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Abstract Notch signaling is critically involved in various
biological events. Notch undergoes cleavage by the γ-
secretase enzyme to release Notch intracellular domain that
will translocate into nucleus to result in expression of tar-
get gene. γ-Secretase inhibitors have been developed as
potential treatments for neurological degenerative diseases,
but its effects against ischemic injury remain relatively
uncertain. In the present study, we demonstrated that
N-[N-(3, 5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-
butyl ester (DAPT), a γ-secretase inhibitor not only rescued
the cerebral hypoperfusion or ischemia neonatal rats from
death, reduced apoptosis in penumbra, but also reduced brain
infarct size. Furthermore, DAPT elicited some morphologic
hallmarks such as neurogenesis and angiogenesis that related

to the brain repair and functional recovery after stroke: in-
creased accumulations of newborn cells in the peri-infarct
region with a higher fraction of them adopting immature neu-
ronal and glial markers instead of microglial markers on
5 days, enhanced vascular densities in penumbra at 14 days,
and evident regulations of the gene profiles associated with
neurogenesis in penumbral tissues. The current results suggest
that DAPT is a potential neuroprotectants against ischemic
injury in immature brain, and future treatment strategies such
as clinical trials using γ-secretase inhibitors would be an at-
tractive therapy for perinatal ischemia.
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Introduction

Neonatal stroke has increasingly been recognized as a
significant cause of mortality and long-term neurological
deficits in newborns [1–3]. To ameliorate such outcomes,
various experimental treatment modalities, such as hypo-
thermia [4, 5], xenon and sevoflurane inhalation [6, 7],
and hypoxic/ischemic preconditioning [8], have been of-
fered. For further improvements in outcome, new robust
neuroprotectants such as pharmacological interventions
may be beneficial.

Notch signaling is critically involved in various biological
events, including the maintenance of stem cells, cell fate spec-
ification, cell survival, and tissue morphogenesis [9–11].
Notch undergoes cleavage by the γ-secretase enzyme to re-
lease Notch intracellular domain (NICD) that will translocate
into nucleus to result in expression of target gene. Inhibition of
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the γ-secretase enzyme blocks the Notch signaling pathway.
Recently, γ-secretase inhibitors have been developed as po-
tential treatments for several neurological degenerative dis-
eases, such as Alzheimer disease [12]. However, its effects
against ischemic injury remain relatively uncertain.

Ischemic stroke results from damage and death of neurons
in the perfusion territory of the affected blood vessels. Notch
signaling may play key roles in the cerebral ischemic injury
mainly via the following ways: (1) apoptosis and inflamma-
tory response: Notch-1, one of the Notch cell-surface recep-
tors has been shown to endanger neurons either bymodulating
pathways that increase their vulnerability to apoptosis or by
activating microglias, a marker for inflammatory reaction
after stroke in the adult rat brain [13]; and (2) neurogenesis
and angiogenesis: Notch signaling pathway engages in cell
proliferations and differentiations in normal developing
brain [9–11], and restricts angiogenic cell behavior to tip
cells in developing segmental arteries [14]. Since increas-
ing evidence shows that stroke-induced neurogenesis as
well as angiogenesis contributes to neuroprotection and
functional recovery after stroke [15–19], Notch signaling
pathway may play key roles in brain repair after stroke by
regulating neurogenesis and angiogenesis.

The present study was performed to explore the γ-
secretase inhibitor; N-[N-(3, 5-difluorophenacetyl)-L-ala-
nyl]-S-phenylglycine t-butyl ester (DAPT) rescued the
neonatal rats who sustained severe global hypoperfusion
or focal cerebral ischemia from death, protected the neu-
rons from apoptosis and saved the ischemic brain tissues,
and elicited some morphologic hallmarks such as
neurogenesis and angiogenesis in the penumbral region
that related to the brain repair and functional recovery after
ischemic injury in the immature brain.

Materials and Methods

Animal Handling and Ischemic Models

The Zhejiang University Administrative Panel of Laboratory
Animal Care approved all experimental protocols. Male 10-
day Sprague Dawley neonate rats (25–30 g) were anesthetized
with 1.5–3 % isoflurane.

