° NAT/O

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

" NIH Public Access
A 5 Author Manuscript

2 eSS

Published in final edited form as:
Trans! Stroke Res. 2010 September ; 1(3): 184-196. doi:10.1007/s12975-010-0016-6.

Sublethal Transient Global Ischemia Stimulates Migration of
Neuroblasts and Neurogenesis in Mice

Ying Li,
Department of Pathology and Laboratory Medicine, Medical University of South Carolina,
Charleston, SC 29425, USA

Shan Ping Yu,
Department of Anesthesiology, Emory University School of Medicine, 101 Woodruff Circle, Suite
617, Atlanta, GA 30322, USA

Osama Mohamad,
Department of Anesthesiology, Emory University School of Medicine, 101 Woodruff Circle, Suite
617, Atlanta, GA 30322, USA

Thomas Genetta, and
Department of Neurology, Emory University School of Medicine, Atlanta, GA 30322, USA

Ling Wei
Department of Pathology and Laboratory Medicine, Medical University of South Carolina,
Charleston, SC 29425, USA

Department of Anesthesiology, Emory University School of Medicine, 101 Woodruff Circle, Suite
617, Atlanta, GA 30322, USA

Department of Neurology, Emory University School of Medicine, Atlanta, GA 30322, USA

Abstract

Increasing evidence has shown the potential of neuronal plasticity in adult brain after injury.
Neural proliferation can be triggered by a focal sublethal ischemic preconditioning event; whether
mild global ischemia could cause neurogenesis has been not clear. The present study investigated
stimulating effects of sublethal transient global ischemia (TGI) on endogenous neurogenesis and
neuroblast migration in the subventricular zone (SVZ), dentate gyrus, and peri-infarct areas of the
adult cortex. Adult mice of 129S2/Sv strain were subjected to 8-min bilateral common carotid
artery ligation followed by 5-bromo-2’-deoxyuridine (BrdU; 50 mg/kg, intraperitoneal)
administration every day until being sacrificed at 1-21 days after reperfusion. The mild TGI did
not induce neuronal cell death for up to 7 days after TGI, as evidenced by negative terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling staining among NeuN-positive
cells in the hippocampus and neocortex. In TGI animals, BrdU staining revealed enhanced
proliferation of neuroblasts and their migration track from the SVZ into the striatum and
neocortex. In the corpus callosum, there were more BrdU-positive cells in the TGI group in the
first 2 days. Increasing numbers of BrdU-positive cells were seen 7-21 days later in the striatum
and cortex of TGI mice. The cortex of TGI animals showed increased expression of
erythropoietin, erythropoietin receptor, fibroblast growth factor 2, vascular endothelial growth
factor, and phosphorylated Jun N-terminal kinase; the expression was peaked 2 to 3 days after
reperfusion. BrdU and NeuN double staining in the dentate gyrus, striatum, and cortex implied
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increased neurogenesis induced by the TGI preconditioning. Doublecortin (DCX)-positive cells
increased in the cortex of TGI mice, localized to cortical layers 11, 111, and V, and many stained
positive for the mature neuronal markers NeuN, neurofilament, N-methyl-»-aspartic acid receptor
subunit gene NR1, or the gamma-aminobutyric-acid-synthesizing enzyme glutamic acid
decarboxylase (GADG67). The atypical localization of DCX-positive cells and the colabeling with
mature neuronal markers suggested that, in addition to indentifying migrating neuroblasts, DCX
might also be a stress marker in the cortex. It is suggested that the sublethal TGI-induced
regenerative responses may contribute to the beneficial effects of ischemic preconditioning.

