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Abstract

Traumatic brain injury (TBI) is a prevalent disorder, but no effective therapies currently exist. An underlying patho-

physiology of TBI includes the pathological elevation of autophagy. b-Catenin, a downstream mediator of the canonical

Wnt pathway, is a repressor of autophagy. The Wnt/b-catenin pathway plays a crucial role in cell proliferation and

neuronal plasticity/repair in the adult brain. We hypothesized that activation of this pathway could promote neuropro-

tection and neural regeneration following TBI. In the controlled cortical impact (CCI) model of TBI in C57BL/6 mice

(total n = 160), we examined intranasal application of recombinant Wnt3a (2 lg/kg) in a short-term (1 dose/day for 2 days)

and long-term (1 dose/day for 7 days) regimen. Immunohistochemistry was performed at 1 to 14 days post-TBI to assess

cell death and neurovascular regeneration. Western blotting measured canonical Wnt3a activity, expression of growth

factors, and cell death markers. Longitudinal behavior assays evaluated functional recovery. In short-term experiments,

Wnt3a treatment with a 60-min delay post-TBI suppressed TBI-induced autophagic activity in neurons (44.3 – 6.98 and

4.25 – 2.53 LC3+/NeuN+ double positive cells in TBI+Saline and TBI+Wnt3a mice, respectively; p < 0.0001, n = 5/group),

reduced autophagic markers light chain 3 (LC3)-II and Beclin-1, as well as injury markers caspase-3 and matrix me-

talloproteinase 9 (MMP-9). The Wnt3a treatment reduced cell death and contusion volume (0.72 – 0.07 mm2 and

0.26 – 0.04 mm2 in TBI+Saline and TBI+Wnt3a mice, respectively; p < 0.001, n = 5/group). The 7-day Wnt3a treatment

increased levels of b-catenin and growth factors glial-derived growth factor (GDNF) and vascular endothelial growth

factor (VEGF). This chronic Wnt3a therapy augmented neurogenesis (0.52 – 0.09 and 1.25 – 0.13 BrdU+/NeuN+ co-

labeled cells in TBI+Saline mice and TBI+Wnt3a mice, respectively; p < 0.01, n = 6/group) and angiogenesis (0.26 – 0.07

and 0.74 – 0.13 BrdU+/GLUT1+ co-labeled cells in TBI+Saline and TBI+Wnt3a mice, respectively; p = 0.014, n = 6/

group). The treatment improved performance in the rotarod test and adhesive removal test. Targeting the Wnt pathway

implements a unique combination of protective and regenerative approaches after TBI.
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Introduction

Traumatic brain injury (TBI) is a leading cause of mortality

and morbidity among children and young adults.1 Although

neuroprotective strategies are being investigated, there currently

exist no effective treatments, making innovation of new therapeutic

approaches for TBI an unmet clinical need.2 TBI results in diverse

pathophysiology, including the initial physical deformation and

secondary effects, such as excitotoxicity, increased reactive oxygen

species (ROS) production, and inflammation during the sub-acute

phase of TBI (hours to days post-injury) that cause further cell

death.3 The natural regenerative capacity of the central nervous

system (CNS) is inadequate in replacing the lost neurons and re-

storing original connectivity and function, which warrants the need

for exogenous interventions. Given the complexity of TBI and the

need for a multi-factorial therapeutic approach, we evaluated a

novel pharmacological therapy for TBI that is translationally ap-

plicable and can provide both neuroprotective and pro-regenerative

effects to bolster recovery in the sub-acute phase of TBI and be-

yond.

The canonical Wnt pathway (also known as the Wnt/b-catenin

pathway given its reliance upon b-catenin), is critical for proper
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neurogenesis during development and after injury, including neural

stem cell division and differentiation.4–7 Wnt activation stabilizes

intracellular levels of b-catenin, which then acts on its intranuclear

target TCF/LEF (T-cell-specific transcription factor/lymphoid

enhancer-binding factor 1) family of transcriptional transactivation

factors to drive the expression of Wnt-dependent genes that pro-

mote cell survival, proliferation, and plasticity.8 The Wnt/b-catenin

pathway also regulates autophagy9 and other adaptive responses to

metabolic stress.10,11 Autophagy is a conserved adaptive response

to stress, such as nutrient deprivation and hypoxia, through which

proteins and organelles are degraded in autophagosomes and

recycled.12,13 b-catenin and autophagy constitute a mutually reg-

ulated homeostatic duality. b-catenin negatively regulates autop-

hagy via direct inhibition of autophagosome formation, as well as

repression of the scaffold protein p62/SQSTM1 on a transcriptional

level.9,14 Conversely, the microtubule-associated protein light

chain 3 (LC3), a key autophagosomal component upregulated

during autophagy, forms complexes with b-catenin for auto-

lysosomal degradation.9 Normally, autophagic activity is sup-

pressed by multiple factors, including b-catenin and mechanistic

target of rapamycin (mTOR).15 However, pathological events such

as nutrient deprivation that inhibit mTOR trigger the induction of

autophagy,16 which then depletes b-catenin levels and disinhibits

autophagosome formation to activate the cascade of events in-

volved with autophagy.9,14,17

Because of this interplay between the Wnt/b-catenin pathway

and the autophagy pathway, it allows for a novel approach of

modulating autophagy activity through driving Wnt/b-catenin ac-

tivity. Furthermore, TBI results in dysregulated autophagy, which

manifests as lysosomal dysfunction, impaired clearance of autop-

hagosomes, and increased autophagic cell death.18,19 To this end,

we aimed to explore the translational potential of exogenous acti-

vation of the Wnt/b-catenin pathway to upregulate b-catenin levels

as a therapeutic strategy to mitigate autophagic dysregulation and

promote neuronal survival after TBI. Indeed, blockade of autop-

hagy using phosphoinositide 3-kinase (PI3K) inhibitors has been

shown to improve neuronal viability and functional outcomes fol-

lowing TBI,18 suggesting that suppression of autophagy by ele-

vating b-catenin could confer similar neuroprotective benefits.