Two models were used in our experiments: (1) hypoperfu-
sion: the bilateral common carotid arteries (CCAs) were per-
manently occluded; and (2) transient focal cerebral ischemia
[19]: the CCA, external carotid, and pterygopalatine arteries
were exposed and ligated on the left side. The left internal
carotid artery (ICA) was occluded with a microsurgical
clip, and an arteriotomy was made in the CCA. A 7.0-
monofilament suture (Ethicon) with a rounded tip was
inserted into the CCA and advanced through the ICA to
the ostium to occlude the middle cerebral artery. After

1 h, the suture was removed, the wound was closed, and
the rats were allowed to recover. Sham surgery was per-
formed without artery occlusion in sham controls. Rats of
hypoperfusion or transient focal cerebral ischemia were
divided into three groups, respectively: (1) ischemia, (2)
DAPT: DAPT (100 mg/kg) was injected (I.P.) 1 h after the
occlusion, and (3) sham control.

To label newborn cells, bromodeoxyuridine (BrdU, Sigma,
50 mg/kg) was injected (I.P.) into rats 1 h after occlusion, and
daily for the next 2 days.

Infarct Size Assay

For infarct size measurement, the rats were anesthetized and
perfused intracardially with cold sodium phosphate-buffered
saline at day 1 after occlusion. The rats were then decapitated
and the brains rapidly removed and sectioned coronally at 2-
mm intervals. All slices were incubated in 2 % 2,3,7-triphe-
nyltetrazolium chloride (TTC) solution for 20 min at room
temperature, fixed by 4 % paraformaldehyde solution over-
night. Using a free image analysis system (Imaging J, version
1.61), the area of infarct of the two sides of each section was
measured. For focal cerebral ischemia, which injuries both
cortex and striatum, we normalized the infarct size to the con-
tralateral semi-hemisphere, and an average value from all
slices was presented.

Western Blotting

The peri-infarct tissues were dissected on ice [20] at day 5
after occlusion. They were then homogenized in ice-cold lysis
buffer (containing 20 M Tris, pH 7.5; 150 M NaCl; 1 M eth-
ylenediaminetetraacetic acid (EDTA); 1 M ethylene glycol
tetraacetic acid (EGTA); 1 % Triton X-100; 2.5 M Na pyro-
phosphate; 1 M b-glycerophosphate; 1 M Na3VO4; 1.1 g/ml
leupeptin; and 1 M phenylmethanesulfonyl fluoride (PMSF)).
Samples were centrifuged at 14,000 rpm for 15 min. The
protein concentration of the supernatant was determined
using a modified Bradford assay (Sigma). Samples were
normalized to equal protein concentrations. Loading buff-
er was added to the samples, and they were boiled for
5 min. Total protein (30 μg) was separated by electropho-
resis in a 10 % polyacrylamide gel. The blots were incu-
bated overnight at 4 °C first with the primary antibodies
hairy enhancer of split (Hes) 1 (1:1000), Hes5 (1:1000), or
Notch1 (1:1000) (all from Santa Cruz Biotechnology),
then with peroxidase conjugated IgG (Sigma), and last
with an ECL kit. Control experiments without primary
antibody were negative. Optical density of the films was
quantified by the free software (Image J 1.61), calculated
as a value of integrated densities, and then were converted
to percentage values with β-actin. All data were expressed
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relative to the control, representing the relative expression
of the target protein.

Immunohistochemistry and Immunofluorescence
Staining, Confocal Checking, and Cell Counting

These procedures were performed as previously described
in detail [19, 20]. Briefly, rats were sacrificed on day 5, and
the brain vibratome sections (35 μm) for BrdU-labeled
cells in the ischemic cortex and ipsilateral subventricular
zone (SVZ) were prepared (Fig. 1a). Every eighth section
was selected for staining according to the standard proto-
col. Sections were immunostained with primary antibodies
followed by secondary antibodies conjugated to biotin or
fluorescent labels [19]. The sections allocated for BrdU
staining underwent pretreatment in 2 N HCl at 37 °C for
30 min. Primary antibodies include glial fibrillary acidic
protein (GFAP; 1:500; Harlan), a marker for mature astro-
cytes; NG2 (1:300; Chemicon), for oligodendrocytes;
nestin (1:500; BD), for immature neurons and glia; NeuN
(1:500; Chemicon), for mature neurons; doublecortin
(DCX; 1:300; Santa Cruz Biotech), for migrating
neuroblasts; BrdU (1:500; Accurate Chemicals), for divid-
ing cells; Iba1 (1:500; Wako Pure Chemical Industries), a
marker for microglias; and laminin (1:500; sigma), to label
the vessels [21]. The accumulation of BrdU+ cells in the
peri-infarct region and SVZ was determined using diami-
nobenzidine (DAB) staining, and positive cells were
counted using light microscopy.

