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Abstract

Whnt/B-catenin signaling can influence the proliferation and differentiation of progenitor
populations in the hippocampus and subventricular zone, known germinal centers in the adult
mouse brain. It is not known whether B-catenin signaling occurs in quiescent glial progenitors in
cortex or spinal cord, nor is it known whether B-catenin is involved in the activation of glial
progenitor populations after injury. Using a p-catenin reporter mouse (BATGAL mouse), we show
that B-catenin signaling occurs in NG2 chondroitin sulfate proteoglycan+ (NG2) progenitors in the
cortex, in subcallosal zone (SCZ) progenitors, and in subependymal cells surrounding the central
canal. Interestingly, cells with B-catenin signaling increased in the cortex and SCZ following
traumatic brain injury (TBI) but did not following spinal cord injury. Initially after TBI, B-catenin
signaling was predominantly increased in a subset of NG2+ progenitors in the cortex. One week
following injury, the majority of B-catenin signaling appeared in reactive astrocytes but not
oligodendrocytes. Bromodeoxyuridine (BrdU) paradigms and Ki-67 staining showed that the
increase in B-catenin signaling occurred in newly born cells and was sustained after cell division.
Dividing cells with p-catenin signaling were initially NG2+; however, by four days after a single
injection of BrdU, they were predominantly astrocytes. Infusing animals with the mitotic inhibitor
cytosine arabinoside prevented the increase of B-catenin signaling in the cortex, confirming that
the majority of B-catenin signaling after TBI occurs in newly born cells. These data argue for
manipulating the Wnt/p-catenin pathway after TBI as a way to modify post-traumatic gliogenesis.
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Introduction

Methods

Animals

Whnt/B-catenin signaling influences the proliferation and/or differentiation of various stem
cell and progenitor populations, such as skin [1], hematopoietic [2], intestinal [3], and
embryonic stem cells [4, 5]. During nervous system development, p-catenin signaling drives
the proliferation of neuronal stem cells leading to the correct number of neurons in the
developing embryo [6]. p-catenin signaling has also been shown to be important in
progenitor populations in the adult brain, specifically for neurogenesis in the subgranular
zone (SGZ) and subventricular zone (SVZ) [7, 8]. It is unknown, however, if B-catenin
signaling occurs in glial progenitor populations in the adult brain, specifically NG2
chondroitin sulfate proteoglycan+ (NG2) progenitors and those residing in the subcallosal
zone (SCZz).

Injury to the brain and spinal cord results in gliosis due to intense astrocyte hypertrophy and
an increase in the number of reactive astrocytes following injury [9, 10]. The origin of
reactive astrocytes following injury has been under intense debate with different labs
proposing NG2+ cells [11, 12], SVZ cells [13], and dedifferentiated astrocytes [14] as the
source of these newly born cells. In addition to their unknown origin, the signaling pathways
that instruct the response of reactive astrocytes are unclear. Recent research has begun to
implicate the transcriptional activator signal transducers and activators of transcription three
(STAT3) [15] and the extracellular signal-regulated kinase (ERK) mitogen-activated protein
kinase (MAPK) signaling pathway [16] in this process. Understanding the signaling
pathways that contribute to reactive gliosis is crucial for developing therapies that promote
wound healing and regeneration.

In part due to its role in stem cell populations, p-catenin signaling has been shown to be
important in the response to injury of various tissues. Recently, we and others have shown
that B-catenin signaling is required for fin regeneration in zebrafish [17] and enhances liver
regeneration in mice after hepatectomy [18]. Other work has shown that p-catenin signaling
is necessary for hair follicle regeneration [19] and retinal regeneration [20]. The aim of the
present study was to determine if B-catenin signaling occurs in glial progenitors in the adult
brain and if it participates in the glial response to injury in the nervous system.

Three-month-old male and 4-month-old female BATGAL mice [21] were used for traumatic
brain injury (TBI) studies and spinal cord injury (SCI) experiments, respectively. All
animal-related procedures were approved by the Institutional Animal Care and Use
Committee of the University of Washington and were conducted in accordance with the
guidelines of the NIH.

Traumatic Brain Injury

Littermates from nine litters (77 = 43) were divided across four groups: control, 3 days post-
injury (dpi), 7 dpi, and 28 dpi. Mice (n= 32) were anesthetized with intraperitoneal (i.p.)
injections of avertin (12.6% tribromoethanol in 0.6% tert-amyl alcohol), a midline scalp
incision was made, soft tissues were reflected, and a 3.5 mm by 3.5 mm craniotomy was
performed, centered 2 mm left of midline, halfway between bregma and lambda. A 2-mm
metal probe attached to the Ohio State University contusion device (Ling Dynamic Systems,
http://www.lds-group.com) was gently lowered onto the dura until contact was visualized by
the dampening of oscillations on an oscilloscope. Then brain deformation (mild TBI) of 1.4
mm at a velocity of 4.3 m/second was performed. After injury, the craniotomy was filled
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with Gelfoam (Upjohn, Kalamazoo, M, http://www.pfizer.com); the skin was closed with a
combination of sutures and staples. Animals were kept on a heating pad (38°C) until fully
awake. Postoperatively, lactated Ringer’s solution and analgesic (buprenorphine, Reckitt
Benckiser Healthcare, Hull, U.K., http://www.rb.com) were administered as needed. Control
mice (7= 11) were anesthetized only.

