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A B S T R A C T

Neuroinflammation crucially influences functional recovery after ischemic stroke. Wnt-3a, a novel Wnt protein
that specifically promotes Wnt/β-catenin signaling pathway, has been shown to regulate apoptosis and cell
proliferation, but how it affects ischemic stroke-induced toxic brain inflammation remains unknown. Using a
transient middle cerebral artery occlusion (tMCAO) mouse model in this study, we found that intranasal Wnt-3a-
treated tMCAO mice had apparently reduced infarct volume and decreased brain water content after being
allowed to recover for 72 h, as well as better neurologic outcomes on days 3, 7, and 14. Mice received Wnt-3a
had significantly fewer tMCAO-induced peri-infarct TUNEL-positive cells compared with those received vehicle.
Further, Wnt-3a-delivered tMCAO mice had notably fewer peri-infarct CD68-positive cells and lower ionized
calcium-binding adapter molecule (Iba)-1 protein level. Wnt-3a significantly downregulated the expression of
inducible nitric oxide synthase (iNOS) and tumor necrosis factor (TNF)-α, and upregulated the expression of
arginase 1 (Arg1) and CD206. Finally, Wnt-3a obviously decreased the number of tMCAO-induced peri-infarct
glial fibrillary acidic protein (GFAP)/C3-positive cells, increased the number of GFAP/S100A10-positive cells,
attenuated the protein levels of GFAP and interleukin 15 (IL15), and elevated IL33 protein level. Our findings
suggest that intranasal Wnt-3a could ameliorate toxic responses of microglia/macrophages and astrocytes in
ischemic brain injury, supporting that Wnt-3a might be potentially appropriate for ischemic stroke treatment
functioning as an immunomodulatory agent.

1. Introduction

Ischemic stroke is a leading cause of disability and mortality glob-
ally. Acute ischemic injury induces rapid activation of microglia/mac-
rophages and astrocytes [1,2]. It's well defined that reactive microglia/
macrophages polarize into pro-inflammatory M1 phenotype and anti-
inflammatory M2 phenotype [3]. In analogy to the M1/M2 microglia/
macrophage nomenclature, recent studies identified two different
phenotypes of reactive astrocytes, which were termed A1 (toxic) and A2
(protective) [4–7]. Although the dynamic of stroke-induced reactive
astrocyte polarization has not been investigated, novel and clinically
translatable strategy which could modulate activation and polarization
of microglia/macrophages and astrocytes may be a promising candidate

for ischemic stroke treatment.
Glycogen synthase kinase-3 beta (GSK-3β) inhibition has been re-

vealed to protect against ischemic stroke through several mechanisms,
such as attenuating apoptosis, oxidative stress and rtPA-induced he-
morrhagic transformation, and stimulating neurogenesis [8–12]. Re-
cently, studies showed that GSK-3β inhibition ameliorated the activa-
tion of microglia/macrophages and astrocytes in models of neonatal
hypoxic-ischemic brain injury and taupathy [13,14]. Since GSK-3β in-
hibition leads to the stabilization of β-catenin, which is the key
downstream molecule of the Wnt signaling [15], Wnt/GSK-3β/β-ca-
tenin pathway may participate in regulating stroke-induced activation
and polarization of microglia/macrophages and astrocytes.

Of the identified nineteen Wnt proteins, the novel glycolipoprotein
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Wnt-3a inhibits GSK-3β and specifically activates Wnt/GSK-3β/β-ca-
tenin pathway [16]. Wnt-3a could be naturally secreted by cells like
mesenchymal stem cell in the body, and cross the blood-brain barrier
(BBB) [17]. In the middle cerebral artery occlusion (MCAO) rat model,
intranasal administration of exogenous recombinant Wnt-3a could
protect neuron against apoptosis [16]. Study on the focal ischemic
stroke mouse model showed that intranasal Wnt-3a stimulated neuro-
genesis in subventricular zone [18]. Additionally, intranasal Wnt-3a
could regulate autophagic, apoptotic, and regenerative pathways in
traumatic brain injury (TBI) mice [19].

