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Defining the signaling network that controls reactive astrogliosis
may provide novel treatment targets for patients with diverse CNS
injuries and pathologies. We report that the radial glial cell antigen
RC2 identifies the majority of proliferating glial fibrillary acidic
protein-positive (GFAP+) reactive astrocytes after stroke. These cells
highly expressed endothelin receptor type B (ETBR) and Jagged1, a
Notch1 receptor ligand. To study signaling in adult reactive astro-
cytes, we developed a model based on reactive astrocyte-derived
neural stem cells isolated from GFAP-CreER-Notch1 conditional
knockout (cKO) mice. By loss- and gain-of-function studies and pro-
moter activity assays, we found that Jagged1/Notch1 signaling
increased ETBR expression indirectly by raising the level of
phosphorylated signal transducer and activator of transcription
3 (STAT3), a previously unidentified EDNRB transcriptional activator.
Similar to inducible transgenic GFAP-CreER-Notch1-cKO mice, GFAP-
CreER-ETBR-cKO mice exhibited a defect in reactive astrocyte pro-
liferation after cerebral ischemia. Our results indicate that the
Notch1–STAT3–ETBR axis connects a signaling network that pro-
motes reactive astrocyte proliferation after brain injury.
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Reactive astrogliosis occurs after most forms of CNS injury,
including cerebral ischemia and trauma (1). Based on the

size and duration of CNS injury, astrocytes undergo dramatic
changes in gene expression, morphology (hypertrophy), and
proliferation (2). Proliferating reactive astrocytes perform key
activities that impact tissue preservation, repair/remodeling, and
functional outcome. Specific deletion of proliferating reactive
astrocytes after brain injury was shown to prevent repair of the
blood–brain barrier and increase immune cell infiltration and
neuronal degeneration (3, 4). Similarly, specific astroglial de-
letion after spinal cord injury increased immune cell infiltration,
demyelination, neuronal death, and motor deficit (5). Defining
signaling mechanisms that control reactive astrogliosis may lead
to new treatments that maintain or repair the blood–brain bar-
rier, control immune cell infiltration, provide neuroprotection,
and/or reduce or modify glial scarring (6–9). However, the sig-
naling network that regulates reactive astrocyte proliferation and
function(s) is complex and remains poorly understood.
Studies with Cre-loxP–based conditional-knockout (cKO)

mouse models that target reactive astrocytes have shown that signal
transducer and activator of transcription 3 (STAT3) is an impor-
tant signaling component in reactive astrogliosis (10, 11). STAT3
is activated during CNS injury, and phosphorylated STAT3
(p-STAT3) transduces signals for multiple molecules secreted or
released from damaged cells such as EGF and factors that bind
gp130 receptor [e.g., IL-6, leukemia inhibitory factor (LIF), and
cilliary neurotrophic factor]. Using inducible glial fibrillary acidic
protein (GFAP)-CreER-Notch1 cKO, we reported that Notch1
signaling regulates reactive astrocyte proliferation after stroke (8).
Relative to their distance from cell/tissue damage, sub-

populations of reactive astrocytes exhibit increased expression of
intermediate filament proteins such as GFAP, Nestin, and a Nestin
variant with posttranslational modifications detected by the RC2
monoclonal antibody (12–15). During cortical development, the

RC2 antigen is expressed by proliferating radial glial cells that
are regulated by Notch1 signaling (16–18). Although rarely
expressed in healthy adult cortical tissue, the RC2 antigen is re-
expressed by a subpopulation of proliferative reactive astro-
cytes early after brain injury (19).
Here we demonstrate that the majority of proliferating re-

active astrocytes express RC2 antigen after stroke (hereafter
called “RC2+ reactive astrocytes”) and report a sorting scheme
for prospective isolation of RC2+ reactive astrocytes directly
from injured cortex based on cell-surface expression of Jagged1,
a Notch1 ligand. In addition to Jagged1 and Notch1, RC2+ re-
active astrocytes highly expressed endothelin receptor type B
(ETBR). Investigating whether Notch1 signaling interacted with
ETBR, we found that Jagged1 increased ETBR levels in an in-
direct manner, through STAT3. Experiments with inducible
GFAP-CreER-ETBR-cKO mice demonstrated that ETBR is
necessary for reactive astrocyte proliferation. Our results identify
ETBR as a transcriptional target of STAT3 and demonstrate a
Notch1–STAT3–ETBR signaling axis that promotes reactive
astrogliosis after brain injury.