In this novel paradigm, we utilized the recombinant form of the

canonical Wnt3a protein because of multiple considerations, in-

cluding its facility to be delivered as a pharmacological agent and

its multi-factorial benefits, which makes it more suitable to combat

complex intractable disorders such as TBI. Aside from stabilization

of autophagic activity, activation of the Wnt/b-catenin pathway

results in other pro-recovery effects, including neuronal survival

and neural regeneration by enhancing the division and differenti-

ation of neural stem cells (NSCs)4,5,20 Importantly, Wnt signaling

has been shown to not only be critical for NSC proliferation during

development21-–23 but also serves as a key reactive pathway to

promote neural plasticity and repair after brain injuries.22 Recently,

the Wnt pathway has been identified as a therapeutic candidate,

with Wnt3a overexpression by lentiviral injection successfully

providing regenerative and functional benefits after ischemic

stroke.6 In the present investigation, we aimed to upregulate Wnt3a

via a pharmacological strategy, thus providing a greater transla-

tional applicability. The brain delivery of the recombinant Wnt

protein was performed through the non-invasive intranasal route,

which allows for crossing of small molecules, proteins, and even

cells into the CNS.24–28 In a mild controlled cortical impact (CCI)

TBI model of the mouse, we demonstrate the efficacy of intranasal

Wnt therapy for suppressing autophagic and apoptotic cell death

and promoting neurovascular repair, which together ultimately

resulted in improved functional outcomes after the TBI insult.

Methods

Primary cortical neuron cultures
and siRNA transfection

Primary cortical neurons were obtained from the cortex of ges-
tational day 18 C57BL/6 mouse embryos (E18) according to pub-
lished protocols.29 Dissected cells were plated on 6- or 24-well
plates (five hemispheres/plate, *2.5 · 105 cells/plate) pre-coated
with poly-D-lysine (Sigma, St. Louis, MO) and laminin (Sigma).
The cells were maintained as a monolayer in 2 mL Neurobasal
media with B-27 serum-free culture supplement and L-glutamine
(Invitrogen, ThermoFisher, NY) until time of experiments. Cyto-
sine arabinoside (ARA-C, 5 lM) was added on days 5–6 in vitro
(DIV) to halt proliferation of glial cells for a nearly pure neuronal
population.

Small interfering RNA (siRNA) transfection was carried out
according to the Lipofectamine 2000 (Invitrogen) user manual. The
required amount of b-catenin siRNA (1 lM; Cell Signaling, Dan-
vers, MA) and Lipofectamine 2000 was diluted and mixed together
in Opti-MEM I (Gibco, ThermoFisher, NY) for 10 min to allow for
liposome formation. Cortical neurons (DIV 10–11) were then in-
cubated with liposomes for 40 h. A control group was incubated
with liposomes containing non-targeting siRNA (NT-siRNA, In-
vitrogen). After transfection, cells were washed with complete
neuronal media, followed by exposure to oxygen-glucose depri-
vation (OGD).

Oxygen-glucose deprivation (OGD)
and cell death assessment

OGD, an in vitro model well-established to induce autophagy,
was performed in DIV 12–13 cortical cultures.30,31 In the OGD
groups, media was exchanged for a physiological buffer solution
lacking glucose (120 mM NaCl, 25 mM Tris-HCl, 5.4 mM KCl,
1.8 mM CaCl2, pH to 7.4 with NaOH). Cells were then incubated in
a calibrated hypoxia chamber perfused with 5% CO2 and balanced
nitrogen for a final ambient oxygen level of 0.2% for 3.5 h. Oxygen
level was established, maintained, and monitored by the ProOx 360
sensor (Biospherix, NY). After 3.5 h, cells were returned to the
normal oxygen condition (20% O2), and the existing OGD media
was diluted by half with oxygenated complete neuronal culture
media. During OGD, cortical neurons were incubated with either
recombinant Wnt3a (100 ng/mL, R&D Systems, Minneapolis,
MN), or Wnt3a plus XAV-939 (10 lM, Sigma). After 40 h, release
of lactate dehydrogenase (LDH) into the medium was detected
using an LDH-based cytotoxicity detection kit (Roche, Nutley, NJ),
according to the user manual. Briefly, 50 lL medium and 50 lL
mixture of reagent A and B were co-incubated for 30 min and then
absorbance (492 nm) was detected using a spectrophotometer
(Sunrise Instruments, LLC, Hebron, NH). Full kill neuronal cul-
tures were treated with 0.5% Triton X-100 to generate the upper
limit for normalization (normalized to be 100% absorbance).

Controlled cortical impact (CCI)
TBI model of the mouse

CCI was induced in mice as previously described.32 C57BL/6
mice (8–12 week old, 160 total) were housed in standard cages with
a 12-h light/dark cycle and had access to food and water ad libitum.
The animal protocol was approved by the Emory University In-
stitutional Animal Care and Use Committee (IACUC), in compli-
ance with the National Institutes of Health (NIH) guidelines. For
TBI surgery, mice were anesthetized with isoflurane (3% induction,
1.5% maintenance) and placed on a stereotaxic frame. After a
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midline skin incision, a 3.5-mm circular craniotomy was performed
midway between the lambda and bregma, 2.0 mm to the right of
the central suture using an electric microdrill (Dremel, Mount
Prospect, IL). During the craniotomy, mice were excluded from
the study if the dura mater was breached. CCI was induced with an
electric impact device using a steel cylindrical flat impact tip. In
this study, we used a PCI3000 precision cortical impactor (Hatteras
Instruments, Cary, NC) and a 2.8-mm diameter impact tip (veloc-
ity = 3.0 m/sec, depth = 0.5 mm, and contact duration = 150 msec).
Body temperature was maintained during surgery by a feedback-
controlled homeothermic blanket (Harvard Apparatus, Holliston,
MA). After the injury, the skin was sealed using Vetbond (3M, St.
Paul, MN), and mice were allowed to recover in a humidity- and
temperature-controlled incubator (Thermocare, Incline Village,
NV). Sham animals received the craniotomy, but no impact was
applied.

Intranasal drug administration

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).26–28

Recombinant Wnt3a protein (R&D Systems) was reconstituted at
10 ng/lL in phosphate-buffered saline (PBS) containing 0.1% bo-
vine serum albumin (BSA). Prior to the injection, the solution was
diluted to 2 ng/lL with 0.9% saline. All injections were delivered
intranasally. Starting at 1 h following the injury, injections were
administered daily for 7 days. For each injection, the mouse was
scruffed by the ears and inverted to expose the nostrils. A 25 lL
Hamilton syringe was used to administer 5 lL of either Wnt3a
(2 ng/lL) or 0.9% saline into alternating nostrils, starting with the
left, and repeating for 5 injections, for a total of 25 lL injections/
day (total of 50 ng Wnt3a injected/day).