It is a consensus that neuroinflammation interacts with and causally
influences several pathophysiological processes, including neuronal
apoptosis and regeneration, from acute to chronic stage after ischemic

stroke. However, the effect of Wnt-3a on ischemic stroke-induced brain
inflammation has never been investigated. In the present study, we
hypothesized that intranasal Wnt-3a could attenuate M1 microglia/
macrophage and A1 astrocyte polarization, and promote M2 microglia/
macrophage and A2 astrocyte polarization at 72 h after ischemic stroke.
We tested our hypothesis in a transient middle cerebral artery occlusion
(tMCAO) mouse model.

2. Materials and methods

2.1. Animals

We purchased male, adult C57BL/6 mice (12–14 weeks old,

Fig. 1. Intranasal Wnt-3a influences infarct volume,
brain water content and neurologic deficits after stroke.
(A) Representative TTC-stained brain sections at 72 h
post-surgery. Infarct area remains white. (B)
Quantification of the corrected infarct volume showing as
a percentage obtained from the described formula
(⁎p< 0.05, n= 6/group). (C) Quantification of the brain
water content at 72 h post-surgery (⁎p< 0.05 vs. Sham +
vehicle group, #p< 0.05 vs. tMCAO + Wnt-3a group,
n= 6/group). (D) Representative that intranasal Wnt-3a
significantly improved neurologic outcomes on days 3, 7,
14 after tMCAO (⁎p< 0.05, n= 10/group). Data are
shown as mean ± SD.

Fig. 2. Effect of intranasal Wnt-3a on peri-infarct apop-
tosis at 72 h after tMCAO. (A) Representative TUNEL-
stained apoptotic cells in each group. Scale bar = 25 μm.
(B) Quantification showed that intranasal Wnt-3a sig-
nificantly decreased the number of stroke-induced peri-
infarct apoptotic cells (⁎p< 0.05, n= 8/group). Data are
shown as mean ± SD.
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25–30 g) from the Animal Experimental Center of Zhengzhou
University. This study was performed following the recommendations
of the Guidelines on the Care and Use of Animals for Scientific Purpose
(National Advisory Committee for Laboratory Animal Research), and all
protocols were approved by the Animal Care and Use Committee of the
Fifth Affiliated Hospital of Zhengzhou University. All efforts were made
to minimize the number of mice used and their suffering.

2.2. tMCAO model

We performed tMCAO model of ischemic stroke in this study based
on our established surgical procedure [1,20,21]. Briefly, we left a 6.0
monofilament nylon suture with silicone-coated tip in the origin of the
right middle cerebral artery for 60 min before withdrawing it, and used
laser Doppler flowmetry (Moor Instruments, Devon, UK) to define a
successful model as an approximately 80% decrease in cerebral blood
flow. We subjected sham mice to an identical operation, except that we
immediately withdrew the filament after introducing it to the origin of
the right middle cerebral artery.

2.3. Experimental groups

We randomly [22] assigned mice to four groups: (1) sham mice
treated with vehicle (Sham + vehicle, n= 28), (2) sham mice treated
with Wnt-3a (Sham + Wnt-3a, n= 28), (3) tMCAO mice treated with
vehicle (tMCAO + vehicle, n= 38), and (4) tMCAO mice treated with
Wnt-3a (tMCAO + Wnt-3a, n= 38).

We reconstituted the recombinant Wnt-3a (R&D Systems,
Minneapolis, MN, USA) in saline containing 0.1% bovine serum al-
bumin (BSA) according to previous study [18,19]. We intranasally de-
livered Wnt-3a (2 μg/kg) or vehicle control (saline containing 0.1%
BSA, the volume of vehicle is the same as that of Wnt-3a solution) at the
time of reperfusion or at 1 h after sham operation, and repeated once a
day for the next two days [18,23,24]. Mice were daily examined for
infection or illness.