Spinal Cord Injury

Mice from two litters were divided into control (#7=4) and injured (7= 5) groups. Injured
mice, anesthetized as above, underwent a midthoracic (T9) laminectomy; iridectomy
scissors were used to make a hemisection lesion by cutting the dorsal spinal cord tissue until
the central canal (~0.3 mm deep). After injury, muscle and skin were closed in layers and
postoperative care was as above. Control mice were anesthetized only.

Intercerebroventricular Infusion of Cytosine Arabinoside

For the cytosine arabinoside (AraC) experiments, mice (n7=11) received a TBI as above.
After recovery of hemostasis, a surgical drill was used to make a small hole at —0.34 mm
from bregma, 1.00 mm right of the central sulcus, contralateral to the TBI. The outlet of an
Alzet osmotic minipump (model 1007D, Durect Corporation, Cupertino, CA, http://
www.durect.com) was secured to the skull with superglue, and the body of the pump was
placed subcutaneously behind the shoulder blades of the mouse. This pump delivered either
cytosine arabinoside (AraC) (40 ug/day) in artificial cerebral spinal fluid (aCSF = 150 mM
Na, 3 mM K, 1.4 mM Ca, 0.8 mM Mg, 1 mM P, 155 mM CI, 1 mg/ml of bovine serum
albumin (BSA) (Sigma, St. Louis, MO, http://www.sigmaaldrich.com) or aCSF only at a
rate of 0.5 pl/day for 7 days until tissue was collected as below. A researcher blind to the
TBI decided which animals received AraC (7= 6) or aCSF (n7=5). Postoperative care was
as above.

Bromodeoxyuridine Injections

There were two bromodeoxyuridine (BrdU) injection paradigms used in these experiments.
For analyzing proliferation in the uninjured SCZ (Fig. 1) (n=4), i.p. injections of BrdU (50
mg/kg; seven injections total) were given once every 2 hours [22] and the mice were
processed for immunohistochemistry 2 hours after the last injection. For analyzing
proliferation after TBI (n= 32), a single i.p. injection of BrdU (200 mg/kg) was given on the
third day postinjury. Control mice (n7= 11) were given a single i.p. injection of BrdU (200
mg/kg) three days after being anesthetized in the exact same manner as the other
experimental groups. Animals were processed for immunohistochemistry 2 hours (control
and day 3 time point), 4 days (day 7 time point), or 25 days (day 28 time point) after the
BrdU injection.

Tissue Collection

Animals were deeply anesthetized and perfused transcardially with 10 ml of 0.9% saline
followed by 50 ml of 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB, pH 7.4).
Brains and spinal cords were removed and post-fixed in PFA for 10 hours at 4°C, rinsed in
PB, and transferred to 30% sucrose in PB for 36-48 hours of cryoprotection. Spinal cords
were cut into 1 mm sections surrounding the lesion; three of these sections were embedded
in OCT medium and flash frozen for cryosectioning. Serial 20 um coronal spinal cord
sections were mounted on Permafrost plus slides (Thermo Fisher Scientific, Waltham, MA,
http://www.thermo.com) in a one-in-six series and stored at —80°C. Brains were mounted on
a sliding microtome and cut into 50 m coronal sections. These free-floating sections were
collected in a one-in-six series, placed in cryoprotectant (30% glycerol, 30% ethylene glycol
in 0.1 M PB), and stored at —20°C.
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X-Gal Reaction

[B-Galactosidase was visualized using the staining kit and protocol from Specialty Media
(Millipore, Billerica, MA, http://www.millipore.com).

Immunohistochemistry

Free floating sections were rinsed 3x in phosphate buffered saline (PBS) and put in a block
solution consisting of 5% goat serum (Sigma, St. Louis, MO, http://www.sigmaaldrich.com)
and 0.6% Triton X-100 (Amresco, Solon, OH, http://www.amresco-inc.com) in PBS for 1
hour. Sections processed for anti-BrdU staining were first incubated with 1.5N HCI for 25
minutes at 37°C. These sections were rinsed 8x in PBS over 30 minutes before being placed
in block. Primary antibody cocktails were made in block using combinations of the
following antibodies: rabbit anti-B-galactosidase (1:2000, Cappel Antibodies, ICN
Biomedical, Aurora, CA, http://www.valeant.com/), mouse anti-p-galactosidase (1:200,
Promega, Madison, W1, http://www.promega.com), rat anti-BrdU (bromodeoxyuridine,
1:300, Novus Biologicals, Littleton, CO, http://www.novushio.com), guinea pig anti-GFAP
(glial fibrillary acidic protein; 1:2000, Advanced ImmunoChemical Inc. Long Beach, CA,
http://www.advimmuno.com), rabbit anti-NG2 (chondroitin sulfate proteoglycan; 1:500, a
generous gift from W. Stallcup, Burnham Institute, http://www.burnham.org), rabbit anti-
GSTr (glutathione s-transferase r; 1:1250, Millipore, Billerica, MA, http://
www.millipore.com), rabbit anti-Ki-67 (1:750, AbD Serotec, Raleigh, NC, http://
www.abdserotec.com), and goat anti-nestin (1:750, Santa Cruz Biotechnology, Santa Cruz,
CA, http://www.scht.com). After incubating with primary antibodies for 24-48 hours at 4°C,
sections were rinsed 8x over 12 hours with 0.1% Triton X-100 (PBST, pH 7.4), incubated
for 2 hours at room temperature with the appropriate secondary antibodies: anti-rat 488, -
mouse 488, -rabbit 647, 594, or -guinea pig 647 (1:400, all from Invitrogen, Carlsbad, CA,
http://www.invitrogen.com), and rinsed 8x over 6 hours with PBST. The last rinse was in
PB and included the nuclear marker, 4”,6-diamidino-2-phenylindole (1:1000). Sections were
mounted on Permafrost plus slides and coverslipped with gelvatol. Slides with spinal cord
sections were treated as above except with shorter washing periods.

