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Development/Plasticity/Repair

Abrogation of 3-Catenin Signaling in Oligodendrocyte
Precursor Cells Reduces Glial Scarring and Promotes Axon
Regeneration after CNS Injury
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New York 11794

When the brain or spinal cord is injured, glial cells in the damaged area undergo complex morphological and physiological changes
resulting in the formation of the glial scar. This scar contains reactive astrocytes, activated microglia, macrophages and other myeloid
cells, meningeal cells, proliferating oligodendrocyte precursor cells (OPCs), and a dense extracellular matrix. Whether the scar is bene-
ficial or detrimental to recovery remains controversial. In the acute phase of recovery, scar-forming astrocytes limit the invasion of
leukocytes and macrophages, but in the subacute and chronic phases of injury the glial scar is a physical and biochemical barrier to axonal
regrowth. The signals that initiate the formation of the glial scar are unknown. Both canonical and noncanonical signaling Wnts are
increased after spinal cord injury (SCI). Because Wnts are important regulators of OPC and oligodendrocyte development, we examined
therole of canonical Wnt signaling in the glial reactions to CNS injury. In adult female mice carrying an OPC-specific conditionally deleted
B-catenin gene, there is reduced proliferation of OPCs after SCI, reduced accumulation of activated microglia/macrophages, and
reduced astrocyte hypertrophy. Using an infraorbital optic nerve crush injury, we show that reducing 3-catenin-dependent
signaling in OPCs creates an environment that is permissive to axonal regeneration. Viral-induced expression of Wnt3a in the
normal adult mouse spinal cord induces an injury-like response in glia. Thus canonical Wnt signaling is both necessary and
sufficient to induce injury responses among glial cells. These data suggest that targeting Wnt expression after SCI may have

therapeutic potential in promoting axon regeneration.
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Introduction

When the brain or spinal cord is injured, glial cells at the injury
site undergo biochemical and morphological changes that result
in the formation of a glial scar (Silver and Miller, 2004). One
common characteristic of the glial reactions to different types of
injury is the activation of a population of unusual glial cells
known alternatively as oligodendrocyte precursor cells (OPCs),
polydendrocytes (Nishiyama et al., 2009), or NG2 cells (Levine et
al., 2001). This activation includes a shortening of the cell cycle
(Simon et al., 2011), the withdrawal of long multibranched pro-
cesses into shorter thick processes, enlargement of the cell body,
and an accumulation of the cells into a dense cellular plaque
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surrounding the injury site. OPCs function as precursors cells to
oligodendrocytes and participate in the formation of new myelin
throughout the life of the animal (Young et al., 2013). Since they
are postsynaptic targets for glutaminergic and GABAergic input
in the hippocampus and cerebellum (Paukert and Bergles, 2006),
they likely carry out other functions that have yet to be fully
characterized. Their functions during injury and wound healing
are also not well understood, although they secrete or shed
growth-inhibitory chondroitin sulfate proteoglycans that are a
factor in the inhibition of axonal regeneration (Tan et al., 2006;
Donnelly et al., 2012; Petrosyan et al., 2013).

The injury-induced changes in OPCs occur precisely at the
injury site suggesting that some feature of the local environment
may trigger this activation. What these features are remains un-
known. Multiple members of the Wnt family of developmental
morphogens and their receptors are rapidly increased at sites of
brain and spinal cord injury (SCI; Liu et al., 2008a; Miyashita et
al., 2009; Fernandez-Martos et al., 2011; Gonzalez et al., 2012).
While mostly known for their role as developmental regulators,
Wnts have multiple functions in the adult brain (Inestrosa and
Arenas, 2010).

Here we asked whether canonical Wnt signaling plays a role in
the activation of OPCs after contusive SCI. Canonical Wnt sig-
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Figure 1.  Characterization of the 3-catenin KO and control animals. 4, The appearance of
YFP+ cells in control and 3-catenin KO spinal cord 10 d after initiating tamoxifen treatment.
Scale bar, 50 pm. Bottom shows individual YFP+, NG2+ OPCs from both genotypes. Scale
bar, 10 wm. B, Quantitation of the density of YFP + cells at the indicated times afterinitiating tamox-
ifen treatment. , The percentage of YFP + cells colabeled with NG2. There is no statistical difference
in the density of OPCs between the two genotypes; n = 3 for all time points and groups.

naling is dependent on cytoplasmic 3-catenin. In the absence of
Wntligands, B-catenin is destroyed by a complex of axin, adeno-
matous polyposis coli, and active glycogen synthase kinase 33
(GSK3; Kimelman and Xu, 2006). After binding of Wnts to a
frizzled-LRP receptor complex, GSK3 activity is inhibited al-
lowing B-catenin to accumulate in the cytoplasm and subse-
quently translocate to the nucleus where it binds to TCF/LEF
transcription factors and activates gene transcription (Cadigan
and Liu, 2006). Here, we conditionally knocked out -catenin
specifically in OPCs before injuring the thoracic spinal cord. The
results indicate that canonical Wnt signaling is required for the
injury-induced activation of OPCs. Surprisingly, attenuation of
the OPC response also attenuated microglial activation and as-
trocyte hypertrophy. Furthermore, knocking out 3-catenin al-
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Figure 2.  Axin2 immunoreactivity in control and KO mice. A, Anti-axin2 staining of wild-
type uninjured thoracic spinal cord, injured control, and injured KO spinal cord at 5 dpl. Scale bar,
50 wm. B, Axin2 immunoreactivity in uninjured control and KO YFP-positive OPCs. Axin2 im-
munoreactivity is reduced in OPCs in the 3-catenin KO mice. Scale bar, 10 wm. €, Axin2 immu-
noreactivity in YFP+ cells at 5 dpl in injured control and KO animals. Scale bar, 10 wm. D,
Anti-NG2 and anti-axin2 staining of 5 dpl injured spinal cord in control and KO mice. Scale bar,
15 um. Knocking out 3-catenin in OPCs reduces axin2 expression throughout the spinal cord
and in both the YFP+ and NG2+ cell populations.
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OPCproliferation and accumulation after injury is reduced in the 3-catenin KO mice. A, Appearance of YFP-positive cells surrounding the lesion site at 5dpi. The dotted line outlines the