Results
RC2+/ETBR

+ Cells Represent the Majority of Proliferating Reactive
Astrocytes Early After Stroke. To understand better the astroglial
signaling and receptors that control reactive astrogliosis, we fo-
cused on the subpopulation of RC2+ reactive astrocytes that form
immediately adjacent to the infarct core early after cerebral
ischemia (19). Studying the timing of reactive astrogliosis, we
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observed GFAP+/RC2+ reactive astrocytes in the peri-infarct area
at 1, 3, and 14 d after distal middle artery occlusion (dMCAO) but
did not detect RC2 antigen by immunohistochemistry at 30 d after
stroke (i.e., within the glial scar when proliferation has subsided)
(Fig. S1). At 1 d after stroke, RC2+ reactive astrocytes were
negative for ETBR and Ki67, a marker of cell proliferation (Fig.
S2). These data indicated that RC2+ cells expressed the RC2
antigen before entering the cell cycle in vivo.
At 3 d after stroke, nearly all RC2+ reactive astrocytes in the

cortical peri-infarct area expressed ETBR [99 ± 1% (mean ±
SEM); n = 3] (Fig. S2), and the majority (73%) of proliferating
GFAP+/Ki67+ reactive astrocytes coexpressed RC2 (RC2+/
GFAP+/Ki67+: 1,857 ± 321.0 cells/mm2; RC2−/GFAP+/Ki67+:
698.6 ± 195.0 cells/mm2; n = 3) (Fig. 1A). Staining showed that
the level of ETBR expression was markedly higher in RC2+ re-
active astrocytes than in distal parenchymal GFAP+ cells and
other cortical cell types (Fig. 1).

Notch1 Signaling Regulates the Number of RC2+/ETBR
+ Reactive

Astrocytes. Tamoxifen (TM)-inducible GFAP-CreER mice express
CreER under control of the 2.2-kb human GFAP promoter. At
3 d after dMCAO, TM-treated GFAP-CreER-Notch1-cKO mice
exhibited a significant decrease in the number of Ki67+ reactive

astrocytes [GFAP+ (total astroglia): corn oil (vehicle)-treated,
2,293 ± 196 cells/mm2; TM-treated, 822 ± 19.6 cells/mm2; RC2+/
GFAP+: oil-treated, 2,273 ± 190 cells/mm2; TM-treated, 775 ± 33.1
cells/mm2; RC2−/GFAP+: oil-treated, 20 ± 10 cells/mm2; TM-
treated, 47.5 ± 47.5 cells/mm2; n = 3] (Fig. 1B). To examine
whether Notch1 signaling affected proliferation specifically in
RC2+/ETBR

+ reactive astrocytes, we performed dMCAO surgery
on GFAP-CreER-Notch1-cKO mice and performed double
immunohistochemistry for RC2 and ETBR. At 30 d after TM
administration and 3 d after dMCAO, there was a significant
reduction in the number of RC2+/ETBR

+ cells in TM-treated mice
compared with corn oil-treated mice (vehicle-treated, 5,254 ±
557.5 cells/mm2; TM-treated, 2,685 ± 60.75 cells/mm2; n = 3 mice
per group; P < 0.05) (Fig. 1C).
To determine if Notch signaling regulated RC2+ reactive as-

trocytes in other models of brain injury, we counted the number
of RC2+ reactive astrocytes in cortical tissue 3 d after stereotaxic
injection of dibenzazepine (DBZ), a Gamma secretase inhibitor
(GSI) that inhibits cleavage of Notch1. In the brain-stab model,
we observed significantly fewer RC2+ reactive astrocytes sur-
rounding the stab injury in DBZ-injected mice than in vehicle-
injected control mice (DBZ-injected, 602.7 ± 118.1 cells/mm2;
DMSO-injected, 1,835.0 ± 209.7 cells/mm2; n = 3; P = 0.01) (Fig.
S3). Similar to RC2+ reactive astrocytes in the peri-infarct area
after stroke, RC2+ reactive astrocytes adjacent to the stab injury
also coexpressed ETBR (Fig. S3).
To investigate Notch1 signaling in RC2+/ETBR