Cell and Molecular Phenotype Quantification

Serial coronal sections of brain, each spaced 250 wm apart, were mounted on slides. For
BATGAL+ cell quantification, every BATGAL+ cell was counted in one 50 wm section at
Bregma -1.58 + 0.125 mm (n7= 8-11 animals per group). Two contours were used in our
analysis: (1) A cortex contour was drawn around the cortex with the dorsal edge of the
corpus callosum as the ventral boundary medially. A horizontal line extending from the
dorsal edge of the lateral ventricle provided the ventral boundary of the cortex contour
laterally (supporting information Fig. 1). (2) A SCZ contour stretched from the dorsal edge
of the corpus callosum to the dorsal edge of the CA1 pyramidal cell layer of the
hippocampus, with the lateral ventricle and midline as lateral and medial borders,
respectively (supporting information Fig. 1). We refer to this region as the SCZ contour,
although it includes the corpus callosum, SCZ, and the dorsal aspect of the hippocampus.
The SCZ contour does not include the SVZ because of its posterior location. Cells within
these contours were counted using Stereo Investigator (MicroBrightField, Williston, VT,
http://www.mbfbioscience.com). Cell density was calculated using the following equation:
density (mm?)=(no.of cells counted)(contour area)(tissue thickness) For BATGAL+ cell

phenotyping, multiple label immunofluorescent confocal z-stack images were collected and
analyzed with a confocal microscope (Nikon Eclipse TE200 or Nikon A1R confocal
microscope, Nikon Instruments Inc., Melville, NY, http://www.nikon.com). A minimum of
50 cells (mean of 100) were counted across 1-4 sections with four animals per group. For
BATGAL+ BrdU+ cell phenotyping, a minimum of 25 cells (mean of 50) were counted
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across 2—4 sections with 4-9 animals per group. Cell density of phenotyped BATGAL+
cells was estimated using the following equation:
density (mm3):(% of cells positive for a certain marker)(calculated BATGAL+cell density)

Statistical Analysis

Differences among experimental groups were evaluated by a one-way ANOVA followed by
Tukey’s Multiple Comparison Test. An unpaired Student’s #test evaluated differences in
cell phenotypes and differences between AraC and aCSF infusions. For all statistical
analyses, significance was accepted at a p-value of 0.05. Error bars in graphs are SEM.

Results

B-Catenin Signaling Occurs in Progenitor Populations of the Uninjured Nervous System

Areas of high p-catenin signaling in the uninjured adult brain were found using the
BATGAL reporter mouse [21]. Upon transduction of a Wnt signal, p-catenin is stabilized in
the cytoplasm, translocates to the nucleus, and binds to TCF/LEF transcription factors
converting them to activators of B-catenin dependent transcription [23]. With LacZ driven
by a siamois promoter and seven T-cell factor/lymphoid enhancer factor (TCF/LEF) binding
sites, the BATGAL mouse allows the visualization of cells with transcriptionally active p-
catenin signaling through the expression of nuclear localized p-galactosidase [8, 24, 25].
BATGAL+ cells are defined as cells with intense nuclear p-galactosidase staining,
indicating transcriptionally active p-catenin.

Confirming previous studies, BATGAL+ cells were found in the SGZ of the hippocampus
and the SVZ, two known germinal centers in the adult brain [7, 8] (data not shown).
Interestingly, BATGAL+ cells were also found in a band just below the corpus callosum
(Fig. 1A1-1A2, arrows). This band of cells appears to be in a similar location as progenitors
of the SCZ, a third germinal center in the adult brain [22]. Injecting BrdU, we find BrdU+
nuclei colocalized with BATGAL+ nuclei, indicating that a portion of the newly dividing
cells had active p-catenin signaling (Fig. 1B, arrow). Some clusters of BrdU+ cells had a
high degree of BATGAL+ colocalization and some clusters were devoid of any staining for
the B-catenin signaling reporter (arrowhead). We quantified that 20% of BATGAL+ cells in
the SCZ were BrdU+. Many of the nondividing BATGAL+ cells were glial fibrillary acidic
protein (GFAP) labeled astrocytes.

A few BATGAL+ cells with high p-galactosidase expression were also found scattered
throughout the cortex (Fig. 1C). These BATGAL+ cells colocalized with antibodies against
the NG2 proteoglycan. We estimate ~2% of NG2+ cells in the cortex colocalized with the
BATGAL+ signal, and a few of these NG2+BATGAL+ cells were also positive for BrdU
(Fig. 1D). These data indicate that B-catenin signaling occurs in a subset of NG2+ cells in
the cortex and is sometimes coincident with cell division.