contusion site. B, Quantitation of the density of YFP + cells at the indicated postinjury times, n = 4. C, The appearance of YFP+, NG2+ OPCs at the indicated postinjury times. In control animals,
0PCsaccumulate around the lesion site, retract their processes, and have increased immunoreactivity for NG2. In the KO animals, OPCs retain their ramified appearance at all postinjury survival times.
D, High-power views of YFP+,NG2+ cells at 5 dpl. In control animals, the cells have swollen cell bodies and short processes whereas KO NG2+,YFP+ retain their long multibranched processes.
E, Quantitation of the density of NG2+ OPCs at the indicated postinjury times, n = 4. F, Quantitation of BrdU incorporation into YFP + cells at the indicated postinjury times, n = 4. G, An example
ofaBrdU+, YFP+,and NG2+ cellin control animal 5 dpi. H, Quantitation of BrdU incorporation into NG2 + cells at the indicated postinjury times, n = 4. B, E, F,and H, *p << 0.02, **p << 0.005.

Scale bars: 4, ¢, 50 wm; D, 15 wm; G, 10 wm.

lows retinal ganglion cell axons to regenerate beyond the injury
zone in the crushed optic nerve. Thus, OPC activation is a critical
component of glial scar formation and requires canonical Wnt
signaling.

Materials and Methods

Animals

B6.129-Ctnnb1 "™2X¢m/Knw] (B-catenin %) (Brault et al., 2001) and
B6.129X1-Gt(ROSA)26Sor ™ EYFPICos/1 (Rosa¥’Y) animals were ob-
tained from The Jackson Laboratory. PDGFro < ERT2/* (Rivers et al.,
2008) animals were obtained from Dr. B. Popko (University of Chicago,
Chicago, IL). All strains were back-crossed onto a C57BL/6] background for
>6 generations. Three breeding stocks were created: PDGFraR2/*
Rosa””¥, PDGFra " ¢ERT2/* Roga Y B-catenin 7 and Rosa"” B-catenin Bf
The PDGFro " ERT* Rosa”” and Rosa*? B-catenin 7* stocks were created
by crossing PDGFra ™™ and B-catenin” animals on Rosa*" twice.

PDGFra “FRT%* Rosa*¥ B-catenin ” animals were generated by breeding

PDGFra ™8 ™* animals twice on B-catenin” animals then crossing
the PDGFra ™1+ B_catenin ”f progeny with Rosa””? B-catenin 7 to in-
troduce the Rosa reporter. Viral overexpression experiments were con-
ducted in C57BL/6] animals.

Tamoxifen induction

Tamoxifen was dissolved in ethanol at a concentration of 1 g/ml then
dissolved in vegetable oil (19:1) with 5 min of sonication to a final con-
centration of 50 mg/ml and frozen. Frozen stocks of tamoxifen were
warmed to 37°C and sonicated for 1 min before use. Tamoxifen was
administered via oral gavage at a dose of 600 mg/kg 1X daily for 3 d.

Surgical methods

SCI. Female mice of 6—8 weeks of age were used throughout these exper-
iments. Animals were deeply anesthetized using isoflurane. The spinal
column was exposed from T7-T9 and a laminectomy was performed at
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Injury-induced reactions of microglia are reduced in the 3-catenin KO animals. A, The appearance of microglia/ macrophages in control and KO animals at the indicated postinjury

survival times. B, Quantitation of the density of Iba1+ cells in the injury penumbra at the indicated postinjury survival times; **p << 0.001. n = 4. C, BrdU incorporation in Iba1+ cells at the
indicated postinjury times. There is no statistically significant difference in the percentage of Iba1+ cells that take up BrdU in the two genotypes. Scale bars: A, 100 m; insets, 10 pm.

T8. The lateral processes at T7 and T9 were stabilized with immobilized
forceps attached to the Infinite Horizon Impactor (Precision Systems
and Instrumentation) and a contusion of 45 kdyn was delivered. Hemo-
stasis was obtained with Gelfoam, and the deep muscles, superficial mus-
cles, and skin were sutured in layers. During recovery, animals were given
50 mg/kg buprenorphine 2X daily for 4 d.

Viral injections. After a laminectomy and stabilization of the cord as
described above, a durotomy was performed at T8. AAV virus diluted in
PBSto 1 X 10" viral genomes/ml was slowly injected into the border of
the dorsal columns and dorsal horn using a sharpened glass micropipette
(4—6 wm opening) and a Picospritzer (General Valve) programmed to
deliver 15-25 ms pulses at 1 Hz and 25 psi over 10 min such that a total of
0.5 pl of virus was injected. The injection was aimed by centering the
needle over the spinal cord then moving laterally 300 wm. The needle was
inserted 500 wm into the spinal cord then brought back to a final depth of
300 pum.

Optic nerve crush. Animals were anesthetized locally with 0.5% propa-
racaine hydrochloride ophthalmic solution and generally with isoflu-
rane. An optic nerve crush was performed as described previously (Meyer
and Miotke, 1990; Meyer et al., 1994). In brief, the lateral conjunctival
membrane was cut and lateral muscles bluntly dissected to expose the
optic nerve. The nerve was then crushed with #5 biologie forceps (Du-
mont) for 5 s. No compounds were administered to either promote
retinal ganglion cell (RGC) survival or to upregulate their intrinsic
growth state (Leon et al., 2000; Kurimoto etal., 2010). At 19 d post crush,
2 ng of Alexa Fluor 594-conjugated cholera toxin subunit B (CTB; Invit-
rogen) was injected into the vitreous space of the inured eye. The animals
were killed 21 d post crush when the maximum number of axons was
detected distal to the injury site in previous studies (Leon et al., 2000).

All procedures using animals were approved by the Institutional Ani-
mal Use Committee.