+ reactive as-
trocytes further, we assayed for Jagged1, a Notch1 ligand pre-
sented on the cell surface that induces Notch1 signaling in
adjacent cells. We isolated reactive astrocytes from peri-infarct
tissues by magnetic-activated cell sorting (MACS) with antibodies
against glutamate aspartate transporter-1 (GLAST) (20). At 3 d
after stroke, FACS phenotyping of GLAST+ reactive astrocytes
from cortical tissues of C57BL/6J mice demonstrated that cell-
surface Jagged1 expression was markedly up-regulated on
cells from the ischemic ipsilateral side of the brain compared with
cells from the contralateral side (Fig. 2A and Fig. S4). Depending
on the absence or presence of injury, we observed that cortical
GLAST+ cells partitioned into Jagged1Neg and Jagged1Lo cells or
into Jagged1Neg, Jagged1Lo, and Jagged1Hi cells, respectively (Fig.
2A). These results demonstrated that Jagged1 levels could be
used to segregate three major subpopulations of reactive astro-
cytes after brain injury. Because FACS-compatible antibodies for
ETBR were not available, we fixed and stained cells postsort that
were allowed to adhere for 24 h in culture. Notably, GLAST+/
Jagged1Neg cells adhered initially but did not survive the 24 h
of culture. GLAST+/Jagged1Lo and GLAST+/Jagged1Hi cells ad-
hered, survived, and expressed RC2, ETBR, and Nestin (Fig. 2B).
Differential Jagged1 expression on peri-infarct reactive as-

trocytes suggested that GLAST+ subpopulations varied in their
level of Notch1 signaling. Based on their close proximity to the
infarct core and their dependence on Notch1 signaling, we
hypothesized that proliferating RC2+/ETBR

+ reactive astro-
cytes belonged to the GLAST+/Jagged1Hi category of GLAST+

cells isolated from the peri-infarct area. To test this idea, we
pooled live cell isolates from peri-infarct cortical tissues (n = 3
animals per group) and used the MACS/FACS strategy to assay
GLAST+/Jagged1+ cells from GFAP-CreER-Notch1-cKO mice.
Compared with control (vehicle-treated) GFAP-CreER-Notch1-cKO
mice, we observed ablation of the GLAST+/Jagged1Hi cell pop-
ulation in TM-treated GFAP-CreER-Notch1-cKO mice (Fig. 2C).
Injured (ipsilateral) cortex from C57BL/6J mice and from vehicle-
treated GFAP-CreER-Notch1-cKO mice, which ostensibly should
be normal, displayed similar percentages of GLAST+/Jagged1Hi

cells [C57BL/6J: 6.89%; GFAP-CreER-Notch1-cKO (vehicle-
treated): 8.37%] (Fig. S4). These results suggested that Jagged1/
Notch1 signaling could occur between adjacent astrocytes to
promote astroglial proliferation and potentially interact with

Fig. 1. RC2 marks Notch1-dependent reactive astrocytes that proliferate
after injury and express high levels of ETBR. (A) At 3 d after dMCAO, the
majority of GFAP+/Ki67+ reactive astrocytes surrounding the infarct core
expressed RC2 antigen (73%), whereas a minority of astrocytes coexpressed
Ki67 and GFAP but not RC2 (white arrowhead). (B) cKO of Notch1 during
stroke significantly reduced the number of proliferating GFAP+ cells (Total
astroglia) and RC2+/GFAP+ reactive astrocytes but not RC2−/GFAP+ astrocytes 3 d
after stroke. **P < 0.01; n = 3. NS, not significant. (C) RC2+ astrocytes
expressed high levels of ETBR (white arrows) relative to distal astrocytes
and other cell types. (D and E) Conditional deletion of astroglial Notch1 in
GFAP-CreER-Notch1-cKOmice significantly decreased RC2+/ETBR

+ astrocytes but
not RC2−/ETBR

+ cells in the peri-infarct area 3 d after dMCAO. *P < 0.05, n = 3.
(Scale bars, 50 μm.) The three panels in (C) were montaged by software from
multiple images in order to show a larger cortical field.
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ETBR-based signaling in RC2+/ETBR
+ reactive astrocytes. The

data also indicated that proliferating RC2+/ETBR
+ reactive as-

trocytes belonged to the GLAST+/Jagged1Hi subpopulation.

