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Abstract
The Notch1 signaling pathway is regarded as one of the main regulators of neural stem cell behavior
during development, but its role in the adult brain is less well understood. We found that Notch1 was
mainly expressed in doublecortin (DCX)-positive cells corresponding to newborn neurons, whereas
the Notch1 ligand, Jagged1, was predominantly expressed in glial fibrillary acidic protein (GFAP)-
positive astrocytic cells in the subventricular zone (SVZ) of the normal adult brain. These findings
were confirmed by conditional depletion of DCX-positive cells in transgenic mice carrying herpes
simplex virus thymidine kinase (HSV-TK) under the control of the DCX promoter. In addition, the
activated form of Notch1 (Notch intracellular domain, NICD) and its downstream transcriptional
targets, Hes1 and sonic hedgehog (Shh), were also expressed in SVZ cells. Increased activation of
Notch1 signaling increased SVZ cell proliferation, whereas inhibiting Notch1 signaling resulted in
a reduction of proliferating cells in the SVZ. Levels of NICD, Hes1, and Shh were increased in the
SVZ at 4 and 24 h after focal cerebral ischemia. Finally, ischemia-induced cell proliferation in the
SVZ was blocked by inhibition of the Notch1 signaling pathway, suggesting that Notch1 signaling
may have a key role in normal adult and ischemia-induced neurogenesis.
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Introduction
Neurogenesis occurs in the subventricular zone (SVZ) of the lateral ventricles and in the
subgranular zone (SGZ) of the hippocampal dentate gyrus of the adult rodent, nonhuman
primate, and human brains (Eriksson et al, 1998; Jin et al, 2001; McDermott and Lantos,
1991; Sanai et al, 2004; Yoshimura et al, 2001). Newly generated cells in the adult brain can
differentiate into functional mature neurons and integrate into neuronal networks (Song et al,
2002; van Praag et al, 2002), including those involved in cognitive function (Saxe et al,
2006; Shors et al, 2001; Zhang et al, 2008). We and others have shown that experimental stroke
stimulates the proliferation of neuronal stem/progenitor cells (NSCs) located in the SVZ and
SGZ of the adult rodent brain. The resulting newborn cells migrate into ischemically damaged
brain regions (Arvidsson et al, 2002; Jin et al, 2003; Teramoto et al, 2003), where they
differentiate into mature neuronal cells (Arvidsson et al, 2002; Teramoto et al, 2003). We found
recently that newborn neurons are also found in the cerebral cortex after ischemic stroke (Jin
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et al, 2006) and intracerebral hemorrhage (Shen et al, 2008) in humans. However, the capacity
of these cells to affect brain repair seems insufficient for a complete recovery after stroke in
most cases. Improved recovery might be possible with pharmacological manipulation of
neurogenesis, but is likely to require a better understanding of the mechanisms that control
NSC proliferation, migration, and differentiation after stroke.

Notch signaling defines a fundamental pathway controlling cell fate acquisition (Artavanis-
Tsakonas et al, 1999). Notch signaling pathways have critical roles in the maintenance,
proliferation, and differentiation of NSCs in the developing brain, but their roles in the adult
brain are less well understood. Recent studies have shown that Notch1 signaling may be
conserved in the regulation of adult neurogenesis. For example, Notch1 signaling components,
including the Notch1 ligands, Jagged1 and Delta1, are expressed in the SVZ and SGZ of the
postnatal brain (Chojnacki et al, 2003; Stump et al, 2002). In addition, disruption of Notch1
signaling using antisense oligonucleotides or a γ-secretase inhibitor interferes with the
maintenance and proliferation of NSCs (Chojnacki et al, 2003). The astroglial response of the
SVZ to injury is also accompanied by activation of the Notch pathway (Givogri et al, 2006).

This study was undertaken to investigate the role of Notch1 signaling in NSCs located in the
SVZ of the normal and ischemic adult brain in vivo. A recent study implicated Notch signaling
in cultured SVZ cells isolated from ischemic rat brain and grown in neurosphere cultures
(Wang et al, 2009). In our study, we found that Notch1, the activated form of Notch1 (Notch
intracellular domain, or NICD), and its downstream target Hes1 were predominantly expressed
in doublecortin (DCX)-positive (newborn neuronal) cells, but that the Notch1 ligand, Jagged1,
was expressed mainly in glial fibrillary acidic protein (GFAP)-positive (astroglial) cells.
Disruption or activation of Notch1 signaling altered the number of proliferating cells labeled
by bromodeoxyuridine (BrdU) in the SVZ. Activation of Notch1 signaling in the SVZ was
increased after focal cerebral ischemia, and ischemia-induced cell proliferation in the SVZ was
partially blocked by a Notch1 signaling inhibitor. Our findings suggest that Notch1 signaling
may have an important role in the regulation of cell proliferation in the SVZ of the normal and
ischemic brain.