AAV
Mouse Wnt3a and Wnt5a-expressing AAV2 virus was prepared as fol-
lows. The ORF of Wnt3a and Wnt5a was cloned into the AAV-IRES-

hrGFP vector (Stratagene) and virus was created according to the
Stratagene helper-free system protocol. In brief, virus plasmid, pHelper,
and pAAV-RC were transfected into AAV-293 cells. The cells were lysed
by freeze thawing and the virus was concentrated via the ViraBind system
(Cell Biolabs). GFP virus was a gift from Dr. W. Bowers (University of
Rochester, Rochester NY). Viral genome copy numbers were calculated
according to their optical density at 260 and 280 nm (Sommer et al.,
2003).

Tissue preparation

Animals were deeply anesthetized and transcardially perfused with 50 ml
of room temperature PBS followed by 50 ml of ice-cold 4% formalde-
hyde in 100 mm PB, pH 7.4. Tissue was dissected from the animals and
postfixed in the formaldehyde solution for 4 h at 4°C. Optic nerves were
equilibrated with PBS for 12 h before clearing. Spinal cord tissue was
prepared for cryostat sectioning by equilibrating the tissue with 30%
sucrose in 100 mm PB, pH 7.4, for 48 h. Tissue was frozen in Cryo-Gel
embedding media (Instrumedics) in dry ice-cooled 2-methylbutane.
Coronal sections 20 um thick were prepared using standard cryostat
procedures.

Optic nerve clearing

Optic nerves were organically desiccated and solvent cleared as de-
scribed previously (Ertiirk et al., 2012). Four percent formaldehyde-
fixed optic nerves were incubated in solutions of 50, 80, and 100%
tetrahydrofuran in water for 30 min each and then placed in 100%
dichloromethane for 20 min. The nerves were placed in a 1:2 solution
ofbenzyl alcohol and benzyl benzoate (BAAB) for 3 min and mounted
onto uncoated slides in BAAB solution using a strip of Parafilm as a
spacer.

Immunofluorescence staining

Immunofluorescence staining of tissue sections and cell cultures was
performed as described previously (Levine et al., 1993). Primary an-
tibodies are listed at the end of the Materials and Methods section.
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Figure 6.  (SPG immunoreactivity is reduced in the KO spinal cords. Monoclonal antibody
(S-56 stain of control and KO spinal cords at 20 dpl. Scale bar, 100 pm.

Secondary antibodies were all raised in donkey. Alexa Fluor(AF)-488
anti-chicken, AF-647 anti-rabbit, and AF-647 anti-rat were obtained
from Jackson ImmunoResearch , and AF-594 anti-rabbit and AF-594
anti-rat were obtained from Invitrogen.

B-catenin KO

Astrocyte hypertrophy is reduced in the KO animals. GFAP-immunoreactivity at the indicated postinjury survival times
in control and 3-catenin KO animals. Insets show higher magnification views of the boxed areas. Astrocytes are hypertrophicat 5
dpiin the control animals but appear unchanged in the KO animals. At 20 dpi, astrocytes form a compact border around at the injury
site; KO astrocytes are irreqular in appearance and do not form a compact border. Scale bars: 4, 50 wm; insets, 10 m.
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BrdU labeling

Animals were administered two intraperito-
neal injections (10 mg/kg) of BrdU in normal
saline 4 and 2 h before being killed and per-
fused with 4% PFA. Staining was performed
using antigen retrieval as described previously
(Morgan et al., 1994, 1997; Tang et al., 2007).

In vitro methods

Dissociated cultures of OPCs were prepared as
described previously (McCarthy and de Vellis,
1980; Yang et al., 2005). OPCs were isolated
from PO—P2 rats and expanded in a mixed glial
culture in DMEM + 10% FBS. The cultures
were shaken to suspend OPCs, and the cells
were subjected to two sessions of differential
adhesion for 30 min to enrich for OPCs. OPCs
were plated on PLL-coated glass coverslips in
DMEM + 10% FBS and permitted to adhere
for 4 h before being cultured in defined media.
Basic oligodendrocyte differentiation media
was DMEM, N2 supplement (Gemini Bio-
Products), 0.5% FBS, 100 U/ml penicillin, 100
pg/ml streptomycin (Life Technologies), 40
ng/ml thyroxine (T4), and 30 ng/ml triiodo-
thyronine (T3; Sigma). In different experi-
ments, this media was supplemented with
either 10 ng/ml PDGF-AA (PeproTech), Wnt
conditioned media as described below, or pure
Wnt3a (Millipore). L-cells stably transfected to
express Wnt3a and Wnt5a and control L-cells
were obtained from ATTC. Conditioned me-
dia was prepared by growing the cells to 90%
confluence and incubating the cells in DMEM
containing 0.5% FBS for 3 d. The media was
collected, centrifuged to remove cellular de-
bris, filtered, and stored at 4°C. A human Fc
mouse Frizzled-5 cysteine-rich domain fusion
protein (FzI5-CRD-IgG) was purified using
protein A chromatography from conditioned
media collected from stably transfected 293T
cells.