Introduction

During development, pluripotent neural stem cells of the pseudo-stratified neural tube have
the ability to generate all of the cell types of the nervous system. Following their generation
and under the control of preprogrammed and closely timed processes, these cells will
migrate to precisely defined locations to form functional central nervous system (CNS)
circuits. The migration patterns of neuroblasts from the ventricular and subventricular zones
(SVZ) to specific cerebral cortex layers and the striatum have been well studied [1, 2]. In
early investigations, Altman and Das showed that both the hippocampus and olfactory bulb
(OB) have dividing cells that can become neurons in the postnatal rat brain [3, 4]. However,
neurogenesis in the adult brain was not well studied, and it was a general consensus that
injured brain could not regenerate and dead neuronal cells could not be replaced. More
compelling evidence, however, supports that at least two CNS regions of the adult brain can
be neurogenic: SVZ of the lateral ventricles that generates neural progenitor cells and forms
rostral migratory stream to the OB [5] and the subgranular zone (SGZ) of the dentate gyrus
(DG) in the hippocampal formation [6]. Under pathological conditions, SVZ cells are
recruited and migrate to sites of injury, where they can contribute to subsequent tissue
regeneration [7-10]. SGZ-derived cells are, likewise, stimulated by insults such as seizure
and ischemia and can migrate over a short distances to integrate into the granule cell layer
[11, 12]. It has subsequently been determined that injury-induced transient increases in
plasticity in the adult CNS recapitulate events and patterns of gene expression observed
during development [13].

Ischemic/hypoxic preconditioning is a powerful endogenous phenomenon where brief
episodes of a subtoxic ischemic/hypoxic insult in vitro or in vivo induce robust protection
against future severe insults [14-17]. Exposure to sublethal ischemia/hypoxia alters gene
expression and activates intracellular signaling pathways involved in cell survival and
regenerative processes. These changes may contribute to the adaptive responses observed
after ischemic injury. Hypoxia can prolong the half-life of several MRNAs, such as HIF-1a,
vascular endothelial growth factor (VEGF), and erythropoietin (EPO) [18, 19]. In addition to
the protective effects, preconditioning with a focal sublethal ischemia also stimulates cell
proliferation, differentiation, angiogenesis, and neurogenesis in the CNS [20-22]. Whether a
global ischemic preconditioning causes increased neural cell proliferation and neurogenesis
in the adult brain has not been well defined.

Transient global ischemia (TGI), caused by cardiac arrest in humans and induced in animals
such as gerbils, rats, and sensitive strains of mouse by bilateral occlusion of the common
carotid arteries (CCA), typically results in neuronal cell death in the hippocampus, an area
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of the brain highly vulnerable to hypoxia/ischemia insult. The rodent TGI models have been
used to explore postinjury neurogenesis [23, 24].

However, only limited studies have employed TGI to investigate the proliferation,
migration, and differentiation of SVZ-derived adult neuroblasts [25], and most of them have
focused on the effect of lethal insults. In the present investigation, instead of focusing on cell
death and tissue injury, we investigated whether a sublethal TGI was strong enough to
stimulate neuroblast migration and endogenous neurogenesis. Such sublethal TGl may serve
as a trigger for the well-known phenomenon of ischemic preconditioning. A better
understanding of the sublethal insult on endogenous neurogenesis is expected to provide
insight into the regenerative mechanism of ischemic preconditioning.

Materials and Methods

Sublethal Transient Global Ischemia

All animal experiments and surgery procedures were approved by the University Animal
Research Committee and meet NIH standards. Male 129S2/Sv mice (25-30 g, Charles River
Laboratories, Inc. Wilmington, MA, USA) were used to induce TGI. Briefly, animals were
subjected to 4% chloral hydrate intraperitoneal (i.p.) anesthesia. The body temperature was
maintained at 37.0+0.5°C with heating pads, and rectal temperature was monitored
throughout the surgery procedure. After midline neck incision, the bilateral CCA were
carefully exposed and occluded with 6-0 suture (Surgical Specialties Co., Reading, PA,
USA). The sutures were removed after 8 min for reperfusion. After wound closure, the mice
were placed in an incubator set at 33.0°C and 50% humidity. They were returned to their
cages after they were fully recovered from anesthesia. The sham group was preformed with
the same procedure including anesthesia and all surgical procedures, except the CCA
occlusion. For mitotic labeling of cell proliferation, 5-bromo-2'-deoxyuridine (BrdU, Sigma,
St. Louis, MO, USA) was administered (i.p.) to animals at a dosage of 50-mg/kg body
weight after reperfusion and once daily until the day of sacrifice. Animals were sacrificed by
decapitation at different days after reperfusion. The brain was immediately removed and
mounted in optimal cutting temperature compound (Sakura Finetek USA, Inc., Torrance,
CA, USA) at —80°C for further processing.