Cells were checked using a confocal microscope (Zeiss
510), and cell phenotypes were identified by colocalization
of phenotypic markers with BrdU [19]. The relative percent-
age of BrdU+ cells co-labeled with each marker among the
total number of BrdU+ cells and the percentage of cells ex-
pressing five markers in each group were calculated. Three
views per section were subjected to the semiquantification
of vessels in penumbra (Fig. 1a) by using ImageJ 1.61 with
‘Measure RGB’ Plugin. The value of each sample was

normalized to the mean value of sham control group. Five
sections of each brain were used in these experiments,
respectively.

TUNEL

The number of cells undergoing apoptosis was assessed in
penumbra by means of in situ terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick end labeling
(TUNEL) staining using the ApoTag Red in situ apoptosis
detection kit (Millipore) according to the manufacturer’s
instructions. Three views (Fig. 1a) per section were subjected
to the qualification of TUNEL+ cells in penumbra by using
fluorescence microscope. The total numbers of each sample
were normalized to the mean value of sham control group.

RNA Preparation, Nonradioactive cDNA Microarray
and Reverse Transcription, and Quantitative Real-Time
Polymerase Chain Reaction

Rats were sacrificed at 5 days after focal cerebral ischemia.
The tissue corresponding to the ischemic penumbra was dis-
sected. The ischemic penumbra was defined as previously
reported (Fig. 1a) [20]. Total RNA was extracted by using
Trizol Reagent and purified using a spin column RNA purifi-
cation kit (SuperArray Inc., Frederick, MD, USA) in accor-
dance with the manufacturer’s procedure. To remove possible
genomic DNA contamination, RNase-free DNase was used
during the RNA purification steps.

The microarray experiment was performed using
TrueLabeling-AMP 2.0 Kit (SuperArray) and Oligo GEArray
DNAMicroarray Rat Neurogenesis and Neural Stem Cell Kit
(ERN-404, SuperArray) in accordance with the manufac-
turer’s procedure. One microgram purified RNA was used
for complementary DNA (cDNA) synthesis. The biotin-16-
UTP (10 mM, Roche Applied Science) was used to label the
complementary RNA (cRNA), which was then purified using
a spin column cRNA purification kit (SuperArray Inc.). A

Fig. 1 Diagrams indicate the analyzed peri-infarct, penumbra, and
subventricular zone (SVZ) regions, and an outline of protocols used for
microarray. a The schematic diagrams of the peri-infarct, penumbra, and
SVZ regions of interest for tissue isolations or brain section preparations,
and the region of interest for immunostaining qualification for blood
vessels in the penumbra. The black area represents the infarct core. b

Schematic outline of protocols used for microarray. c Representative
array pictures from N-[N-(3, 5-difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester (DAPT)-treated stroke rat. Each chip
contained housekeeping genes (glyceraldehydes-3-phosphate
dehydrogenase, GAPDH) for normalization, positive controls, negative
controls, and two blank spots as additional non-specific binding controls
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total of 4 μg purified biotin-labeled cRNA was used for hy-
bridization. The array membranes were incubated with
biotin-labeled probes at 60 °C for 6 h. The membranes
were then washed twice at 60 °C for 5 min each. Chemi-
luminescent detection steps were performed by subsequent
incubation with alkaline phosphatase-conjugated
streptavidin and CDPStar substrate. For quantification, in-
tensity of spots was measured by GEArray Expression
Analysis Suite software (http://GEAsuite.superarray.com)
and then the total intensities derived from blank spots
were subtracted (see Fig. 1b, c).