Analytical methods
Imaging. Confocal imaging was performed on
an Olympus FluoView confocal microscope.
Wide field images were obtained on a Zeiss Ax-
ioskop II with AxioVision (Zeiss) software and were stitched together in
Photoshop (Adobe). Stereology was performed using Stereo Investigator
and Neurolucida (MicroBrightField) attached to a Zeiss Axioskop II.
SCI. We counted cells within the penumbra region of the lesions using
the optical fractionator probe of Stereo Investigator (MicroBrightField).
We define the penumbra as a region 150 wm wide surrounding the lesion
core. The lesion core was identified by staining coronal sections of in-
jured spinal cord with anti-GFAP antibodies. GFAP immunoreactivity is
lost in the lesion core and upregulated along the borders of the core.
Due to section shrinkage in the z-axis, the average mounting thickness
was 16 um. We used guard intervals at the top and bottom of each section
equal to 10% (~1.6 wm) of the mounted thickness to exclude regions of
the tissue disrupted by sectioning. The population estimates were per-
formed using a counting frame of 150 X 150 wm and a sampling grid of
300 X 300 um, effectively sampling 25% of each cord at nonbiased,
systematically arranged, and randomly positioned intervals. We counted
cells in five sections spaced 200 um apart and centered on the injury
epicenter (defined by the section having the largest injury area). All
biological replicates had a coefficient of error as calculated by the
Gundersen method of =10% for each marker (Gundersen, 1986;
Gundersen et al., 1999). The cell population densities in each region
of interest between PDGFra C*eERT2/+ B-catenin 7t Rosa26 YFP/YFP,
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Figure7. Retinal ganglion cell (RGC) axon regeneration in control and KO animals. A, B, Whole-mount preparations of optic nerves 3 weeks after an infraorbital crush. CTB-labeled RGC axons are
red. The chevrons indicate the crush site. YFP + cells are abundant in control animals and form a glial scar that s greatly reduced in the KO animals. CTB-labeled axonal profiles extend past the crush
siteinthe KO animals. Scale bar, 50 m. €, Mean axon number at the indicated distances from the proximal edge of the injury. Control, n = 4; B-catenin KO, n = 6. D, The lengths of the five longest
axons in each of the control and KO animals represented in shades of red and green, respectively. Horizontal line indicates the median for the longest axons in control and KO animals. E, Confocal
image of a dystrophic growth cone from a control animal. F, A labeled growth cone in a KO animal. Note the elongated form and the thin filopodium; **p << 0.001, *p << 0.05. Scale bar Eand F,

10 m.

and control PDGFra “" R+ Rosa26 YFPYIP mice at each time point
were compared using Student’s ¢ test with significance defined as p =
0.05.

Optic nerve. The crush site was identified by YPF expression. Confocal
stacks extending through the optic nerve were obtained at the crush site
and 1000 wm distal to the crush. We counted the total number of axons
that crossed planes drawn perpendicular to the nerve at 25, 50, 150, and
1000 wm from the crush site. The five longest axons were identified by
bright-field epifluorescent microscopy and the distance from the edge of
the crush was calculated in AxioVision (Zeiss).

Viral injections. Due to the small area of involvement in the viral over-
expression model, subsampling within sections was not performed for
BrdU double-labeled cells. Five sections spaced 200 wm apart were se-
lected surrounding the injection site. An area of interest surrounding all
GFP+ cells was drawn to inscribe the extent of viral infection. All double-
labeled Ibal+/BrdU+ and NG2+/BrdU+ cells were counted within this
area of interest. To determine the density of NG2+, Ibal+, and GFAP
cells, we counted the total number of cells within a 150 X 150 X 16 wm
area about the centroid of the infected area on three sections centered on
the injection. A staining intensity ratio was obtained at the injection site
by measuring the average intensity of a 150 X 150 wm area at the centroid
of the infected area on a single confocal plane and dividing it by the
average intensity of a similar area containing equal portions gray and
white matter in the contralateral spinal cord. Two measurements were
made per animal and averaged.

Statistical analysis

All datasets were obtained from a biological system and assumed to be
part of a normal distribution after passing a Shapiro-Wilk’s normality
test despite n < 10. For comparison between control and B-catenin
knock-out (KO) population analysis at 2, 5, and 20 days post injury (dpi),
we performed a Student’s ¢ test for each time point. To compare multiple
groups in the viral overexpression data and in vitro proliferation data, we
performed an ANOVA with a post hoc Tukey test. For comparison of
axon outgrowth within the optic nerve, we performed a two-way
ANOVA with a post hoc Holm-Sidak multiple-comparison test using
genotype and distance from lesion edge as independent variables. We
assumed p < 0.05 to be significant.

Primary antibodies

Primary antibodies included the following: rat anti-BrdU (Accurate
Chemical & Scientific) 1:1000, rabbit anti-GFP (Invitrogen) 1:1000,
chicken anti-GFP (Aves) 1:1000, rabbit anti-GFAP (DAKO) 1:2000, rab-
bit anti-Ibal (Wako) 1:500, rabbit anti-Axin2 (Abcam) 1:500, rabbit
anti-NG2 1:1000, mouse anti-O4 (a gift from R. Bansi, University of
Connecticut Health Science Center, Farmington, CT) 1:250, mouse anti-
B-catenin (Millipore) 1:250, and mouse anti-S-actin (Sigma) 1:10,000.

Results
To investigate the role of canonical Wnt signaling in the glial
reactions to SCI, we developed a genetic model using two strains
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Wnt3a virus injection in control or KO mice. Scale bars: 4, B, 50 um.
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of transgenic mice: PDGFra , B-catenin ™", Ros
and control PDGFra“ ™™ Rosa26 ™™ mice. Tamoxifen
treatment of mice carrying the PDGFra “**/* | Rosa26 """
mice transgenes results in the expression of YFP almost exclusively
in OPCs (Rivers et al., 2008). In the triple transgenic mice
(PDGFra S ERT2* = B_catenin7f, Rosa26 YF*YP),  tamoxifen
treatment also results in the deletion of the first five exons of
B-catenin thereby blocking transcription and silencing canonical
Wnt signaling (Brault et al., 2001). To validate the cellular spec-
ificity and utility of this model, we treated both strains of animals
with tamoxifen and counted the number of YFP+ cells in the
thoracic spinal cord at intervals after treatment (Fig. 1B). After
tamoxifen treatment, equal numbers of YFP+ cells were present
throughout the spinal cord of both strains and the number of
YFP+ cells approximately doubled between 7 and 25 d post treat-
ment. There were no significant differences in the appearance of
the YFP+ cells between the B-catenin KO and control animals
(Fig. 1 A). At 7 d post-tamoxifen treatment, >95% of the YFP+
cells expressed the OPC marker NG2 and this percentage de-
clined slightly over the next 18 d, most likely reflecting the
normal differentiation of the NG2+ cells into oligodendro-
cytes (Fig. 1C).

