM for 2 d, and quanti�cation of EdU-positive cells (E) (n=10). Representative
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immuno�uorescent labeling for α-SMA (F-H), Col1 (J-L) Vimentin (Vim) and FN (N-V) in cultured
�broblasts treated with MCM for 2 d, and quanti�cation of α-SMA-positive cells (I) Col1-positive cells (M)
and FN �uorescence intensity (W) (n=6). Immunoblot analyses of Col1 and FN in �broblasts (X) after
treatment with MCM for 2 d (n=3), and quanti�cation of Col1 and FN by densitometry and normalized
with GAPDH (Y). ****P < 0.0001;▲P 0.05 vs. Con; △P < 0.01 vs. MCM/DMEM. Ns indicates no signi�cant
difference. Data was represented as mean ± SD. One-way ANOVA, Tukey test.

Figure 6
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RCM induces the production of ECM protein in �broblasts. Representative immuno�uorescent labeling for
Col1 (A-C) in cultured �broblasts treated with RCM for 2 d, and quanti�cation of Col1-positive cells (D).
Immuno�uorescent double labeling of Vimentin (Vim, green) and FN (red) in cultured �broblasts treated
with RCM (E-M) for 2 d, and quanti�cation of FN �uorescence intensity (N). ****P < 0.0001. Ns indicates no
obvious difference. Data was represented as mean ± SD. One-way ANOVA, Tukey test, n = 6/group

Figure 7

IL4 treatment induces macrophages M2 polarization and the production of ECM protein in ischemic core.
(A-F) Immuno�uorescence images show that CD206 (red) is highly expressed in the �brotic scar with high
FN immuno�uorescence density in the ischemic core after MCAO/R in rats treated with recombinant rat
IL-4 (800 ng/d in PBS) for 7 d by intracerebroventricular injection. Histograms indicate CD206-positive
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cells per area (G) and FN �uorescence intensity (H) in each group (n=10). Correlation between CD206-
positive cells per area and FN �uorescence intensity (I). Representative immunohistochemical staining of
Col1 (J, K) in the ischemic core after MCAO/R in rats treated with recombinant rat IL-4 (800 ng/d in PBS)
for 7 d by intracerebroventricular injection. The intensity of Col1 (L) was calculated (n=8). Expression of
FN and Col1 proteins in the ischemic core tissues from MCAO/R rats treated with or without recombinant
rat IL-4 (20 ng/ml), as identi�ed by western blotting (M-O) (n=3). *P < 0.05; ****P < 0.0001. Ns indicates no
signi�cant difference. Data was represented as mean ± SD. Student’s t-test, One-way ANOVA, Tukey test.
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Figure 8

IL4-induced M2 macrophages secret Shh and activate Shh signaling in ischemic core and in vitro. The
protein expressions of Smo and Gli1 in BMDMs (A) or RAW264.7 cells (B) treated with recombinant rat IL-
4 (20 ng/ml) for 2 d (n=3), and quanti�cation of Smo and Gli1 by densitometry and normalized with
GAPDH. Western blotting analysis of Shh, Smo and Gli1 expression levels in RAW264.7 cells (C) infected
with either Ad-shSHH or Ad-NC for 72 h, then treated with recombinant rat IL-4 (20 ng/ml) for 2 d (n=3).
(D) Immuno�uorescent double labeling of F4/80 (red) and Shh (green) in the ischemic core on days 7
and 14 after MCAO/R in rats (n=6). (E) The protein expression of Shh in the ischemic core on days 3, 7,
14 and 21 after MCAO/R in rats, and quanti�cation of Shh by densitometry and normalized with GAPDH
(n=3). (F) The protein expressions of Smo and Gli1 in the ischemic core on days 7 after MCAO/R in rats
treated with recombinant rat IL 4 (800 ng/d) and IL4 combined Cyc (20 µM in DMSO) for 7 d by
intracerebroventricular injection (n=3). (G) Expression of Shh, Smo and Gli1 proteins in the ischemic core
from MCAO/R rats treated with or without clodronate liposomes, as determined by western blotting (n=3).
*P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.0001. Ns indicates no signi�cant difference. Data was
represented as mean ± SD. One-way ANOVA, Tukey test.
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Figure 9