Materials and methods
Focal Cerebral Ischemia

All animal experiments were carried out in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, and every effort was made to minimize
suffering and to reduce the number of animals used. Transient focal cerebral ischemia was
induced using the suture occlusion technique as previously described (Jin et al, 2001). Male
Sprague–Dawley rats weighing 280 to 310 g were anesthetized with 4% isoflurane in 70%
N2O and 30% O2 using a mask. After a midline incision in the neck, the right external carotid
artery was carefully exposed and dissected. A 19-mm, 3-0 monofilament nylon suture was
inserted from the external carotid artery into the right internal carotid artery to occlude the
origin of right middle cerebral artery (MCA). After 90 mins of occlusion, the thread was
removed to allow reperfusion. The external carotid artery was ligated, and the wound was
closed. Sham-operated rats underwent an identical surgery, except that the suture was not
inserted. Rectal temperature was maintained at 37.0°C±0.5°C using a heating pad and a heating
lamp. At various time points of reperfusion, rats were anesthetized and perfused through the
heart with 4% paraformaldehyde in phosphate-buffered saline (PBS, pH 7.4), the brains were
removed, and cellular morphology was examined with cresyl violet staining.
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Administration of Notch Signaling Activator and Inhibitor and γ-Secretase Inhibitor
Male Sprague–Dawley rats were anesthetized and implanted with an osmotic minipump (Alzet
1003D; Alza Corporation, Mountain View, CA, USA). The cannula was placed in the right
lateral ventricle, 4.0 mm deep into the pial surface, –0.8 mm anteroposterior relative to the
bregma, and 1.3 mm lateral to the midline. Jagged-1Fc (10 μg; R&D systems, Minneapolis,
MN, USA) was incubated for 1 h on ice with anti-human Fc antibody (5 μg; Sigma, St Louis,
MO, USA) at a 2:1 stoichiometric ratio and a final concentration of Jagged1-Fc of 50 μg/mL.
For Notch1 activation and inhibition studies, each rat was infused for 3 days with 0.5 μL/h of
either (1) Notch1-activating antibody (hybridoma clone 8G10, Upstate Biotechnology,
Billerica, MA, USA) in artificial cerebrospinal fluid (128 mmol/L NaCl, 2.5 mmol/L KCl, 0.95
mmol/L CaCl2, 1.99 mmol/L MgCl2), (2) the Jagged-Fc–anti-Fc complex, (3) the anti-Fc
antibody alone, or (4) artificial cerebrospinal fluid alone (n = 5 to 6 each). For γ-secretase
inhibition studies, rats were administered 50 μmol/L of DAPT (N-[N-(3,5-difluorophenacetyl)-
L-alanyl]S-phenylglycine t-butyl ester) (Sigma-Aldrich, St Louis, MO, USA) at 50 μg/mL
through the intracerebroventricular route by an osmotic minipump for 3 days.
Bromodeoxyuridine (50 mg/kg; Sigma-Aldrich) was dissolved in saline and injected
intraperitoneally, twice daily for 3 days at 8-h intervals, and rats were killed on day 4.

Transgenic Mice
Mouse genomic DNA was isolated from embryonic brain and PCR was carried out using DCX
promoter-specific primers (sense: 5′-CTTTTGTCTCTCTCAGCCTC-3′; antisense: 5′-
AGAAAAGGGTGGAGATAAGG-3′), which were designed on the basis of the GeneBank
data base sequence (access number: AY590498). The herpes simplex virus thymidine kinase
(HSV-TK) gene was excised with BamHI from pBS mcs1mCMVTKpA vector (a gift from
Lisa Ellerby, Buck Institute for Age Research) and cloned in a plasmid containing the DCX
promoter. The pDCX-TK transgenic vector, which was verified by sequencing, was injected
into CD1 embryos in the Buck Institute Transgenic Core. Identification and characterization
of transgenic mouse lines was performed by PCR using HSV-TK-specific primers (HSVTK-1,
5′-CCACCACGCAACTGCTGGTG-3′; HSVTK-2, 5′-
CGAGGCGGTGTTGTGTGGTGT-3′). Western blots on lysates from F1 and F2 transgenic
animals showed that TK protein was detected in the neurogenic regions (SVZ and SGZ) of
three out of the seven founder lines obtained. Transgenic pDCX-TK mice were viable, fertile,
and normal in size, and did not show any gross physical or behavioral abnormalities. To deplete
DCX-positive cells in the brain, GCV (ganciclovir) (Roche, Nutley, NJ, USA) was diluted in
a sterile physiologic saline solution and administered intraperitoneally at a rate of 50 mg/kg
per day for 14 days.

