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Sonic Hedgehog Pathway Activation Is Induced by Acute
Brain Injury and Regulated by Injury-Related Inflammation
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The adult mammalian brain responds to injury by activating a program of cell proliferation during which many oligodendrocyte precur-
sors, microglia, and some astrocytes proliferate. Another common response to brain injury is the induction of reactive gliosis, a process
whereby dormant astrocytes undergo morphological changes and alter their transcriptional profiles. Although brain injury-induced
reactive gliosis is concurrent with the proliferation of surrounding cells, a functional relationship between reactive gliosis and this cell
proliferation has not been clearly demonstrated. Here, we show that the mitogen sonic hedgehog (SHH) is produced in reactive astrocytes
after injury to the cerebral cortex and participates in regulating the proliferation of Olig2-expressing (Olig2 *) cells after brain injury.
Using a cortical freeze injury to induce reactive gliosis in a Gli-luciferase reporter mouse, we show that the SHH pathway is maximally
active 3 d after brain injury and returns to baseline levels by 14 d. SHH expression parallels Gli activation and localizes to glial fibrillary
acidic protein-expressing reactive astrocytes. Inhibition of the SHH pathway with cyclopamine blocks the Gli response and significantly
reduces both the proliferating and overall number of Olig2 * cells in the injured cortex. To provide mechanistic insight into SHH pathway
activation in astrocytes, we show that proinflammatory stimuli activate SHH-expressing reactive astrocytes, whereas inhibition of
inflammation-induced reactive gliosis by macrophage depletion abolishes SHH activation after brain injury and dampens cell prolifer-
ation after injury. Our data describes a unique reactive astrocyte-based, SHH-expressing niche formed in response to injury and inflam-

mation that regulates the proliferation of Olig2 * cells.

Introduction
Injury to neural tissue results in the establishment of a complex
microenvironment composed of astrocytes, neurons, immune
cells, proliferating and nonproliferating oligodendrocytes, dying
cells, and other cell types (Raghupathi et al., 2000; Hampton et al.,
2004). The temporal pattern of acute events in the injured brain
microenvironment is well studied: inflammatory cytokine-
secreting microglia appear within a few hours after the insult,
whereas astrocytes, proliferating oligodendrocytes, and new vas-
cular channels are seen by 24—72 h (Hampton et al., 2004). The
role of proliferating cells in the context of cerebral cortical injury
remains to be fully elucidated, but, in certain diseases, including
multiple sclerosis, Olig2-expressing (Olig2 ™) precursor popula-
tions appear to contribute to the remyelination of injured axons
(Talbott et al., 2005).

Certain injury-responsive astrocytes are characterized by in-
creased expression of the intermediate filament glial fibrillary
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acidic protein (GFAP), among other molecular alterations, and
are termed “reactive” astrocytes (Hoke and Silver, 1994). Reac-
tive astrocytes are best known as the primary component of the
glial scar and for their ability to inhibit axonal regeneration, but
one outstanding question is whether astrocytes contribute to the
mitogenic capacity of the injured CNS (White and Jakeman,
2008).

We showed recently that reactive astrocytes respond to glio-
magenesis by expressing sonic hedgehog (SHH) (Becher et al.,
2008), but the functional consequences of astrocyte-derived SHH
remain unclear. SHH displays both morphogenic and mitogenic
properties during development. In particular, SHH expression
drives the expression of the basic helix-loop—helix transcription
factor Olig2 and induces the proliferation of Olig2-expressing
cells in the developing mammalian ventral neural tube. SHH has
been studied mainly in the context of development, but there is
increasing evidence to suggest that the mitogenic properties of
SHH are retained during adulthood, in which SHH promotes
oncogenesis or tissue repair in different organs. In the mamma-
lian brain, in which injury-related cell proliferation is transient,
knowledge of factors that promote cell proliferation might be
clinically useful, especially in the setting of traumatic brain in-
jury, in which cell loss is an obstacle to recovery.

Based on our previous work on the role of SHH during glio-
magenesis, we hypothesized that SHH activity in gliomas is
caused by tumor-induced injury to surrounding brain. Because
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reactive astrocytes are present during most types of brain injury
(including brain tumors), we surmised that SHH pathway acti-
vation in reactive astrocytes occurs during non-neoplastic brain
injury and that SHH expression in reactive astrocytes might play
arole in promoting cell proliferation during brain injury, analo-
gous to its role during certain types of brain tumors.

In this study, we use a mouse model to demonstrate activation
of the SHH-Gli signaling pathway and to describe the temporal
pattern of its activation during acute brain injury. To characterize
the mechanisms underlying SHH induction in vivo, we interro-
gated the role of inflammation in the formation of reactive astro-
cytes during injury and provide unique evidence that in vivo
macrophage-mediated inflammatory processes and proinflam-
matory cytokine production is required for the induction of re-
active astrocytes and, consequently, for SHH expression during
brain injury.

