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Abstract
Background: As an important signaling pathway during embryonic development, WNT/β-catenin
signaling regulates cell proliferation and differentiation. However, the role of WNT pathway on central
nervous system (CNS) injury is not clear.

Methods: In this study, based on traumatic brain injury (TBI, in vivo) and acute neuroin�ammation (in vivo
and in vitro) models, WNT signaling regulating glia cell phenotypes and the fate of neurons was
investigated, and the effect on neurological function and anxiety behavior were also studied. The
intercellular interaction was veri�ed by transwell experiments.

Results: The result showed that WNT signaling was inhibited at acute stage of brain injury and TBI, and
the expression of WNT/β-catenin decreased in primary cultured neurons and astrocytes after
lipopolysaccharide (LPS) treatment. WNT agonists (LiCl and Wnt3a) treatment signi�cantly relieved
psychiatric symptoms post-TBI compared to vehicle-treated group. WNT agonist treatment accelerated
the polarization of astrocytes and generated A2 astrocytes, and activation of WNT signaling in astrocytes
could promote neuron axon formation and maintain neuronal stability.

Conclusions: Our �ndings revealed that WNT signaling could in�uence neuron plasticity through
regulating the phenotypes of microglia and astrocytes, and thereby affect neurological function and
anxiety state. This study provides an evidence that WNT signaling may be therapeutic target against
psychiatric disorder after TBI 

Background
Early views of glial cells are relatively inert cells, and now, glia are recognized as dynamic cells which
respond to neuronal activity, sense and regulate metabolic changes[1]. Astrocytes, as the most abundant
cells in the central nervous system (CNS), contribute to balance brain function and help to maintain the
normal composition of the extracellular medium[2, 3] and the perspective of microglia in disease
development have evolved, which was seen to play crucial roles in promoting and limiting brain injury[4].
In traumatic brain injury (TBI) and other CNS diseases, the brain’s innate response to injury is crucial,
resident astrocytes and microglia are often the primary cell types to initiate an in�ammatory cascade
upon sensing danger, for this reason, the proteins which associated with the activation of these cells are
often used as biomarkers[5].

CNS lesion will induce a generic response of reactive gliosis. Previous studies generally agreed that
microglia have functional plasticity including M1 and M2 phenotypes. Recently, like microglia, A1 and A2
phenotype of astrocyte have been proved. A1 astrocytes increase many proin�ammatory cytokines that
shown negative function, however, A2 astrocytes upregulate neurotrophic factors for neuroprotective
effect [6, 7]. Disturbances of normal neuron-astrocyte interactions lead to neurodegeneration and
progression of neurological diseases [8].



Page 4/27

WNTs are family of secreted lipid-modi�ed signaling proteins which acting as short- or long-term
signaling molecules in the regulation of cellular processes [9, 10]. The WNT/β-catenin signaling pathway
is important for neurogenesis in the developing nervous system [11, 12]. In present study, TBI (in vivo)
and acute neuroin�ammation (in vivo and in vitro) model were induced by CCI and lipopolysaccharide
(LPS) respectively, the expression of WNT was detection in injured cortex. Meanwhile, WNT/β-catenin
signaling regulating glia cell phenotypes and the fate of neurons was investigated, and the effect on
neurological function and anxiety behavior were also studied.

Materials And Methods

Animals
The 8-week-old male Sprague-Dawley rats were used for animal experiments (SLAC Company, Shanghai,
China). Animals were housed with a 12 h light/dark cycle and at 22 ℃ and allowed to free access food
and water. All the animal procedures were approved by Institutional Animal Use and Care Committee at
Soochow University and carrier out according to the guidelines of Animal Use and Care of the National
Institutes of Health.

Traumatic brain injury model
TBI was performed using the controlled cortical impact (CCI) model as previously described[13].

Acute neuroin�ammation model
Rats were anesthetized with 10% chloral hydrate (0.35 ml/100 g) and intracerebroventricular (ICV)
injection of LPS was given using stereotaxic apparatus following conditions: 0.8 mm posterior to bregma;
1.5 mm lateral to saggital suture; 3.6 mm beneath the surface of brain [14].

LiCl and Salinomycin treatment
LiCl and salinomycin was dissolved in sterile saline, the �nal concentration was 8 mg/ml and 0.4 mg/ml
respectively. LiCl or salinomycin was intraperitoneally injected 30 min post-TBI, followed by injections
once daily for 3 days, 7 days or 14 days.

Wnt3a and DKK-1 treatment
Intranasal administration is a well-established non-invasive route for drug administration to the brain and
allows for permeation of proteins and even cells across the blood-brain barrier (BBB)[15]. Recombinant
Wnt3a and DKK-1 (R&D Systems) was reconstituted at 10 ng/µL in phosphate-buffered saline (PBS)
containing 0.1% BSA.