Immunohistochemistry
Rat brains embedded in paraffin were cut into 6-μm-thick sections, which were deparaffinized
with xylene and rehydrated with ethanol, followed by antigen retrieval using the antigen
unmasking solution (Vector Laboratories, Burlingame, CA, USA) according to the
manufacturer's instructions. To detect BrdU-labeled cells in brain sections, sections were
incubated in methanol at –20°C for 10 mins and in 2 mol/L of HCl at 37°C for 50 mins, and
rinsed in 0.1 mol/L of boric acid (pH 8.5). Endogenous peroxidase activity was blocked by
incubation for 30 mins at room temperature in 1% H2O2. After several washes with PBS, the
sections were incubated in blocking solution (2% goat serum, 0.1% Triton X-100, and 1%
bovine serum albumin in PBS) for 1 h at room temperature. Primary antibodies used were (1)
goat polyclonal anti-Notch1 (Santa Cruz Biotechnology, Santa Cruz, CA; 1:100); (2) rabbit
polyclonal anti-NICD (Abcam, Cambridge, MA, USA; 1:500); (3) goat polyclonal anti-
Jagged1 (Santa Cruz Biotechnology; 1:100); (4) rabbit polyclonal anti-Hes-1 (Chemicon,
Temecula, CA, USA; 1:500); (5) goat polyclonal anti-DCX (Santa Cruz Biotechnology;
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1:100); (6) mouse monoclonal anti-BrdU (Roche; 2 g/mL); and (7) rabbit polyclonal anti-Tuj1
(βIII tubulin; Covance, Princeton, NJ, USA; 1:600). Primary antibodies were added in the
blocking buffer and incubated overnight with sections at 4 °C. Sections were then washed with
PBS and incubated for 1 h at room temperature with biotinylated goat anti-rabbit or anti-goat
antibody (1:200) (for polyclonal antibodies) or biotinylated horse anti-mouse antibody (1:200)
(for monoclonal antibodies). Avidin–biotin complex (Vector Elite; Vector Laboratories) and
a diaminobenzidine or nickel solution (Vector Laboratories) were used to obtain a visible
reaction product. Controls included preabsorption and coincubation of the antibodies with the
corresponding antigens. Sections were dehydrated, sealed, and coverslipped. A Nikon
microscope and a Nikon digital color camera (DXM1200F; Nikon, Melville, NY, USA) were
used to examine and photograph the slides, respectively.

Double or Triple Immunostaining
Double or triple immunostaining was performed on brain sections as previously described (Jin
et al, 2003). The primary antibodies used, in addition to those listed above, were mouse
monoclonal anti-nestin (Chemicon; 1:200), mouse monoclonal anti-vimentin (Sigma; 1:500),
and mouse monoclonal anti-GFAP (Sigma; 1:500). The secondary antibodies were Alexa Fluor
488-, 594-, or 647-conjugated donkey anti-mouse, anti-goat, or anti-rabbit IgG
(immunoglobulin G) (1:200 to 500; Molecular Probes, Carlsbad, CA, USA). Nuclei were
counterstained with DAPI (4′,6-diamidino-2-phenylindole) using the proLong Gold antifade
reagent (Molecular Probes). Fluorescence signals were detected using an LSM 510 NLO
Confocal Scanning System mounted on an Axiovert 200 inverted microscope (Carl Zeiss Ltd.,
Chester, VA, USA) equipped with a two-photon Chameleon laser (Coherent, Santa Clara, CA,
USA), and images were acquired using the LSM 510 Imaging Software (Carl Zeiss Ltd). Two-,
three-, or four-color images were scanned using argon, 543 HeNe, 633 HeNe, and Chameleon
lasers. Selected images were viewed at high magnification, and three-dimensional images were
constructed using Imars software (Beverly Hills, CA, USA). Controls included omitting either
the primary or secondary antibody or preabsorbing the primary antibody.