To monitor ongoing B-catenin-dependent Wnt signaling, we
immunofluorescently stained tissue sections for axin2, a direct
target for the B-catenin-TCF transcriptional activator complex
(Yan et al., 2001; Jho et al., 2002; Lustig et al., 2002). In the
uninjured spinal cord, numerous axin2+ cells were present
throughout the gray matter and scattered axin2+ cells were pres-
ent in the lateral white matter (Fig. 24, left). YFP+ cells in the
uninjured control animals were axin2+, whereas YFP+ cells in
the KO animals expressed little or no axin2 protein (Fig. 2B).
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Thus, conditional deletion of B-catenin in adult spinal cord
OPCs reduces canonical Wnt signaling but does not alter the
normal appearance or short-term development of the cells.

To confirm that canonical Wnt signaling increases after SCI
(Liu et al., 2008a; Miyashita et al., 2009; Gonzalez et al., 2012),
control and KO female mice (6—8 weeks of age) were induced
with tamoxifen for 3 and 2 d later, given moderate (45 kdyn)
contusion injuries to the dorsal spinal cord at T10. At 5 d after a
moderate contusion injury (5 days post lesion, dpl), the number
of axin2+ cells in control animals had increased and the cells
were present throughout both the gray and white matter (Fig. 24,
middle). Axin2+ cells were particularly dense along the lesion
border (Fig. 2A, middle, arrows). Axin2+ cells were present at
lower densities in the B-catenin KO animals (Fig. 2, right), al-
though they were still elevated compared with noninjured con-
trol animals. YFP+ cells in the control animals expressed
moderate to high levels of axin2, whereas in the 3-catenin KO
animals, axin2 immunoreactivity was barely detectable in indi-
vidual YFP+ cells (Fig. 2C). Of note, many cells that did not
express YEP were axin2 + in both the control and KO animals. To
confirm that OPCs were among the cells expressing axin2, we
double stained sections from 5 dpl animals with antibodies
against axin2 and NG2. As shown in Figure 2D, in the control
animals, NG2+ cells in the lesion penumbra were axin2+
whereas NG2-expressing cells in the KO animals did not contain
axin2 immunoreactivity. These data confirm that injury induces
canonical Wnt signaling in OPCs and other cells and show that
[B-catenin is necessary for this signaling in OPCs.

OPCs proliferate after contusive SCI and accumulate in the
penumbral region of the injury site (McTigue et al., 2001; Lytle
and Wrathall, 2007; Lytle et al., 2009). To determine whether
canonical Wnt signaling is required for this accumulation, we
counted the number of YFP+ cells in the area surrounding the
injury site using nonbiased stereology as described previously
(see Materials and Methods). As shown in Figure 3, A and B,
YFP+ cells accumulated in the lesion penumbra in control ani-
mals, but this accumulation was much reduced in the KO ani-
mals. In control animals, the number of YFP+ cells increased
10-fold at 5 dpl (1010 + 120/mm? in uninjured cases, n = 4,
10,017 + 2001/mm° at 5 dpi, n = 4) and continued to increase
more slowly thereafter. In contrast, the density of YFP+ cells in
the KO animals did not increase significantly between 2 and 5 dpl
and was almost threefold less than that of control animals at 20
dpl (Fig. 3B). Consistent with the almost exclusive expression of
YFP in NG2+ OPCs, the density of all NG2+ cells in the injury
penumbra was also reduced at 2, 5 and 20 dpl in the KO animals
compared with control animals (Fig. 3C,E). YFP+, NG2+ cells
in the control animals underwent a morphological transforma-
tion typical of the injury response. At 5 dpl, they had shortened
processes and enlarged cell bodies (Fig. 3D). In contrast, YFP+,
NG2+ cells in the KO animals retained their stellate appearance
and their long multibranched processes (Fig. 3D). The reduced
density of the NG2+ and YFP+ cells in the KO animals arises, at
least in part, from a failure of the 3-catenin KO cells to proliferate
as shown by reduced BrdU incorporation at 2 and 5 dpl com-
pared with control YFP+ cells (Fig. 3F,G). BrdU incorporation
into the total NG2+ cell population was reduced in the KO ani-
mals to an extent similar to that of the YFP+ cells (Fig. 3H). As
the glial scar matured between 5 and 20 dpl, the number of YFP+
cells in both genotypes increased and the number of NG2+ cells
decreased, most likely reflecting the continuing proliferation and
differentiation of YFP+ cells into either NG2-oligodendrocytes
or Schwann cells (McTigue et al., 2001; Zawadzka et al., 2010).
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Thus, abrogating B-catenin signaling in A
OPCs reduces their proliferation and ac-
cumulation in the tissue surrounding SCI.

SCI results in astrocyte hypertrophy
and microglial proliferation and accumu-
lation (Dahl and Bignami, 1974; Giulian
et al., 1989). Whether the initial reactions
of OPCs to injury play a role in the subse-
quent reactions of these glial cell types is
unknown. We therefore next asked
whether reducing the OPC reaction to SCI
alters the injury-induced responses of mi-
croglia, macrophages, and astrocytes. Re-
active microglia and macrophages were
identified using a polyclonal antibody
against Ibal that identifies both of these
two cell types. As shown in Figure 4, A and
B, the accumulation of microglia/macro-
phages around the injury site was reduced
in the B-catenin KO animals compared
with control animals, particularly at 5 dpl
when the microglia/macrophage reaction
is at its maximum. The insets show that
the Ibal + cells present in the KO animals
had ramified processes compared with
cells in the control animals, which had the
amoeboid appearance typical of activated
cells. The accumulation of microglia/
macrophages after SCI arises from both
cell migration and local cell division. Sur-
prisingly, there were no differences in the
ratio of Ibal+ cells incorporating BrdU
(Fig. 4C) at2 and 5 dpl, suggesting that the
reduced cell accumulation in the KO ani-
mals is due to a failure of inflammatory
cell mobilization and migration rather
than reduced proliferation.