Tissue collection
Rats were sacri�ced after 1 h, 6 h, 24 h, 3 d, 7 d, 14 d of TBI and LPS injection. Rats were anesthetized
and scari�ed at different time-points, tissue samples from injured cerebral cortex were rapidly removed,
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and all the subgroup samples were snap frozen in liquid nitrogen and stored at -80°C until be used.

Primary astrocyte and microglia culture
Primary astrocyte and microglia cultures were prepared from SD rats as described previously [16–18].

Behavioral analysis
Wire Grip Test (WGT) and Morris Water Maze (MWM) were chosen to explore ability of motor function,
learning and memory after TBI. Open �eld test (OFT), light dark box test (LDB), marble burying test (MBT)
was used to explore the anxiety-like behavior and sucrose preference test (SPT), forced swim test (FST)
could re�ect depression-like behavior. The detailed methods and protocols were shown in supplementary
information.

Primary neuron, astrocyte, microglia and co-culture
Primary neuron cultures were prepared from SD rats and the detail was shown in supplementary
information. The puri�cation of astrocytes and microglia were plated in 6-wells dishes about the ratio of
3–5:1, the mature mixed glial cultures could be used after seven days. Primary astrocyte-neuron co-
cultures were prepared from SD rats as described previously[19].

OGD and OGD/R establishment
In oxygen/glucose deprivation injury and reperfusion (OGD/R) model, 2 mM Na2S2O4 was employed to
consumption oxygen [20]. The Na2S2O4 was solution in glucose-free DMEM/F12 medium.

Transwell analysis
0.4 µm and 8 µm pore diameter inserts were used in the experiment, the detailed process was shown in
supplementary information.

5-Ethynyl-2′-deoxyuridine (EdU) assay
The proliferation of all type of astrocytes were measured by Cell-Light EdU Apollo567 In Vitro Kit (RiboBio,
Guangzhou, China) following the manufacturer’s instructions.

Immunocytochemistry and Immuno�uorescence staining
The astrocytes were plated on the coverslips which have coated with poly-L-lysine. For
Immunocytochemistry (ICC) [21], coverslips were prepared routinely, depara�nized and rehydrated.
Images were acquired using microscope (Nikco) and immuno�uorescence staining was used to primary
astrocyte-microglia co-culture, astrocytes scratch-wound model, different treatment groups of microglia
and primary neuron culture in cells and rat brain tissue slices.

In this part, the primary antibodies were as follows: anti-GFAP (1:200, Abcam), anti-Iba1 (1:100, Abcam),
anti-MAP2 (1:100, Abcam).

Western blot
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For cortical tissues, rats were sacri�ce at 1 h, 6 h, 1 d, 3 d, 7 d and 14 d after TBI and LPS and cells
samples were scraped from culture plate. The proteins of injured brain tissues and cells from different
treatment groups were extracted by RIPA lysis. The proteins were separated by 8%, 10% and 12% SDS-
PAGE and transferred onto Hybond-Polyvinylidenedi�uoride (PVDF) membranes.

The primary antibody involved in this paper were as follows: anti-β-catenin (1:1000, Abcam), anti-Il1β
(1:500, Proteintech), anti-iNOS (1:500, CST), anti-AQP4 (1:500, Proteintech), anti-β-actin (1:5000, Abcam),
anti-β-tubulin (1:1000, Beyotime), anti-Bax (1:1000, Abcam), anti-Bcl2 (1:1000, A�nty).

Real-time PCR
Total RNA was extracted from primary cultured cells using Trizol reagent (Thermo, USA). The RNA sample
were reverse-transcribed in 20 µl at 42°C for 60 min then incubated at 70°C for 5 min and 4°C for 10 min
according to the manufacturer’s instructions (Thermo, USA). The sequences of the PCR primer are shown
in supplementary information.

Brain edema and Lesion volume assay
Brain edema (water content) was measured as previously used. In brief, rats were anesthetized and
sacri�ced at 24 h and 3 d after TBI. The brain water content was measured with a drying method and
percentage was calculated using the Elliott formula for each part:

Lesion volume was measured at 7 d post-TBI. Cryosections (15 µm thick, 100 µm intervals) were strained
with H&E photographed with light microscopy and an imaging program. Each section was measured for
area with imageJ software.

Statistics analysis
All statistical analysis was performed using SPSS 24.0. The hapiro-Wilk test was used to evaluate
whether the data were obedient to normal distribution. Difference between groups were calculate by t-test.
Western blot was carried out with one-way or two-way ANOVA. For all comparisons, P < 0.05 was regarded
as statistically signi�cant.