Immobilized Jagged1 Induces ETBR and Promotes Reactive Astrocyte
Proliferation. Although there is a conventional method for iso-
lating and culturing astrocytes from neonatal mice, primary adult
cortical reactive astrocytes survive poorly in culture. We recently
reported the isolation and expansion of self-renewing, multi-
potent reactive astrocyte-derived neural stem cells (Rad-NSCs)
derived from the cortical peri-infarct area after stroke (20). To
avoid possible differences between neonatal and adult astrocytes,
we developed methods to study signaling in adult astrocytes
based on redifferentiated Rad-NSCs. After redifferentiation of
Rad-NSCs in medium containing 10% FCS for 7 d, we obtained
cultures that were 80% GFAP+/Tuj1− astrocytes (GFAP+: 82 ±
5.3%; Tuj1+: 7 ± 2.2%) (Fig. S5A). For clarity, we hereafter refer
to the Rad-NSC–derived astrocytes as “AstroRad-NSC.” When

maintained in serum-containing medium, most AstroRad-NSC ex-
pressed Nestin, and a few expressed the RC2 antigen (Fig. S5B).
The above results suggested that AstroRad-NSC might be used to
model reactive astrocyte signaling after brain injury.
Jagged1/Notch1 signaling requires mechanical tension be-

tween Jagged1 and Notch1, which interact between adjacent cell
membranes. To promote Jagged1/Notch1 signaling, we plated
AstroRad-NSC onto immobilized Jagged1. After 48 h, immobilized
Jagged1 dramatically increased the number of RC2+/Ki67+ re-
active astrocytes (Fig. S5C). To test whether exposure to Jagged1
could alter expression of ETBR, we plated AstroRad-NSC and
postnatal day 2 (PND 2) astrocytes onto immobilized Jagged1;
doing so markedly increased the level of ETBR for both
AstroRad-NSC (Fig. S5D) and PND 2 astrocytes (Fig. S5E).

Regulation of Promoter Activity of the Gene Expressing ETBR. To
investigate whether Notch intracellular domain 1 (NICD1)-
mediated signaling might influence ETBR levels directly through
enhanced transcription of the gene expressing ETBR (EDNRB),
we analyzed the EDNRB promoter DNA sequence. NICD1 does
not bind DNA directly and instead alters gene transcription by
interacting with a DNA-binding transcription factor called CSL
(CBF-1, suppressor of hairless, LAG-1). By promoter mapping,
we did not find CSL DNA binding sequences within 10 kb of the
ETBR coding sequence, indicating that the EDNRB promoter
may not be regulated directly by NICD1. In contrast, we located
multiple consensus sequences for STAT3 in human and murine
EDNRB promoter regions that satisfied the TTM(N)3DAA
(D: A, G, or T; M: A or C; N: A, G, T or C) motif (21) or the
TTC(N)4GAA motif (22) (Fig. 3A and Table S1). To test for
transcriptional regulation by STAT3, a pGL4 luciferase reporter
vector containing the human EDNRB promoter sequence
(−3,022 bp to +160 bp) was transfected into HEK 293 cells (23).
We found that incubation of HEK 293 cells in IL-6 or LIF, cy-
tokines that bind gp130 and signal through STAT3, led to a sig-
nificant increase in EDNRB promoter activity (F = 8.51; n = 3;
P = 0.0002; ANOVA) (Fig. 3B). Notably, this effect also oc-
curred after the exposure of cells to EGF, which signals through
EGF receptor (EGFR)/JAK2/STAT3 but not via gp130/JAK2/
STAT3 (Fig. 3B). Next, we incubated the HEK 293 cells in IL-6,
LIF, or EGF with the addition of STATTIC, a STAT3-specific
pharmacological inhibitor that destabilizes p-STAT3 and pre-
vents STAT3-mediated effects. In all cases, we observed that
STATTIC attenuated the induction of EDNRB promoter activity
that would be expected to occur after cytokine/growth factor
incubation (Fig. 3B, Left). In some cases, a decrease in cell
number resulting from inhibitor toxicity may appear to represent
a reduction in promoter activity. As a control, we assayed cell
viability on replicate plates under similar conditions of cytokine
treatment and STATTIC. By assay of cellular metabolism using
MTS (3-[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethoxyphenyl]-2-
[4-sulfophenyl]-2H-tetrazolium), treatment of HEK 293 cells with
STATTIC was minimally cytotoxic (Fig. 3B, Right).