Materials and Methods

Mice. All experiments were performed in accordance to the Institutional
Animal Care and Use Committee guidelines at Memorial Sloan-
Kettering Cancer Center. Generation of the Gli-luciferase (Gli-Luc)
mice (Becher et al,, 2008) and CD11b-diphtheria toxin receptor (DTR)
mice (Duffield et al., 2005) has been described previously. CD11b—
DTR mice were the kind gift from Dr. Richard Lang (University of
Cincinnati, Cincinnati, OH). Gli-Luc mice were used for all injury ex-
periments except for macrophage ablation experiments. For macrophage
depletion experiments, Gli-Luc/CD11b-DTR heterozygous mice were
generated by crossing the Gli—Luc*’~ mice with CD11b-DTR™" mice.
All offspring were imaged by bioluminescence (BLI) for luciferase, and
only Gli-Luc-positive mice were used. Littermate controls were used for
each experiment. For macrophage depletion experiments, 25 ng/g per
mouse of diphtheria toxin (DT) (List Biologicals) solution (3.3 mg/ml
H,0) was administered intraperitoneally daily for 4 consecutive days.
Injuries were performed on day 2 of treatment, and animals were killed
on the third day after injury. For a subset of DT-treated mice, 10 ng of the
cytokine IL-18 was injected into the injured cortex immediately after
injury. For cyclopamine treatment, four consecutive daily injections of
cyclopamine (25 mg/kg) were given as described previously (Palma etal.,
2005). Cyclopamine was a kind gift from Dale Gardner (United States
Department of Agriculture). At least three mice per group were used for
every experimental and control group.

Cortical freeze injury, lipopolysaccharide injection, and IL-1f8 injection.
This injury protocol was adapted from previously published procedures
(Sun et al., 2004). This injury method combines a stab wound and freeze
injury to induce significant injury in a focal region of brain. Briefly,
animals were anesthetized with an intraperitoneal solution of ketamine/
xylazine and placed in a stereotactic frame (Stoelting). A midline incision
was made, the skin was retracted laterally, and a small burr hole was
drilled using the following coordinates: anteroposterior, 1.7 mm poste-
rior to bregma; and lateral (right), I mm from midline. A 21.5 gauge
needle was fixed unto the stereotactic device, precooled in liquid nitrogen
for 30 s, and then lowered 1 mm deep to the dural surface for 30 s. The
injury was repeated three times per animal at 1 min intervals.

For lipopolysaccharide (LPS) injections, LPS (1 ugin 0.5 ul of sterile
saline) from Escherichia coli (055:B5 serotype; Sigma) or sterile saline
alone was injected into the same cortical location as the freeze injury
using a Hamilton syringe fastened to the stereotactic frame at a rate of 2
wl/s. Animals for LPS experiments were killed 3 d after injection. For
IL-1p injections, 10 ng of mouse recombinant IL-13 (Peprotech) in 1 ul
of sterile water was injected in the same way as the LPS injections.

Immunohistochemistry and histology. Mice were killed after BLI imag-
ing with a lethal dose of ketamine/xylazine. Brains were removed and
postfixed in 4% paraformaldehyde for 2—4 h and then transferred to a
30% sucrose solution 24 h for cryoprotection. Brains were then sliced
into two coronal sections at the point of injury, placed in O.C.T medium
(Sakura), and frozen on dry ice. Coronal sections, 8 um, were used for all
histological studies. All immunohistochemical procedures were performed
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as described previously (Becher et al., 2008). The following antibodies were
used at the stated dilutions: rat monoclonal anti-bromodeoxyuridine
(BrdU), 1:100 (Abcam); rat anti-mouse anti-CD11b, 1:100 (BD Pharm-
ingen); rabbit polyclonal anti-cleaved caspase 3, 1:100 (Cell Signaling
Technology); rabbit polyclonal anti-Ibal, 1:1000 (Wako Pure Chemi-
cals); rabbit polyclonal anti-GFAP, 1:1000 (Dako); mouse monoclonal
anti-GFAP, 1:200 (Dako); rabbit polyclonal anti-Olig2, 1:100 (Millipore
Bioscience Research Reagents); and mouse monoclonal anti-proliferating
cell nuclear antigen (PCNA), 1:100 (Dako).

Flow cytometric analysis. Peritoneal cells were isolated by peritoneal
lavage with a total of 10 ml of PBS. Mice were anesthetized for imaging
and then given a lethal dose of ketamine/xylazine. A 20 cc syringe
mounted with an 18 gauge needle was filled with 10 cc of ice-cold PBS,
and the entire volume was injected into the mouse peritoneum. The
abdomen was then massaged, allowing efflux of the injected PBS into a 15
ml of polypropylene canonical tube. The fluid was centrifuged at 1000
rpm for 1 min. Cells were resuspended in fluorescence-activated cell
sorting (FACS) buffer [1% protease-free, IgG-free bovine serum albu-
min (Jackson ImmunoResearch) in PBS] and incubated with rat anti-
mouse CD16/CD32 Fc Block (BD Pharmingen) for 15 min at 4°C. For
flow cytometric analysis, 1 X 10° cells were incubated with 1 ul of
fluorophore-conjugated antibody in a volume of 50 ul for 20 min at 4°C.
The antibodies used were rat anti-Gr-1 FITC (BD Pharmingen) and rat
anti-F4/80 PE (Serotec). The cells were then washed three times with
FACS buffer and fixed in 4% paraformaldehyde before analysis. Cell
samples for flow cytometry were analyzed on a BD LSRII instrument.