Results

Activation of WNT signaling inhibit de�cit of
learning/memory and psychiatric disorder
In behavior analysis, motor function of all the groups were recovery at 6 days after TBI and the rats
treated with LiCl and Wnt3a could get high score at early-stage post TBI (Fig. 1B). In MWM test, TBI
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(vehicle) induced an increased latency at 11 to 21 days compared with the sham group, however,
treatment with LiCl and Wnt3a reduced the latency on 13–21 days after TBI (Fig. 1C).

In OFT, the movement distance in TBI + salinomycin, TBI + DKK-1 group was signi�cantly decrease at 3 d
to 14 d (Fig. 1D1-D3) post-TBI, however, the movement distance had no statistically signi�cant at 28 days
after TBI (Fig. 1D4). Compare with sham group, the center distance of TBI, both in agonist and inhibitor
group was downregulation at 3d and 7 d after TBI (Fig. 1E1 − 2), however, no statistically signi�cant
difference at 14 d to 28 d (Fig. 1E3 − 4). In LDB, as shown in Fig. 1F and 1G, light compartment times and
number of light compartment entries signi�cantly decreased if rats were suffered TBI. LiCl and Wnt3a
could increase the light compartment time and entries compared with vehicle (Fig. 1F3). The effects of
TBI, agonist and inhibitor treatments on MBT, which represent anxiety-related sequelae, are shown in
Fig. 2H. WNT agonist signi�cantly decreased the marble burying behavior as compared to vehicle group
at 7d and 14d post-TBI.

SPT could re�ect depression-like behavior, signi�cant decrease in sucrose consumption was observed in
TBI, TBI + DKK and TBI + salinomycin groups at 7d post-TBI (Fig. 1I2). Chronic treatment with Want3a and
LiCl showed pronounced increase in sucrose consumption at 14d post-TBI (Fig. 1I3). In the FST, TBI rats
displayed despair behavior as increased time of immobility (Fig. 1J2 − 4). TBI + Salinomycin and TBI + 
DKK increased time of immobility compared with sham groups, however, Wnt3a and LiCl decreased
immobility time at 7d to 14d after TBI (Fig. 1I3 − 4). In SIT, all the rats had no preference for 2 empty cages
during a habituation period. When put a stranger rat in one cage, sham rats spend spent more time at rat-
containing cage until 14d post-TBI compared with TBI + salinomycin and TBI + DKK treatment (Fig. 1K1 − 

2). LiCl and Wnt3a could reverse the impaired social interaction at 7d after TBI (Fig. 1K2).

Activation of WNT signaling bene�t neuroprotection post-
TBI
We measured the level of β-catenin which is a key protein to regulate WNT signaling pathway. For injured
cortex tissue, WNT signaling was dysregulated in TBI and acute neuroin�ammation model
(Supplementary Fig. 1A-B). In cell-cell interaction (Supplementary Fig. 1C), the WNT signaling was
inhibited with activated microglia-condition medium (MCM) in primary neuron and slight change from 1
hour to 8 hours, but down-regulation at 12 hours in astrocyte (Supplementary Fig. 1D-E).

The neuroprotective effect was con�rmed by lesion volume (LV) showed a signi�cantly smaller LV in the
LiCl and Wnt3a group on 14 d after TBI (Fig. 2A-B). In addition, brain edema was signi�cantly decrease
compared with TBI (vehicle) group at both 24 h and 3 d post TBI in agonists treatment groups (Fig. 2C).
Then, in western blot (Fig. 2D-E), LiCl and Wnt3a, as agonists, could reversed the β-catenin decrease at 3
d after TBI and the expression of in�ammatory factors like iNOS and IL-1β was decrease in LiCl and
Wnt3a treated groups compared with vehicle, salinomycin and DKK-1 group. The expression of Bcl-2
increased and Bax decreased at agonist groups. Immuno�uorescence staining was employed to analyze
the distribution and polarization state of astrocytes and microglia (Fig. 2F). Salinomycin and DKK
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decreased the number and length of branch in microglia and activated microglia. The level of microglia
activation signi�cantly increased compared with vehicle group (Fig. 2G). For astrocyte, the neurite length
and cells’ area also increased.

Phenotype of astrocyte was regulated by microglia and
WNT signaling pathway
Under astrocytes-microglia/co-culture condition, the cells treated with LPS can induce the A1 astrocytes,
in which the length of neurite increased and cells’ area shrunk signi�cantly (Fig. 3A-B). To analyze the
relationship between microglia and WNT pathway, the primary microglia were treated with LPS/IL-4,
LiCl/DKK-1, and OGD/R, our study found that activation of WNT signaling (LiCl treatment) in microglia
will promote to generate M2-microglia (Fig. 3C) and activation of WNT signaling will promote CD206
upregulation and formation M2 microglia as well as reduce apoptosis (Fig. 3D-E).