Quantification of Immunoreactive Cells
Bromodeoxyuridine-labeled cells in the SVZ were counted blindly in five to seven 50-μm-
thick coronal sections per animal, spaced 140 μm apart; this protocol avoids counting single
cells twice because of the thickness of sections and provides accurate estimates of cell numbers.
Tuj1-positive cells in the SVZ were counted blindly in four coronal sections per animal (n =
4 to 5 per group). Cells were counted under high power (× 200) on a Nikon E300 microscope
(Nikon) with a Magnifier digital camera, and the image was displayed on a computer monitor.
Results were expressed as the average number of BrdU-positive cells per section or as the
percentage of Tuj1-positive cells in each condition.

Western Blotting
The SVZ was dissected from rat brains and cell lysates extracted in PBS containing 0.05%
Nonidet P-40 (Roche, Nutley, NJ, USA), 0.25% sodium deoxycholate, 50 mmol/L Tris-HCl
(pH 8.5), 100 mmol/L NaCl, 1 mmol/L EDTA (ethylenediaminetetraacetic acid) (pH 8.0), 1
μg/mL aprotinin, and 100 μg/mL phenylmethylsulfonyl fluoride. Protein (50 μg, determined
using a Bio-Rad assay, Bio-Rad, Hercules, CA, USA) was boiled at 100 °C in the SDS sample
buffer for 5 mins, electrophoresed on SDS/12% PAGE gels, and transferred into
polyvinyldifluoridine membranes, which were incubated overnight at 4 °C using one of the
following primary antibodies: (1) rabbit anti-NICD (Abcam; 1:500); (2) rabbit anti-Hes1
(Chemicon; 1:1,000); (3) rabbit anti-sonic hedgehog (Shh) (Santa Cruz Biotechnology;
1:1,000); or (4) mouse monoclonal anti-actin (Oncogene Science, Cambridge, MA, USA;
1:20,000). Membranes were washed with PBS/0.1% Tween 20, incubated at room temperature
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for 60 mins with horseradish peroxidase conjugated anti-mouse, anti-rabbit, or anti-goat
secondary antibody (Santa Cruz Biotechnology; 1:3,000), and thereafter washed thrice for 15
mins with PBS/Tween 20. Peroxidase activity was visualized by chemiluminescence (NEN
Life Science Products, Boston, MA, USA). Antibodies were removed with stripping buffer
(100 mmol/L 2-mercaptoethanol/2% SDS/62.5 mmol/L Tris-HCl, pH 6.7) at 50°C for 30 mins,
followed by washing with PBS/Tween 20, and membranes were reprobed.

Measurement of γ-Secretase Activity
The activity of γ-secretase in rat brain SVZ (n = 6) was determined using a γ-secretase activity
kit (R&D Systems) according to the manufacturer's instructions. Data were expressed as fold
increase in fluorescence over that of background controls (reactions in the absence of tissue or
cell lysates).

Statistical Analysis
Quantitative results were expressed as the mean±s.e.m. The statistical significance of
differences between means was evaluated using one-way analysis of variance (ANOVA). P <
0.05 was regarded as statistically significant.

Results
The activity of the Notch1 signaling pathway regulates neural cell fate during embryonic
development of the central nervous system. Hence, we first inquired whether Notch signaling
also has a pivotal role in the regulation of neurogenesis in the adult brain. By
immunohistochemical analysis, we confirmed that Notch1 and the Notch1 ligand, Jagged1,
were expressed in the SVZ of the normal adult rat brain (Figure 1A). High-magnification views
showed that both Notch1 and Jagged1 were located mainly in both the cell membrane and
cytoplasm of SVZ cells (insets in Figure 1A). Triple-label immunostaining showed that Notch1
immunoreactivity was largely colocalized with the neuronal marker DCX (Figure 1B), whereas
Jagged1-positive cells also expressed the astroglial marker GFAP (Figure 1C). In addition,
Notch1-positive cells coexpressed vimentin (Figure 1D), a protein marker for ependymal cells.