The astrocyte hypertrophy that follows
SCI forms a barrier to cell invasion and
restores the boundary between CNS and
non-CNS tissue (Bush et al., 1999). Astrocytic reactions to con-
tusive injury were also reduced in the KO animals and overall
levels of anti-GFAP immunoreactivity were reduced at 5 dpl in
the B-catenin KO animals (Fig. 5). This reduction was most ap-
parent at the single cell level, and astrocytes in the KO animals
lacked the dense bundles of GFAP-containing intermediate fila-
ments seen in the control cells (Fig. 5, insets). At 20 dpi in control
animals, the injury site resolves into a fluid- and cell-filled gran-
uloma encapsulated by the processes of reactive astrocytes (Fig.
5). Although reactive astrocytes were present around the granu-
loma that forms in the KO animals, the astrocytic borders of this
granuloma were poorly defined compared with the sharp edges
seen in the control animals. Thus, when the OPC reaction to
injury is suppressed, the reactions of microglia and astrocytes are
also muted. This suggests that OPCs, which are among the first
cells to react to several different types of CNS injury (Levine et al.,
2001), may orchestrate the reactive responses of other glial cells.

Despite these differences in the accumulation of OPCs and
microglia after injuries, lesion size did not vary significantly be-
tween the control and B-catenin KO animals at 2 and 5 dpl. There
was a slight trend toward smaller lesion sizes at 20 dpl (lesion size
was 15% smaller in the KO animals), but this did not reach sig-
nificance (p = 0.06, Student’s ¢ test).
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The data presented above show that abrogating canonical
Wnt signaling in OPCs after SCI reduces OPC accumulation,
inflammation, and reactive astrogliosis. Because OPCs and astro-
cytes produce large amounts of growth-inhibitory chondroitin
sulfate proteoglycans (CSPGs) among other growth-inhibitory
molecules, we next asked whether there was a reduced accumu-
lation of CSPGs in the KO animals. As shown in Figure 6, CSPG
immunoreactivity was reduced at 20 dpi in the KO animals com-
pared with the control injured animals. To determine whether
glial scar reduction affected the ability of damaged axons to re-
generate, we used a minimally invasive infraorbital optic nerve
crush model (Fig. 7). After an infraorbital crush, damaged RGC
axons sprout but fail to grow into the glial environment of the
damaged distal segment unless the growth state of the retinal
ganglion neurons is experimentally manipulated (Benowitz and
Yin, 2010). We crushed the left optic nerve of control and KO
mice and measured axon regeneration 3 weeks later in whole-
mount preparations of solvent-cleared optic nerves (Ertiirk et al.,
2012). As shown in Figure 7, A and B, YFP+ cells accumulate at
the crush site in control animals and this accumulation is reduced
in the KO animals. To measure axon regeneration, we counted
the total number of axons that crossed planes drawn perpendic-
ular to the nerve at 25, 50, 150, and 1000 wm from the crush site
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(Fig. 7C). Approximately three times more axons grew past the
proximal edge of the crush site in KO optic nerves compared
with control optic nerves. We also measured the length of the
five longest axons in each control and KO animal (Fig. 7D).
The mean length was 3.6-fold longer in the KO mice (1322 =
27.3 pmin the KO vs 365 * 66 wm in control animals, mean *
SE). In the KO animals, many labeled axons had arrowhead-

J. Neurosci., July 30,2014 - 34(31):10285-10297 + 10293

shaped growth cone-like endings (Fig.
7F ) whereas in the control animals, labeled
axons had dystrophic end bulbs (Fig. 7E).
Thus, reducing glial scarring and associated
inflammation creates an environment that
is permissive for axon regeneration.

These results suggest that B-catenin-
dependent canonical Wnt signaling is
necessary for the glial reactions to injury.
Because [-catenin also participates in
multiple cellular processes (Valenta et al.,
2012), we used a gain-of-function approach
to determine whether increasing Wnt ex-
pression and subsequent [3-catenin-
dependent signaling is sufficient to
provoke an injury-like response in glial
cells in uninjured animals. We injected
AAV viruses expressing GFP alone,
Wnt3a and GFP, or Wnt5a and GFP into
the dorsal columns of 6- to 8-week-old
female C57BL/6] mice and examined the
region surrounding the injection site for
reactive-like glial changes 10 d later. To
ensure that the injected viruses were acti-
vating canonical Wnt signaling, we per-
formed two control experiments. First, we
examined axin2 reactivity and, as shown
in Figure 8A, there was a large increase in
the expression of axin2 surrounding the
Wnt3a virus injection site. Axin2 was de-
tected in both OPCs and microglia (data
not shown). Second, we injected the
Wnt3a-expressing virus into control and
B-catenin KO animals and examined YFP
expression. As shown in Figure 8B, YFP+
cells were abundant in the control animals
N but much reduced in the KO animals.
l Thus, injecting Wnt3a-expressing AAV
induced canonical signaling around the
injection site and a 3-catenin-dependent
increase in the density of YFP+ OPCs.

Injecting AAV-Wnt3a increased the
density of NG2+ OPCs in the vicinity of
the injection site (Fig. 9A—C) whereas af-
ter injection of either AAV-GFP or AAV-

Wntb5a

Wnt5a, the density of OPCs did not
change significantly. After injection of
AAV-Wnt3a, OPCs at the injection site
were tightly clustered and had enlarged
cell bodies and increased immunoreactiv-
ity to the NG2 CSPG (Fig. 9B). Injection
of AAV-Wnt5a also altered the morphol-
ogy of OPCs; they had fewer but longer
processes. This may reflect activated
planar polarity pathways. The Wnt3a-
mediated increase in cell density was due, at least in part, to
increased cell division as the incorporation of BrdU into OPCs
after a pulse label was increased fourfold in the Wnt3a-injected
animals compared with AAV-eGFP-injected animals (Fig. 9C).
The BrdU-positive cells were clustered around the injection site
(data not shown). These results show that the initiation of canon-
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ical Wnt signaling in adult OPCs stimulates their proliferation
and accumulation similar to what occurs after acute SCI.