We hypothesis different phenotype of microglia could modify reactivate astrocytes process. To prove the
hypothesis, transwell was used to co-culture microglia and astrocytes. The microglia were plated in upper
chamber and treated with LPS, Il-4, DKK and LiCl, and then placed into the bottom wells that containing
primary astrocytes (Fig. 3F). According to the western blot analysis, for astrocyte (Fig. 3G), β-catenin was
overexpressed in M2 and LiCl treated microglia induced groups. Besides, iNOS, IL-1β and TNFα increased
in M1- and DKK-microglia treated groups (especially DKK treated group), and AQP4 upregulated in the
M1-microglia treated group signi�cantly (Fig. 3H). Then, in RT-qPCR, C3 and GBP-2, regarded as A1
astrocyte markers, remarkably increased in M1- and DKK-microglia treatment group and A2 astrocyte
markers S100a10, Ptx3, Tm4sf1, Arginase-1 and Nrf-2 were upregulated in M2- and LiCl-microglia treated
groups compared with M1- and DKK-microglia treated groups (Fig. 3I).

WNT/β-catenin pathway regulated morphology and
phenotype of astrocytes
After treatment with LPS, we found morphological change in astrocytes (Fig. 4A). The area of astrocyte
was signi�cant decreased after treatment with LPS 12 hours and the neurite length increase, especially
LPS induce 48 hours after LPS induction. To determine whether reactive astrocyte function changes or
not, we examined levels of iNOS, AQP4, IL-1β and TNFα by western blot. The results revealed that iNOS
and AQP4 increased at 12 hours post-treatment with LPS, while IL-1β increased at 8 hours, and TNFα
increased at 1 hour (Fig. 4B-C).

The morphology of astrocytes was detected under different treatment condition (activated-MCM
treatment 24 h, OGD, and OGD/R), astrocytes showed polygonal with the treatment of OGD, OGD/R and
LiCl compared with treatment of activated MCM and DKK (Fig. 4D). Astrocytes suffered OGD, OGD/R and
LiCl could activate the WNT/β-catenin pathway and reduce the expression of AQP4 (Fig. 4E-F).

In recent research, double-immuno�uorescence labeling with complement component 3 and glial �brillary
acidic protein (GFAP) had been used to label A1 astrocytes, and double-immuno�uorescence with
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S100a10 and GFAP could labeling A2 astrocytes. Besides that, PTX3, TM4SF1, Nrf2 and Arginase-1 also
overexpressed in A2 astrocytes, meanwhile, GBP2 could be used for A1 astrocytes marker. In RT-qPCR
analysis, S100a10 and Tm4sf1 overexpressed in OGD/R and LiCl treatment groups and Arginase-1 and
Ptx3 downregulated in LPS, activated-MCM and DKK-1 groups. Nrf-2 overexpressed in OGD/R and LiCl
group, but there was no statistical signi�cance in LiCl group. GBP2 and C3q increased signi�cantly in
activated-MCM and DKK-1 group (Fig. 4G).

WNT signaling could modify proliferation and migration of reactive astrocytes. To evaluate the
relationship between phenotype of reactive astrocytes and WNT signaling pathway, the cell wound
healing assays was used. Before scratch, all the groups were pre-treated with LPS, activated-MCM, LiCl,
DKK-1 and OGD/R,the neurite length of the astrocytes was remarkable decreased in LiCl and OGD/R pre-
treated group (Supplementary Fig. 2A, 2D-E). In the meantime, the healed area is increased in activated-
MCM and DKK treated group (Supplementary Fig. 2B and 2F). We hypothesized that the decrease in
scratch area was due to inhibition of astrocyte proliferation. According to EdU assay we found the
number of EdU+ astrocytes were decrease in LiCl and OGD/R group (Supplementary Fig. 2C and 2G).

To assess the interaction among microglia, astrocyte and neuron, the transwell was employed to perform
co-culture. Astrocytes and microglia were plated in upper chamber and neurons were plated in bottom
chamber (Supplementary Fig. 2H). The results showed that the migration of microglia had no change in
all groups (Supplementary Fig. 2I-J) but the number of astrocytes migration was increased signi�cantly
in LPS treated neuron group. However, the astrocyte will lose the ability of migration if pre-treated with
agonist LiCl, no matter whether the neuron injured or not. The migration of astrocytes was weakened in
OGD/R treated group compared with LPS and DKK group (Supplementary Fig. 2K).

Different phenotype of astrocyte regulated neuron synapse
formation and synapse elimination
In primary neurons, there was no effect on length of synapsis in activation or inhibition WNT signaling,
but activation WNT could promoted synapsis elimination and increased synapsis plasticity during neuron
development (Fig. 5A-C). To investigate the effect of microglia and astrocytes on neuron synapse
formation, the microglia were treated by LPS/IL-4 or LiCl/DKK �rstly. All the types of microglia were
plated in upper chamber, further, co-culture was performed after neuron plated in 6-wells culture dish for
36–48 h (Fig. 5D). 0.4 µm and 8.0 µm pore diameter inserts were performed for transwell assays. In 0.4
µm inserts, all the cells cannot migrate and 8.0 µm can migrate randomly. We observed that the synapsis
of primary neuron treated with M1- and DKK-microglia was inhibited and the number of synapsis
increased compared with M2- and LiCl-microglia group, especially LiCl treatment group (Fig. 5E-F).