To confirm the phenotypes of Notch1- and Jagged1-positive cells, we developed transgenic
mice that carried HSV-TK under the control of the DCX promoter. As shown in Figure 2A,
DCX- and BrdU-positive cells were depleted from the SVZ of DCX-TK transgenic mice treated
by an intraventricular administration of GCV for 14 days, consistent with the loss of newborn
neurons. Notch1 was similarly depleted from the SVZ cells of these mice, confirming its
localization to new neurons. In contrast, Jagged1, expression was unaffected in GCV-treated
DCX-TK mice (Figure 2B). Expression of the Notch1 signaling mediator, Hes1, was also
reduced in the SVZ of GCV-treated DCX-TK mice. Finally, triple-label immunostaining
showed that NICD and Hes1 were expressed mainly in DCX-positive cells in the SVZ (Figures
2C and 2D), confirming the presence of Notch1 signaling pathways in DCX-positive cells.

To further test the significance of Notch1 signaling in the proliferation of SVZ cells in the adult
rat brain, we used an antibody directed against the extracellular domain of Notch1 to activate
Notch1 signaling (Conboy et al, 2003) and a soluble Jagged1-Fc fusion protein to block Notch1
activation (Hicks et al, 2002) (Figures 3A and 3B). As shown in Figures 3C and 3D, the
numbers of both BrdU- and DCX-positive cells in the SVZ were increased 3 days after
intracerebral administration of the Notch1 signaling activator and reduced 3 days after
intracerebral infusion of the Notch1 signaling inhibitor. Triple immunolabeling showed that
the inhibition or activation of Notch1 signaling had less marked effects on the number of GFAP-
positive than of BrdU- or DCX-positive cells (Figure 3D).
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To determine whether Notch1 signaling is also involved in the proliferation of SVZ cells
induced by focal cerebral ischemia, the SVZ was dissected from rat brains after 4, 24, and 72
h of reperfusion after MCA occlusion (MCAO), and western blotting was performed using an
antibody against the activated form of Notch1, NICD. As shown in Figure 4A, NICD was
expressed under control (sham-operated) conditions, expression increased at 4 and 24 h, and
basal expression returned by 72 h after MCAO. The phenotype of cells expressing Notch1
signaling molecules in the SVZ of rat brain was not altered significantly after focal ischemia.
Cleavage of Notch1 to generate NICD is accomplished by the action of γ-secretase, which is
followed by the translocation of NICD to the nucleus, where it regulates transcription (De
Strooper et al, 1999). Accordingly, we measured γ-secretase activity in the SVZ, and found
that it was increased after MCAO (Figure 4B). The expression of Hes1 (which is
transcriptionally induced by activation of Notch1 signaling; Androutsellis-Theotokis et al
(2006)) and that of Shh (another downstream target of Notch1 signaling (Androutsellis-
Theotokis et al, 2006), which independently regulates Hes1 (Wall et al, 2009)) was also
increased in the SVZ cells after focal ischemia. (Figures 4C and 4D).

To confirm the role of Notch1 signaling in ischemia-induced neurogenesis, we treated rats
undergoing MCAO with the same soluble Jagged1-Fc fusion protein used previously (Figure
3) to block Notch1 activation in nonischemic rats. This Notch1 inhibitor attenuated the
ischemia-induced increase in BrdU labeling (Figures 5A and 5C). Treatment with the γ-
secretase inhibitor DAPT (Dovey et al, 2001) also reduced BrdU labeling, albeit to a lesser
extent (Figure 5B). Although the number of BrdU-positive cells significantly decreased after
blocking Notch1 signaling, the number of Tuj1-positive cells was not significantly changed
after inhibiting the Notch1 signaling pathway (Figure 5E). This may be due to fact that Tuj1-
positive cells were counted only 3 days after administration of Notch1 signaling inhibitor, and
it may take longer to notice a change in the number of mature neurons.

Discussion
In this study, we show that Notch1 signaling pathways regulate ischemia-induced neurogenesis
in the adult rat brain in vivo. We found that Notch1, activated Notch1 (NICD), and a
downstream effector of Notch1 signaling (Hes1) are localized to neurons, and that the Notch1
ligand (Jagged1) is expressed in astrocytes, of the SVZ, suggesting intercellular
communication between astrocytes and neurons. We also observed that activation of Notch1
signaling increases SVZ neurogenesis, whereas inhibition of Notch1 signaling decreases
neurogenesis, consistent with the ability of Notch1 to enhance the proliferation of neuronal
(Androutsellis-Theotokis et al, 2006) and nonneuronal (Conboy et al, 2003) stem cells. Next,
we studied the effects of manipulating Notch1 signaling on ischemia-induced neurogenesis
after MCAO, and found that the same Notch signaling pathways involved in neurogenesis
under physiologic conditions also contribute to the neurogenesis-promoting effect of ischemia.
The mediators and reagents we used and the pathways they implicate are shown schematically
in Figure 6.