Cerebral Blood Flow Measurement

The cerebral blood flow (CBF) was measured on both sides of the hemisphere to evaluate
blood supply in the cerebral cortex before, during, and after CCA occlusion by using laser
Doppler scanning imaging. The measurements and analysis were performed by using the
PeriScan® system and LDPIlwin 2® (Perimed AB, Stockholm, Sweden).

Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling Staining

A terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)
staining kit (DeadEndTM Fluorometric TUNEL system, Promega, Madison, WI, USA) was
used to visualize cell death in 10-um coronal frozen sections together with NeuN. After 10-
min fixing by 10% buffered formalin phosphate (Fisher Scientific, Pittsburgh, PA, USA)
and pretreatment with —20°C ethanol/acetic acid (2:1) and 0.2% Triton X-100, the brain
sections were incubated in an equilibration buffer as instructed by the kit. The TdT enzyme
and nucleotide mix were then added at proportions specified by the kit for 75 min at room
temperature. The slides were washed with the provided 2x SSC washing buffer. To identify
neuronal death, slides were then incubated with the NeuN primary antibody (1:250,
Chemicon, Temecula, CA, USA) overnight. After phosphate-buffered saline (PBS) washes
and incubation with Cy3-conjugated antimouse immunoglobulin G (1gG; 1:1,000, Jackson
ImmunoResearch, West Grove, PA, USA), the slides were incubated in Hoechst 33342

Transl Stroke Res. Author manuscript; available in PMC 2011 July 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal. Page 4

(1:20,000, Molecular Probes, Carlsbad, CA, USA) for 5 min to stain the nucleus before
being mounted with ProLong Antifade mounting medium (Molecular Probes, Carlsbad, CA,
USA) for observation.

Immunofluorescence Staining

Coronal fresh frozen sections of 10 um thick were sliced using a cryostat Vibratome
(Ultapro 5000; St. Louis, MO, USA). After the slides were completely air-dried, slices were
fixed in 10% buffered formalin phosphate for 10 min, followed by treatments in a —20°C
ethanol/acetic acid (2:1) solution for 12 min, in 0.2% Triton-100 for 5 min and washed by
PBS three times between each step. Slides were blocked in 1% gelatin from cold water fish
(Sigma, St. Louis, MO, USA), diluted in PBS at room temperature for 1 h, and subsequently
incubated with primary antibodies diluted in PBS overnight at 4°C. The primary antibodies
were as follows: mouse anti-NeuN (1:250, Chemicon, Temecula, CA, USA), goat
antidoublecortin (anti-DCX, 1:50, Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse
anti-neurofilament (anti-NF, 1:1,000, Cruz Biotechnology, Santa Cruz, CA, USA), rabbit
anti-N-methyl-o-aspartic acid (NMDA) receptor type 1 (NR1, 1:100, Affinity BioRe-agents,
Golden, CO, USA), and rabbit anti-GAD67 (1:200, Santa Cruz Biotechnology, Santa Cruz,
CA, USA). After rinsing with PBS, brain sections were then treated with secondary
antibodies Alexa Fluor 488 antigoat 1gG (1:200, Molecular Probes, Carlsbad, CA, USA),
Cy3-conjugated donkey antirabbit IgG, goat antimouse 1gG (Jackson ImmunoResearch,
West Grove, PA, USA), or Cy5-conjugated donkey antimouse 1gG (Jackson
ImmunoResearch, West Grove, PA, USA) for 1.5 h at room temperature. Hoechst 33342
was applied to stain all the nuclei as a background staining whenever it was necessary.

To double stain DCX with BrdU, slides were postfixed and the BrdU staining procedure was
performed with rat anti-BrdU (1:500, Abcam, Cambridge, UK) and Cy3-conjugated goat
antirat 1IgG (Jackson ImmunoResearch, West Grove, PA, USA) as the primary and
secondary antibodies according to our established technique [26].

The brain sections were mounted and coverslipped and imaged and photographed under a
florescent microscope (BX51, Olympus, Japan) and laser scanning confocal microscopy
(Carl Zeiss Microimaging, Inc., Thornwood, NY, USA).