Shh signaling regulates the production of ECM proteins. (A) Immunoblot analyses of Col1 and FN in
�broblasts after treatment with MCM for 3 d (n=3). Representative immunostaining of FN and Col1 in
lesion core after MCAO/R in rats treated with Ad-shSHH (B) or Ad-SHH (D) for 11 d by
intracerebroventricular injection. The intensity of FN and Col1 were calculated (n=8). Western blotting
analysis of Col1 and FN expression levels from MCAO/R rats treated with Ad-shSHH (C) or Ad-SHH (E) for
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11 d (n=3). *P < 0.05; **P < 0.01; ****P < 0.0001. Ns indicates no signi�cant difference. Data was
represented as mean ± SD. One-way ANOVA, Tukey test.

Figure 10

IL4-mediated Shh signaling regulates expressions of �brosis-associated regulatory proteins TGFβ1 and
MMP9. (A) Western blotting analysis of TGFβ1 and MMP9 expression levels in BMDMs treated with or
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without recombinant rat IL4 (20 ng/ml) for 2 d (n=3). (B) Western blotting analysis of TGFβ1 and MMP9
expression levels in RAW264.7 cells treated with recombinant rat IL4 and IL4 combined Cyc (10 μM) for 2
d (n=3). (C) Representative immunohistochemical staining of TGFβ1 in the ischemic core after MCAO/R
in rats. The intensity of TGFβ1 was calculated (n=8). (D) Expression of Shh protein in the ischemic core
at 3, 7, 14 and 21d after MCAO/R in rats (n=3). (E, F) Expressions of TGFβ1 and MMP9 proteins in the
ischemic core tissues at 7 d from MCAO/R rats treated with Ad-NC and Ad-SHH or Ad-shSHH for 11 days
by intracerebroventricular injection (n=3). *P < 0.05; **P < 0.01; ****P < 0.0001. Ns indicates no signi�cant
difference. Data was represented as mean ± SD. Student’s t-test, One-way ANOVA, Tukey test.
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Figure 11

Fibrotic scar formation is positively correlated with formation of neovascularization through IL4-mediated
Shh signaling. (A) Representative images of CD31-stained sections (green) derived from sham or
MCAO/R-operated rats after recombinant rat IL-4 (800 ng/d) or IL4 combined Cyc (20 µM in DMSO)
administration for 7 d by intracerebroventricular injection. Bar graph shows quanti�cation of
microvascular density (vessels/mm2; n=10). Right panels are higher magni�cations of the insets. (B)
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Immuno�uorescence images represent that CD31 (green) was highly expressed in the �brotic scar with
high FN immuno�uorescence density in the ischemic core after MCAO/R in rats. Correlation between
microvascular density and FN �uorescence intensity. ***P < 0.001, ****P < 0.0001. Data was represented as
mean ± SD. One-way ANOVA, Tukey test.

Figure 12

IL4-mediated Shh signaling decreases infarct volume and apoptosis in ischemic core after MCAO/R in
rats. Apoptotic cells were examined by TUNEL immunostaining (A-O) in the cortex and striatum of the
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ischemic core at 7 d from MCAO/R rats after recombinant rat IL-4 (800 ng/d) or IL4 combined Cyc (20 µM
in DMSO) administration for 7 d by intracerebroventricular injection (n=10). Right panels are higher
magni�cations of the insets. Quantitative analysis (P, Q) of TUNEL-positive cells. Panel (R) presents
infarct volume (n=6). Panel (S) represents quantitative data of infarct volume. ***P < 0.001, ****P < 0.0001.
Data was represented as mean ± SD. One-way ANOVA, Tukey test.

Figure 13

Schematic diagram showed that IL4-dependent M2 macrophage-derived Shh protein activated �broblasts
and induced �brosis via an Shh/TGFβ1 axis. In�ammatory responses that develop after ischemic injury
are related to the production of anti-in�ammatory cytokine IL4 that induces M2 macrophage polarization
and the production of Shh ligand by macrophages. Shh ligand acts autocrinally inducing the activation
of Smo, which promotes the activation of the Gli transcription factor and the secretion of TGFβ1 and
MMP9. TGFβ1 induces �broblast activation and development of ECM-producing myo�broblasts that can
drive �brosis. MMP9 degrades ECM. Fibrotic scar formation facilitates angiogenesis and reduces
ischemic injury. 
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