By using SuperScript™ III Platinum® SYBR®GreenOne-
Step Quantitative Real-Time PCR Kit (Invitrogen), both
cDNA synthesis and polymerase chain reaction (PCR) were
performed in a single tube using gene-specific primers and
total RNA, whereas quantitative reverse transcription (qRT-
PCR) was performed on an ABI 7500 PCR instrument. The
program parameters were performed as follows: 3 min at
50 °C, 5 min at 95 °C, and then each cycle for 15 s at 95 °C,
30 s at 60 °C for 45 cycles, 1 min at 95 °C, and followed by
melting curve analysis (30 s at 55 and at 95 °C). Table S1 lists
primers (Invitrogen) specific for the genes examined in the
present study. Each sample was tested in triplicate and the fold
changes to the sham were quantified by the 2-△△CT method.
Briefly, the threshold cycle (CT) values of specific transcripts
were subtracted to the CT of the control gene (GAPDH), i.e.,
△CT; next, calculated the mean △CT of sham control group;
then subtracted △CT of each sample to the mean △CT of sham
control group to get the value of △△CT for each sample; and
finally, used the equation (2-△△CT) to calculate the fold chang-
es for each sample.

Statistical Analysis

All data are presented as means±SEM. Differences between
groups were assessed by ANOVA (univariate analysis of var-
iance tests) followed by post hoc tests (LSD). Statistical sig-
nificance was determined at the P<0.05 level.

Results

DAPT Promoted Survival After Ischemia

DAPTsignificantly increased the percentages of survivor after
ischemia. On day 5, the survival ratios were 77. 8 % (7/9) and
72.7 % (8/11) in DAPT group as well as 33.3 % (6/18) and
33.3 % (7/21) in rats without DAPT administration, under
permanent hypoperfusion and transient focal ischemia condi-
tions, respectively (Fig. 2a, b). DAPT-treated rats gained a
gradual increasing of the body-weight as sham controls, but
not the vehicle-treated ischemic animals that they did severely
face with feeding and motor problems.

DAPT Inhibited the Notch Signaling After Ischemia

Figure 3 shows the blots and relative density ratios of the
bands in the different groups. The expression of the NICD
significantly decreased in the penumbra of DAPT-treated is-
chemic rats in comparison with ischemic rats on day 5 after
surgery. We then assessed two downstream targets within the
Notch signaling pathway in the penumbra: Hes1 and Hes5.
Hes1 and Hes5 were downregulated in the DAPT group on
day 5 compared with the ischemia group. The blots are shown
in Fig. 3b.

DAPTReduced Infarct Size and Apoptosis After Ischemia

The results of infarct size assay indicate that a single treatment
with DAPT substantially reduced infarct size under focal ce-
rebral ischemia (Fig. 4a, b). At 1 day after ischemia, DAPT
reduced 22.26 % brain infarct volume compared with the
vehicle-treated ischemic rats.

Furthermore, DAPT robustly decreased the total numbers
of TUNEL+ cells in penumbra in comparison with that of
ischemic rats without DAPT treatment on day 1 after surgery
(Fig. 4c–e).

Fig. 2 DAPT promoted survival of neonatal rats after ischemia. a
Hypoperfusion was induced by the permanent occlusion of the bilateral
common carotid arteries in 10-day neonatal rats. DAPT (100 mg/kg) was
injected (I.P.) 1 h after the occlusion. *P< 0.05 (Chi-square). b Transient

focal cerebral ischemia was induced by the occlusion of the left middle
cerebral artery for 1 h. DAPT (100 mg/kg) was injected (I.P.) 1 h after the
occlusion. *P< 0.05 (Chi-square)
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The Effects of DAPT on New Born Cell Accumulations
After Stroke

For rats receiving consecutive labeling of BrdU for 3 days
after stroke, the accumulated BrdU+ cell numbers were robust-
ly increased at 5 days after stroke in the peri-infarct region
after both hypoperfusion and transient focal ischemia com-
pared with the cortex of sham rats. DAPT further increased
this accumulated BrdU+ cell number in the peri-infarct region
compared with the same region of ischemic rats without
DAPT treatment. However, stroke resulted in a reduced-
density of BrdU+ cells in the ipsilateral SVZ at day 5; such
reduction was attenuated by DAPT (Fig. 5a–d).