RNA isolation. An ~1 mm?® region of injured cortex (or contralateral
brain) was dissected out from the whole brain on a cooled cutting board.
The brain samples were placed in 1 ml of Trizol reagent (Invitrogen) and
homogenized, and RNA was extracted according to the protocol of the
manufacturer.

Quantification of mRNA by reverse transcription-PCR and real-time
quantitative PCR. cDNA was synthesized from 1 ug of purified total RNA
isolated from a 1 mm? region of the injured cortex by using the Super-
Script III First-Strand Synthesis System for reverse transcription (RT)-
PCR (Invitrogen), following the protocols of the manufacturer. Total
RNA from the identical region of the contralateral cortex was used as a
control. Real-time PCR was performed using the 7900HT Fast Real Time
PCR System (Applied Biosystems). Each sample was analyzed in tripli-
cate. IL-18 (Mm00434228), IL-6 (MmO00446190), and tumor necrosis
factor-a (TNF-a) (MmO00443258) primers were obtained from Applied
Biosystems. The SHH primer has been described previously (Russell et
al., 2007).

In situ hybridization. The SHH in situ probe was a kind gift from
Kathryn Anderson (Memorial Sloan-Kettering Cancer Center, New
York, NY), and hybridization was conducted as described previously
(Eggenschwiler and Anderson, 2000).

Mouse bioluminescence imaging and analysis. Mice were given a lethal
dose of a ketamine/xylazine solution, followed by a retro-orbital injec-
tion of luciferin (75 mg/kg solution with 30 mg luciferin/ml H,O) into
the right eye as a bolus injection. The usual volume injected ranged from
50 to 100 ul. Luciferin was synthesized at the Memorial Sloan-Kettering
Cancer Center core facility. Mice were decapitated 3 min after luciferin
injection. Their brains were placed in one well of a six-well dish with 1 ml
of PBS and 3 mg of luciferin, and images were acquired for 3 min in the
IVIS 200 machine (Xenogen) at imaging level A. A 2 mm circular region
of interest (ROI) was used to define the injury, and an identical area in the
contralateral uninjured cortex of the same mouse was used as an internal
control. All images were analyzed using the same maximum and mini-
mum threshold parameters. A bioluminescence ratio was defined as the
ratio of the BLI values from the ROI of the injured cortex to the uninjured
cortex, and this ratio was used for all injury experiments.

Capture and quantification of immunohistochemistry photomicro-
graphs. Immunofluorescence photomicrographs were taken on a Leica
DMI 6000 microscope with a DFC 350FX digital camera; DAB and in situ
histochemistry photomicrographs were taken on a Nikon E400 micro-
scope fitted with a Nikon DS-SM camera. Quantification of positive cells
was performed with the MetaMorph imaging system. For each experi-
ment, images were captured from at least 24 different 20X photomicro-
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1C,F). The increased BLI signal in the in-
jury region was maintained at 5 d after
cortical freeze injury (~1.6-fold increase
compared with uninjured cortex; p <
0.001) (Fig. 1 D,F). However, by 14 d after
brain injury, Gli-Luc BLI output was not
significantly different between the two
sides (Fig. 1E,F).

Sonic hedgehog is expressed by reactive

astrocytes in the injured cerebral cortex
The vast majority of Gli activation occurs
in the context of canonical SHH pathway
signaling, during which SHH binding of
its receptor, Patched, results in a series of
downstream events that ultimately results
in Gli translocation to the nucleus and the

transcription of SHH target genes (Stone
etal., 1996). Our previous experiments in
a mouse model of glioma showed that
SHH expression was localized to GFAP-
expressing reactive astrocytes within the
tumor stroma (Becher et al., 2008). To de-
termine whether the injury-induced Gli—
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Figure 1.  The Gli pathway is activated after a cortical freeze injury in the mouse brain. A—E, Gli bioluminescence imaging of an

uninjured brain and brainsimaged 1, 3, 5, and 14 d after injury, respectively. A focal increase in BLI intensity was noted at 3and 5 d
afterinjury. F, Quantification and statistical analysis of the BLI intensity over the injury area compared with the identical areain the

uninjured cortex of the same mouse.

graphs from at least three different animals. Four nonoverlapping 20X
quadrants surrounding the injury per section were used for quantifica-
tion. A color threshold was set by the operator, and only cells meeting this
threshold were included.

Statistical analysis. Graphs were made using GraphPad Prism 4 (Graph
Pad Software). Two-sided Student’s tests and ANOVA were used for
statistical testing. A coefficient of correlation 2 and corresponding p
values were used to compare Gli-Luc BLI and PCNA immunostaining.
In the figures, *p < 0.05, **p < 0.01, and ***p < 0.001.