Then, all the type of astrocyte was plated in upper chamber, and co-culture was performed as above
mentioned (Fig. 5G). We found that if reactive astrocytes lose the ability to migrate (astrocytes plated in
0.4 µm inserts), the length of synapsis grew longer than reactive astrocytes plated in 8.0 chamber,
especially in resting and A2 astrocytes (Fig. 5H), meanwhile, the number of synapsis in neuron reduced
signi�cantly (Fig. 5I). If the primary neuron without astrocytes, the synapsis kept the level of complication
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and short (the data was not showed). In order to explore the regulation function between microglia-
astrocyte-neuron axis and WNT pathway, primary astrocytes were plated in upper chamber and co-
cultured with bottom microglia. Then, the astrocytes were transferred to co-culture with primary neuron
(Fig. 5J). If astrocytes induced by M2- and LiCl-microglia, the neuron showed longer synapsis, particularly
in no migration condition (Fig. 5K-L).

It is known that limiting the migration of astrocytes can promote the neurons maturation. Apoptosis of
neuron was aggravated by A1 astrocytes (activated-MCM) and DKK treatment, which showed the
decrease of Bcl-2 vs Bax and increase of caspase-3. Similarly, astrocytes showed neuroprotective activity
which induced by M2 and LiCl-microglia, Bax and Caspase-3 were upregulated and Bcl-2 was
downregulated by M1- and DKK-microglia-astrocyte axis (Fig. 5M-P).

To further explore the effect of WNT-astrocyte-neuron axis, astrocyte-neuron direct co-culture was used to
monitor neuron apoptosis. TUNEL positive cells were more abundant after LPS treatment. Meanwhile,
LiCl could dramatically reduce the mix cells apoptosis. For OGD/R group, the number of astrocyte
apoptosis was downregulated, but there has no difference (TUNEL positive cells) in primary neuron in all
groups (Fig. 5Q-R).

Discussion
In our study, we elucidate a novel protective mechanism of WNT signaling activation against TBI induced
de�cit of neurological function and psychiatric disorder. We also provide evidence that activation of WNT
signaling promotes recovery of anxiety- and depression-like behaviors, and relieves glia cells excessive
polarization. Meanwhile, WNT signaling could modulate migration of astrocytes rather than microglia to
affect plasticity of neuron. Based on primary cells culture, microglia with increased WNT could accelerate
generation of A2 or resting-state astrocytes. Importantly, the results indicated that the astrocyte is a key
role, which drive neuron stabilization, according to WNT signaling post CNS injuries.

WNT signaling affect a series of neurodevelopmental processes. Previous studies also revealed that the
abnormal expression of WNT could lead to the disorder of cognitive function, de�cit of learning and
memory [12, 22] and may associate with mood disorder, such as schizophrenia [23], autism spectrum
disorder [24] and bipolar disorder [25]. In our model, the behavioral tests were performed in this study, and
the results showed that anxiety and depression signi�cantly increased after TBI which also �ts with
recent reports implicating risk of anxiety and depression increased after TBI [26]. With treatment of DKK-
1/salinomycin, rats exhibited impaired anxiety, depression and social interaction behavior even lasted to
28 days.

The rodents exhibited cognitive dysfunction and activation of glia cells after TBI [27]. In our �ndings here,
WNT agonists could inhibit activation of astrocytes and microglia, LiCl and Wnt3a inhibited microglia
activation and decreased formation of reactive-astrocytes. Interestingly, the branch of microglia
decreased and cell signi�cantly swelled after WNT inhibitors treatment. To explain this phenomena,
primary cells experiments were developed in this study. The results showed that the primary astrocyte
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re�ected to WNT signaling later than neuron after MCM-LPS treatment. So, the mechanism of the glia-
neuron interaction induced by injury is emerged, a proposition, WNT signaling as key signaling regulate
neuron through astrocyte and/or glia, is given, and the experiment are explored further.

Therefore, we �rstly investigated the relationship between astrocytes-microglia interaction and WNT
signaling. WNT-induced switch is an important in microglia M1/M2 phenotype regulation [28, 29]. In
addition to the above �ndings, in this study, we found different phenotype of microglia would stimulate
astrocytes polarization toward A1- and A2- astrocytes (resting-astrocyte) and activation of WNT affect
phenotype of microglia, then, lead to change of astrocytes polarization further.