Examination of the spinal cord of BATGAL reporter mice revealed two major areas of 8-
catenin signaling, the substantia gelatinosa and the area surrounding the central canal (Fig.
1E1-1E2). In contrast to the findings in the cortex, active p-catenin signaling was not
observed in NG2+ cells in the spinal cord.

These data expand the known progenitor populations in the adult nervous system that exhibit
active B-catenin signaling. Given that these progenitor populations are known to become
activated and proliferate after injury [11, 26], the response of cells with B-catenin signaling
after injury was examined next.
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B-Catenin Signaling Increases After Traumatic Brain Injury but Not After Spinal Cord Injury

To determine the distribution and frequency of cells with active p-catenin signaling
following injury, BATGAL reporter mice were subjected to a mild traumatic brain injury
(TBI). Littermates comprised four groups: uninjured controls and animals harvested at 3, 7,
and 28 days post-injury (dpi). Coronal histological sections were divided into two areas for
analysis: (1) the cortex and (2) an area including the corpus collosum, SCZ, and dorsal
hippocampus above the CA1 pyramidal layer (supporting information Fig. 1). The corpus
callosum and the dorsal hippocampus were included in the analysis of the SCZ because
previous studies have proposed that these progenitors may migrate either toward the cortex
or toward the hippocampal CA1 pyramidal layer after injury [13, 27].

BATGAL+ cells increased in the cortex and in the SCZ following TBI (Fig. 2A-2F). Three
days post-injury, BATGAL+ cells were increased throughout the injured cortex (Fig. 2B,
arrowheads). By day 7, the number of BATGAL+ cells in the cortex and SCZ had increased
and cells were often clustered together (Fig. 2C, arrowheads). The majority of B-catenin
signaling was near the dorsal surface of the cortex by day 28 (Fig. 2D, arrowheads). The
increase in BATGAL+ cells in the cortex became statistically significant at day 7 and
remained elevated at day 28 in some animals (Fig. 2E). BATGAL+ cells surrounding the
SCZ increased significantly 3 and 7 dpi and fell at or below control levels at 28 dpi. Using
mean values for control and day 7 animals, BATGAL+ cells increased 3.3-fold in the cortex
and 2.7-fold in the SCZ.

To determine if p-catenin signaling increases in other parts of the nervous system after
injury, BATGAL reporter mice received a dorsal spinal hemisection injury (SCI) (Fig. 2G-
2H). Although BATGAL+ cells increased after TBI, BATGAL+ cells did not increase in the
spinal cord or subependymal zone (inset) after SCI.

B-Catenin Signaling Occurs in NG2+ and GFAP+ Cells in the Cortex After TBI

Immunofluorescence showed that the majority of BATGAL+ cells were NG2+ (arrowheads)
or GFAP+ (arrows) after TBI (Fig. 3A-3D). The intensity of NG2 staining and the density
of NG2 cells increased between control and day 3, concomitant with an increase in
BATGAL+ NG2+ cells (Fig. 3A-3B, arrowheads). These cells were located either directly
in the injury core (cortex under the injury site that is surrounded by hypertrophied GFAP+
astrocytes) or they were located among hypertrophied GFAP+ astrocytes surrounding the
core. NG2+ BATGAL+ cells in the injury core often appeared to be wrapped around the
vasculature and were considered pericytes, similar to observations by others [28, 29]. NG2+
BATGAL+ cells in the parenchyma surrounding the core were polydendritic with multiple
branched processes (arrowheads). By 7 dpi, the majority of BATGAL+ cells colabeled with
antibodies against GFAP. These GFAP+ BATGAL+ astrocytes often appeared as couplets
surrounding the injury core (Fig. 3C, arrows). GFAP+ BATGAL+ astrocytes were also
found in day 28 animals, often near the dorsal edge of the injured cortex (Fig. 3D, arrows).

Quantification of the phenotype of BATGAL+ cells showed the majority of BATGAL+
cells were NG2+ in control and day 3 animals; however, the phenotype of the majority of
BATGAL+ cells shifted to GFAP+ astrocytes in day 7 and day 28 animals (Fig. 3E).
Specifically, the percentage of BATGAL+ cells that were NG2+ decreased from 56 + 6% to
18 + 6%, whereas the percentage of BATGAL+ cells that were GFAP+ increased from 21 +
3% to 52 + 7% between day 3 and day 7. Interestingly, the actual number of BATGAL+
NG2+ cells stayed constant during this time despite a decrease in the relative percentage of
BATGAL+ cells that were NG2+ (Fig. 3F). On the other hand, the number of GFAP+
BATGAL+ cells increased >5-fold between days 3 and 7. This indicates that the decrease in
the percentage of NG2+ BATGAL+ cells is due to an increase in total BATGAL+ cells, the
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majority of which are GFAP+. Although B-catenin signaling occurred in NG2+ cells and
Olig2+ cells (supporting information Fig. 2A-2C), it did not occur in mature
oligodendrocytes as analyzed with antibodies against glutathione s-transferase  (GSTt)
(supporting information Fig. 2D-2E).