Immunohistochemistry

Immunohistochemistry procedures were carried out to measure
proliferation as previously described.32 Mice were euthanized by
CO2 (3 L/min) and sacrificed by decapitation. Brains were removed
and frozen using Tissue-Tek optimal cutting temperature com-
pound (VWR International, Radnor, PA) and kept overnight in a
-80�C freezer. Brain tissue was then sliced into 10 lm-thick cor-
onal sections using a cryostat vibratome (Leica CM 1950; Leica
Microsystems, Buffalo Grove, IL). Sections were dried on a slide
warmer for 30 min, fixed with 10% formalin buffer, and followed
by a methanol fix for 15 min. The sections were then denatured
using 2 N hydrochloric acid in 37�C, and washed with 0.1-M borate
buffer (11:9 ratio of 0.2 M boric acid and 0.05 M Borax) and per-
meabilized with 0.2% Triton-X 100 solution for 5 min. All slides
were washed 3 times with PBS (5 min each) after each step. Tissue
sections were blocked with 1% fish gelatin (Sigma) in PBS for 1 h at
room temperature, then incubated with the primary antibody
against Beclin-1 (1:200, BD, East Rutherford, NJ), LC3-II (1:200,
Cell Signaling), BrdU (1:400; ABD Serotec, Raleigh, NC), glucose
transporter 1 (GLUT1; 1:200; Millipore, Billerica, MA), and/or
neuronal nuclear antigen (NeuN, 1:300; Millipore) overnight at
4�C. The next day, the slides were washed 3 times with PBS for
5 min, then reacted with the secondary antibodies Alexa Fluor�488
goat anti-mouse (1:300; Life Technologies, Grand Island, NY) and
Cy3-conjugated donkey anti-rat (1:300; Jackson ImmunoResearch
Laboratories, West Grove, PA) or Cy5-conjugated donkey anti-
rabbit (1:400; Jackson ImmunoResearch Laboratories) for 90 min
at room temperature. After 3 washes with PBS, nuclei were stained
with Hoechst 33342 (1:20,000; Molecular Probes) for 5 min as a
counterstain, then mounted with Vectashield fluorescent mounting
medium (Vector Laboratory, Burlingame, CA), and coverslipped
for microscopy and image analysis.

Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining

A TUNEL assay kit was used to examine cell death by detecting
fragmented DNA in 10-lM-thick coronal fresh frozen sections as
described previously.33 After fixation (10% buffered formalin for
10 min and then ethanol:acetic acid (2:1) solution for 5 min) and
permeabilization (0.2% Triton X-100 solution), brain sections were
incubated in the equilibration buffer for 10 min. Recombinant ter-
minal deoxynucleotidyl transferase (rTdT) and nucleotide mixture
were then added on the slide at 37�C for 60 min in the dark. Re-
actions were terminated by 2X SSC solution for 15 min. Nuclei
were counterstained with Hoechst 33342 (1:20,000; Molecular
Probes, Eugene, OR) for 5 min.

Nissl staining and contusion volume quantification

Contusion volume was quantified using volumetric Nissl stain-
ing analysis as previously described.32 The brains were collected at
2 days post-injury, and 10-lm-thick coronal sections were taken
using the cryostat vibratome, with 200-lm separation between each
section. The sections were then treated with a 1:1 mixture of 10%
formalin and acetic acid, followed by staining with the working
solution comprised of a buffer solution (94:6 ratio of sodium ace-
tate and acetic acid) and cresyl violet at a ratio of 5:1. Sections were
scanned and imported into ImageJ for area and total volume
quantification. For each section, the contusion area was demarcated
and normalized using an imported image of a standard ruler. Vo-
lumetric analysis was carried out using the Cavalieri method:

V¼ a · t · k,

where a is the average contusion area for each animal, t is the

section thickness (200 lm), and k is the number of sections.34 To

account for edema and hemorrhage, hemispheric tissue loss was

calculated by the following equation:

contralateral hemispheric volume� ipsilateral hemisphericð
volumeÞ=contralateral hemispheric volume · 100%:

Western blot analysis

Western blot analysis was used to detect the activation of the
canonical Wnt pathway, as well as for factors involved in apoptosis,
BBB disruption, and neurovascular regeneration. Western blot was
carried out using the protocols as outlined previously.33 Animals
were sacrificed at day 2 or day 14 after TBI. The peri-injury cortical
tissue was isolated and lysed in a buffer containing 0.02 M
Na4P2O7, 10 mM Tris-HCl (pH 7.4), 100 mM NaCl, 1 mM EDTA
(pH 8.0), 1% Triton, 1 mM EGTA, 2 mM Na3VO4, and a protease
inhibitor cocktail (Sigma). The supernatant was collected after
centrifugation at 15,000g for 10 min at 4�C. Protein concentration
was determined with a bicinchoninic acid assay (Pierce Bio-
technology, Rockford, IL). Equivalent amounts of total protein
were separated by molecular weight on an SDS-polyacrylamide
gradient gel, and then transferred to a PVDF membrane. The blot
was incubated in 5% BSA for 1 h and then treated with primary
antibodies at 4�C overnight.

The primary antibodies used and the dilutions for each were rat
anti-Wnt3a antibody (R&D Systems) at 1:400, mouse anti-b-
catenin antibody (R&D Systems) at 1:1000, rabbit anti-cleaved
caspase 3 antibody (Cell Signaling) at 1:400, rabbit anti-Bcl-2 (Cell
Signaling) at 1:1000, rabbit anti-matrix metalloproteinases 9
(MMP-9) antibody (Millipore) at 1:2500, rabbit anti-MMP-2 an-
tibody (Millipore) at 1:2500, rabbit anti-glial-derived growth factor
(GDNF) antibody (Santa Cruz Biotechnology) at 1:1000, and anti-
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vascular endothelial growth factor (VEGF) antibody (Sigma) at
1:5000. After washing with TBST, membranes were incubated
with AP-conjugated or HRP-conjugated secondary antibodies
(GE Healthcare, Piscataway, NJ) for 2 h at room temperature.
After final washing with TBST, the signals were detected with
bromochloroidolyl-phosphate/nitroblue tetrazolium (BCIP/NBP)
solution (Sigma) or film. Signal intensity was measured by ImageJ
(NIH) and normalized to the actin signal intensity.