Notch1 has been identified before in neurogenic regions of the postnatal brain, including the
SVZ (Givogri et al, 2006; Mizutani et al, 2007), where Notch1 activation contributes to the
maintenance and proliferation of NSCs (Chojnacki et al, 2003). In both the SVZ and the rostral
migratory stream, through which new neurons migrate from SVZ to reach the olfactory bulb,
Notch1 appears to be localized to neurons and Notch ligands to astrocytes (Givogri et al,
2006), which we also observed. Binding of Notch ligands, such as Jagged1, results in the
proteolytic cleavage of Notch1, first extracellularly and then in the transmembrane domain.
The latter cleavage is accomplished by the γ-secretase enzyme complex, resulting in the release
of NICD that translocates to the nucleus, where it regulates transcription (De Strooper et al,
1999). Thus, the finding that NICD is expressed in DCX-positive cells in the SVZ indicates
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that Notch1 signaling is activated in this cell population, consistent with the demonstration that
the siRNA knockdown of Notch1 expression decreases NPC proliferation in cultured
neurospheres (Chen et al, 2008).

After NICD translocates to the nucleus and forms a complex with the DNA-binding protein
RBP-J (recombination recognition sequence-binding protein at the J-κsite), also known as CSL,
RBP-J/CSL becomes a transcriptional activator and induces the expression of downstream
components, such as Hes1 and Hes5, which function as transcriptional repressors, and are
effectors of Notch1-mediated inhibition of neuronal differentiation in development (Ohtsuka
et al, 1999). In Hes1/Hes5 double knockout mice, radial glial cells show reduced proliferation
and premature differentiation into neurons. Moreover, Hes1 and Hes5 prevent embryonic
progenitor cells from differentiating into neurons (Ishibashi et al, 1994; Ohtsuka et al, 2001).
Accordingly, we found that Hes1 was expressed in DCX-positive cells.

At least two previous studies have addressed the role of Notch signaling in the brain's response
to ischemia. In one case (Androutsellis-Theotokis et al, 2006), cerebral ischemia was induced
in spontaneously hypertensive rats by permanent distal MCAO. Intraventricular administration
of the Notch ligand Dll4 increased the number of BrdU-positive cells in the SVZ and, in
combination with fibroblast growth factor-2, improved motor deficits up to 45 days after
ischemia. In another study (Wang et al, 2009), cells were isolated from rat SVZ 7 days after
MCAO (induced by the injection of a fibrin-rich clot) and cultured as neurospheres in vitro.
Compared with cultures from control rats, cultures from ischemic rats showed increases in the
number and size of neurospheres and the percentage of cells labeled by BrdU or the anti-βIII
tubulin antibody TuJ1, as well as enhanced expression of Notch, NICD, and Hes1 mRNA and
NICD protein. Addition of either siRNA directed against Notch or a γ-secretase inhibitor to
neurosphere cultures blocked these effects.

Our findings are substantially in agreement with, and extend, these previous studies. In essence,
we find that the Notch signaling cascade shown by Wang et al (2009) to be activated by
ischemia in vitro is also activated in vivo. Whereas Androutsellis-Theotokis et al (2006) used
Dll4 to activate Notch signaling in vivo, we used a receptor-activating antibody, and we also
showed that ischemia-induced neurogenesis could be blocked by inhibitors of Notch1
signaling, including both a receptor-blocking fusion protein and a γ-secretase inhibitor. Finally,
we found evidence for ischemic induction of two downstream targets of Notch1 signaling,
Hes1 and Shh, in the SVZ of the ischemic brain in vivo. As noted above, Hes1 is a transcriptional
repressor that is induced when NICD complexes with RBP-J/CSL. Hes1 acts during neural
development for maintaining the stem-cell state by repressing the transcription of proneural
genes, such as Mash1 and Neurogenin2 (Kageyama et al, 2008). Sonic hedgehog (Shh) is
another gene that is activated by Notch1 signaling, and which regulates adult neurogenesis
(Machold et al, 2003). Interestingly, in the retina, Shh also regulates Hes1, by a Notch1-
independent mechanism (Wall et al, 2009). Thus, multiple ischemia-induced signaling
pathways seem to converge to enhance the activity of Hes1 in NPCs located in the SVZ.