EDNRB Promoter Activity Is Enhanced by Coincident NICD1/p-STAT3
Signaling. Hes1 and Hes5, transcription factors that act down-
stream of Notch1 signaling, were shown to stabilize JAK2 and
STAT3 complex formation, thereby increasing the level of
p-STAT3 during glial development (24). Kamakura et al. (24)
showed that STAT3 activity is critical for Notch-induced differ-
entiation of embryonic radial glial cells and astrocytes. To
determine if Notch1 signaling altered EDNRB transcription by
enhancing STAT3 activity, we cotransfected NICD1 expression
vector with pGL4-EDNRB promoter/Luc reporter. Acknowl-
edging that HEK 293 cells could differ from glial cells, we per-
formed additional studies with an astrocytoma cell line derived
from malignant human glioma (U87 cells; ATCC no. 4TB-14).
By immunoblotting, U87 cells expressed low but detectable

Fig. 2. Cell-surface Jagged1 levels identify distinct subpopulations of GLAST+

reactive astrocytes after cortical injury. (A) Jagged1 phenotype of GLAST+ cells
isolated by MACS from pooled contralateral and ipsilateral cortical tissues of
C57BL/6J mice 3 d after ischemic injury (n = 4 mice; ipsi- and contralateral tissues
were dissected from the same animals). (Left) Contralateral GLAST+ cells divide
into two populations, Jagged1Neg and Jagged1Lo. For specific anti-Jagged1 stain
(see area under blue line on the histogram), note the bimodal distribution in-
dicating two populations, and that the signal from cells stained with nonspecific
antibody (isotype control, area under red line) overlaps the first half of the
distribution defined by the blue line (i.e., Jagged1Neg cells). (Right) Cell-surface
Jagged1 levels increase markedly on a portion of ipsilateral GLAST+ cells after
stroke, forming a third additional cell population (i.e., Jagged1Hi cells) with a
signal intensity above 105 (see distribution under blue line towards the far end
of the histogram). (Right, Bottom) Isolation of Jagged1Hi cells by FACS (the
black rhombus indicates the gate). (B) Post-FACS, Jagged1Hi cells adhered and
were cultured for 24 h and then were fixed and stained for RC2 (green) and
ETBR (red). Cell nuclei were stained by DAPI (blue). (C) GFAP-CreER-Notch1-cKO
mice were treated with vehicle (corn oil) or TM (n = 3 mice per treatment
group, pooled by ipsi- or contralateral cortical tissue). (Left) GLAST+ cells iso-
lated from contralateral cortices of oil-treated GFAP-CreER-Notch1-cKO mice
lacked the population of Jagged1Hi cells, similar to C57BL/6J control animals
(compare with phenotype in A, Lower Left). (Center) Similar to ipsilateral cortices
of typical C57BL/6J mice 3 d after dMCAO, a population of GLAST+/Jagged1Hi

cells (black oval) was observed for GFAP-CreER-Notch1-cKO mice treated with
oil (compare with phenotype in A, Lower Right). (Right) Astroglial deletion of
Notch1 in TM-treated GFAP-CreER-Notch1-cKO mice largely removed the
GLAST+/Jagged1Hi cell population (red oval). Note: Each of the three FACS
phenotypes in C represents 4.06 × 105 cells.
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levels of ETBR relative to AstroRad-NSC (Fig. 3C). In the pres-
ence of EGF, U87 cells transfected with pGL4-EDNRB promoter/
Luc reporter exhibited EDNRB promoter activity that was en-
hanced by cotransfection with NICD1 expression plasmid (F =
14.71; n = 3; P = 0.0001; ANOVA) (Fig. 3D). Notably, the action
of EGF and EGF/NICD1 on EDNRB promoter activity in U87
cells was attenuated in the presence of STATTIC (Fig. 3D).
These data indicated that Notch1 signaling (NICD1) could en-
hance STAT3 activity, perhaps by stabilizing p-STAT3 as shown
by Kamakura et al. (24).

Notch1 Signaling Stabilizes/Increases p-STAT Levels in Adult Reactive
Astrocytes. To examine whether increased phosphorylation of
STAT3 in adult reactive astrocytes could induce ETBR expres-
sion, we incubated AstroRad-NSC in medium supplemented with
IL-6. As expected, exposure of adult reactive astrocytes to IL-6
increased the level of p-STAT3 (P < 0.05) and also GFAP, a
protein regulated at the transcriptional level by STAT3 (Fig. 4A).
Of interest, we also observed an increase in ETBR levels (P < 0.01)
(Fig. 4A). To determine whether Notch1 stabilized STAT3 signaling
or promoted STAT3 activation, we performed a loss-of-function ex-
periment by treating AstroRad-NSC from GFAP-CreER-Notch1-cKO
mice with 4-OH-TM (hereafter OHTM) to remove Notch1 and
blotted for p-STAT3. To test another factor known to stimulate
gp130/JAK2/STAT3 signaling, we incubated cells with LIF.With the
addition of LIF, we observed reduced NICD1 and p-STAT3 levels
after 5–8 d of OHTM treatment compared with vehicle treatment
(P < 0.05) (Fig. 4B).