2.4. Infarct volume assessment

We assessed the lesion size three days after surgery as previously
described [1,25]. Briefly, the 2-mm thick coronal brain sections sliced
by using a mouse brain matrix slicer (Stoelting Instruments, Wood Dale,
IL, USA) were stained with 2% 2,3,5-triphenyltetrazolium chloride

(TTC; Sigma-Aldrich, St. Louis, MO, USA) for 30 min at 37 °C and fixed
in phosphate-buffered saline (PBS) containing 4% paraformaldehyde
overnight at 4 °C. The investigator blinded to treatment strategy used
Image J (NIH, Bethesda, MD, USA) to determine the infarct area on the
posterior surface in each brain slice by subtracting the ipsilateral
hemisphere healthy area from the total contralateral hemisphere area
to correct for brain swelling, and then measure the total infarct volume
by linear integration of the corrected infarct areas. Infarct volume
percentage was computed as: total infarct volume/contralateral hemi-
sphere volume × 100%.

2.5. Brain water content measurement

We measured the brain water content three days after operation as
previously described [1,20]. The wet weight was obtained by im-
mediately weighing the right hemisphere. The brain samples were dried
at 100 °C in an oven for 24 h to obtain the dry weights. The brain water
content was calculated as: (wet weight – dry weight)/wet weight ×
100%.

2.6. Neurologic deficits test

The neurologic deficits were tested in a blinded manner on days1, 3,
7 and 14 after ischemic stroke using a five-point scale described in our
previous study [1]: zero-point represents no neurologic deficit, one-
point represents that mouse fails to fully extent left forepaw, two-point
represents that mouse circles to the contralateral side, three-point re-
presents that mouse falls to the left, four-point represents no sponta-
neous walking, and five-point represents depressed level of conscious-
ness.

2.7. Immunofluorescence

We obtained brain tissues three days after surgery for immuno-
fluorescence analysis following our previous protocol [1,20,21].
Briefly, mice were deeply anesthetized by an intraperitoneal injection
of overdosed 5% chloral hydrate, and transcardially perfused with PBS
and the following 4% paraformaldehyde. The brains were carefully
removed, fixed in 4% paraformaldehyde overnight at 4 °C, dehydrated
in 30% sucrose, and then sliced into 20-μm-thick coronal sections using
cryoultramicrotomy (CM1100, Leica Biosystems, Germany). The sec-
tions were incubated in PBS containing 0.3% Triton X-100 (PBST),

Fig. 3. Intranasal Wnt-3a affects the activation of mi-
croglia/macrophages at 72 h after brain ischemia. (A)
Immunofluorescence staining of CD68-positive cells in
each group. Scale bar = 25 μm. (B) Representative
quantification showing that intranasal Wnt-3a notably
reduced the number of peri-infarct CD68-positive cells
(⁎p< 0.05, n= 8/group). (C) Western blot analysis of
Iba-1. (D) Quantification of Iba-1 protein level in each
group (⁎p< 0.05 vs. Sham + vehicle group, #p< 0.05
vs. tMCAO + Wnt-3a group, n= 8/group). Data are
shown as mean ± SD.
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blocked in PBST containing 1% BSA, and incubated overnight at 4 °C
with antibodies against CD68 (1:200, Abcam, Cambridge, MA, USA),
inducible nitric oxide synthase (iNOS; 1:100, Novus Biologicals, Lit-
tleton, CO, USA), arginase 1 (Arg1; 1:200, Novus Biologicals), glial fi-
brillary acidic protein (GFAP; 1:1000, Abcam), C3 (1:50, Abcam) and
S100A10 (1:20, R&D Systems). After being incubated with appropriate
secondary antibodies, these sections were mounted with the mounting
medium containing 4′,6′-diamidino-2-phenylindole (DAPI; Santa Cruz
Biotech, Dallas, TX, USA). Three separate sections of each mouse and
three non-overlapping 40× fields in peri-infarct areas were chose in a
random and blinded manner to quantify CD68-positive microglia/
macrophages, iNOS-positive cells, Arg1-positive cells, GFAP/C3-posi-
tive A1 astrocytes and GFAP/S100A10-positive A2 astrocytes. The
sections were observed and quantified under a fluorescence microscope
(ZEISS Scope A1, ZEISS, Germany).