DAPT Modulated the Phenotypes of New Born Cells

We checked the phenotypes of these increased new born cells
induced by DAPT in penumbra on day 5. Nestin+/BrdU+

colabelings were significantly enhanced (Fig. 6a, d), suggest-
ing increased production of newborn immature neurons and
glias in DAPT-treated ischemic penumbra. Though an in-
creased fraction of BrdU+/ laminin+ was not observed in the
presence of DAPT, DAPT potentially increased the vascular
densities in penumbra on day 14 (Fig. 6c, f). Finally, the frac-
tion of BrdU+/Iba1+ cells was significantly reduced by DAPT

in penumbra in comparison with that in vehicle-treated ische-
mic group (Fig. 6b, e).

DAPT Regulated the Gene Profiles Associated
with Neurogenesis in Penumbra After Focal Cerebral
Ischemia

To analyze genes involved in neurogenesis, we employed the
Oligo GEArray DNAMicroarray Rat Neurogenesis and Neu-
ral Stem Cell Gene Array containing 263 known genes
(Fig. 1c). Figure S1A shows the profiles of genes in non-
stroke, stroke, or DAPT-treated stroke penumbra tissues from
representative gene arrays. As expected, housekeeping genes,
positive controls show hybridization signals, while blank neg-
ative controls show the absence of any hybridization signals.
To identify the relevant differentially expressed genes, all
clones with more than 1.5-fold estimated differences were
considered for further evaluation. This threshold is based on

Fig. 3 DAPT inhibited the Notch signaling after ischemia. a Protein
expression of the Notch1 intracellular domain (NICD) and its
downstream targets Hes1 and Hes5 in the three experimental groups.
There is a statistically significant difference between the DAPT vs. the
ischemia + vehicle group (##P< 0.001). **P< 0.001, *P< 0.05 vs. sham;
ANOVA, n = 6. Values are mean ± SEM. b Representative blots of the
NICD, Hes1 and Hes5 in the three groups

Fig. 4 DAPT reduced infarct size and apoptosis after ischemia. a, b The
transient focal cerebral ischemic rats were decapitated at 24 h after
occlusion and the brains rapidly removed and sectioned coronally at 2-
mm intervals relative to bregma. All slices were incubated in 2 % 2,3,7-
triphenyltetrazolium chloride (TTC) solution for 20 min and fixed
overnight. The area of infarct of the two sides of each section was
measured and then normalized the values to the contralateral semi-
hemisphere, and an average value from all slices per rat was presented.
a Representative infarcts stained by TTC. b DAPT (black bar)
significantly decreased the infarct size compared vehicle-treated rats
(white bar). Values are mean ± SEM; *P < 0.05, ANOVA, n = 6. c
DAPT robustly decreased the total numbers of TUNEL+ cells in
penumbra in comparison with that of ischemic rats without DAPT
treatment at 24 h after surgery (##P < 0.001). **P < 0.001 vs. sham;
ANOVA, n = 6. Values are mean ± SEM. d, e Representative TUNEL
staining in penumbra under transient focal cerebral ischemia. Scale bars
20 μm
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a statistical analysis using online software provided by
SuperArray Company.

In non-stroke corresponding penumbral region, 30 out of
263 genes were detected on the neurogenesis and neural stem
cell gene arrays (Fig. S1A and Table 1). Many of the 30
genes are associated with neural progenitor cells. These
genes included transcription factors, growth factors, and
genes involved in signaling pathways and cell cycles.

In ischemic penumbral region, 48 of 263 genes were
detected on the gene arrays (Fig. S1A and Table 1). Twenty
eight out of 48 genes were the same as detected in non-stroke
corresponding penumbral region. S100a6 and Bmp6 were not
detected under ischemic conditions. But ischemic penumbra
recaptured 20 genes associated with G-protein coupled recep-
tor protein signaling pathway, Wnt receptor/frizzled signaling
pathway, cell differentiation, cell adhesion, cell cycle, tran-
scription factor, and growth factor.