Jagged1/Notch1 Signaling Controls the Level of ETBR. To test for
effects of Notch signaling on ETBR, we exposed AstroRad-NSC to
a GSI. By real-time quantitative RT- PCR (qRT-PCR) assays,

Fig. 3. Transcriptional activity at the human EDNRB promoter is increased
by NICD1 in a STAT3-dependent manner. (A) Mouse and human promoter
sequences of the EDNRB gene contain multiple putative STAT3-binding
sites. The schematic indicates the relative positions of sites (arrows with
labels) upstream of the transcriptional start site (0 kb) that match the
STAT3-binding motif TTM(N)3DAA (D: A, G, or T; M: A or C; N: A, G, T or C)
(numbered 1 through 9) or motif TTC(N)4GAA (N: A, G, T or C) (labeled
“A”). (Table S1.) (A′) Schematic of the reporter construct for the human
EDNRB promoter (pGL4-hEDNRB-prom) used for transfection experiments
and luciferase activity assays. A 3.5-kb span of the hEDNRB promoter was
cloned upstream of the firefly luciferase gene (LUC). +160 bp indicates the
position of the start codon. (B, Left) Relative luciferase activity (RLA) of
HEK 293 cells transfected with pGL4-hEDNRB-promoter. After 3 h of in-
cubation in IL-6 (50 ng/mL), LIF (20 ng/mL), or EGF (20 ng/mL), luciferase
activity increased significantly relative to control (PBS/DMSO). STATTIC, a
specific STAT3 inhibitor, abrogated these effects. Data are shown as mean ±
SEM. *P < 0.05 vs. DMSO/PBS; †P < 0.05 vs. relevant DMSO/growth factor
or DMSO/cytokine; ANOVA; n = 3. (Right) STATTIC did not affect cell via-
bility (MTS assay). (C) Expression of ETBR by AstroRad-NSC and the human
U87 cell line. (D) Compared with U87 cells transfected with control vector,
U87 cells transfected with NICD1 significantly increased RLA. However, this
increase was not seen in NICD1-transfected cells incubated in EGF with
STATTIC or with STATTIC alone. Data are shown as mean ± SEM. *P < 0.05,
***P < 0.001; ANOVA; n = 3.

Fig. 4. Astroglial ETBR levels change in a manner correlated with STAT3 ac-
tivation and are modified by the presence/absence of Notch1. (A) Incubation
of AstroRad-NSC in IL-6 (50 ng/mL) for 2 d increased the level of activated
p-STAT3, ETBR, and GFAP protein. n = 3. (B) AstroRad-NSC generated from Rad-
NSC of GFAP-CreER-Notch1-cKO mice exhibited decreased cleavage of NICD1
after exposure to OHTM for 8 d in comparison with control cells treated with
vehicle (ethanol, EtOH). n = 3. (C) LIF (20 ng/mL)-induced p-STAT3 levels
were reduced in AstroRad-NSC after conditional deletion of Notch1. (Left)
Immunoblot. (Right) Normalized band densities from immunoblot [ratio of
p-STAT3 to T-STAT3]). n = 3. (C) Compared with vehicle (DMSO) treatment,
exposure to a GSI (DBZ) for 24 h decreased EDNRB gene expression in
AstroRad-NSC. Data are shown as mean ± SEM. *P < 0.001; unpaired t test; n = 3.
(D) Notch1 cKO significantly reduced EDNRB expression in AstroRad-NSC. Data
are shown as mean ± SEM. *P < 0.01; ANOVA; n = 3. (E) AstroRad-NSC differ-
entiated from different clonal Rad-NSC lines had decreased levels of ETBR
after Notch1 cKO. n = 5. Note: Rad-NSC clones 1 and 2 were isolated from
separate GFAP-CreER-Notch1-cKO animals. *P < 0.05, **P < 0.01.
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incubation of reactive astrocytes in DBZ significantly re-
duced EDNRB transcription (Fig. 4C). To evaluate the effects of
Notch1 signaling on ETBR in adult reactive astrocytes more spe-
cifically, we produced AstroRad-NSC using clonal Rad-NSCs iso-
lated from the peri-infarct areas of GFAP-CreER-Notch1-cKO
mice (20). By gene-expression assays, treatment of GFAP-CreER-
Notch1-cKO reactive astrocytes with OHTM reduced mRNA for
ETBR and GFAP; this reduction was coincident with a decrease in
NICD1 transcript levels (Fig. 4D). Furthermore, OHTM treat-
ment of GFAP-CreER-Notch1-cKO reactive astrocytes also sig-
nificantly reduced ETBR protein expression (Fig. 4E).