Adhesive removal test for sensorimotor functions

The adhesive removal test is a sensitive assay for sensorimotor
deficits32,35 Prior to the injury, mice were trained to remove a
quarter-circle adhesive tape (Genesee Scientific, San Diego, CA)
from alternating forelimb paws. The training was repeated 3 times
for each paw for 3 days. Two latencies were recorded: 1) latency to
contact, which indicated the time the mouse took to recognize and
demonstrate the conviction to remove the adhesive, and 2) latency
to removal. The maximum recording latency was 180 sec. Mice that
were unable to rapidly remove the adhesive (<10 sec) after the
training period were excluded from behavior testing. Following the
injury, the adhesive removal task was performed at 3, 7, 10, and
14 days post-injury. The latencies were scored with the experi-
menter blinded to the treatment conditions. Animals were randomly
assigned to each group prior to the injury, with an n = 5 for the sham
group, n = 8 for the TBI + saline group, and n = 8 for the TBI +
Wnt3a group.

Rotarod test for locomotor function

The rotarod test is sensitive for deficits in gross motor skills and
motor coordination.36 Mice are placed onto a spinning cylindrical
beam (Ugo Basile, Italy) that accelerated from 4 rpm to 40 rpm over
the course of 5 min. Prior to the injury, mice were trained on the
rotarod, and animals that were unable to remain on the beam for
5 min after the training period were excluded from future testing.
Following the injury, the rotarod test was performed at 1, 2, 3, 7,
and 10 days post-injury. Animals were randomly assigned to a
group prior to the injury, with n = 6 for sham, n = 12 for TBI +
saline, and n = 11 for TBI + Wnt3a.

Statistical analysis

GraphPad Prism 6 (GraphPad Software, San Diego, CA) was
used for statistical analysis and graphic presentation. Student’s
two-tailed t test was used for comparison of two experimental
groups. For multiple comparisons, a one-way analysis of variance
(ANOVA) was used, followed by Bonferroni’s correction. For
repeated measurements, two-way ANOVA followed by Bonfer-
roni’s correction was used. Significance was defined to be a p
value £0.05. All data are presented as mean – standard error of the
mean (SEM).

Results

Intranasal Wnt3a treatment decreased
autophagy in the post-TBI brain

To understand the role of the canonical Wnt/b-catenin system in

autophagy of CNS neurons, we tested the effect of recombinant

Wnt3a on autophagic activity in a CCI-induced TBI model of

mice.37,38 Immunofluorescence imaging of the peri-contusion re-

gion at 24 h after TBI revealed an upregulation of LC3 in NeuN-

positive (NeuN+) neurons (Fig. 1A,E). At high magnifications,

distinct accumulation of LC3 puncta predominantly within the cell

soma was evident (Fig. 1D). Sham surgery did not result in similar

accumulation of the LC3 signal (Fig. 1C). Treatment with recom-

binant Wnt3a protein (10 ng/uL, 25 lL injection volume of intra-

nasal delivery) at 60 min post-TBI significantly reduced the

numbers of LC3+/NeuN+ cells (Fig. 1E), suggesting that Wnt/b-

catenin signaling downregulated autophagic activity. At 48 h after

TBI, the numbers of LC3+/NeuN+ cells in the TBI + saline group

declined to levels that were similar to those of the Wnt3a-treated

group (Fig. 1B,E). This suggests that autophagic activity in neurons

peaks within the first 24 h after injury, and Wnt3a treatment within

this period provides a robust anti-autophagic effect. We also per-

formed western blotting to corroborate the immunohistochemical

findings. In the peri-contusion region at 1 day post-TBI, we con-

firmed that the Wnt3a treatment increased canonical Wnt activity

by probing for the expression level of Wnt3a and b-catenin. TBI

resulted in lower levels of b-catenin, possibly as a result from LC3-

associated lysosomal destruction of b-catenin or due to fewer vi-

able cells in the peri-contusion tissue (Fig. 1F,H). TBI did not

significantly affect Wnt3a levels (Fig. 1F,G), which suggests that

the reduction in b-catenin is Wnt-independent, corroborating the

possibility of autolysosomal destruction. The treatment with

recombinant Wnt3a resulted in significant upregulation of both

Wnt3a and b-catenin levels as compared with the saline con-

trol group (Fig. 1F–H). Further, Wnt3a suppressed autophagy

proteins, Beclin-1 and LC3-II; both were elevated after TBI

(Fig. 1F,I,J).

Intranasal Wnt3a treatment endorsed
neuroprotection after TBI through activation
of the Wnt/b-catenin pathway

Next, we sought to investigate whether Wnt-associated repres-

sion of autophagy would ameliorate cell death in the mouse TBI

model. At 2 days post-TBI, cell death was quantified by im-

munostaining of Beclin-1 and TUNEL, markers of autophagy and

cell death, respectively (Fig. 2A). The TBI insult caused significant

autophagic activity, as indicated by the increased numbers of

Beclin-1+ cells (Fig. 2B). The intranasal administration of Wnt3a

significantly mitigated the magnitude of autophagic activity

(Fig. 2B). There was also a trend in the Wnt-associated reduction in

autophagic cell death (Beclin+/TUNEL+ cells; Fig. 2C), although

the difference between TBI control and TBI plus Wnt3a was not

statistically significant (n = 7 per group).

Because TBI results in cell death in multiple cell types, we next

investigated the effects of Wnt therapy on both overall cell death

and exclusively neuronal cell death. At 2 days post-TBI, immu-

nofluorescence staining of TUNEL and the mature neuron marker

NeuN, was performed (Fig. 2D). TBI caused significant total cell

death, as indicated by TUNEL+ cells, and neuronal death, as in-

dicated by NeuN+/TUNEL+ cells (Fig. 2E,G). The Wnt3a intra-

nasal treatment attenuated both the overall cell death and neuronal

cell death (Fig. 2E,G). Although TBI resulted in a significant de-

cline in the numbers of neurons within the peri-contusion region,

there was not a significant change in Wnt3a-treated animals, as

compared with the sham group (Fig. 2F).