2.8. Terminal deoxynucleotidyl tranferase-mediated uridine 5′-
triphosphate-biotin nick end-labeling (TUNEL) assay

Brain sections were subjected to TUNEL staining according to the
manufacturer's manual (Beyotime, Shanghai, China). Briefly, 20-μm-
thick coronal brain sections were rinsed in PBS, incubated in 0.3% PBST
for 5 min at room temperature, and then incubated in TUNEL reaction
mixture (50 μl per section) for 60 min at 37 °C in the dark. After being
washed in PBS and mounted with the mounting medium containing
DAPI (Santa Cruz Biotech), these sections were observed under the
fluorescence microscope (ZEISS). Three separate sections of each mouse
and three non-overlapping 40× fields in peri-infarct regions were chose
in a random and blinded manner to quantify TUNEL-positive cells.

2.9. Western blot analysis

We sacrificed mice for Western blot analysis three days after the
surgical procedure as previously described [1,20,26]. Extracted protein

Fig. 4. Intranasal Wnt-3a reduces iNOS and TNF-α (M1 markers) expression at 72 h after stroke. (A) Immunofluorescence staining of the iNOS-positive cells in each
group. Scale bar = 25 μm. (B) Quantification showing that intranasal Wnt-3a obviously decreased the number of peri-infarct iNOS-positive cells (⁎p< 0.05, n= 8/
group). (C) Western blot analysis of iNOS and TNF-α. (D) and (E) Quantification of iNOS and TNF-α protein levels in each group (⁎p< 0.05 vs. Sham + vehicle
group, #p< 0.05 vs. tMCAO + Wnt-3a group, n= 8/group). Data are shown as mean ± SD.
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from the whole ipsilateral hemisphere was separated and transferred
onto polyvinylidene difluoride membranes (Millipore, Bedford, MA).
After being blocked in 5% nonfat milk dissolved in Tris-buffered saline
(TBS) containing 0.1% Tween-20 (TBST), the membranes were in-
cubated overnight at 4 °C with antibodies against ionized calcium-
binding adapter molecule (Iba)-1 (1:500, Novus Biologicals), iNOS
(1:200, Novus Biologicals), tumor necrosis factor (TNF)-α (1:500,
Abcam), Arg1 (1:2000, Novus Biologicals), CD206 (Mannose receptor;
1:1000, Abcam), GFAP (1:5000, Abcam), interleukin 15 (IL15; 1:500,
Abcam), IL33 (1:1000, Abcam) and β-actin (1:3000, Affinity Bios-
ciences). Subsequently, these membranes were incubated with appro-
priate secondary antibodies conjugated to horseradish peroxidase for
2 h at room temperature, and protein bands were visualized by en-
hanced chemiluminescence kit (Affinity Biosciences). The β-actin pro-
tein served as a loading control. The optical density of the band was
quantified in a blinded manner using Gel Analysis V 2.02 software
(ClinX Science Instruments, Shanghai, China).

2.10. Statistical analysis

We carried out statistical analysis with SPSS version 13.0. Results
are expressed as mean ± SD. We used repeated measures ANOVA to
analyze neurologic deficit score. We used Student's t-test or one-way
ANOVA followed by LSD test to analyze changes in infarct volume,
brain water content, TUNEL assay, Western blot analysis, and im-
munofluorescence. Differences were considered statistically significant
at p< 0.05.