ETBR Controls Reactive Astrocyte Proliferation in Vivo After Stroke.
To examine the role of ETBR in the proliferation and/or function
of reactive astrocytes, we generated GFAP-CreER-ETBR-cKO
mice (Fig. S6). To determine if ETBR cKO affected reactive
astrocytes, we obtained stereological counts from the peri-infarct
area for the number of GFAP+/ETBR

+ cells 30 d after TM ad-
ministration and 3 d after dMCAO. The number of GFAP+/
ETBR

+ cells decreased significantly in TM-treated GFAP-
CreER-ETBR-cKO mice compared with vehicle-treated control
mice (vehicle-treated: 6,703 ± 447.5 cells/mm2; TM-treated:
4,233 ± 460.4 cells/mm2; n = 3 mice per group; P = 0.018) (Fig. 5
A and B). Of interest, we found no difference in the number of
RC2−/GFAP+ cells in TM- and vehicle-treated GFAP-CreER-
ETBR-cKO mice (vehicle-treated: 1,552 ± 176.1 cells/mm2; TM-
treated: 1,743 ± 410.4 cells/mm2; n = 5 mice per group; P < 0.05)
(Fig. 5C). However, TM treatment led to significantly reduced
numbers of RC2+/GFAP+ cells relative to vehicle-treated con-
trols (vehicle-treated: 3,318 ± 372.6 cells/mm2; TM-treated:
1,335 ± 353.0 cells/mm2; n = 5 mice per group; P = 0.01)
(Fig. 5C).
Astroglial-specific deletion of ETBR before injury decreased

the number of proliferating Ki67+/GFAP+ reactive astrocytes at
30 d after TM administration and 3 d after injury (vehicle-treated:
2,504 ± 288.9 cells/mm2; TM-treated: 829.9 ± 111.7 cells/mm2;
n = 5 mice per group; P < 0.01) (Fig. 5 D and E). By triple
immunohistochemistry, we observed a significant decrease in
RC2+/Ki67+/GFAP+ reactive astrocytes in GFAP-CreER-
ETBR-cKO mice at 3 d after dMCAO (vehicle-treated: 1,896 ±
193.4 cells/mm2; TM-treated: 388.2 ± 115.8 cells/mm2; n = 5
mice per group; P < 0.01) (Fig. 5D). However, the loss of ETBR
did not affect the number of RC2−/Ki67+/GFAP+ reactive as-
trocytes, highlighting the importance of ETBR-based signaling
for RC2+ reactive astrocytes localized in close proximity to the
cortical injury (vehicle-treated: 607.1 ± 125.4 cells/mm2; TM-
treated: 441.7 ± 79.60 cells/mm2; n = 5 mice per group; P < 0.05)
(Fig. 5D). Consistent with the control of reactive astrogliosis in
vivo by Notch1–STAT3–ETBR signaling, we observed a signifi-
cant reduction in reactive astrocyte proliferation in GFAP-
CreER-ETBR-cKO mice that phenocopied the reduced reactive
astrocyte proliferation observed in GFAP-CreER-Notch1-cKO
mice after stroke (8).

Discussion
After CNS injury, gene transcription increases for numerous
proteins that control reactive astrocyte formation and function(s)
(25, 26). For GFAP, signaling through Notch1, EGFR and/or
gp130 drives gene transcription directly via canonical Notch
(CSL)-binding promoter elements and STAT3-binding cis ele-
ments (27). In contrast, we found Jagged1/Notch1 signaling
could promote ETBR expression indirectly by increasing
p-STAT3. Importantly, most CNS injuries result in the local
release of ET-1– and ETBR-mediated signaling as well as the
secretion of growth factors/cytokines with signals transduced by
STAT3 (28). After brain injury, ET-1, EGF, and IL-6 are re-
leased by several different cell types, including reactive astro-
cytes, and act in an autocrine/paracrine manner (29). ET-1

signaling through ETBR promotes the proliferation of primary
astrocytes and glioblastoma cell lines (30–32), and pharmaco-
logical inhibition of ETBR was shown to reduce reactive astrocyte
proliferation in vivo after brain-stab injury and lysolecithin-
induced focal demyelination (33, 34).
Gene- and protein-expression patterns can differ among

populations of reactive astrocytes in response to CNS injury (25,
26, 35). Here we identified a simple epitope profile (GLAST+/
Jagged1+) for prospective isolation of three different reactive
astrocyte subpopulations directly from injured cortical tissue. Of