To examine the manifestations of cell death on a tissue level,

brain sections were stained with cresyl violet to visualize tissue loss

in the ipsilateral hemisphere (Fig. 2H). TBI animals that received

Wnt3a treatment (1 h and 24 h after TBI, 2 lg/kg, intranasal [i.n.])

had significantly smaller contusion volumes, as compared with

saline controls (Fig. 2I). To account for parenchymal swelling due

to edema or hemorrhage, the ipsilateral tissue loss was compared as

a percentage against the contralateral hemisphere. Again, Wnt3a-

treated animals possessed much lower ratios of hemispheric loss, as

compared with saline controls (Fig. 2J).
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To elucidate and corroborate the mechanisms behind the Wnt3a-

associated neuroprotection observed after TBI, we carried out an

in vitro model of neuronal injury with OGD in primary cortical

neurons of 12–13 DIV. To identify the neuroprotective effects as-

sociated to the Wnt3a/b-catenin pathway, we performed loss-of-

function studies with the Wnt3a inhibitor, XAV939, as well as

knockdown studies with b-catenin siRNA. To validate the suc-

cessful knockdown of b-catenin levels, we probed the levels of b-

catenin following the addition of either NT-siRNA or b-catenin

siRNA concurrently with OGD (Fig. 3A). OGD itself (with

FIG. 1. Activation of the Wnt/b-catenin pathway reduces autophagic activity following traumataicbrain injury (TBI) in mice. TBI was
induced in a mouse model, followed by intranasal Wnt3a (2 lg/kg) delivery 60 min after the TBI insult. (A and B) Representative
immunohistochemical images of LC3 (red) and NeuN (blue) fluorescence and co-localization (arrowheads) following TBI at 24 h and 48 h
post-injury in the peri-contusion region. (C) Sham injury did not result in noticeable accumulation of LC3. (D) High magnification (100 · )
images of LC3 puncta (arrowheads) in brain sections of the TBI+Saline group at 24 h post-injury. (E) Quantified numbers of LC3+/NeuN+
cells at 24 h post-injury, and at 48 h post-injury. Only cells containing LC3 signal in the soma was considered to be LC3+. *p < 0.05,
**p < 0.01, *** p < 0.001, ****p < 0.0001. A total of 600–700 images were quantified. n = 3 for Sham group, n = 5 for both TBI+Saline and
TBI+Wnt3a groups for both time-points (24 h and 48 h post-TBI). (F–J) Western blotting was performed on peri-contusion tissue at 24 h post-
TBI to evaluate the canonical Wnt signaling and autophagic activity. (F) Representative immunoblots of markers for Wnt signaling and
autophagy. All immunoblots were normalized to theb-actin control, and then to sham within group. (G) Quantification of normalized immunoblot
intensity of Wnt3a. (H) Quantification of normalized immunoblot intensity of b-catenin. (I) Quantification of normalized immunoblot intensity of
Beclin-1. ( J) Quantification of normalized immunoblot intensity of LC3-II. *p < 0.05, compared with Sham. #p < 0.05, compared with TBI+
Saline. n = 3 for Sham group, n = 5 for both TBI+Saline and TBI+Wnt3a groups. Color image is available online at www.liebertpub.com/neu
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NT-siRNA) reduced b-catenin levels, an effect similar to the result in

TBI animals, and is likely a result of LC3-associated lysosomal

degradation of b-catenin (Fig. 3B). b-catenin siRNA further sup-

pressed levels of b-catenin to around 78% of that as OGD + NT-

siRNA (Fig 3B). Finally, application of Wnt3a rescued the b-catenin

levels by stabilizing levels of cytoplasmic b-catenin. We next per-

formed a cell death assay by measuring LDH release. Concomitant

Wnt3a administration with OGD mitigated cell death (lower LDH

release) as compared with the OGD control cultures; this effect was

abolished by co-applied XAV939. Further, b-catenin knockdown

with b-catenin siRNA exacerbated OGD-induced cell death,

supporting the idea that b-catenin plays a protective role. This

conclusion was corroborated by Wnt3a administration together

with b-catenin siRNA, which elevated b-catenin expression and

reduced the magnitude of cell death to similar levels as OGD

alone (Fig. 3C).

Western blotting at the same time-point of 2 days post-TBI ex-

plored additional mechanisms aside from autophagy that may be

implicated in the Wnt3a action. The intranasal Wnt3a treatment

decreased cleaved caspase-3 levels and increased Bcl-2 level in the

peri-contusion region, suggesting anti-apoptotic activities en-

hanced by Wnt3a (Fig. 3D,E). In addition, the level of MMP-9, a

primary mediator for BBB disruption,39 was significantly reduced

in animals that received Wnt3a treatment, although MMP-2 levels

were relatively unchanged (Fig. 3G,H). These results suggest that

Wnt3a conferred an anti-apoptotic effect and promoted the stabi-

lization of the BBB.

Wnt3a increased neurotrophins and regenerative
activities in the post-TBI brain

Western blotting was performed during the chronic phase of TBI

to investigate regenerative effects associated with the Wnt/catenrin

pathway (Fig. 4A). At 14 days post-TBI, higher levels of Wnt3a and

b-catenin persisted in the peri-contusion region of Wnt3a-treated

animals, suggesting sustained elevation of canonical Wnt activity

(Fig. 4B,C). Saline-treated animals did not show significant dif-

ferences in levels of Wnt3a and b-catenin as compared with sham

controls (Fig. 4B,C). To characterize downstream neurovascular

effects of Wnt stimulation, we investigated growth factors specific

to neurogenesis and angiogenesis, including GDNF and VEGF.

Western blotting showed that levels of both growth factors sig-

nificantly increased at this delayed time-point after the Wnt3a

treatment (Fig. 4D,E).