Systematic Histological Quantification

For systematic random sampling in design-based cell counting, every ninth brain sections
(90 um apart) across the entire region of interest were counted. To count BrdU-positive cells
in DG, four fields per brain section were randomly chosen under x40 magnification of a
light microscope or in confocal images. This was repeated in four separate sections per brain
(n=6 per group). For counting the DCX-positive cells in neocortex and BrdU-positive cells
in septum, striatum, corpus callosum, and neocortex, a fluorescent confocal microscope was
set to x20 magnification, and all the immune positive cells have been counted in the
particular regions (n=6 per group). Counts are expressed as the average cell number per field
+ standard error (SE) of means.

Western Blot Assay of Neurogenic Factors

Expression of neurogenic proteins was examined by Western blot. Cortex tissue samples of
both side hemispheres were collected, and proteins were extracted using the NE-PER
Nuclear and Cytoplasmic Extraction Kit (Pierce Biotechnology, Rockford, IL, USA).
Protein concentrations were determined by BCA assay (PIERCE, Rock ford, IL, USA). The
samples were kept frozen at —80°C until assaying.
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Samples of 50 pg proteins were electrophoresed on a 6-15% gradient gel in the presence of
SDS-PAGE in a Hoefer Mini-Gel system (Amersham Biosciences, Piscataway, NJ, USA)
and transferred in the Hoefer Transfer Tank (Amersham Biosciences, Piscataway, NJ, USA)
to a PVDF membrane (Bio-Rad, Hercules, CA, USA). Membranes were blocked with buffer
(Tris-buffered saline containing 0.1% Tween-20 (TBS-T), pH7.6, 7% milk) at room
temperature for 2 h and incubated overnight at 4°C with rabbit polyclonal EPO (H-162),
rabbit polyclonal erythropoietin receptor (EPOR; M-20), and rabbit polyclonal fibroblast
growth factor 2 (FGF-2; 147; 1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-VEGF, clone JH121 (1:1,000, Upstate, Charlottesville, VA, USA), and rabbit antimouse
Jun N-terminal kinase (JNK; 1:1,000, Cell Signaling, Danvers, MA, USA). Mouse B-actin
antibody (Sigma, St. Louis, MO, USA) was used for protein loading control. The blots were
washed in 0.5% TBS-T and incubated with alkaline phosphatase-conjugated antirabbit or
antimouse 1gG (Promega, Madison, WI, USA) for 2 h at room temperature. Finally,
membranes were washed with TBS-T followed by three washes with TBS. Signal was
detected by the addition of BCIP/NBT solution (Sigma, St. Louis, MO, USA), quantified
and analyzed by the imaging software Photoshop Professional (Adobe Photoshop CS 8.0,
San Jose, CA, USA).

Statistical Analysis

Results

Student's two-tailed t test was used for the comparison of two experimental groups. Multiple
comparisons were done using one-way ANOVA followed by Tukey test for multiple
pairwise examinations. Changes were identified as significant if p was less than 0.05. Mean
values were reported together with the standard error of the mean.

Sublethal TGl in Adult Mice

Sublethal TGI was induced via bilateral occlusion of the CCAs for 8 min. Laser Doppler
scanning imaging and laser Doppler probe were used to monitor CBF before and after
bilateral CCA occlusion (Fig. 1a, b). Animals with 60—70% reduction of CBF in both
hemispheres were used in subsequent investigations. At 1 and 7 days after the TGI, brain
sections were subjected to triple immunostaining of TUNEL, NeuN, and Hoechst 33342 to
detect neuronal cell death. Under our experimental condition, the 8-min TGI insult induced
few (0-3) TUNEL-positive cells in the neocortex and hippocampus sections from both
hemispheres (Fig. 1c—e). This was in sharp contrast to massive cell death detected after a
lethal ischemic insult (11-min bilateral CCA occlusion; Fig. 1, inset). We therefore judged
that the 8-min TGI insult in this investigation was sublethal to neuronal cells.