Fig. 5. ETBR cKO depletes proliferative astrocytes in the peri-infarct area 3 d
after stroke. (A) ETBR cKO significantly decreased the number of GFAP+/ETBR

+

reactive astrocytes in the peri-infarct area 3 d after stroke. Note: Bright
staining in infarct zone (A, Left) is autofluorescence/nonspecific background.
Staining of cKO phenotype shows specificity of ETBR antisera. (Scale bars, 200 μm.)
(B) Quantification of GFAP+/ETBR

+ reactive astrocytes from tissue sections of
brains with or without ETBR cKO. Data are shown as mean ± SEM. *P < 0.05;
unpaired t test; n = 3 mice per group. (C) GFAP+/RC2+ reactive astrocytes, which
are the majority of proliferating reactive astrocytes 3 d following stroke, were
significantly decreased by ETBR cKO. In contrast, GFAP+ astrocytes negative for
RC2 expression were not reduced in number. Data are mean ± SEM. *P < 0.01;
ANOVA with Bonferroni; n = 5 mice per group. NS, not significant. (D) ETBR cKO
reduced the number of actively dividing reactive astrocytes (Ki67+) 3 d after
stroke. (Left) Representative low-magnification images from oil-treated and TM-
treated GFAP-CreER-ETBR-cKOmice. (Scale bars, 100 μm.) (Center) Representative
images of proximal peri-infarct area. (Scale bars, 30 μm.) (Right) Representative
images of distal peri-infarct area. (Scale bars, 30 μm.) (E) ETBR cKO significantly
reduced the number of proliferating reactive astrocytes in the peri-infarct
area. Note: RC2+/GFAP+/Ki67+ (triple-positive) reactive astrocytes were signif-
icantly reduced in number within the peri-infarct area, whereas the number of
RC2−/GFAP+/Ki67+ reactive astrocytes was not affected. Data are shown as
mean ± SEM. *P < 0.01; ANOVA; n = 5 mice per group. NS, not significant.
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special interest, GLAST+/Jagged1Hi cells corresponded to the
subset of RC2+/Nestin+/ETBR

+ reactive astrocytes found closest to
the infarct core after stroke; these cells required Notch1 and ETBR
for proliferation. Previously, Notch1 signaling was reported to
stabilize p-STAT3 in both normal and transformed cells (24, 36),
and blockade of Notch1 signaling by GSI reduced stem-like
glioblastoma cells and tumor growth in xenografts, prolonging
host survival (37). Autocrine ETBR signaling is critical for self-
renewal and survival of glioblastoma stem cells (tumor-initiating
cells) (38), and pharmacological antagonists of ETBR decreased
proliferation and survival of glioma and oligodendroglioma cells
(31, 39). Our data from adult reactive astrocytes, neonatal
astrocytes, HEK 293 cells, and U87 cells indicate the Notch1–
STAT3–ETBR signaling axis may regulate numerous cell types
that proliferate after tissue injury or transformation.

Materials and Methods
Detailed information for genotyping, dMCAO surgery, brain-stab injury,
immunohistochemistry, immunocytochemistry, cell counting, Rad-NSC pro-
tocols, immunoblotting, real-time qRT-PCR, DNA constructs, and promoter
activity assays is provided in SI Materials and Methods.

Mice. All animal work was approved by the University of Vermont College
of Medicine’s Office of Animal Care in accordance with the American

Association for Accreditation of Laboratory Animal Care and National
Institutes of Health guidelines (40). Adult male C57BL/6J mice (6–8 wk
of age) were obtained from Taconic Farms. We obtained GFAP-CreER mice
from Suzanne Baker, St. Jude Children’s Research Hospital, Memphis, TN (41).
Notch1tm2Rko/GridJ mice (Notch1-flox mice; catalog no. 006951) and B6;
129-Ednrbtm1Nat/J (EDNRB-flox mice; catalog no. 011080) were from JAX.

dMCAO Surgery. Mice were anesthetized with isoflurane (1–5%; Webster
Veterinary), and body temperature was maintained with a heated pad. Focal
cerebral ischemia was produced by permanently occluding the middle ce-
rebral artery (MCA) (8, 19, 20).

Statistical Analysis. Statistical analyses were performed with GraphPad Prism
software (version 6.0e). Individual groups were compared by Student’s t test
(unpaired). Multiple comparisons were made by ANOVA with Bonferroni
post hoc testing. P values of less than 0.05 were considered significant.
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