To evaluate the magnitude of regeneration within the peri-

contusion region, immunofluorescence assays were carried out

14 days after TBI using antibodies against NeuN, BrdU, and glu-

cose transporter 1 (GLUT1), markers for mature neurons, newly

divided cells, and blood vessels, respectively. Neurogenesis was

quantified by co-localization of NeuN and BrdU, whereas angio-

genesis was quantified by co-localization of GLUT1 and BrdU

(Fig. 4F). Although TBI itself triggered neurovascular regeneration

via spontaneous endogenous recovery, Wnt3a administration

FIG. 2. Neuroprotective effects of Wnt3a against autophagic cell
death and brain damage following mild traumatic brain injury (TBI)
(A–C) The presence of autophagic cell death was visualized by
immunohistochemistry at 2 days post-TBI. (A) Representative im-
ages of immunofluorescence (red: Beclin-1, green: TUNEL, blue:
DAPI). (B) Quantification of Beclin-1+ cells per 40 · field. (C)
Quantification of Beclin-1+/TUNEL+ co-labeled cells per 40 · field.
*p < 0.05, compared with Sham. #p < 0.05, compared with TBI+Sa-
line. A total of 600–700 images were quantified. n = 4 for Sham
group, n = 7 for both TBI+Saline and TBI+Wnt3a groups. (D)
Representative immunofluorescence images are shown (green:
TUNEL, red: NeuN, blue: DAPI) revealed significantly greater
levels of TUNEL+ cells, as well as TUNEL+/NeuN+ co-labeled cells
(arrows). (E) Quantification of total number of TUNEL+ cells. (F)
Quantification of total number of NeuN+ cells. (G) Quantification of
total number of TUNEL+/NeuN+ colocalized cells. *p < 0.05,
compared with Sham. #p < 0.05, compared with TBI+Saline. A total
of 500–600 images were quantified. n = 5 per group. (H) Re-
presentative images of Nissl-stained sections for post-TBI animals
receiving either intranasal vehicle saline injection or Wnt3a injection
at 1 h post-injury and 1 day post-injury. Tissue loss can be observed in
the ipslateral hemisphere (bordered by dashed line). (I) Volumetric
analysis by the Cavalieri method was used to calculate total injury
volumes from cumulative summation of injury areas of adjacent sec-
tions spanning the length of the contusion. (J) Hemispheric tissue loss
was calculated by comparing the difference in volume between the
ipsilateral hemisphere and the contralateral hemisphere. *p < 0.05,
compared with Sham. #p < 0.05, compared with TBI+Saline. n = 5 per
group. Color image is available online at www.liebertpub.com/neu
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significantly augmented levels of overall proliferation, as well as

levels of neurogenesis and angiogenesis (Fig.4G–I).

Wnt3a treatment preserves sensorimotor
function after TBI

To assess for functional preservation and recovery, two be-

havioral tests were performed, the adhesive removal test and the

rotarod test, both of which are sensitive for sensorimotor com-

petency.35,36 The TBI insult resulted in quantifiable deficits in

adhesive removal at 3 days post-TBI, as indicated by the greater

latency to removal of the adhesive irritant (Fig. 5A). Wnt3a

treatment was successful in eliminating this functional deficit,

with the TBI-Wnt3a cohort performing at a similar competency

as the sham cohort. A similar effect was evident in the rotarod

test, with the TBI resulting in deficits in maintaining balance on

FIG. 3. Anti-apoptotic and blood–brain barrier (BBB) protective effects of Wnt3a/b-catenin signaling in vitro and after TBI in vivo. (A)
Primary neuronal cultures were dissected from E16 mice and then plated until day 12 in vitro (12 DIV). Groups exposed to oxygen-glucose
deprivation (OGD), concurrently with either Wnt3a administration or phosphate-buffered saline (PBS) vehicle control administration.
Western blot evaluation of salient protein levels were performed. (B) Quantification of normalized intensity of b-catenin. (C) Levels of cell
death as measured by LDH release after OGD, and cultures were treated with either just Wnt3a, Wnt3a + Wnt pathway inhibitor, XAV939,
non-targeting (NT)-siRNA, b-catenin siRNA, or b-catenin + Wnt3a. *p < 0.05, compared with Control group. p < 0.05, compared with b-
catenin siRNA group. Dp < 0.05, compared with Wnt3a-only group. (D-H) Mice were sacrificed at 2 days post-TBI after having been given
two intranasal injections of either saline or Wnt. (D) Representative immunoblots for markers related to cell death and BBB disruption. All
immunoblots were normalized to the b-actin control, and then to Sham within group. (E) Quantification of the normalized intensity of
cleaved caspase-3. (F) Quantification of the normalized intensity of Bcl-2. (G) Quantification of the normalized intensity of matrix
metalloproteinases 9 (MMP-9). (H) Quantification of the normalized intensity of MMP-2. *p < 0.05, compared with Sham. #p < 0.05,
compared with TBI+Saline. n = 3 for Sham group, n = 7 for both TBI+Saline and TBI+Wnt3a groups.
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the accelerating rotational beam, whereas Wnt3a improved the

performance (Fig. 5B). At later time-points (14 days post-TBI),

no significant difference was seen between groups mainly due

to spontaneous functional recovery in this mild TBI model

(Fig. 5B).

Discussion

Wnt3a is endogenous to the brain and is predominantly active

during neurodevelopment.20,40 Traditionally, Wnt proteins have been

placed in the context of cell renewal and differentiation.41,42 We now

FIG. 4. Regenerative effects of Wnt3a/b-catenin signaling during the chronic phase after traumatic brain injury (TBI). (A-E) At
14 days post-TBI, western blot analysis was performed using peri-contusion tissue from animals given a 7-day treatment regimen. (B)
Quantification of the normalized intensity of Wnt3a. (C) Quantification of the normalized intensity of b-catenin. (D) Quantification of
the normalized intensity of glial-derived growth factor (GDNF). (E) Quantification of the normalized intensity of vascular endothelial
growth factor (VEGF). *p < 0.05. n = 3 for Sham group, n = 9 for both TBI+Saline and TBI+Wnt3a groups. (F-I) Mice received
intraperitoneal (i.p.) injections of BrdU starting at 3 days post-TBI and continuing until sacrifice at 14 days post-TBI. (F) Im-
munohistochemical examination (green: NeuN, red: BrdU:, blue: GLUT1) of the cortical region surrounding the injury site shows
that Wnt3a treatment resulted in higher levels of total BrdU+ cells, BrdU+/NeuN+ co-labeled cells (arrow), and BrdU+/GLUT1+ co-
labeled cells (arrowheads). (G-I) Distinct subtypes of proliferating cells were quantified and analyzed. Wnt3a treatment resulted in
significantly greater levels of overall proliferation (total BrdU+ cells), neurogenesis (BrdU+/NeuN+ co-labeled cells), and angio-
genesis (BrdU+/GLUT1+ co-labeled cells) following TBI. *p < 0.05, **p < 0.01. n = 3 for Sham group, n = 6 for both TBI+Saline and
TBI+Wnt3a groups. Color image is available online at www.liebertpub.com/neu
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report the novel finding that Wnt3a is also a crucial regulator of cell