It has been revealed that reactive astrocytes are strongly induced by CNS injury and always occurs with
brain tissue defect and A1 astrocytes was strongly associated with pathogenic progression and induced
neuron de�cit [30, 31]. A1 astrocytes highly increase the complement component 3 (C3),
histocompatibility 2, D region locus 1 (H2d1) and serpin family G member 1 (Serping 1) [32]. A2
astrocytes upregulation many neurotrophic factors including pentraxin 3 (Ptx3), S100 calcium-binding
protein A10 (S100a10) and sphingosine-1-phosphate receptor 3 (S1pr3) [31, 32]. Recent study indicated
that A1 reactive astrocytes could be induced only by activated microglia which induced by LPS [6],
however, we achieved some new �ndings in this study. We detected the A1 and A2 speci�c markers
including C3, GBP2, S100a10, Arginase-1, Ptx3, Tm4sf1 and Nrf-2. For A1 astrocyte markers, C3 and
GBP2 increased in injury groups (treatment with LPS, LPS-MCM), meanwhile, inhibition of WNT signaling
result in A1 astrocytes formation. A2 astrocyte markers (S100a10, Arginase-1, Ptx3, Tm4sf1 and Nrf-2)
expressed high level in OGD/R and LiCl treatment groups compared with injury groups. The �nding
means that activated WNT signaling is bene�t to A2 astrocytes generation and WNT pathway could
directly regulated polarization of astrocytes even without the exists of microglia. In vitro, astrocytes
always present polygonal, bipolar and stellate. LPS could induced morphological changes in cultured
astrocyte, and astrocytes’ reactivity will be upregulated by the change and the percentage of cells with
bipolar and stellate shapes were higher compared with resting astrocyte [33]. However, the morphological
speci�city of A1 and A2 astrocyte is still unknown. In our in vitro study, we found the morphology of A2
astrocytes were similar to resting-astrocyte, and activated WNT signaling pathway was bene�t to
maintain the condition of anti-in�ammatory. A2 reactive astrocytes and resting astrocytes tended to
format of polygonal �broblast-like shape, however, the A1 reactive astrocytes are always bipolar and
stellate. Compared with astrocytes in vitro, the cells from neonatal rodent brain show few synapse and
present polygonal �broblast-like shape under physiological condition and the change of astrocytes
morphology such as the withdrawal or outgrowth of astrocyte neurites are expected to modify signal
exchange between astrocyte and neuron. However, further study is needed.

Another interesting �nding in our research is that LiCl and Wnt analogues have no signi�cant effect on
formation of synapses in primary neuron, but could promoted the synapsis elimination, and then, the M1-
and M2-like microglia could only regulate the formation of synapses. So, we assumed that the powerful
ability of WNT signaling may relate to the function of secretion and metabolism of astrocytes, and the
former hypothesis was proved by recent papers which have revealed that the release of glucose,
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glutamate and intermediary including cytokines and polypeptide were modi�ed by WNT pathway to
astrocyte [34, 35]. It has become increasingly clear that not only based on the formation of synapses but
also include the selective elimination of synaptic are essential for the development and maintenance of
synaptic connectivity patterns [36–38]. So, we compared the effect of WNT-astrocyte/neuron and WNT-
microglia/astrocyte/neuron loop in synaptic plasticity, and found that WNT signaling could regulate
phenotype of astrocytes and affected neuron function further. Activation of WNT signaling was bene�t to
maintain anti-in�ammatory condition by transforming microglia from M1 to M2 phenotype, however, this
indirect modulation led to weak in�uence for development and maturation of neurons. Early research
revealed that astrocytes modulate neuron synapse function and development in cultured primary
neurons, and the presence of astrocytes greatly enhance synaptic activity and promote response to
neurotransmitters[37]. In this study, it is noteworthy that astrocytes, which WNT was activated, could
contribute to neuron plasticity and synaptic elimination, meanwhile, activation of WNT in astrocytes
decreased neuron apoptosis induced by LPS. Importantly, migration of astrocytes is disadvantage factor
for neuron plasticity (Fig. 5H), but, WNT agonists can counteract the effect and contribute to neuron
plasticity. For the reason, we believe that WNT-astrocyte/neuron loop is the most important mechanism in
regulation of neuronal plasticity and function. Astrocyte-neuron crosstalk may be more essential
mechanism in improving brain function and prevention of anxiety and other mental diseases after brain
injury.

Moreover, many studies have proved that A1 astrocytes lose ability to induce synapse formation, and
promote neuron death. However, A2 astrocytes obtain the capacity for function of phagocytosis and
promote survivability of synaptic and neuronal [6, 39]. In our experiments, the type A2 astrocytes which
induced by WNT agonists, exert the greatest effects on the formation, development and recovery of
damage neurons. It should be an important mechanism for protective effect in brain via regulation of
astrocyte on WNT signaling. We also found that activation of WNT signaling pathway could inhibited the
proliferation of primary astrocytes and maintained the integrity of damaged neuron (Fig. 6). This
phenomenon may be related to the de�cit of proliferation of astrocyte and inhibition of glial scar
formation. It is a pity that A2 reactive astrocyte and resting state astrocyte have similar function in this
study and it was di�cult to distinguish A2- and resting state astrocyte on morphological level, protein and
genes accurately and precisely. So, further studies are needed.