Results

The sonic hedgehog effector Gli is activated during a cortical
freeze injury

We used a Gli-Luc transgenic reporter mouse containing eight
contiguous Gli binding sites upstream of the firefly luciferase
gene to study the potential activation of the SHH-GIi pathway
during brain injury (Sasaki et al., 1997). To study Gli activation in
injury, we used a cortical freeze injury, a method of injury that
effectively combines a small stab wound with a freeze injury (Sun
et al., 2004). After cortical injury, we compared the Gli-Luc bi-
oluminescence output in the injured and uninjured cerebrum of
brain-injured mice. Focal cortical injury in the frontoparietal
cortex of Gli—-Luc mice resulted in a highly reproducible pattern
of Gli activation as determined by BLI. Uninjured mice had equal
Gli-Luc BLI output in either cerebral hemisphere (Fig. 1 A,F). At
24 h after cortical injury, there was a small and statistically insig-
nificant increase in the BLI activity in the ipsilateral (injured)
ortex compared with the contralateral (uninjured) side (Fig. 1B,F).
At 72 h after the injury, however, we observed an increase in Gli
activation that was significantly greater in the injured region
compared with the contralateral cortex (approximately twofold
increase compared with the uninjured cortex; p < 0.001) (Fig.

Luc BLI increase (Fig. 1C,D) was a result
of canonical SHH expression from reac-
tive astrocytes, we performed SHH in situ
hybridization of brains processed 3 d after
brain injury. We observed robust expres-
sion of SHH mRNA at postinjury day 3,
whereas the uninjured brain contained
minimal SHH mRNA expression (Fig.
2 A,B, respectively; black arrowheads indicated positively stained
cells). We also used quantitative PCR to measure SHH levels in
the injured cortex compared with the uninjured brain and found
a twofold increase in SHH levels, consistent with our BLI exper-
iments (data not shown). To identify the cells producing SHH,
we analyzed brains for SHH protein expression by immunostain-
ing with an anti-SHH antibody. Consistent with the results from
Gli-Luc BLI experiments, uninjured brains (Fig. 2C) and brains
obtained at 24 h after injury (Fig. 2C) exhibited very low levels of
SHH protein expression. In contrast, SHH expression was signif-
icantly increased in the injured brain 3 d after freeze injury (Fig.
2C, 3 d after injury, magnified images shown in bottom panel)
and was localized to GFAP-expressing reactive astrocytes. SHH
protein expression returned to near baseline levels by 14 d after
cortical brain injury (Fig. 2C, top rightmost panel).

Cyclopamine abolishes brain injury-induced Gli activation

During canonical SHH signaling, SHH is secreted and acts in an
autocrine or paracrine manner on effector cells that use the
Patched, Smoothened, and Gli proteins to transduce the SHH
signal. One way to disconnect the SHH signal from its effector
apparatus is to treat with cyclopamine, a small-molecule Veratrum
alkaloid that inhibits SHH signaling by inhibiting the Smooth-
ened receptor and interferes with SHH signal transduction in
SHH-responsive cells. We used this method to determine
whether we could disrupt injury-induced SHH signaling in vivo.
To do this, we pretreated animals with 25 mg/kg intraperitoneal
cyclopamine or vehicle alone for 1 d before injury and then con-
tinued with daily injections for 3 more days, including the day of
injury. Animals were killed on the third day after injury, when the
SHH-GIi axis is maximally activated (Figs. 1, 2). Cyclopamine
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SHH is expressed in the mouse brain after brain injury. A, B, In situ hybridization for SHH in the uninjured contralateral hemisphere and injured brain, respectively. Black arrowheads

indicate positively stained cells (blue) in the injured right cortex. C, Top, from left to right, SHH and GFAP double immunofluorescence from uninjured brain and brains processed after 1,3, and 14 d
after injury, respectively. C, Bottom, from left to right, High-magnification immunofluorescence staining of a mouse brain at 3 d after injuring showing 4’,6'-diamidino-2-phenylindole (DAPI),
GFAP, SHH, and a merged image, respectively. White arrows indicate astrocyte costaining for SHH and GFAP. Imagesin A, B, and € (top) were taken at 20 X magnification. Images in € (bottom) were

taken at 63 X magnification. dpi, Days post-injury.

abrogated the injury-induced increase in
the Gli signaling (Fig. 3C,D) compared
with brain-injured animals receiving ve-
hicle alone (Fig. 3B) or control animals
receiving vehicle alone (Fig. 3A) in a sta-
tistically significant manner ( p < 0.01).

Cyclopamine inhibits cellular
proliferation after brain injury
The role of SHH in the specification and

mitogenesis of certain cell populations in 0 days

No Injury

3 d post-injury
Vehicle

3 d post-injury
Cyclopamine

the developing neural tube (Incardona
et al., 1998) and telencephalon (Tekki-
Kessaris et al., 2001) has been clearly es-
tablished. Moreover, SHH is important in
the maintenance and proliferation of neu-
ral stem cells and transient amplifying
cells, which then give rise to a variety of
more differentiated cells in the stem cell
regions of the adult brain (Ahn and Joyner,
2005). Given the ectopic activation of Gli—
Luc and expression of SHH in the injured
cortex, we wondered whether SHH acti-
vation was responsible for the prolifera-
tion of cells occurring during brain injury.
We first observed that animals expressing higher levels of Gli-Luc
in response to injury displayed a clear propensity toward in-
creased cell proliferation in the injured cortex (Fig. 4C) (r* =
0.558; p = 0.0022). Histological analysis of injured (vehicle
treated) (Fig. 4A) versus injured brains after treatment with cy-
clopamine confirmed that inhibition of Gli activity was associ-
ated with a marked reduction in proliferating cells after brain
injury (Fig. 4 B, PCNA staining), which corresponded to a clear
decrease in Gli-Luc BLI after cyclopamine treatment, as de-