3. Results

3.1. Effect of intranasal Wnt-3a on infarct volume, brain water content and
neurologic deficits after ischemic stroke

At 72 h after ischemic stroke, we carried out TTC staining and found
that intranasal Wnt-3a significantly reduced infarct volume (Fig. 1A, B).
The brain water content was higher in the tMCAO + vehicle group than

Fig. 5. Intranasal Wnt-3a elevates Arg1 and CD206 expression (M2 markers) at 72 h after stroke. (A) Immunofluorescence staining of the Arg1-positive cells in each
group. Scale bar = 25 μm. (B) Quantification indicated that intranasal Wnt-3a apparently increased the number of peri-infarct Arg1-positive cells (⁎p< 0.05, n= 8/
group). (C) Western blot analysis of Arg1 and CD206. (D) and (E) Quantification of Arg1 and CD206 protein levels in each group (⁎p< 0.05 vs. Sham + vehicle
group, #p< 0.05 vs. tMCAO + Wnt-3a group, n= 8/group). Data are shown as mean ± SD.
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that in the Sham + vehicle group, but it was significantly lower in the
tMCAO + Wnt-3a group than that in the tMCAO + vehicle group. No
difference was apparent between the vehicle-treated and Wnt-3a-
treated sham mice (Fig. 1C). Moreover, intranasal Wnt-3a significantly
decreased stroke-induced elevation of neurologic deficit scores on days
3, 7, and 14 after cerebral infarction (Fig. 1D).

3.2. Intranasal Wnt-3a suppresses apoptosis after ischemic stroke

We performed TUNEL staining to identify the effect of intranasal
Wnt-3a on peri-infarct apoptosis at 72 h after ischemic insult. We found
that the apoptotic cells were largely induced in the tMCAO + vehicle
group. However, the Wnt-3a-treated tMCAO mice had significantly
fewer number of apoptotic cells than did the vehicle-treated tMCAO

Fig. 6. Effects of intranasal Wnt-3a on A1 and A2 reactive astrocytes at 72 h post-stroke. (A) and (C) Double immunofluorescence staining showed that GFAP/C3-
positive A1 astrocytes and GFAP/S100A10-positive A2 astrocytes were present in peri-infarct areas. Scale bar = 25 μm. (B) and (D) Representative quantification
showing that intranasal Wnt-3a significantly decreased the number of peri-infarct GFAP/C3-positive cells and increased the number of peri-infarct GFAP/S100A10-
positive cells. (⁎p< 0.05, n= 8/group). Data are shown as mean ± SD.

Fig. 7. Determination of GFAP, IL 15 and IL33 protein levels at 72 h post-surgery. (A) Western blot analysis of GFAP, IL 15 and IL33. (B, C and D) Quantification of
these three protein levels in each group (⁎p< 0.05 vs. Sham + vehicle group, #p< 0.05 vs. tMCAO + Wnt-3a group, n= 8/group). Data are shown as mean ± SD.
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mice. No change was notably different between the vehicle-treated and
Wnt-3a-treated sham mice (Fig. 2A, B).

3.3. Intranasal Wnt-3a attenuates the activation of microglia/macrophages
after ischemic stroke

In comparison with the vehicle-treated tMCAO mice, the Wnt-3a-
treated mice had significantly fewer peri-infarct CD68-positive micro-
glia/macrophages at 72 h after stroke (Fig. 3A, B). Furthermore, the
protein level of Iba-1 measured by Western blot was apparently higher
in the tMCAO + vehicle group than that in the Sham + vehicle group,
but it was significantly decreased in the tMCAO + Wnt-3a group. We
did not detect significant change of Iba-1 expression between the Sham
+ vehicle and Sham + Wnt-3a groups (Fig. 3C, D).

3.4. Intranasal Wnt-3a decreases the expression of iNOS and TNF-α
(markers of M1 microglia/macrophages), and increases the expression of
Arg1 and CD206 (markers of M2 microglia/macrophages) after ischemic
stroke

We found that peri-infarct iNOS-positive cells were obviously fewer
in the tMCAO + Wnt-3a group than that in the tMCAO + vehicle group
at 72 h after cerebral infarction (Fig. 4A, B). Further investigation of
protein levels showed that the expression of iNOS and TNF-α was sig-
nificantly higher in the tMCAO mice treated with vehicle than that in
the sham mice which received vehicle. The tMCAO mice treated with
intranasal Wnt-3a had significantly lower levels of iNOS and TNF-α
than did the tMCAO mice which received vehicle. Neither of the two
protein levels differed significantly between the Sham + vehicle and
Sham + Wnt-3a groups (Fig. 4C-E).