In penumbral region under DAPT-treated conditions, 52 of
263 genes were detected on the gene arrays (Fig. S1A and
Table 1). Twenty nine out of 52 genes were the same as de-
tected in non-stroke corresponding penumbral region. Bmp6
were not detected as under ischemic conditions without DAPT
administration. However, 23 genes were induced under
DAPT-treated conditions. In comparison with non DAPT-

treated stroke, 16 genes were still detected; 4 genes were not
detected including Inha, Hdac4, Cd9, and Efna1; 7 genes were
further induced by DAPT. When genes with more than 1.5-
fold estimated differences were considered for further evalua-
tion, S100a6 and Cdk5rap3 were markedly upregulated by
DAPT after stroke; 7 genes were induced by DAPT including
Chrna4, Ncoa6, Ptprz1, Nrp1, Chrm1, Msx1, and Mt3; but 15
genes were markedly downregulated by DAPT after stroke
including Cldn11, Gap43, Olig1, Limk1, Drd2, Stmn1,
Ywhah, Ache, Acsl6, Adora2a, Ptn, Inha, Hdac4, Cd9, and
Efna1. These DAPT-downregulated genes were associated
with G-protein coupled receptor protein signaling pathway,
cell adhesion, and transcription factor and growth factor.

We performed qRT-PCR analysis for selective seven genes
in penumbra (Acsl6, Olig1, Drd2, S100a6, Inha, Hdac4, and
Nrp1) (Fig. S1B, C) at day 5 after stroke, and verified the
DAPT-induced up/downregulation of genes observed in
microarrays.

Discussion

Previous studies have revealed that Notch signaling contrib-
utes to neuronal death after ischemia by enhancing apoptotic

Fig. 5 The effects of DAPTon newborn cell accumulations in ipsilateral
subventricular zone (SVZ) and peri-infarct regions after stroke. For both
hypoperfusion and transient focal cerebral ischemia rats received
consecutive labeling of bromodeoxyuridine (BrdU) for 3 days after
stroke and examined on day 5. The sections allocated for BrdU staining
underwent pretreatment in 2 N HCl at 37 °C for 30 min. Sections were
then immunostained with BrdU (1:500) followed by secondary
antibodies conjugated to biotin. Then sections were determined using

diaminobenzidine (DAB) staining, and positive cells were counted
using light microscopy. Five sections of each brain were used to count
the BrdU+ cells for peri-infarct and SVZ regions. Representative pictures
of BrdU+ cell accumulations in SVZ (a) and peri-infarct (b) regions. Scale
bars 100 μm. c DAPT promoted the BrdU+ cell accumulations in peri-
infarct and SVZ regions after hypoperfusion. d DAPT promoted the
BrdU+ cell accumulations in peri-infarct and SVZ regions after focal
cerebral ischemia. Values are mean ± SEM; *P< 0.05, ANOVA, n= 6
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cascades in neurons in adult brain, thus the treatment with a γ-
secretase inhibitor to block Notch signaling pathway may re-
duce brain ischemic damage [13]. Because the immature
brain is vulnerable to hypoxic and ischemic insults, we
tested the effects of DAPT against ischemic injury in neo-
natal rats. We demonstrated that DAPT-induced neuropro-
tection against neonatal stroke: rescued the ischemic rats
from death, attenuated neurons to undergo apoptosis in
penumbra, and decreased the infarct size. Neonatal stroke
has increasingly been recognized as a significant cause of
mortality and long-term neurological deficits in newborns
[3]. To ameliorate such outcomes, various experimental
treatment modalities, such as hypothermia [4, 5], xenon
and sevoflurane inhalation [6, 7], and hypoxic/ischemic
preconditioning [8], have been offered. For further im-
provements in outcome, new treatment strategies, such as
pharmacological intervention, therapy combination, and so
on, applied to clinic treatment may be beneficial [22]. Our
results revealed that DAPT was a robust neuroprotectant
against neonatal stroke, suggesting future treatment strate-
gies such as clinical trials using γ-secretase inhibitors
would be an attractive therapy for perinatal ischemia.