Sublethal TGI Enhances Proliferation of SVZ Neuroblasts and Induces Their Migration to
the Neocortex

The proliferation marker BrdU was used to trace migration tracks of SVZ-derived cells. The
number of BrdU-positive cells in a given region surrounding the SVZ, e.g., septum,
striatum, and corpus callosum, was compared between TGI and sham groups. One to 2 days
after TGI, more BrdU-positive cells appeared in the septum and corpus callosum compared
with sham control animals. The increase of proliferating cells in these areas, however, was
relatively transient. By 14 days after TGI, there was no longer a difference in BrdU-positive
cells in septum. Moreover, the number of BrdU-positive cells in the corpus callosum was
even less than in the sham-operated controls. On the other hand, BrdU-positive cells in
striatum and neocortex increased in a delayed fashion; more and more new cells were seen
in these two regions 3 and 14 days after TGI (Fig. 2). These data suggested a migration
pattern of newly generated cells from the SVZ area, passing through the white matter corpus
callosum, and eventually reaching the striatum and cortex a few days later.
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Sublethal TGI Upregulated the Expression of Neurotrophic Factors

Western blot analysis was used to detect the expression of the neurotrophic and neurogenic
factors EPO, EPOR, basic fibroblast growth factor 2, and VEGF in the neocortex 1-7 days
after TGI. All four proteins were upregulated in the TGI group compared with that in the
sham-operated group (Fig. 3a). Within TGI groups, the induction of these factors peaked at
the second (EPO and VEGF) or third (EPOR and FGF-2) day after reperfusion. The
expression of EPO and FGF-2 was higher compared to the expression of EPOR and VEGF
(Fig. 3b—e), while there were no obvious changes in the sham-operation groups.

Sublethal TGI Activates Jun N-terminal Kinase Phosphorylation

Phosphorylation levels of JNK in the neocortex were detected using Western blot. INK was
dramatically phosphorylated 3 days after TGI and returned to normal levels by 7 days in the
sublethal TGI group (Fig. 4).

Sublethal TGI Enhances the Neural Plasticity in the Dentate Gyrus, Striatum, and

Neocortex

In the sublethal TGl model, proliferation and neurogenesis were assessed using BrdU
staining and BrdU/NeuN double staining. One day after reperfusion, more BrdU-positive
cells were observed in the DG (on both sides) in the TGI group compared to those in sham
controls (Fig. 5a, b). Within TGI groups, the numbers of BrdU-positive cells at 7, 14, and 21
days were significantly higher than those from 1, 2, and 3 days after reperfusion (Fig. 5g).
BrdU/NeuN-double-positive cells were first seen 7 days after reperfusion (Fig. 5¢c—f). The
number of these double-positive cells was significantly higher in the TGI group than in the
sham group 7, 14, and 21 days after reperfusion.

Sublethal TGI Activates Transient Expression of DCX in the Neocortex

Immunohistochemistry was used to detect the expression of DCX in the neocortex.
Interestingly, most of the DCX-positive cells were localized to cortical layers I, 111, and V
(Fig. 6e, f). In the TGI group of 1 to 14 days following reperfusion, there were more DCX-
positive cells in both hemispheres of the neocortex compared to the sham group where
DCX-positive cells are much less detectable; these numbers in TGI animals decreased
rapidly to sham levels 21 days after reperfusion (Fig. 6d). Double or triple
immunohistochemical staining for mature neuronal markers NeuN, NF, NR1, and GAD67
detected colocalization of these markers with DCX in the neocortex (Figs. 6a—c and 7).

Discussion

The present investigation demonstrates adult neurogenesis following sublethal TGl in
129S2/Sv adult mice. The sublethal TGI provides a model of global ischemic
preconditioning, which has been less studied, and its stimulating effect on neural
regeneration has been poorly understood. We show that sublethal TGI enriches the
neocortical microenvironment by upregulating the expression of neurotrophic factors
including EPO, EPOR, FGF-2, and VEGF. We further show that enhanced neuronal
regeneration and/or plasticity after sublethal TGI not only occurs in the SVZ and
hippocampus (DG) but also in the striatum and neocortex. Finally, to the best of our
knowledge, this is the first report demonstrating that sublethal TGI can transiently
upregulate DCX expression in the neocortex that may not be associated with migrating cells.