Immunoflurorescence staining showed that the Wnt-3a-adminis-
tered tMCAO mice had significantly greater number of peri-infarct
Arg1-positive cells than did the vehicle-administered tMCAO mice at
72 h after surgery (Fig. 5A, B). Western blot analysis further confirmed
that the expression of Arg1 and CD206 was significantly higher in the
vehicle-treated tMCAO mice than that in the vehicle-treated sham mice.
The Arg1 and CD206 protein levels were notably higher in the tMCAO
+ Wnt-3a group than those in the tMCAO + vehicle group. Intranasal
Wnt-3a did not apparently change the two protein levels in sham mice
(Fig. 5C-E).

3.5. Intranasal Wnt-3a decreases the number of A1 astrocytes, and
increases the number of A2 astrocytes after ischemic stroke

We investigated the presence of A1 astrocytes (labeled by GFAP/C3)
and A2 astrocytes (labeled by GFAP/S100A10) in peri-infarct regions at
72 h post-stroke, and subsequently assessed the influence of intranasal
Wnt-3a on the number of peri-infarct GFAP/C3-positive cells and
GFAP/S100A10-positive cells by conducting immunoflurorescence
staining. We found that GFAP/C3-positive cells and GFAP/S100A10-
positive cells were obviously induced in tMCAO + vehicle group
(Fig. 6A and C). The Wnt-3a-treated tMCAO mice had significant fewer
GFAP/C3-positive cells than did the vehicle-treated tMCAO mice
(Fig. 6A, B). The number of GFAP/S100A10-positive cells in the tMCAO
+ Wnt-3a group was significant greater than that in the tMCAO +
vehicle group (Fig. 6C, D).

3.6. Intranasal Wnt-3a reduces the GFAP and IL 15 protein levels, and
elevates the IL33 protein level after ischemic stroke

We performed Western blot analysis to evaluate the effect of in-
tranasal Wnt-3a on the protein levels of GFAP, IL 15 and IL33, and
found that these three protein levels were significantly higher in the
tMCAO + vehicle group than those in the Sham + vehicle group at
72 h after brain ischemia. Furthermore, the Wnt-3a-delivered mice had
significantly lower levels of GFAP and IL 15, and higher expression of

IL33 than did the vehicle-delivered mice. However, none of these
protein levels was apparently different between the Sham + vehicle
and Sham + Wnt-3a groups (Fig. 7A-D).

4. Discussion

In this study, we investigated the effect of intranasal Wnt-3a on
ischemic stroke-induced reactive microglia/macrophages and astro-
cytes using the tMCAO mouse model. We found that intranasal Wnt-3a
contributed to better outcomes after ischemic stroke. Further, in-
tranasal Wnt-3a decreased the number of peri-infarct apoptotic cells
and CD68-positive microglia/macrophages, reduced the ipsilateral
protein levels of iNOS and TNF-α (markers of M1 microglia/macro-
phages), and upregulated the expression of Arg1 and CD206 (markers
of M2 microglia/macrophages). Lastly, intranasal Wnt-3a promoted A2
astrocyte (labeled by GFAP/S100A10) polarization, reduced the ex-
pression of GFAP and IL15, and elevated the expression of IL33. Our
study suggests that intranasal Wnt-3a might alleviate ischemic brain
injury, at least partly through regulating reactive microglia/macro-
phages and astrocytes.