Figure 3.
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Cyclopamine disrupts Gli activation after brain injury. A-(, Gli—Luc bioluminescence was obtained in vehicle-treated
and uninjured mice, vehicle-treated and injured mice (3 d after injury), and cyclopamine-treated and injured mice (3 d after injury).
D, Quantification of Gli—Luc bioluminescence for A-C. Letters in the bar graph correspond to the BLI images. p << 0.01 for
vehicle-treated and injured mice compared with either uninjured or cyclopamine-treated mice.

scribed above, 3 d after brain injury (Fig. 4 B, bottom inset).
BrdU staining of adjacent sections was similar to PCNA im-
munohistochemistry, and cyclopamine treatment did not re-
sult in a significant change in the number of cleaved caspase-3
or terminal deoxynucleotidyl transferase-mediated biotinyl-
ated UTP nick end labeling staining (data not shown), sug-
gesting that apoptotic mechanisms were not responsible for
the lack of cell proliferation observed in cyclopamine-treated,
brain-injured animals.
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Figure 5.  Cyclopamine preferentially reduces the number of proliferating Olig2 cells after
brain injury. Brains from cyclopamine-treated (CYC) or vehicle-treated (Veh) mice injured 3 d
before the animals were killed were used for immunofluorescence with an antibody to PCNA
and antibodies to either Olig2 or GFAP. All images taken at 10X magnification.

PCNA/OLIG2

PCNA/GFAP

In contrast to cyclopamine-treated animals, animals receiving
vehicle alone during the brain injury period demonstrated the
stereotypical increase in Gli transactivation after injury (Figs. 1C,D;
4 A, bottom inset). Animals receiving vehicle alone (Fig. 4 A, cor-
responding Gli-Luc image in the inset; magnified PCNA
staining in top inset) invariably exhibited a significant in-
crease in the number of PCNA-positive cells compared with
their cyclopamine-treated counterparts (Fig. 4B) or uninjured
mice (data not shown). Quantification of proliferating cells in the
injured cortex of vehicle- versus cyclopamine-treated mice
showed a threefold reduction in cell proliferation (as measured
by PCNA staining) after treating with cyclopamine ( p < 0.01).
These results suggest that reactive astrocyte-based activation of
the SHH pathway in the injured cerebral cortex promotes cellular
proliferation, the function of which remains to be fully explored.

Cyclopamine reduces the proliferative capacity of injured brain. A, B, PCNA and BLI of cyclopamine-treated and
vehicle-treated brains at 3 d after injury, respectively. Open black arrows point to the needle tracks for each injury. Black boxes
identify the area magnified in the top inset of each image. The bottom insets are BLI images of the brains that correspond to the
immunohistochemistry micrograph. Open red arrows point to the area of injury for the BLI images. C, Simple linear regression
showing a positive correlation (r%) between Gli BLI intensity and PCNA expression in injured brains and the corresponding p value.
Both vehicle-treated (red squares; n = 5) and cyclopamine-treated (black circles; n = 7) mice were included in the regression
analysis. A and B were taken under 5X magnification; inset PCNA images were taken under 40 X magnification.
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Inhibition of the SHH-GIi axis reduces
the proliferating Olig2 * progenitor
pool responding to injury and the total
number of Olig2 * cells in the injured
cortex

Several studies have characterized the
changes in the cellular composition and
proliferative capacity of different cere-
bral cortical cell types after brain injury
(Ludwin, 1984; Hampton et al., 2004;
Zaidi et al., 2004; Tatsumi et al., 2005;
Urrea et al., 2007). In many of these stud-
ies, the most commonly altered cell types
after cerebral insults are astrocytes (which
mostly undergo morphological changes
and some proliferation), oligodendro-
cytes and their precursors (which prolif-
erate), macrophage populations (which
proliferate and secrete cytokines), and
neurons (some of which die). Of all these
cells, Olig2 ™ precursors appear to have
the highest capacity for proliferation in
vivo after brain injury (Zaidi et al., 2004;
Buffo et al., 2005; Dimou et al., 2008).