TGI diminishes cerebral blood flow over the entire brain. The clinical correlation of TGI
(systemic hypoperfusion) occurs in patients suffering from cardiac arrest, shock, or
undergoing complex cardiac surgery [27, 28]. Global ischemic insults can manifest in a
broad range of neurological dysfunction, such as cognitive deficits. The reduction in
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cerebral blood flow from its normal range (from 50 to 75 ml/100 g of brain tissue per minute
to around 18 ml per 100 kg/min) will precipitate significant cellular depolarization. Animal
models have been developed to study mechanisms of neurological damage and (critical for
clinical practice) to identify potential targets for cytoprotective strategies. The most
commonly used model of global ischemia is induced in rodents by transient bilateral CCA
occlusion. The extent of injury can be adjusted by the duration of the CCA occlusion.
Specific neuronal populations in this animal model are susceptible to injury, the neurons in
the CA1 zone of hippocampus being the most vulnerable to depolarizing ischemia. The TGI
model has, therefore, been primarily used to investigate mechanisms of hippocampal
neuronal injury and cell death. The amount of CCA occlusion required for the induction of
TGl is also strain dependant. Most of the studies in mice have used the C57BL/6 strain.
There are fewer reports describing the effects of TGI on 129S2/Sv mice, largely because this
strain has been thought to be resistant to ischemic injury [29, 30]. In our study, we took the
advantage of the relative ischemic tolerance of 129S2/Sv mice and established a stable TGl
preconditioning model in these mice. The reduction in CBF was monitored using laser
Doppler scanning and/or a laser Doppler probe, which are well-established techniques for
CBF measurements [31]. The criterion for stable sublethal TGI has been set as 60-70%
reduction in CBF. In this mouse strain, this amount of CBF reduction did not cause
noticeable cell death. Work from Moskowitz's group demonstrated that although there were
no significant differences in anterior and middle segments of the circle of Willis between
C57Black/6 mice and Sv-129 mice, larger posterior communicating arteries were detected in
Sv-129 mice than in C57Black/6 mice. This difference could well be responsible for the
higher tolerance of Sv-129 mice to brain ischemia [32].

The TUNEL assay was used to detect cell death 1 and 7 days after reperfusion. There was
no noticeable increase in the number of TUNEL-positive cells in either the neocortex or
hippocampus. These data satisfy our goal of testing the effect of sublethal TGI on
endogenous regenerative responses. It is worth noticing that even if there is no detectable
cell death induced by the TGlI, the ischemic insult evidently imposes significant stress on the
brain especially to vulnerable hippocampal neurons and likely to the regions involved in
neurogenesis such as SVZ.

Ischemic/hypoxic preconditioning is a powerful endogenous protective mechanism that
normally triggers upregulation of trophic/growth factors and shows acute (within minutes or
hours) and prolonged (up to days and even weeks) cytoprotective effects. Most previous
investigations in the brain have been focused on the neuroprotective action of ischemic
preconditioning. Only a handful of studies have reported a promoting effect of ischemic/
hypoxic preconditioning on neurogenesis. A few recent reports show that focal ischemia
induced by middle cerebral artery occlusion stimulates neurogenesis in the SVZ [33, 34].
One early study showed that 10-min bilateral CCA of adult gerbils caused 12-fold increases
in cell proliferation in the dentate subgranular zone 1-2 weeks after reperfusion [35].
Identified with neuronal markers, newborn neurons were first seen 26 days after ischemia
and survived for at least 7 months. In the current investigation, we observed enhanced cell
proliferation a few days into reperfusion; the newborn cells could be identified up to 21 days
later. The difference in the timing of neurogenesis may be due to the differences in animal
species tested in these investigations (gerbil vs. mouse). The long survival of newly
generated cells suggests that these cells might be able to contribute to tissue repair and
regeneration. This is consistent with a recent report showing that suppression of proliferating
progenitor cells blocks the induction of ischemic tolerance [36].