In summary, our findings provide evidence for the involvement of Notch1 signaling in
physiologic and ischemia-induced neurogenesis in the adult brain. Neurogenesis induced by
ischemia or other forms of brain injury may represent an endogenous mechanism for limiting
the extent of injury or promoting recovery (Kaneko and Sawamoto, 2009). If so, identifying
signaling pathways that mediate injury-induced neurogenesis may lead to new therapeutic
strategies for neurologic disease.
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Figure 1.
Expression of Notch1 and Jagged1 in the normal adult rat brain SVZ. (A) Notch1 (left panel)
and Jagged 1 (right panel) immunoreactivity (brown) SVZ. The lateral ventricle is at the right.
Insets show Notch1- and Jagged1-immunopositive cells at a higher magnification. (B, C) Triple
immunolabeling shows coexpression of DCX (red) and Notch1 (green), but not GFAP (purple),
in presumptive NPCs, and of Jagged1 (green) and GFAP (purple), but not DCX (red), in
presumptive astrocytes. (D) Notch1 (green) was expressed in vimentin-positive (red) cells.
DAPI (blue) was used to counterstain nuclei.
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Figure 2.
Cellular compartmentation of Notch1 signaling in the normal adult rat brain SVZ. (A) pDCX-
TK transgenic mice were treated with vehicle or GCV, and immunostaining was performed
using antibodies against BrdU or DCX. Compared with vehicle treatment, GCV depleted
BrdU- and DCX-immunopositive cells from the SVZ. (B) GCV also depleted Notch1 and Hes1
(compare with Figure 4C, left), but not Jagged1 (compare with Figure 1A, right), consistent
with expression of Notch1 and Hes1 in NPCs. Triple immunostaining shows extensive
colocalization of DCX (red), but not GFAP (purple) with (C) NICD and (D) Hes1 (both green).
DAPI (blue) was used to counterstain nuclei.
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Figure 3.
Modulation of Notch1 signaling significantly alters cell proliferation in normal adult rat brain
SVZ. (A) Notch1 activator (receptor-activating antibody) and inhibitor (Jagged-Fc) were
administered by an osmotic pump into the lateral ventricle. (B) Time course of administration
of Notch 1 activator or inhibitor and of BrdU. (C, D) Immunostaining shows that the Notch1
activator increased and the Notch1 inhibitor decreased the number of BrdU-positive (red) and
Dcx-positive (green), but not GFAP-positive (purple), cells in the SVZ. Data in panel C are
means±s.d. (n = 4 to 6 per group).
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Figure 4.
Notch1 signaling in adult rat brain SVZ is activated after MCAO. (A) The SVZ was dissected
up to 72 h after MCAO and western blots were performed. NICD abundance was increased 4
to 24 h after MCAO (top). The blot was reprobed using anti-actin antibody to control for protein
loading (bottom). (B) γ-secretase activity was increased 4 to 72 h after MCAO. Data are means
±s.d. (n = 4 to 6 per group). (C) Immunohistochemistry shows increased Hes1 expression in
the SVZ 4 and 24 h after MCAO. Nuclear protein was isolated from the SVZ and western
blotting was performed with anti-Hes1 (D) or anti-Shh (E) antibody. Blots were reprobed with
anti-actin.
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Figure 5.
Inhibition of Notch1 signaling reduces cell proliferation after MCAO in adult rat brain SVZ.
BrdU-positive cell counts in SVZ of ischemic brain were reduced by inhibitors of Notch1
(Jagged-Fc) (A)or γ-secretase (DAPT) (B). Data are means±s.d. (n = 4 to 6 per group). (C)
Immunostaining shows the decrease in BrdU-positive cells in the SVZ 72 h after MCAO.
(D) Double immunostaining shows BrdU labeling of nuclei in DCX-positive cells. (E) Tuj1-
positive cell counts in SVZ of ischemic brain were not significantly altered by inhibitors of
Notch1 (Jagged-Fc) (left panel) or γ-secretase (DAPT) (right panel).
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Figure 6.
Schematic representation of Notch1 signaling pathway involved in ischemic regulation of cell
proliferation in adult rat brain SVZ.
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