To characterize a potential role for
SHH-regulated cell-fate-specific prolifer-
ation after cortical brain injury, we immu-
nostained brains at 3 d after injury treated
with vehicle alone and compared them
with injured brains treated with cyclopamine for the proliferation
marker PCNA and five cell-type-specific markers: GFAP (astro-
cytes), Olig2 (mostly oligodendrocyte precursors), Ibal and
CD11b (microglia/macrophages), and doublecortin (migrating
neuroblasts). Uninjured brains displayed very few proliferating
cells in the cortex (data not shown). Compared with vehicle-
treated, brain-injured controls, cyclopamine-treated, brain-
injured animals displayed a consistent and significant reduction
in the number of proliferating Olig2 * cells (45.5% proliferating
Olig2 * cells in vehicle vs 12.91% in cyclopamine treated; p =
0.0014) (Fig. 5). Consistent with the finding of a reduced percent-
age of cycling Olig2 ™ precursors in cyclopamine-treated animals,
we also observed a statistically significant reduction in the overall
number of Olig2 * cells in all 20X microscopic fields encompass-
ing the injured cerebral cortex of cyclopamine-treated animals
compared with injured animals treated with vehicle alone (93 =
13 for vehicle alone; 54 = 6 for cyclopamine treated; p << 0.001).
We also noted a modest but statistically significant decrease in the
percentage of proliferating GFAP ™ reactive astrocytes after
cyclopamine treatment during injury compared with vehicle-
treated animals (4.5% proliferating GFAP cells receiving vehi-
cle alone compared with 1.2% proliferating GFAP * cells in
cyclopamine-treated, brain-injured animals). There was no sig-
nificant increase in the overall number of GFAP * reactive astro-
cytes in vehicle compared with cyclopamine-treated injured
brains (157 * 9.5 for vehicle-treated injured brains vs 154 * 9.4
for cyclopamine treatment) (Fig. 5). We propose that, unlike the
injury-induced increase in Olig2 * cell proliferation, in which the
large percentage of cycling Olig2 * cells population likely contrib-
utes to an increase in the overall number of Olig2 ™ cells after
cortical brain injury, the smaller percentage of GFAP * prolifer-
ating cells are not sufficient to increase the overall number of
reactive astrocytes in a statistically significant manner. Of the two
other cell types observed (Ibal © macrophages) and doublecortin-
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LPS Injection

O

SHH/PCNA/DAPI

Saline Injection

SHH/PCNA/DAPI

Intracerebralinjection of LPS is capable of inducing Gli activation and SHH expression. Gli—Luc BLI of LPS-injected (4, top) or saline-injected (A, bottom) mouse brains processed 3 d after

injection. Red squares indicate the area of Gli activation. Left column is whole-brain BLI images, whereas right column is coronal slices made at the point of injury. Note that saline-injected brains
also display increased Gli activation in the region of needle penetration. B, Column scatter graph showing the bioluminescence ratio of saline-injected (black circles) or LPS-injected (blue squares)
brains. ¢, SHH, PCNA, and DAPl immunofluorescence staining for LPS-injected (top) or saline-injected (bottom) brains. Filled white arrowheads indicate SHH-positive cells. Images taken at 10X

magpnification. *p << 0.05.

positive neuroblasts (data not shown), there were no significant
differences in the number of proliferating cells or the number of
overall cells in injured brains treated with vehicle alone or
cyclopamine.

An inflammatory stimulus increases SHH * astrocytes and the
Gli-Luc bioluminescence

Reactive gliosis can be a consequence of a local increase in intra-
cerebral proinflammatory molecules in the presence or absence
of mechanical brain injury. For example, proinflammatory
cytokines (Giulian and Lachman, 1985; Giulian et al., 1988;
Rohl et al,, 2007), the bacterial cell-wall component LPS
(Hauss-Wegrzyniak et al., 1998; Faulkner et al., 2004; Galic et al.,
2008), and other inflammatory conditions (Little and O’Callagha,
2001) have been shown to induce astrogliosis within the brain
parenchyma, thereby establishing an firm link between innate
immune activation and reactive gliosis. Conversely, genetic abla-
tion of proinflammatory cytokines and their receptors can result
in markedly diminished reactive astrocyte levels or a delay in the
onset of astrogliosis after brain injury (Herx and Yong, 2001;
Penkowa et al., 2001; Lin et al., 2006) We asked whether astro-
cytic induction of SHH was restricted simply to our mechanical
injury model of gliosis or whether a proinflammatory microen-
vironment (in the absence of severe mechanical injury) could
activate the SHH-Gli axis. To answer this question, we stereotac-
tically injected adult Gli-Luc mice with 1 ug of LPS in 0.5 ul of
saline solution into the right frontoparietal cortex, whereas con-

trols were injected with 0.5 ul of saline alone. Consistent with
previous reports of LPS-induced gliosis, we noticed a large
increase in cells with astrocytic morphology in the LPS-
injected cortex compared with the saline-injected controls.
LPS-injected cortex abundantly expressed SHH in these cells
(Fig. 6C, filled white arrows) compared with saline-injected con-
trols (Fig. 6C, filled white arrows). Similar to our freeze-injury
model, a large number of proliferating cells were seen after LPS
injection but not in saline-injected controls (Fig. 6C). Gli biolu-
minescence was locally increased at the site of injection in both
mice LPS-injected and control mice, although LPS injection pro-
duced considerably higher Gli activity than saline-injection alone
(Fig. 6 A, left panels are whole-brain BLI images, and right panels
represent coronal section BLI images of injected mice). In addi-
tion, the bioluminescence ratio was significantly higher in the
LPS-treated mice compared with their saline-injected counter-
parts (Fig. 6B) (p < 0.05). These experiments imply that the
general mechanism of SHH activation within astrocytes involves
the induction of inflammation.

Abrogation of CD11b " macrophages reduces reactive gliosis,
SHH expression, and Gli responses to injury

Having confirmed the existence and potential role of the SHH-
Gli axis in our acute brain injury model, we next wondered
whether ablation of reactive astrocytes (the source of SHH during
brain injury) would abolish SHH production and downstream
Gli activation.
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in Ctaken at 20X magnification.