We also examined the effects of Wnt overexpression on mi-
croglia and astrocytes. Consistent with previous studies showing
that microglia respond to exogenous Wnts (Halleskog et al.,
2011; Kilander et al., 2011), injection of AVV-Wnt3a increased
the density of Ibal + microglia fivefold; injection of AAV-Wnt5a
also increased microglial cell density, albeit to a lesser degree (Fig.
10A, B). There were no differences in the percentage of Ibal+
cells incorporating BrdU after a 2 h pulse between the control and
Wnt3a-injected or Wnt5a-injected animals (data not shown).
Neither Wnt3A nor Wnt5A increased the density of GFAP-
positive astrocytes (Fig. 10 A, B), but both Wnts lead to significant
increases in GFAP expression (Fig. 10C). The effects of Wnt5a on
GFAP expression were more modest than that of Wnt3a. These
results demonstrate that the increased expression of Wnt3a pro-
vokes an injury-like response in glial cells. While this suggests a
key role of canonical Wnt signaling in regulating the glial re-
sponses to SCI, we cannot rule out a contribution of noncanoni-
cal signaling.

Last, to confirm that canonical Wnt signaling is mitogenic to
OPCs, we grew neonatal rat OPCs in culture, treated the cells with
media conditioned by L-cells secreting either Wnt3a or Wnt5a,
and measured BrdU incorporation into the cells. As shown in
Figure 11, exposure to Wnt3a-conditioned media but not
Wnt5a-conditioned media stimulated BrdU incorporation into
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NG2+ OPCs. Purified soluble Wnt3a was also an effective mito-
gen and its effects were blocked by soluble Frizzled5-CRD-hFc,
which blocks the binding of Wnts to their LRP receptors
(Ishikawa et al., 2001; Yamamoto et al., 2006; DeAlmeida et al.,
2007). Neither Wnt3a nor Wnt5a stimulated BrdU incorporation
into O4+ pre-oligodendrocytes.

Discussion

Glial cells react to injury of the brain or spinal cord by forming a
complex scar tissue at the injury site. This scar is both beneficial
and detrimental to wound healing and damage repair (Rolls etal.,
2009). In the early stages of wound healing, astrocytes form a
barrier that keeps invading cells, mostly macrophages and leuko-
cytes, out of the undamaged areas (Faulkner et al., 2004; Her-
mann et al., 2008). They are also important factors in the
re-establishment of the blood—brain barrier. At later stages, how-
ever, astrocytes, together with degenerating oligodendrocytes,
OPCs, and meningeal cells, create a biochemical environment
that is nonpermissive for axon regeneration (Fitch and Silver,
2008). Although this suggests that preventing scar formation
might promote axonal regeneration (Fawcett et al., 2012), ablat-
ing reactive astrocytes or suppressing their reaction to injury
leads paradoxically to more extensive damage and reduced re-
pair, most likely because of an increased early inflammatory re-
sponse (Faulkner et al., 2004; Hermann et al., 2008). Here we
have shown that preventing canonical Wnt signaling in OPCs not
only suppresses their reactions to the injury but also reduces the
reactions of microglia and astrocytes. Together these reduced
glial reactions create an environment that is supportive rather
than repressive to axonal regeneration and repair.

Wnhts are secreted morphogens known mostly for their role as
regulators of pattern formation and cell fate during early devel-
opment (Moon et al., 1997). They also have complex effects on
developing oligodendrocyte precursor cells. Canonical Wnt sig-
naling delays the differentiation of OPCs into myelinating oligo-
dendrocytes (Shimizu et al., 2005; Fancy et al., 2009; Feigenson et
al., 2009), but it also upregulates the expression of proteolipid
protein in mouse oligodendrocytes (Tawk et al., 2011). In the
uninjured adult CNS, Wnts regulate adult neurogenesis in the
dentate gyrus (Lie et al., 2005) and multiple aspects of synaptic
transmission (Inestrosa and Arenas, 2010). Canonical Wnt sig-
naling is also mitogenic to those adult neural stem cells that spe-
cifically generate oligodendrocytes (Ortega et al., 2013).
Although there is ongoing 8-catenin-dependent Wnt signaling in
adult OPCs (White et al., 2010; Fig. 2), reducing this signaling in
OPCs by deleting B-catenin did not alter either the density or
appearance of OPCs at least over a 25 d time course. Thus
B-catenin-dependent signaling is not necessary for the normal
slow proliferation of adult OPCs. The binding of platelet-derived
growth factor, a major mitogen for OPCs, to its a-receptor in
developing OPCs activates both Wnt--catenin-dependent and
PI3K-mTor-dependent signaling pathways, both of which can
drive cell proliferation (Hill et al., 2013). Thus, the Wnt pathway
may be dispensable for basal proliferation. In contrast, 3-catenin
signaling is necessary for the injury-induced rapid proliferation
of OPCs and increasing Wnt3a expression in the uninjured spinal
cord is sufficient to initiate proliferation and a reactive response
in OPCs. Thus increases in the expression of Wnts and their
receptors after SCI (Liu et al., 2008b; Miyashita et al., 2009;
Fernandez-Martos et al., 2011; Gonzalez et al., 2012) are likely
responsible, at least in part, for the rapid proliferation and mobi-
lization of OPCs after injury.
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Eliminating B-catenin-dependent signaling in OPCs had
striking and unexpected consequences for the reactions to injury
of other glial cells. Both microglia/macrophage accumulation
and astrocyte hypertrophy were significantly reduced. This sug-
gests that the OPC reactive response regulates the responses of
microglia/macrophages. We can only speculate as to the mecha-
nisms underlying these cell nonautonomous effects on microglia.
First, CSPGs can directly activate microglia in vitro (Rolls et al.,
2008). Reactive OPCs and astrocytes are major sources of se-
creted and cell-associated CSPGs after injury (Levine, 1994;
Asher et al., 2000) and the expression of CSPGs is reduced in the
B-catenin KO animals. Consistent with the notion that reducing
CSPGs can reduce microglial reactions to injury is the finding
that there is reduced inflammation after lysolecithin-induced de-
myelination in the spinal cords of NG2-null mice (Kucharova et
al., 2011). Second, canonical Wnt signaling activates microglia
and increases the expression of pro-inflammatory cytokines in
vitro (Halleskog et al., 2011). As demonstrated here (Fig. 10),
Wnt3a causes a robust activation and accumulation of microglia
in vivo. Oligodendrocyte lineage cells express high levels of Wnt3
mRNA (Ortega et al., 2013) and Wnt mRNA is detected in NG2-
positive cells after SCI (Liu et al., 2008a). This suggests that by
reducing the number of reactive OPCs, we may have reduced
Wnt tone and availability to other cells, including microglia, in
the injured area. The reduced number of axin2+ cells through-
out the injured spinal cord (Fig. 2) is consistent with this idea.
Third, because the same percentage of microglia incorporated
BrdU in both the control and KO animals, 3-catenin deletion in
OPCs is likely to affect the mobilization and migration of micro-
glia and macrophages into the glial scar rather than their prolif-
eration. Reactive OPCs secrete MMP9, which can open the
blood-brain barrier (Seo et al., 2013), and they are a potential
source of chemokines and chemoattractants for inflammatory
cells. Reducing any of these functions would attenuate the in-
flammatory response. Regardless of the exact mechanism, it is
clear that there are complex interactions between activated OPCs
and activated microglia/macrophages (Wu et al., 2002). Cyto-
kines produced by activated microglia and platelets induce reac-
tive changes in OPCs (Rhodes et al., 2006) and these reactive
changes, together with an increase in OPC number, are necessary
for the accumulation and activation of microglia. Deleting
B-catenin-dependent signaling in OPCs appears to disrupt these
complex interactions leading to both a reduced accumulation of
OPCs and a reduced inflammatory response to SCI.