B-Catenin Signaling Occurs in Newly Born Cells After TBI

The increase in B-catenin signaling after TBI could occur in post-mitotic cells, or it could be
due to newly born cells signaling through p-catenin. To examine this directly, BrdU was
injected once at 3 dpi to label proliferating cells; animals were fixed 2 hours, 4 days, or 25
days after the injection. BrdU+ BATGAL+ colocalized cells were found at all time points
after injury (Fig. 4A1-4A3, arrows). BrdU+ BATGAL+ cells were often found in couplets
at day 7 (Fig. 4A2) and near the dorsal surface of the cortex at day 28 (Fig. 4A3).
Quantifying this response, 10 + 3% of BATGAL+ cells were immunoreactive for BrdU at
day 3 and this increased to 20 = 3% of BATGAL+ cells at day 7 (Fig. 4B), suggesting that
[B-catenin signaling predominantly occurs in a dividing cell population in the cortex.
Although the majority of BATGAL+ cells are from a proliferating cell population,
BATGAL+ BrdU+ cells represent only 1-2% of the total BrdU labeled cells (supporting
information Table 1). The percentage of BATGAL+ cells that are BrdU+ did not change in
the SCZ; however, the actual number of BATGAL+ BrdU+ cells in the SCZ increased
significantly at day 7 (Fig. 4B-4C).

Stacks of images from four animals were aligned and merged to show a spatial
representation of the BATGAL+ BrdU+ cells at the various time points (Fig. 4D1-4D4). At
3 dpi, dividing BATGAL+ cells were located throughout the cortex and a few cells were in
the SCZ (Fig. 4D2). The numbers of dividing BATGAL+ cells increased in the cortex and
the SCZ at day 7 (Fig. 4D3). By 28 dpi, the BATGAL+ BrdU+ population was primarily
near the dorsal surface of the cortex (Fig. 4D4). These data point to two important findings:
(1) dividing BATGAL+ cells are located throughout the cortex at day 3 and not sequestered
to a specific anatomical location or germinal center and (2) the location of dividing
BATGAL+ cells changes over time and is associated with known areas of gliosis. Although
it is tempting to conclude that the BATGAL+ BrdU+ cells at day 3 contributed to the
increase of BATGAL+ BrdU+ at day 7, the data presented here neither confirm nor refute
this hypothesis. The BATGAL+ BrdU+ cells at 3 dpi could have lost their expression of p-
galactosidase by 7 dpi, becoming BATGAL BrdU+ cells. On the other hand, BATGAL
BrdU+ cells at day 3 might not have expressed p-galactosidase until day 7.

B-Catenin Signaling Is Sustained in Cells That Have Proliferated

To investigate whether p-catenin signaling occurs only when cells are proliferating or
whether it is sustained in cells that have proliferated a few days earlier, staining with
antibodies against the proliferation marker Ki-67 was performed (Fig. 5A-5B). Only 4 = 1%
of BATGAL+ cells are Ki-67+ in the cortex at day 7, whereas 20 + 3% of BATGAL+ cells
are BrdU+ (Fig. 5C). This illustrates that B-catenin signaling is not exclusively tied to
proliferation in the cortex, but it is sustained in cells that have previously proliferated.
Conversely, in the SCZ, the percentage of BATGAL+ cells that are Ki-67+ or BrdU+ is
similar (Fig. 5D).

The Majority of Newly Born Cells in the Cortex with B-Catenin Signhaling Are NG2+ and

GFAP+

To characterize the phenotype of the dividing BATGAL+ cell population, staining with
antibodies against the BATGAL reporter, BrdU, NG2, and GFAP was performed. Dividing
BATGAL+ cells expressing either NG2 or GFAP were found at 3 and 7 dpi (Fig. 6A-6D).
At 3 dpi, GFAP+ BATGAL+ BrdU+ cells as well as GFAP+ BATGAL BrdU+ were
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present, suggesting that p-catenin signaling is not necessary for astrocytes to divide, or it is
only necessary at a specific step in cell division (Fig. 6C). Another plausible explanation is
that p-catenin signaling occurs in a subpopulation of astrocytes. At 7 dpi, many GFAP+
BATGAL+ BrdU+ cells were found in couplets (Fig. 6D), suggesting a common ancestor
that was in S-phase at day 3.

Quantification of the phenotype of BrdU+ BATGAL+ cells indicated that 85 + 5% of the
dividing BATGAL+ population expressed NG2 at 3 dpi, and this shifted to 25 + 6% four
days later (Fig. 6E). Reciprocally, only 10 + 4% of the dividing BATGAL+ population
expressed GFAP at 3 dpi, and this increased to 43 = 6% by 7 dpi (Fig. 6E). Although the
percentage of dividing BATGAL+ cells that were NG2+ decreased significantly between
day 3 and day 7, the actual number of dividing BATGAL+ cells that were NG2+ stayed the
same (Fig. 6F). The number of dividing BATGAL+ cells that were GFAP+ increased. This
indicates that the decreased percentage of BATGAL+ cells that express NG2 is not due to
loss of BATGAL+ NG2+ cells but rather is due to the increase in the number of BATGAL+
GFAP+ cells.