Although the physiological roles of Notch signaling in
neurogenesis and synaptic plasticity have been studied ex-
tensively [9–11], its roles played in ischemia-stimulated
neurogenesis remain relatively uncertain. Using neural
progenitor cells isolated from the SVZ of the adult rat sub-
jected to focal cerebral ischemia, Wang’s group recently
investigated the Notch pathway in regulating proliferation
and differentiation of these cells after stroke. Blockage of
the Notch pathway significantly reduced stroke-induced
cell proliferation. Inhibition of the Notch pathway substan-
tially increased neurons, but did not alter astrocytic popu-
lation in ischemic neural progenitor cells. Their data sug-
gested that the Notch signaling pathway mediated adult
SVZ neural progenitor cell proliferation and differentiation
after stroke [23]. Another study found that ependymal cell
quiescence was actively maintained by Notch signaling.
Inhibition of this pathway in uninjured animals allowed
ependymal cells to enter the cell cycle and produce olfac-
tory bulb neurons, whereas forced Notch signaling was
sufficient to block the ependymal cell response to stroke
[24]. Our findings showed that inhibition of Notch signal-
ing in vivo did not reduce the stroke-induced cell prolifer-
ation: DAPT increased the newly born cell accumulations
in peri-infarct area following ischemia, but inhibition of
Notch signaling in vivo promoted the new born cells from
3 days following ischemia to differentiate to immature neu-
rons and glias, which was consistent with those findings
mentioned above. Altogether, the Notch signaling pathway
fulfills important roles in neonatal ischemia-stimulated
neurogenesis. It has been suggested that stroke-induced
neurogenesis contributes to neuroprotection and functional

Fig. 6 DAPT modulated expressions of phenotypic markers after focal
ischemia. For transient focal cerebral ischemia rats received consecutive
labeling of bromodeoxyuridine (BrdU) for 3 days after stroke and
examined in penumbra on day 5 (phenotype analysis) or day 14
(vascular density checking). Sections were immunostained with BrdU
(1:500) for dividing cells, glial fibrillary acidic protein (1:500) for
mature astrocytes; NG2 (1:300) for oligodendrocytes; nestin (1:500) for
immature neurons and glia; NeuN (1:500) for mature neurons;
doublecortin (DCX) for migrating neuroblasts; Iba1 (1:500) for
microglias; and laminin (1:500) for the vessels, followed by secondary
antibodies conjugated to the fluorescent dyes Alexa Fluor 488, 633, and
546, respectively. Cells were checked using a confocal microscope, and
cell phenotypes were identified by colocalization of phenotypic markers
with BrdU. When possible, at least 100 BrdU+ cells were scored for each
marker per animal. For semiquantification of vessels in penumbra, three
views in penumbra per section were subjected to the qualification. Four
sections of each brain were used to detect the vessels. Representative
stainings of BrdU+ co-labeled with Nestin (a) and Iba1 (b), and
representative stainings of vessels (c) in penumbra. Scale bars 20 μm.
Arrows point on examples of co-labeling cells. d DAPT (gray bar)
increases the percentages of BrdU/Nestin co-labeling cells compared
vehicle-treated rats (white bar). e DAPT (gray bar) decreased the
percentages of BrdU/Iba1 co-labeling cells compared vehicle-treated
rats (white bar). f DAPT (gray bar) increased the vascular densities in
penumbra at day 14 after stroke compared vehicle-treated rats (white bar).
Values are mean± SEM; *P< 0.05, ANOVA, n = 6
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recovery after stroke [15–19], thus Notch signaling path-
way plays key roles in brain repair may in part through
regulating neurogenesis after stroke. However, one study
about neonatal stroke in mice found that at first, the major-
ity of cells died in an environment where edema devel-
oped; later, over the following weeks, increased apoptosis
was visible in the injured hippocampus and neocortex [25].
Another research found that γ-secretase inhibitor treatment
decreased infarct size in a reperfusion model of stroke by
reducing neuronal apoptosis and decreasing the immune
response [13]. So, relieving edema after stroke in the acute
period, later, inhibition of neuronal apoptosis and the im-
mune response may also play important roles in brain re-
pair. Notch signaling was activated after stroke [26] with
the consequence that the ischemic brain tissues captured
multiple detrimental parameters. Therefore, inhibition of
Notch signaling by DAPT may suppress these detrimental
parameters as well as induce functional molecules via other
pathways to modulate tissue repair after stroke. One of our
findings supports this speculation that DAPT decreased the
fraction of BrdU+/Iba1+ cells in penumbra. Iba1 is a
calcium-binding protein and is specifically expressed in
microglias in the brain. Stroke insults are accompanied
by a marked acute inflammatory reaction, involving the
activation of microglias [19]. The majority of evidences
to date overwhelmingly suggest a detrimental role for
microglial activation [27, 28]. This inhibitory effect on
microglial activation by DAPT may in part contribute to
the neuroprotection against ischemic injury. We also found
that DAPT specif ical ly increased the number of
Brdu/Nestin double staining cells at 5 days after stroke;
although we did not research function of newborn neuron
after stroke, some researchers found that layer 1 neuronal
progenitor cells are a source of adult neurogenesis under
ischemic conditions in neocortex, and the newly generated
neurons were GABAergic and that the neurons were func-
tionally integrated into the neuronal circuitry [29]. So, pre-
sumably, part of the newborn neuron has some function.
Another finding is that DAPT increases the vascular den-
sity in penumbra, which may be due to latter newborn cells
adopt this fate because of the inhibition of Notch signaling
pathway, and newborn neurons present in the ischemic
penumbra surrounding cerebral cortical infarcts in patients
with stroke are preferentially localized in the vicinity of
blood vessels [30]; our results on angiogenesis are benefi-
cial for the tissue remolding and latter functional recovery
after neonatal stroke.