death and regeneration after brain injuries such as TBI. Although

b-catenin has been shown to play a central role in directing cell fate

toward cell survival or cell death, few investigations have looked at a

potential neuroprotective action of Wnt3a following TBI.9–11 TBI

is a multi-factorial condition encompassing multiple deleterious

secondary effects such as excitotoxicity, inflammation, increased

apoptosis, and dysregulation of autophagy.3,19,43 In particular, au-

tophagic flux is impaired following brain injury, resulting in greater

accumulation of autophagosomes and is correlated with greater

neuronal cell death.18,19 The current study explored whether

modulation of the Wnt/b-catenin pathway could attenuate apo-

ptosis as well as autophagic death in vitro and in the post-TBI brain.

In the animal model of TBI, we found that intranasal delivery of

Wnt3a after TBI enhanced canonical Wnt signaling and subsequent

growth factor expression, attenuated autophagic and apoptotic cell

death, and improved neurovascular repair and functional outcomes

following TBI. Given the complexity and multi-variate nature of

the pathophysiology of brain injury, Wnt proteins provide a unique

cytoprotective and regenerative strategy to promote functional re-

covery by global transcriptional modulation along the acute and

chronic phases after TBI.

Our study highlights the interconnectivity between three dis-

tinct systems: Wnt/b-catenin signaling, autophagy, and TBI path-

ophysiology (Fig. 6). The Wnt/b-catenin pathway operates by the

canonical Wnt protein binding to Frizzled (FZD) receptor, which

forms a complex with the co-receptor low-density lipoprotein

receptor-related protein (LRP) to inactivate the b-catenin destruc-

tion complex consisting of Axin, adenomatous polyposis coli

protein (APC), and glycogen synthase kinase 3b (GSK3b).41 This

allows for the accumulation of b-catenin in the cytoplasm and

nucleus. Aside from regulating pro-mitogen expression, b-catenin

has been shown to be a key regulator in autophagy progression

in colorectal cells by downregulating autophagic activity.9 How-

ever, this homeostatic duality is perturbed by metabolic stress, in

which cells respond by upregulating LC3,44,45 which then targets

b-catenin for non-proteasomal degradation, resulting in higher

levels of autophagic induction.9 We sought to investigate whether

this is also the case in the CNS and whether modulation of the

FIG. 5. Intranasally delivered Wnt3a promoted sensorimotor
functional recovery following traumatic brain injury (TBI). (A)
All animals were pre-trained in the adhesive removal task prior to
the injury to ensure competent removal. Baseline latencies (day 0)
were measured to ensure no significant differences across groups.
After injury, Wnt3a preserved the mouse forelimb sensorimotor
function, as indicated by the significantly shorter latency to re-
moval in the contralateral forepaw of the Wnt3a-treated animals.
(B) Mice were pre-screened and pre-trained on the rotarod task to
ensure adequate performance of ‡90% maximum running time (i.e.,
‡270 sec, day 0). Wnt3a-treated animals were able to remain on
the accelerating beam significantly longer than the Saline animals,
whereas there were no significant differences between the Wnt3a-
treated animals and the Sham animals. *p < 0.05, compared with
Sham. #p < 0.05, compared with TBI+Saline. n = 6 for Sham group,
n = 12 for TBI+Saline group, and = 11 for TBI+Wnt3a groups.

FIG. 6. Concerted interactivity among three distinct systems:
Wnt/b-catenin pathway (green), autophagy (gray), and traumatic
brain injury (TBI) pathophysiology (red). Under normal condi-
tions, cytoplasmic b-catenin and autophagic activity are mutually
regulated. b-catenin inhibits the initiation and elongation of the
phagophore, whereas LC3, which is upregulated upon induction of
autophagy, will target b-catenin for autolysosomal degradation.
TBI is a pathological event that results in hypoxia and oxidative
stress that trigger autophagy induction. Further, due to unknown
mechanisms, TBI also results in lysosomal impairment, prevent-
ing the degradation of autophagosomes. The accumulation of
autophagosomes then contributes to greater levels of neuronal
death. Wnt3a can stabilize cytoplasmic b-catenin through its
downstream inhibition of the Axin-APC-GSK3b complex, which
would otherwise ubiquitinate b-catenin for degradation. Upregu-
lation of b-catenin results in suppression of autophagic induction
and amelioration of cell death. Color image is available online at
www.liebertpub.com/neu

810 ZHANG ET AL.



Wnt/b-catenin pathway could affect cell fate in pathological con-

ditions such as TBI.

Using a mild TBI model, we demonstrated multiple key findings.

First, the focal cortical injury in mice resulted in reduced levels of

b-catenin, possibly due to autolysosomal destruction of b-catenin

in cells undergoing increased autophagic activity.9 We also ob-

served this molecular effect with our in vitro study using primary

cortical neuronal cultures, in which OGD resulted in decreased

levels of b-catenin. This was further supported by the fluctuation in

b-catenin in the sub-acute phase of TBI (2 days post-injury) as

compared with the chronic phase of TBI (14 days post-injury). By

14 days post-injury, the levels of b-catenin had returned to their

original levels, even in the saline control group, and this time

course aligns with the time course of autophagy, which peaks

around 24 to 48 h post-TBI before waning and returning to basal

levels by 7 days post-TBI.18,19 Second, the intranasal Wnt3a ad-

ministration was able to partially rescue the levels of b-catenin by

inhibiting its proteasomal degradation. Higher b-catenin levels re-

established levels of suppression of autophagic activity similar to

those of the unstressed state, even concomitant with a stressor such

as TBI. The lower magnitude of autophagy was instantiated by

decreased levels of both Beclin-1 and LC3-II. Finally, greater au-

tophagic induction was also correlated with elevated neuronal cell

death, and suppression of autophagy similarly reduced cell death.