We reasoned that we could abolish reactive gliosis by remov-
ing the proinflammatory signals upstream of reactive astrocyte
formation (Herrmann et al., 2008). To accomplish this, we
crossed the CD11b—DTR mouse (Duffield et al., 2005) to our
Gli-Luc mouse. In the CD11b-DTR model, administration of
DT ablates CD11b * macrophage populations (including periph-
eral macrophages and microglia), which are the putative sources
of reactive astrocyte-inducing cytokines. We injected CD11b—
DTR/Gli-Luc heterozygous mice with 25 ng/g DT 1 d before
injury and then daily for a total of four doses before the animals
were killed 3 d after injury. FACS analysis of peritoneal F4/80 *
macrophages and brain CD11b immunostaining of CD11b—
DTR/Gli-Luc mice treated with DT showed significant reduc-
tions macrophage populations compared with vehicle-treated
mice and wild-type controls (Fig. 7A,B). Proinflammatory cyto-
kine levels in DT-injected CD11b-DTR/Gli-Luc mice were
markedly lower compared with controls as determined by quan-
titative PCR (Fig. 7D) ( p < 0.001 for levels of IL-13, IL-6, and
TNF-a).

We next examined reactive gliosis and SHH production from
astrocytes after macrophage depletion. All injury-induced astro-
cyte populations were substantially reduced, SHH expression was
virtually absent, and local Gli-Luc bioluminescence was severely
diminished in DT-treated CD11b—DTR/Gli-Luc mice (Fig. 8 A—
C). In contrast to DT-treated mice, vehicle-treated mice
responded to injury with characteristic increases in reactive as-
trocytes at the injury site, an upregulation of SHH in GFAP ©
astrocytes, and a local increase in Gli—Luc BLI at the site of injury
(Fig. 8 A-C). Consistent with a role for inflammatory cytokines in
the induction of reactive gliosis and SHH production within
these astrocytes, injection of IL-18 (10 ng in 1 ul of water) at the
time of injury partially rescued reactive gliosis and Gli-Luc BLI
output after treatment of CD11b—DTR/Gli-Luc mice with DT
(Fig. 8 A—C). These experiments point to a role for inflammation-
inducing macrophage populations in the pathogenesis of reactive
gliosis and SHH-GIi activation.

Treating (D11b—DTR mice with DT reduces the total number of peritoneal and brain macrophages and induces a
marked reduction in cytokine production after brain injury. 4, Representative flow cytometry plot of cells obtained from peritoneal
lavage of injured (D11b—DTR mice treated with DT or vehicle alone after staining for F4/80 (macrophage marker) and Gr-1
(neutrophil marker). There is a reduction in F4/80-positive cells (macrophages), as quantified in B (***p << 0.001). ¢, Inmuno-
fluorescence staining for CD11b and DAPI in injured brains from CD11b—DTR mice (3 d after injury) treated with or without DT. D,
Quantitative RT-PCR analysis of injured brains (3 d after injury) from mice treated with DT or vehicle alone (***p << 0.001). Images
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Discussion

Brain injuries, including traumatic blunt
injury, penetrating brain injury, and neu-
rodegenerative and autoimmune brain
together comprise a large and devastating
group of human diseases (Maas et al,,
2008). The mammalian brain engages in a
self-limited program of injury-initiated
cell proliferation and understanding the
physiologic factors that promote cell pro-
liferation during brain injury could be
helpful, because some of these same fac-
tors may be used as therapeutic agents to
counteract the loss of cells in the setting of
. p a variety of brain injuries.

‘ The pleiotropic morphogen and
mitogen SHH is one factor that may
contribute to brain-injury-induced pro-
liferation. Increased expression of SHH
has been observed during injury to
adult tissue, including brain ischemia
(Androutsellis-Theotokis et al., 2006),
multiple sclerosis (Mastronardi et al., 2004;
Seifert et al., 2005; Wang et al., 2008), and
even during ischemic-reperfusion injury in
muscular tissue and the kidney.

SHH is expressed in reactive astrocytes after brain injury

We set out to investigate four important questions relating to the
presence and function of SHH-GIi axis in a commonly used
model of focal brain injury: (1) whether SHH was expressed
during brain injury; (2) whether its cellular source could be iden-
tified; (3) whether the precise population of cells whose prolifer-
ation was regulated by SHH could be identified; and (4) whether
we could describe some physiologic mechanisms upstream of
SHH activation.