Wnt-3a is an endogenous glycolipoprotein which stimulates the
canonical Wnt/β-catenin signaling pathway by reducing GSK-3β ac-
tivity and stabilizing β-catenin [17,27]. Since Wnt/β-catenin signaling
pathway participates in many brain pathologies and targets multiple
cells, such as neuron, neural stem cell, and glial cell, its role in central
nervous system (CNS) has been acquiring close attention [15]. Studies
have characterized that Wnt-3a mainly binds the Frizzled-1 receptor,
which needs low-density lipid receptor-related protein 5/6 functioning
as co-receptor, and subsequently recruits the phosphoprotein dishev-
eled and Axin, leading to the suppression of GSK-3β-stimulated phos-
phorylation and degradation of β-catenin. Stabilized β-catenin trans-
locates into the nucleus and interacts with the T-cell specific
transcription factor and the lymphoid enhancer-binding factor, and
then promotes transcription of Wnt target genes [15,16,28].

Intranasal delivery has been generally considered as a non-invasive
and clinically relevant approach for drug administration to the central
nervous system, including intranasal application of exogenous re-
combinant Wnt-3a [24,29–31]. Studies showed the beneficial effects of
intranasal Wnt-3a on neuronal apoptosis, autophagy, blood-brain bar-
rier dysfunction, and neurogenesis in models of MCAO, focal ischemic
stroke and TBI [16,18,19]. However, the influence of intranasal Wnt-3a
on reactive microglia/macrophages and astrocytes after brain ischemia
remains unknown. In this study, we treated tMCAO or sham mice with a
dose of 2 μg/kg/d intranasal Wnt-3a according to literature which
showed neuroprotective roles without side effects of this treatment
strategy [18,19]. We found that intranasal Wnt-3a significantly de-
creased infarct volume and promoted neurologic recovery after is-
chemic stroke, consistent with the previous studies showing therapeutic
potential of intranasal Wnt-3a [16,18,19]. In addition, we showed that
intranasal Wnt-3a notably reduced stroke-induced cerebral edema and
the number of peri-infarct apoptotic cells. Brain edema mainly results
from BBB disruption that leads to the increase of cerebral vascular
permeability and is the major cause of neurologic dysfunction and
mortality during acute cerebral infarction [1,32,33]. Our findings
suggest that intranasal Wnt-3a might improve BBB integrity at 72 h
post-stroke. Although intranasal Wnt-3a has been showed to promote
BBB stabilization at 48 h post-TBI [19], further investigation into the
effect of intranasal Wnt-3a on the dynamic of BBB breakdown after
ischemic stroke and the underlying mechanism of action should be
conducted. Recent studies has demonstrated that rapid matrix me-
talloproteinase (MMP)-9, not MMP-2, activation at pericyte somata
before capillary leakage contributes to BBB disruption in the capillary
bed during acute cerebral infarction [34]. We hypothesize that in-
tranasal Wnt-3a might promote pericyte survival and reduce the release
of MMP-9 during acute ischemic stroke, which needs careful in-
vestigation.
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Acute cerebral infarction initiates rapid activation of the resident
microglia and the invading macrophages [35,36], and leads to sub-
sequent polarization of reactive microglia/macrophages towards toxic
M1 and protective M2 phenotypes [3,37]. Accumulating evidence
suggests that M2 microglia/macrophages transiently increase and then
switch to M1 microglia/macrophages in the first 3 days after ischemic
stroke [38,39]. Therefore, we chose 72 h post-ischemia as the time
point of observation in this study. We found that intranasal Wnt-3a
significantly reduced the peri-infarct CD68-positive, which is mainly
expressed in reactive microglia/macrophages [40], cell number. Fur-
thermore, our results showed that intranasal Wnt-3a reduced Iba-1,
iNOS and TNF-α protein levels, and increased Arg1 and CD206 protein
levels. Since iNOS and TNF-α are well defined markers of M1 micro-
glia/macrophages, and Arg1 and CD206 are generally considered as
markers of M2 microglia/macrophages [3,41,42], our results indicates
that Wnt-3a may reverse the switch of M2 microglia/macrophages to
M1 at 72 h after ischemic stroke. Although previous study showed that
Wnt-3a derived the pro-inflammatory transformation in primary mouse
microglia cells [43,44], we did not observed significantly elevated ex-
pression of pro-inflammatory iNOS and TNF-α in intranasal Wnt-3a-
treated sham mice, possibly because the in vivo environment has more
complicated cell-cell communication than the in vitro environment
with single cell population. These findings suggest that intranasal Wnt-
3a could balance stroke-induced reactive microglia/macrophages into
neuroprotective polarization.