Conclusions
Overall, using multiple approaches, our research has identi�ed that the activation of WNT pathway is
implicated in neurofunctional recovery and activation of WNT pathway could relieve the psychiatric
de�cit post-TBI. Our �ndings support WNT/β-catenin signaling pathway could affect the polarization of
glial cells (astrocytes and microglia). Activation of WNT/β-catenin signaling pathway could maintain the
resting state of glial cells and promote the polarization of cells to anti-in�ammatory. Glial cells play an
important role in maintaining neuronal plasticity, and regulation mode of WNT/β-catenin signaling
pathway-astrocytes-neuron loop necessary for neuron plasticity.
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Abbreviations
TBI
Traumatic brain injury
CNS
Central nervous system
CCI
Controlled cortical impact
LPS
lipopolysaccharide
WGT
Wire Grip Test
MWM
Morris Water Maze
OFT
Open �eld test
MBT
Marble burying test
SPT
Sucrose preference test
FST
Forced swim test
OGD/R
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Figure 1

Traumatic brain injury induce anxiety- and depression-like behaviors in rats. (A) Time line of the
experiments. (B) Wire grip test was used to determine the change of motor function. (*p<0.05, ** p<0.01,
*** p<0.001 vs sham rats, #p<0.05, ## p<0.01, ### p<0.01 vs vehicle, n=6). (C) The MWM was performed
to analyze the change of spatial memory in groups of sham, vehicle, DKK, LiCl, Salinomycin, and Wnt3a
(n=15). (D-E) Anxiety-like behavior was determined through open �eld test (total distance traveled) at 3 d,
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7 d, 14 d and 28 d after TBI. The percentage of center distance in open �eld test was analyzed at 7 d, 14 d
and 21 d after TBI. (*p<0.05, ** p<0.01, *** p<0.001 vs sham rats, #p<0.05, ## p<0.01 vs vehicle, n=12).
(F-G) Anxiety-like behavior was determined through light dark box test was explored at 3 d, 7 d, 14 d and
28d after TBI. The light compartment times and entries was recorded. (*p<0.05, ** p<0.01, *** p<0.001 vs
sham rats, #p<0.05, ## p<0.01 vs vehicle, n=12). (H) Marble Burying Test was used to analyze anxiety
post-TBI. (*p<0.05, ** p<0.01, *** p<0.001 vs sham rats, #p<0.05, ## p<0.01, ### p<0.01 vs vehicle,
n=12). (I) The sucrose preference test was performed for detected depression after TBI. (*p<0.05, **
p<0.01, *** p<0.001 vs sham rats, #p<0.05, ## p<0.01, ### p<0.01 vs vehicle, n=12). (J) Forced Swim
Test could re�ect despair with rats suffered TBI. (*p<0.05, ** p<0.01, *** p<0.001 vs sham rats, #p<0.05,
## p<0.01, ### p<0.01 vs vehicle, n=12). (K) In Social Interaction Test, the interaction ratio with stranger
rats were determined. (*p<0.05, ** p<0.01, *** p<0.001 vs sham rats, #p<0.05, ## p<0.01, ### p<0.01 vs
vehicle, n=12)
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Figure 2

Activation of WNT signaling suppressed apoptosis and improve nerve function. (A) Representative
images of H&E staining brain slices on 14 d post-TBI. (B) The quantitative analysis of brain lesion volume
(## p<0.01, vs vehicle group). (C) The percentage of brain water content correlation with WNT signaling
in ipsilateral hemisphere after TBI 1 d and 3 d (# p<0.05, ## p<0.01, vs vehicle group, n=6). (D) The
expression level of β-catenin, iNOS, IL-1β, Bcl-2 and Bax in brain cortical tissue post-TBI (3 d) was
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analyzed. (E) For western blot, *p<0.05, ** p<0.01, vs sham group (control group); #p<0.05, ## p<0.01, vs
vehicle group, n=6. (F) immuno�uorescence staining was employed to determine the number and
morphology of astrocytes and microglia. (G) End-point and branch length of microglia as well as area
and neurite length of astrocyte was analyzed. (*p<0.05, ** p<0.01, vs sham group (control group);
#p<0.05, ## p<0.01, vs vehicle group, n=6).