Since astrocyte hypertrophy may be induced by activated mi-
croglia (Emmetsberger and Tsirka, 2012), the attenuation of mi-
croglia activation in the KO animals could lead to the reduced
astrocyte hypertrophy and reduced expression of GFAP. In the
injured normal spinal cord, the barrier formed by reactive astro-
cytes in the early stages of wound healing confines microglia/
macrophages to the injured areas (Faulkner et al., 2004). In the
B-catenin KO animals, although the barrier between the injured
spinal cord and non-neural tissue and cells is reduced and there
are fewer hypertrophic astrocytes (Fig. 5), inflammation is also
reduced. Thus manipulating the OPC reaction to injury has dra-
matic effects on the overall development and characteristics of
the glial scar. The activation of OPCs is a common feature of
several different types of CNS injury (Levine et al., 2001). Per-
turbing this activation by reducing canonical Wnt signaling has
revealed an essential role for these cells in orchestrating the re-
sponses of several different cell types to injury.

One technical question that arises is how can a relatively small
number of induced cells have such a striking effect on the terrain
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of the damaged spinal cord. Recombination efficiency at any spe-
cific locus is influenced by many factors including the local con-
centration of tamoxifen, the kinetics of nuclear import of cre, the
distance between LoxP sites, and local chromatin structure
(Vooijs et al., 2001). Although only ~12-15% of the NG2-
positive OPCs in the uninjured spinal cord express YFP after
tamoxifen treatment, this is likely to be an underestimation of the
true number of cells that have either undergone recombination at
the B-catenin locus or failed to activate Wnt-dependent intracel-
lular signaling pathways. First, overall axin2 immunoreactivity, a
direct readout of Wnt signaling, is greatly reduced in the KO
spinal cords compared with control animals (Fig. 2). Second, we
estimate that ~63% of the NG2+ cells at 5 dpl in control animals
express axin2 whereas only 40% of the NG2+ cells in the KO
animals are axin2+. Considering that injured control animals
have three times more NG2+ cells in the penumbral region at 5
dpl than do the B-catenin-KO animals, we calculate that there are
~4-fold fewer Wnt responding OPCs per unit volume surround-
ing the injury site in the KO animals relative to control animals.
This reduction is sufficient to reduce the extent of glial scarring.
Third, when we compared the percentage of YFP-positive cells
labeled with BrdU after a pulse at 2 and 5 d post injury to the
percentage of all the NG2-positive cells (both YFP positive and
YFP negative) that had incorporated BrdU, the numbers were
identical. Thus the total NG2-positive cell population behaved
identically to a smaller YEP-positive population. These consider-
ations suggest that recombination at the Rosa26 locus is less effi-
cient than recombination at the B-catenin locus and we had, in
fact, deleted B-catenin from large numbers of OPCs. It is impor-
tant to note that by reducing overall Wnt tone (see above), we
may have also reduced the injury responses of those OPCs that
did not undergo recombination at the 3-catenin locus.

The glial scar is considered both a physical and chemical bar-
rier to successful axon regrowth (Fitch and Silver, 2008). Numer-
ous factors contribute to this barrier function including the
secretion of CSPGs by astrocytes and reactive OPCs (Asher et al.,
2000; Tan et al., 2006), inhibitory molecules contained within
myelin debris (Lee and Zheng, 2012), repulsive axon guidance
molecules secreted by invading meningeal cells (De Winter et al.,
2002), and contact repulsion mediated by invading macrophages
(Horn et al., 2008). By eliminating 3-catenin-dependent signal-
ing in OPCs, we created an environment that is permissive to
axon regeneration even in the absence of manipulating the
growth state of the retinal ganglion cells. This is consistent with
the notion that adult neurons are not intrinsically incapable of
regeneration, rather the environment of the damaged CNS pre-
vents regeneration (David and Aguayo, 1981). Targeting Wnt
signaling either alone or combined with other approaches (Lu et
al., 2012) may be a basis for designing new therapies for encour-
aging axonal repair and regeneration.
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