Cell Division Is Required for the Increase in B-Catenin Signaling in the Cortex but Not SCZ

After TBI

To tease apart the contribution of newly born cells versus post-mitotic cells to the increase in
BATGAL+ cells after TBI, cytosine arabinoside (AraC) was administered from the time of
injury until the tissue was harvested 7 days later to kill mitotically active cells. Control
animals (infused with aCSF) had an increase in BATGAL+ cells in the cortex and SCZ
similar to previous uninfused experiments (Fig. 7A). Animals infused with AraC did not
have an increase in BATGAL+ cells in the cortex (Fig. 7B); however, AraC did not reduce
the number of BATGAL+ cells in the SCZ following TBI. These data confirm the BrdU
studies and indicate that the majority of B-catenin signaling occurs in newly born cells in the
cortex. A large number of post-mitotic cells of the SCZ have active p-catenin signaling in
spite of a mitotic kill after injury. Taken together, these data suggest a difference in
signaling pathways between GFAP-labeled astrocytes in the cortex and GFAP-labeled
astrocytes in the SCZ.

Discussion

The current study demonstrates that f-catenin signaling occurs in glial progenitor
populations in the adult brain and is increased after TBI, coincident with injury-induced
gliosis. We also show that amplification of glia with active B-catenin signaling in the injured
cortex relies on proliferation. These data argue that p-catenin signaling plays a role in the
control of astrogliogenesis following cortical injury.

B-Catenin Signaling in Progenitor Populations in the Nervous System

Previous work has shown that p-catenin signaling is important for neurogenesis in the
developing nervous system [6, 30, 31] as well as in adult mice [7, 8]. The current study
presents the first evidence showing that p-catenin signaling also occurs in adult glial
progenitor populations, specifically NG2+ progenitors and SCZ progenitors in the brain and
in an area where subependymal progenitors are located in the spinal cord.

It is interesting that B-catenin signaling was found only in a small subset of NG2+

progenitors. NG2+ cells are not a homogeneous population of cells but rather differ in their
functionality and multipotency [32-36]. Recently, Rivers et al. found separate dividing and
nondividing populations of NG2+ cells in the adult corpus callosum [37]. Lytle et al. found
two populations of NG2+ cells that differed in their lineage, transcription factor expression,
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and response to SCI [38]. It may be the case that signaling pathways such as p-catenin are
the molecular determinants of phenotypic differences among various NG2+ cells in the adult
brain. Using a Cre-Lox system to stably express p-catenin in Olig-1 expressing cells, Ye et
al. completely abolished oligodendrocyte development in embryonic and postnatal time
points [39]. If B-catenin’s role is similar in adult NG2+ cells as in development, perhaps B-
catenin signaling inhibits oligodendrocyte formation in a small subset of adult NG2+ cells
and keeps them in an immature, progenitor state.

An additional novel finding is that p-catenin signaling only occurred in NG2+ progenitors in
the brain but not in the spinal cord. This could be due to differences in NG2+ cells,
differences in ligand expression, or differences in BATGAL transgene expression in these
two regions. Although found throughout the nervous system, the cell fate decisions of NG2+
cells differ depending on where they reside [36, 37, 40]. The finding of B-catenin signaling
in a subset of NG2+ cells in the brain but not the spinal cord reveals another level of
heterogeneity in this progenitor population.

Similar to its appearance in a specific subset of NG2+ cells, B-catenin signaling was found
only in a subset of SCZ progenitors. This may be explained by considering that progenitors
in the SCZ are at various stages of self renewal and differentiation and that only a specific
step involves the transcriptional activity of p-catenin. Furthermore, lineage tracing studies
have shown that SCZ progenitors become oligodendrocytes and astrocytes [22]. Taking the
recent findings that p-catenin signaling inhibits oligodendrocyte development [39, 41],
perhaps B-catenin signaling keeps the progenitors in an undifferentiated state or instructs
them to become astrocytes.

B-Catenin Signaling After Nervous System Injury

A third novel finding of the current study is that B-catenin signaling increased after TBI and
that this increase occurred in newly born NG2+ cells and GFAP+ reactive astrocytes in the
injured cortex. A previous report showed an increase in p-catenin protein in hippocampal
extracts after TBI [42]. Our work extends that analysis in multiple ways by assaying
transcriptionally active p-catenin, examining other areas of the brain, and determining the
phenotype of these cells.

Surprisingly, an increase in p-catenin signaling was not observed in NG2+ cells or GFAP+
cells after SCI. Previous research has shown that the glial response to injury is different in
the brain and in the spinal cord [43]. Perhaps differences in p-catenin signaling in NG2+
cells and reactive astrocytes between the two areas of the central nervous system (CNS)
underlie the difference in gliosis and scar formation between the brain and the spinal cord.
Recently, Fancy et al. have shown that ~15% of oligodendrocyte precursors increase -
catenin signaling after a demyelination lesion [44]. Our analysis of BATGAL+ staining after
SCI did not corroborate these findings, possibly due to the different type of spinal cord
injury performed and the fact that our analysis was concentrated on the injury epicenter and
surrounding glial scar where remyelination is likely limited.