Figure 3
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LPS and WNT signaling regulated morphology of astrocytes and state of activation. (A) Morphological
change of astrocytes exposed to LPS at different time points. (n=6 independent cells preparations). (B)
The expression level of iNOS, AQP4, IL-1β and TNFα in cultured astrocytes at different time points after
LPS treatment. (C) *p<0.05, ** p<0.01 vs no treated groups (n=3-6 independent cells preparations). (D)
Correlation between the morphological change of astrocytes and WNT pathway, n=6 independent cells
preparations. (E) The expression of β-catenin, iNOS, AQP4, IL-1β, and TNFα with different type of
astrocytes. (F) *p<0.05, ** p<0.01 vs activated-MCM groups, n=3-6 independent cells preparations. (G)
The mRNA expression level S100a10, Ptx3, Tm4sf1, Aginase-1, Nrf-2, C3q and GBP2 under different
treatment condition.. *p<0.05, ** p<0.01, *** p<0.001 vs control group, n=3-6 independent cells
preparations.
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Figure 4

WNT signaling regulates microglia polarization and then affects the activation of astrocytes. (A)
Astrocytes and microglia co-culture with or without LPS treatment, n=3 independent cells preparations.
(B) Measurement of neurite length and area of astrocytes in co-culture system, *** p<0.01 vs control
group (LPS-free), n=3-6 independent cells preparations. (C) Microglia treated with LPS, LiCl, DKK-1, IL-4
and OGD/R (n=3 independent cells preparations). (D) The β-catenin, iNOS, CD206, IL-1β and TNFα
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expressed in microglia with LPS, LiCl and DKK treatment. (E) *p<0.05, ** p<0.01 vs none treated control
group (n=3 independent cells preparations). (F) The experimental design to detect the effect of different
type of microglia on astrocyte. (G) The expression of β-catenin, iNOS, AQP4, IL-1β, and TNFα were
induced by different type of microglia. (H) *p<0.05, ** p<0.01 vs none treated control group (n=3
independent cells preparations). (I) The mRNA expression level of S100a10, Ptx3, Tm4sf1, Aginase-1, Nrf-
2, C3q and GBP2 under different condition of treatment. *p<0.05, ** p<0.01, *** p<0.001 vs control group
(n=3-6 independent cells preparations).
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Figure 5

Activation of WNT signaling in astrocytes promote neuronal maturation. (A) The experimental design for
regulation of WNT in primary neuron. (B) Representative images of MAP2 immunostaining of primary
cortical neurons. (C) Quanti�cation by Sholl analysis of neurite complexity. (D) The experimental design
of migration analysis in co-cultured neurons and microglia. (E) Representative images of MAP2
immunostaining primary cortical neurons. (F) Quanti�cation by Sholl analysis of neurite complexity. (G)
The experimental design of migration analysis in co-cultured neurons and astrocytes. (H) Representative
images of MAP2 immunostaining of primary cortical neurons. (I) Quanti�cation by Sholl analysis of
neurite complexity. (J) The experimental design of migration analysis in co-cultured neurons, astrocytes
and microglia. (K) Representative images of MAP2 immunostaining of primary cortical neurons. (L)
Quanti�cation by Sholl analysis of neurite complexity. (M) The level of β-catenin and apoptosis related
proteins (Bcl-2, Bax and Caspase 3) in primary neurons 8 h after LPS treatment. (N) *p<0.05, ** p<0.01 vs
control astrocytes co-culture group (n=3 independent cells preparations). (O) The level of β-catenin and
apoptosis related protein (Bcl-2, Bax and Caspase 3) in neurons 8 h after conditioned treatment of
microglia-astrocyte-neuron axis. (P) *p<0.05, ** p<0.01 vs control astrocytes co-culture group (n=3
independent cells preparations). (Q) TUNEL assay on co-cultured astrocytes and neurons model after
LPS, activated-MCM, LiCl+LPS, DKK+LPS and OGD/R treatment, cells nuclei are strained with DAPI (blue),
and apoptotic cells are labeled with TUNEL (green). (R)#p<0.05, ##p<0.01 vs injury (LPS treatment) group
(n=3 independent cells preparations).
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Figure 6

Neuroprotective mechanism diagram of WNT signaling pathway on CNS trauma and diseases. The
neuronal function is impaired after TBI, brain in�ammation and degenerative disease. Injured neurons
promote astrocytes migration and proliferation which induce the formation of glial scar, and it is an
essential protection mechanism. However, the injury could directly stimulate resting astrocyte and
generate A1-reactivate astrocyte which is hazard for regulation of neuron, in the meantime, M1-microglia
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could also induce generation of A1-astrocytes to aggravate damage. Activation of WNT/β-catenin
signaling pathway is bene�cial to formation of A2 astrocytes which promote effect of neuroprotective,
and M2-microglia could be also induced by WNT pathway which contribute to maintain A2- or resting
astrocytes to exert neuroprotective mechanism. Moreover, the activation of WNT could accelerate
synaptic elimination and maintain functional integrity of neurons.
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