As we showed previously in a mouse model of glioblastoma,
reactive astrocytes can produce significant amounts of SHH and
activate the downstream Gli signaling (Becher et al., 2008). Sev-
eral groups have now shown that astrocytes can in fact be a
source of SHH production (Sahir et al., 2004; Jiao and Chen,
2008). The role of reactive astrocytes that are formed in re-
sponse to CNS injury has been controversial, with some
groups arguing that reactive astrocytosis can impede neuro-
genesis and axonal repair (Larsson et al., 2004; Silver and
Miller, 2004), whereas others have shown that reactive and
cytokine-stimulated astrocytes are able to restrict the volume
of injured tissue by promoting cell proliferation, generating a
number of growth factors, and by providing structural sup-
port to the damaged CNS tissue (Bush et al., 1999; Liberto et
al., 2004; Myer et al., 2006; Li et al., 2008). Our current study
shows that a gliosis-generating injury within the mouse fore-
brain induces SHH production from astrocytes and that SHH
likely instructs protective signals to the injured brain by in-
creasing the proliferation and total number of Olig2 ™ lineage
cells. Although reactive astrocytes may not serve universally
protective functions during these injuries, it is possible that
astrocytes are a part of a complex response to forebrain injury
and that they may have regenerative functions in addition to
the inhibitory ones described above.
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SHH induces proliferation of Olig2 * cells after brain injury
We show that SHH expression in the context of a cortical brain
injury appears to recapitulate part of the function of SHH
during telencephalic development, which is to increase the
proliferation and number of Olig2+ cells (Nery et al., 2001;
Tekki-Kessaris et al., 2001). The function of these newly gen-
erated SHH-dependent Olig2 * cells and their capacity to ma-
ture into functional oligodendrocytes and remyelinate locally
injured axons is a topic we want to explore in subsequent
studies using more extensive injury models. However, it is
worth noting that there is emerging evidence to suggest that
proliferating Olig2 * cells in the injured mammalian forebrain
can go on to form mature, myelinating oligodendrocytes (Ligon et
al., 2006; Dimou et al., 2008). We hypothesize, therefore, that
SHH pathway reactivation may be responsible for remyelina-
tion in the adult brain by inducing proliferation of Olig2 *
precursors that may then contribute to the myelination of
injured axons. In contrast to the existing paradigms of Olig2
function, some investigators have now linked Olig2 to the
development of astroglia in the adult brain (Chen et al., 2008);
however, in our studies, we rarely observed Olig2/GFAP
double-positive cells after injury.

Proinflammatory signals are necessary for astrocyte
formation and SHH expression

Our study identifies inflammatory stimuli from CD11b ™ cells as
a necessary factor in the induction of reactive gliosis and SHH
production in our model of brain injury. As with reactive astro-
cytes themselves, proinflammatory components of the innate im-
mune system are often viewed as both potentially regenerative
and destructive in the context of brain injury (Lalancette-Hébert

DT + Injury +IL-1b B

DT + Injury

S | N
e s

Macrophage depletion reduces Gli activation, astroglial activation, and SHH expression in brain-injured mice. A, (D11b-DTR mice injected with vehicle, DT, or with DT plus an
intracerebral injection of mouse IL-13 were killed 3 d after cortical freeze injury, and BLIimages were obtained. B, Quantification of the bioluminescence ratio in A. ¢, Immunofluorescence of a brain
from the same groups as in A stained for either GFAP and DAPI (top row) or GFAP, SHH, and DAPI (bottom row). C, Top row, 5X magnification; bottom row, 20X magnification. **p << 0.01.
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etal., 2007; Das and Basu, 2008). The real role of innate immunity
during brain injury is likely to be multifaceted and context de-
pendent. It is possible that the early stages of inflammation can
be neuroprotective by activating mechanisms (some of which are
astrocyte dependent) that induce cell proliferation and repair the
injured blood—brain barrier. However, as in multiple sclerosis,
failure to restrict such inflammation might ultimately lead to
widespread cell death. One argument in favor of a positive role
for proinflammatory signals during acute brain injury is that at-
tempts to treat such injuries with a variety of anti-inflammatory
agents have been mostly unsuccessful and even potentially detri-
mental (Alderson and Roberts, 2005), suggesting that inflamma-
tion may have positive contributions to recovery from brain
trauma, at least in the acute setting.

For the first time, we establish a link in vivo between proin-
flammatory signals and the expression of SHH expression during
brain injury. In vitro, cytokine-treated astrocytes induce expres-
sion of SHH mRNA 3 d after exposure to IL-18, TNF-«, and
interferon-vy (Falsig et al., 2006). Many proinflammatory signals
activate the nuclear factor k B (NF«B) transcription factor path-
way, and a recent study describes SHH as a direct transcriptional
target of NFkB (Kasperczyk et al., 2009). These findings create the
intriguing possibility that cytokine exposure to astrocytes in vivo
directly activates the NFkB pathway, which then induces SHH
transcription in these cells. The potential involvement of the
NF«kB pathway in injury-induced astrocyte-based SHH produc-
tion requires additional investigation. In our model of injury,
injection of IL-13 into the site of injury during macrophage de-
pletion rescues reactive gliosis and the activation of the SHH-Gli
pathway. These results suggests that astrocyte-based SHH pro-
duction is dependent not only on the cellular source of inflam-
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mation (microglia, macrophages, and astrocytes) but also on the
proinflammatory cytokines that they elaborate.

Our work introduces the activation of the SHH-GIi axis in
reactive astrocytes formed after mechanical brain injury and de-
lineates the potential role of in vivo inflammatory signals in the
activation of these reactive astrocytes and in the activation of the
SHH pathway. These data add to a growing body of literature that
suggests that the role of reactive astrocytes and proinflammatory
signals is not merely destructive after brain injury but that addi-
tional inquiries need to be made about potential contexts in
which inflammation-induced events, such as reactive gliosis,
serve regenerative roles after brain injury.
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