Origin of Reactive Astrocytes in Gliosis Following Injury

Currently there are three competing hypotheses regarding the origin of reactive astrocytes
following injury. The source of newly born astrocytes could be from (1) GFAP+ astrocytes
that dedifferentiate then divide, (2) NG2+ progenitors found throughout the parenchyma, (3)
progenitors migrating from the SVZ or SCZ, or from a combination of these three sources
[11, 13, 14]. The data presented in this paper do not specifically support one of these
hypotheses but implicate B-catenin in post-traumatic gliogenesis regardless of the origin of
newly born astrocytes.
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Buffo et al. recently proposed that reactive astrocytes following injury were derived from
dedifferentiated GFAP+ cells [14]. Our results show B-catenin signaling in a subset of
dividing astrocytes 3 dpi, a time coincident with the proposed dedifferentiation. Often these
GFAP+ BATGAL+ cells were nestin+ as well (supporting information Fig. 3). GFAP+
BATGAL+ BrdU+ cells were also found as couplets at 7 dpi, suggesting that they came
from a common ancestor. In addition, Wnt/B-catenin signaling has already been shown to be
required for the dedifferention of epithelial cells to form hair follicles [19] and for the
dedifferentiation of Mueller glia to form retinal cells [20] after injury. Collectively, this is
compelling evidence indicating that the Wnt/B-catenin pathway may be part of the
dedifferentiation or subsequent differentiation process of reactive astrocytes.

Several investigators have proposed that reactive astrocytes are derived in part from NG2+
progenitors after injury. Recent research using BrdU paradigms [11, 45] and genetic fate
mapping [12, 46] has suggested that NG2+ progenitors could generate a subpopulation of
astrocytes and were a source of proliferative gliosis after injury. Given that ~80% of
dividing BATGAL+ cells were NG2+ at 3 dpi and NG2+ BATGAL+ cells were found in
areas of BrdU+ GFAP+ astrocytes, our results suggest that p-catenin signaling is important
in the proliferation or differentiation of this NG2+ population following injury.

It has also been suggested that reactive astrocytes following TBI are derived from cells
originating in the SVZ and SCZ [13, 47]. Cells with active B-catenin signaling are found in
the SCZ, and BATGAL+ BrdU+ cells are found in the SCZ at 3 and 7 dpi, but not at day 28.
These results are consistent with BATGAL+ cells migrating toward the lesion; however, it is
equally plausible that they died or divided so many times as to dilute their BrdU below
immunofluorescence detection.

Molecular Mechanisms That Instruct Reactive Glosis Following Injury

As researchers have begun to propose the cellular origin of the glial scar, they have also
initiated studies into the signaling pathways that instruct astrogliosis following injury. The
transcription factor STAT3 has been found to be a critical regulator of reactive astrocytes,
and its absence disrupted scar formation following SCI [15]. Others have shown that the
Ras-MEK-ERK signaling cascade is increased in reactive astrocytes after injury [16].
Interestingly, the Wnt/p-catenin pathway has been shown to upregulate the expression of
STAT3 in various contexts such as zebrafish gastrulation [48], embryonic stem cell self-
renewal [49], and human esophageal squamous cell carcinoma [50]. In addition, novel ways
in which mitogen-activated protein kinase pathways cross-talk with the Wnt/g-catenin
pathway are being discovered [51]. Our research shows that f-catenin signaling increases in
post-traumatic gliogenesis and provides a new example of potential cross-talk between
various signaling pathways. The findings presented in this study implicate p-catenin
signaling as an important target for the development of interventions to modify gliogenesis
and improve regeneration after brain injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BATGAL NG2 BATGAL NG2 BrdU

Figure 1.

[B-catenin signaling is a characteristic of progenitors in the nervous system. (A1-A2): X-gal
reaction in a coronal brain section showing expression of a p-catenin signaling (BATGAL)
reporter in cells of the subcallosal zone (SCZ) (arrows). (A2): Higher magnification of inset.
(B): Immunohistochemistry showing colocalization of the BATGAL reporter (antibody
against p-galactosidase shown in red) in a portion of BrdU+ (green) cells in the SCZ of an
adult mouse (arrow). Arrowhead designates a cluster of BrdU+ cells that are BATGAL-.
Some BATGAL+ cells are immunopositive for GFAP (blue). (C): Colocalization of two
NG2+ (red) cells in the cortex with B-catenin signaling (green). (D): A small subpopulation
of BrdU+ (red) NG2+ (blue) cells in the cortex of adult mice has p-catenin signaling
(green). (E1-E2): X-gal reaction showing expression of BATGAL reporter in cells in the
substantia gelatinosa (arrows) and in cells surrounding the central canal (arrowhead). (E2):
Higher magnification of inset. Scale bars: (A1, E1) 200 pm, (A2, E2) 50 pm, (B-D) 20 jm.
Abbreviations: DG, dentate gyrus; BrdU, bromodeoxyuridine; GFAP, glial fibrillary acidic
protein.
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Figure2.

[B-catenin signaling increases in cortex and subcallosal zone after traumatic brain injury but
not after spinal cord injury. (A—D): Coronal sections from mouse brain immunolabeled with
an antibody against the B-catenin reporter in control animals and at 3, 7, and 28 days post-
injury. Arrowheads indicate examples of cells positive for the reporter. (E): Quantification
of cells in the cortex shows a significant increase of p-catenin signaling at day 7 (*, p < .05).
(F): Quantification of cells in the subcallosal zone shows significant increases of p-catenin
signaling at day 3 and day 7 (*, p< .05; **, p<.01). For (E) and (F), an ANOVA followed
by Tukey’s Multiple Comparison Test was performed for all time points in the cortex and
subcallosal zone (r7=8-12 mice per group). (G—H): Coronal sections of spinal cord from
control and hemisection animals immunolabeled with antibodies against the BATGAL
reporter (green), NG2 (red), and GFAP (blue) (7= 4-8 mice). Smaller panels are higher
magnification views of the insets. Scale bars: (A-D) 300 im, (G—H) 50 pum, insets 10 pm.
Abbreviations: GFAP, glial fibrillary acidic protein; SCZ, subcallosal zone.
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Figure 3.