Astrocytes are the most abundant cells in the mammalian CNS that
perform many functions important to maintain normal brain function
[45]. Although studies have generally revealed that ischemic stroke
strongly induces the activation of astrocytes [2,46], the influence of
reactive astrocytes on the recovery of neurological function after is-
chemic stroke remains controversial. Recent studies showed the re-
active astrocyte polarization, called A1 (neurotoxic phenotype) and A2
(neuroprotective phenotype) astrocytes, in some animal models in-
cluding Parkinson's disease, spinal cord injury, Alzheimer's disease and
aging [47–51]. However, the reactive astrocyte polarization after is-
chemic stroke and the effect of intranasal Wnt-3a on it are still not well
defined. In the present study, we found that A1 and A2 astrocytes ex-
isted in the peri-infarct zones after ischemic stroke. Intranasal Wnt-3a
could decrease the number of A1 astrocytes and increase the number of
A2 astrocytes. Recent study uncovered the crucial effect of reactive
microglia on astrocyte polarization [4]. Although we didn't show
whether intranasal Wnt-3a directly targeted stroke-induced reactive
astrocytes, our findings at least suggest a kind of indirectly regulation.
We further showed that intranasal Wnt-3a reduced the expression of
GFAP and IL15, and elevated the protein level of IL33. Previous studies
have identified that reactive astrocytes are specific or major source of
IL15 and IL33 in the CNS [52–55]. IL15 could aggravate brain damage
after stroke by inducing neurotoxic glial activation and neuroin-
flammation [56,57]. IL33 could attenuate the ischemic brain injury
after stroke through promoting beneficial microglial responses [58,59].
Considering that A1 and A2 astrocytes derived toxic and protective
factors remain largely unclear, we hypothesize that IL15 might be one
of the A1 astrocytes derived neurotoxic factors, and IL33 might be one
of the A2 astrocytes derived neuroprotective factors, which needs fur-
ther careful investigation to make a convincing conclusion. Our present
findings suggest that intranasal Wnt-3a could facilitate neuroprotective
responses of astrocytes after ischemic stroke.

There are some limitations in our present study. We didn't in-
vestigate the mechanistic basis for the action of Wnt-3a, while we be-
lieved that identification of the mechanism by which Wnt-3a directly or
indirectly modulated the activation and polarization of microglia/
macrophages and astrocytes, such as the possible interaction between
Wnt-3a/GSK-3β/β-catenin pathway and nuclear factor erythroid-2 re-
lated factor 2 (Nrf2), signal transducers and activators of transcription 3
(STAT3) and nuclear factor κB (NFκB) pathways, could provide better
comprehension of intranasal Wnt-3a promoting functional recovery

after ischemic stroke. Additionally, we didn't assess the expression of
GSK-3β and β-catenin, because previous study verified that intranasal
Wnt-3a could inhibit GSK-3β activity and increase the β-catenin protein
level. Although we mainly explored the effect of intranasal Wnt-3a on
the reactive microglia/macrophages and astrocytes three days after is-
chemic stroke, it would be interesting to investigate the long-term in-
fluence of intranasal Wnt-3a on the stroke-induced neuroinflammation.

5. Conclusion

In conclusion, we confirmed that intranasal Wnt-3a protects against
ischemic brain injury and this beneficial action might be at least partly
mediated by modulating the activation and polarization of microglia/
macrophages and astrocytes. Our findings could further support the
assumption that Wnt-3a may potentially be considered as a therapeutic
agent for ischemic stroke.
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