Our findings point to inhibition of Notch signaling elicits
some morphologic hallmarks such as neurogenesis and angio-
genesis in penumbra that may relate to the brain repair and
functional recovery after stroke in the immature brain. We
next employed cDNA microarray to analyze gene profiles
involved in this regulation of neurogenesis by DAPT.

Compared with stroke without DAPT, S100a6 and Cdk5rap3
were markedly upregulated; seven genes were induced.
S100a6 is a calcium-binding protein implicated in many
cellular processes. Its various biological effects possibly orig-
inate from the fact that it may bind to other proteins and mod-
ulate their function by inducing conformational changes or
interfering with posttranslational modifications [31].
Cdk5rap3 is known to be involved in cell proliferation and
differentiation. Among those DAPT-induced genes in ische-
mic penumbra, Chrna4, Chrm1, and Mt3 were also involved
in synaptic functions, such as regulation of synaptic plasticity
and synaptic transmission, suggesting an important role for
Notch signaling in a form of synaptic plasticity. DAPT, Notch
signaling inhibitor facilitating tissue’s repair from ischemic
injury, may, at least in part through regulating neurogenesis
and synaptic plasticity [32]. These data indicate that penumbra
recaptures embryonic molecular signals under DAPT-treated
condition after stroke and provide insight into the molecular
mechanisms, which regulate the biological function of neural
progenitor cells in the penumbra of the brain.

In summary, neonatal stroke results in the long-term neu-
rological deficits. Research found that neonatal ischemia in-
duces a progressive brain injury with prolonged apoptosis and
Notch-2 up-regulation. Notch-2 expression was induced
shortly after injury and increased cell death. Long-term induc-
tion of Notch-2 also occurred in and around areas of cell
death; results suggest that neonatal stroke has long-lasting
effects on neuronal viability [25]. Ultimately, a large number
of neurons died and cause neurological deficits.We have dem-
onstrated that DAPT, a γ-secretase inhibitor, not only rescued
the neonatal rats who sustained severe global hypoperfusion
or focal cerebral ischemia from death, saved the ischemic
brain tissues, but also elicited some morphologic hallmarks
such as neurogenesis and angiogenesis in penumbra after
stroke that intimately associated with the brain repair and
functional recovery. DAPT did regulate the gene profiles as-
sociated with neurogenesis in penumbra, which provide infor-
mation for future molecular and cellular intervention of
neurogenesis to facilitate functional recovery after stroke.
The present results suggest that DAPT is a potential
neuroprotectants against ischemic injury in immature brain.
These pharmacological interventions may provide a new di-
rection for treatment strategies to neonatal stroke.
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