The majority of B-catenin reporter cells in the cortex shift from being NG2+ in control and
day 3 animals to being GFAP+ in day 7 and 28 animals. (A—D): Representative images of
triple immunofluorescence for NG2+ (red), GFAP+ (blue), and the BATGAL reporter
(green), with arrowheads pointing to NG2+ cells and arrows pointing to GFAP+ cells that
are BATGAL+. Smaller panels are higher magnification views of the insets. (E):
Quantification shows significant differences in the percentage of BATGAL+ cells that are
either NG2+ or GFAP+ over time (*, p<.05; **, p< .01; ***, p<.001), with a transition
from a greater percentage of NG2+ BATGAL+ cells at day 3 to a greater percentage of
GFAP+ BATGAL+ cells at day 7. (F): Calculating the total number of BATGAL+ cells that
are either NG2+ or GFAP+ using information from (E) and stereological counts from Figure
2E shows a significant increase in GFAP+ cells with B-catenin signaling at day 7 (*, p<.
05). An ANOVA followed by Tukey’s Multiple Comparison Test was performed for all
time points (7= 4). Scale bars: 20 um, 5 wm insets. Abbreviations: GFAP, glial fibrillary
acidic protein.
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Figure4.

[B-catenin reporter cells divide after injury. (A1-A3): Representative images showing
immunofluorescence of BrdU+ (green) and BATGAL+ cells (red) after injury. Arrows point
to colocalization of BrdU and BATGAL reporter in cells. (B): Quantification of BrdU+
BATGAL+ cells shows that 20% of B-catenin reporter cells at day 7 incorporated BrdU on
day 3 (*, p<.05; *** p<.001). (C): Calculating the total number of BATGAL+ cells that
are BrdU+ using information from (B) and stereological counts from Figure 2E shows a
significant increase in BrdU+ BATGAL+ cells at day 7 (*, p<.05; **, p<.01). An
ANOVA followed by Tukey’s Multiple Comparison Test was performed for all time points
(n=8-12). (D1-D4): Spatial distribution of BrdU+ p-catenin reporter cells after injury. The
stereological location of BrdU+ BATGAL+ cells was determined for one section in each of
four different animals per time point. These images were overlaid to show the composite
results of these four animals. The white line indicates the border between the cortex and
SCZ contours. Scale bars: 20 um. Abbreviations: BrdU, bromodeoxyuridine; SCZ,
subcallosal zone.
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[B-catenin signaling is sustained in cells of the cortex that have proliferated. (A-B):
Representative images of triple immunofluorescence for BrdU (red), Ki-67 (blue), and the
BATGAL reporter (green) in a day 7 animal. Arrowheads indicate BATGAL+ cells that are
BrdU+ but not Ki-67+. Arrows point to BATGAL+ cells that are both Ki-67 and BrdU+.
Smaller panels illustrate higher magnification views of the insets. (C-D): Graphing the
proliferation data illustrates differences in the percentage of BATGAL+ cells that are either
Ki-67+ or BrdU+ in the cortex but not in the SCZ (n=7). Scale bars: 20 um, 10 pm insets.
Abbreviations: BrdU, bromodeoxyuridine; SCZ, subcallosal zone.
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Figure®6.

The phenotype of the majority of BrdU+ p-catenin reporter cells in the cortex shifts from
being NG2+ at day 3 to GFAP+ at day 7. (A—B): Representative images from cortex of
immunofluorescence for BrdU+ (red), NG2+ (blue), and BATGAL+ cells (green) at day 3
and day 7. (C-D): Representative images from cortex of immunofluorescence for BrdU+
(red), GFAP+ (blue), and BATGAL+ cells (green) at day 3 and day 7. (E): The percentage
of BrdU+ BATGAL+ cells in the cortex that are either NG2+ or GFAP+ changes over time
(**, p<.01; *** p<.001). (F): Calculating the total number of BrdU+ B-catenin reporter
cells that are either NG2+ or GFAP+ using information from (E) and stereological counts
from Figures 2E and 4C shows a significant increase in the number of BrdU+ BATGAL+
GFAP+ cells at 7 days post-injury. (**, p<.01). An unpaired #test was performed (7= 4-
9). Scale bars: 5 um. Abbreviations: BrdU, bromodeoxyuridine; GFAP, glial fibrillary
acidic protein.
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Figure7.
The increase in B-catenin reporter cells after traumatic brain injury is dependent on cell

division. (A-B): Immunohistochemistry in coronal brain sections showing the response of 8-
catenin reporter cells to TBI in vehicle (aCSF) and AraC infused animals. (C): The increase
in B-catenin reporter cells in cortex of vehicle treated mice is attenuated in cortex with AraC
infusion; however, the change in B-catenin reporter cells in the subcallosal zone due to AraC
is not significant (*, p<.05). An unpaired #test was performed (/7= 5-6). Scale bars: 300
pm. Abbreviations: AraC, cytosine arabinoside; SCZ, subcallosal zone.
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