Autophagy and cell death are evident in multiple cell types fol-

lowing TBI, including neurons, astrocytes, and oligodendro-

cytes.19,46 We demonstrated Wnt3a-associated neuroprotection by

the suppression of apoptosis and autophagy, leading to decreased

neuronal cell death, reduced contusion volumes, and enhanced

functional recovery. Although this study focused exclusively on

neuronal death in TBI, Wnt therapy may have bolstered glial via-

bility as well, as suggested by the greater overall cell viability and

benefits observed on the tissue and functional levels.

Multiple reports that implemented the CCI model have consis-

tently demonstrated the deleterious effects of autophagic dysre-

gulation after TBI18,19 To our knowledge, we are the first to

investigate a translational approach to stabilize this dysregulation

to improve neuronal resilience. An important consideration is the

unforeseen consequences associated with this particular pharma-

cological approach, including potential disproportionate sparing of

glial/neuronal subtypes or tumorigenic effects of Wnt3a.47,48 Al-

though we did observe prolonged Wnt3a upregulation, there were

no histological or behavioral phenotypes to suggest any adverse

effects of Wnt3a therapy. However, more studies are warranted in

the future both for long-term monitoring of potential side-effects

and for determining the therapeutic index of the drug and its opti-

mal dosing and regimen after TBI.

Canonical Wnt proteins hold great neural regenerative potential

because they regulate cell division, proliferation, and cell fate

specification.8,41,42 Within the nervous system, in addition to its

anti-autophagic and anti-apoptotic effects, Wnt3a promotes neu-

rogenesis within native neural stem cell niches found in the sub-

ventricular zone (SVZ) and the hippocampal sub-granular zone

(SGZ).20,49,50 Following focal cortical injury, Mash1+ transit am-

plifying cells in the SVZ are stimulated to proliferate, differentiate,

and migrate to the injury region51 along the stromal derived factor

1a (SDF1a)-dependent chemotactic gradient.52 Whereas this was

the case following TBI, we also observed even greater numbers of

newly formed neuronal and endothelial cells in the peri-contusion

region following Wnt3a treatment. These findings indicate that the

recombinant Wnt3a protein is likely capable of augmenting pro-

liferation and migration of neuroprogenitor cells from the SVZ into

the lesion site. Further, Wnt proteins are involved in regulating the

expression and paracrine activity of a variety of neurotrophins.53,54

In particular, we observed that Wnt therapy resulted in a robust

upregulation of GDNF, a factor that promotes both survival55 and

axonal outgrowth56 of surrounding neurons, both characteristics

that are pivotal for tissue repair after injury. Wnt3a also increased

levels of VEGF, a potent inducer of angiogenesis.57,58 Although

Wnt signaling may be directly mediating VEGF expression, there is

not a clear link between Wnt and VEGF expression. Thus, it is more

likely that the heightened VEGF levels are due to neurovascular

coupling of angiogenesis with Wnt-associated neurogenesis.59

Our report provides evidence that intranasal administration of

recombinant Wnt3a provides multiple beneficial effects following

brain injury, including amelioration of cell death, increased trophic

factors, and importantly, improved functional outcomes. One of the

challenges facing neuroprotective strategies is that brain injury acts

through multiple pathophysiological mechanisms, including in-

flammation, oxidative damage, BBB disruption, and hypoxia.3 The

multi-factorial nature of this disorder makes it difficult for a single

therapeutic strategy to be effective. Thus, it may be more clinically

viable to pursue either combination therapy options or a treatment

that targets multiple phenotypes. In this regard, Wnt therapy en-

compasses a comprehensive therapeutic approach. Indeed, along

with the neuroprotective effects of Wnt3a, we observed greater

stabilization of the BBB after TBI with Wnt3a therapy. This finding

warrants further investigation into the underlying mechanisms by

which Wnt3a may impact BBB integrity, possibly through re-

cruitment of pericytes.60 Moreover, Wnt therapy stimulates robust

regenerative benefits to repair the damaged neurovascular unit,

which provides a viable and perhaps more realistic long-term

treatment for restoring function and reducing symptomatology af-

ter acute brain damage. In concert with the neuroprotective and

neural regenerative benefits associated with Wnt3a, we further

demonstrate that Wnt3a improved functional outcomes after TBI.

A final important consideration is the intranasal route of ad-

ministration chosen for drug delivery. This is a non-invasive route

of administration that confers greater clinical feasibility and pro-

vides direct access across the BBB into the CNS.24,26,28 The in-

tranasal route is a well-established non-invasive delivery for

drugs,61 molecules,24 and cells24,25,62 to the brain because perfo-

rations within the olfactory epithelium allow the reagents to cross

the BBB. After permeating the olfactory epithelium, there are

multiple ways through which the agents can enter into the CNS,

including through the perineural spaces surrounding the cranial

nerves and then disseminating through the cerebrospinal fluid

(CSF) to more distal sites.63 Alternatively, the agents can bypass

the CSF and enter the CNS directly through intracellular axonal

transport along cranial nerves, such as the olfactory and trigeminal

nerves.64,65 Although the CNS bioavailability of intranasally ad-

ministered substances is still unclear, the cortical uptake of drugs

by the intranasal route is 6 times greater than that of intraperitoneal

injections.66 We were able to demonstrate that intranasal delivery

of Wnt3a successfully resulted in efficient CNS permeation of the

Wnt3a protein, which then upregulated canonical Wnt activity and

conferred multiple beneficial effects in the injured brain.

To our knowledge, this is the first study that evaluated the in-

terplay between the Wnt/b-catenin pathway and the autophagy

pathways and leveraging this connection to counteract the dysre-

gulated autophagic activity of TBI. Although the focus of this study

was on TBI, this highly translatable treatment could be applied to

other disorders as well. Wnt3a is a versatile treatment approach that

provides multi-factorial benefits, including autophagy and cell
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death reduction, gene regulation to improve trophic support,

and enhanced neurovascular regeneration. These elements provide

a unique treatment paradigm that can be applied to other disorders

as well, such as stroke and neurodegenerative disorders. Although

the long-term beneficial and adverse effects have yet to be fully

elucidated, the current findings warrant further examination of

targeting the Wnt/b-catenin pathway for prospective treatments,

especially in the realm of dysregulated autophagy. In conclusion,

our study has presented compelling evidence that the clinically

applicable intranasal delivery of the recombinant Wnt3a protein

provides significant therapeutic benefits toward both neuroprotec-

tion and neural regeneration after focal brain injury, ultimately

culminating in enhanced functional outcomes.
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