After sublethal TGI, neural precursors in the SVZ were activated. Three regions surrounding
the SVZ, the septum, striatum, and corpus callosum, as well as the neocortex, were selected
to examine the migration of recruited neuro-blasts after TGI [8, 37]. Our results reveal
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several interesting differences in the numbers of BrdU-positive cells between these regions.
We observed that there were significantly more BrdU-positive cells in the area proximate to
SVZ such as the septum of the TGI group 2 days after reperfusion, while increased BrdU-
positive cells were seen several days later in the striatum and cortex. The neocortex is
connected to the SVZ by the corpus callosum. The numbers of BrdU-positive cells in corpus
callosum of the TGI group increased within the first 2 days after reperfusion but decreased
in later days. This is consistent with the idea that SVZ-derived neuroplasts pass through the
corpus callosum during the first few days and migrate into the striatum and cortex. Although
our study did not distinguish cell types of BrdU-positive cells in the corpus callosum and
some of those cells might be glial lineage cells, we did show that many BrdU-positive cells
were NeuN positive in the DG and double labeling of NeuN/DCX in several brain regions,
supporting the idea of neurogenesis. During development, neurons initially migrate from
their place of birth to the intermediate zone (1Z), the future white matter in the mature brain.
When they reach the 1Z, these cells face a developmental fork: they will either continue
following the path demarcated by radial glia to enter the cortical plate or migrate
tangentially and distribute themselves laterally to other cortical regions [38]. The same
migrating pattern of cells from the SVZ was observed during TGI-induced cell proliferation
and migration. We hypothesize that the initial migration of the activated SVZ neuroblasts
into the corpus callosum occurs in the relative absence of guidance cues. After a period of 3
days, the cells which have accumulated in the corpus callosum then receive appropriate
signals, triggering their migration towards the neocortex.

To begin to investigate the nature of these neocortical migratory cues, we examined the
changes in expression of a subset of neurotrophic factors, as well as migration-associated
proteins. Protein levels of EPO, EPOR, FGF, and VEGF were upregulated 1 day after
reperfusion and peaked by the second or third days, suggesting that the microenvironment in
the neocortex was primed by the TGI insult. This unique post-TGI microenvironment in the
neocortex may play a role in establishing the migratory cues attracting the proliferating
neuroblasts. In addition to neurotrophins, we examined protein levels of c-JNK, a regulator
of cell migration [32]. Inhibiting JNK affects the migration of several different cell types
[39, 40]. In our study compared to controls, p-JNK was induced in the neocortex in the TGI
animals and peaked by the third day. It is suggested, therefore, that sublethal TGI primes the
neocortical microenvironment by upregulating the expression of several neurotrophic factors
and migration-associated proteins. We recognize, however, that the present investigation
was not aimed to demonstrate a causal relationship between detected upregulation of trophic
factors and increased neurogenesis. Based on widely accepted conscience, it is possible that
the observed increases of the trophic/growth factors may directly or indirectly promote the
post-TGI neurogenesis and cell migration.

DCX is regarded as a marker for migrating neuroplasts and may participate in some
neuronal plastic phenomena, such as neurite outgrowth and synaptogenesis [41, 42]. Many
studies have shown that DCX can be used as a convenient marker to label neurogenesis [43],
most of these were limited to areas surrounding the SVZ and DG [37, 44, 45]. DCX has also
been used to follow stroke-induced neurogenesis as well as the migration of neuronal
precursors toward the infarct boundary in the striatum [7]. The existence of DCX-positive
cells resident in the neocortex, as opposed to those that accumulate from insult-mediated
migration into this region, that also express mature neuron-specific markers was first
mentioned by Nacher [46]. The significance of DCX-positive cells in the neocortex has been
poorly understood. We show here via immunostaining that DCX-positive cells are present in
the neocortex. Compared to sham controls, there were more DCX-positive cells in the
neocortex 1 day after TGI. These numbers on both sides of the neocortex increased in the
following days and, 14 days after reperfusion, peaked at 2.5 times the numbers seen in the
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sham group. More importantly, the DCX-positive cells in the neocortex were not BrdU
positive, suggesting that they could not be recently generated cells.

In order to better characterize DCX-positive cells in the neocortex, we double-stained for the
well-established mature neuronal markers NeuN and NF. All DCX-positive cells in the
neocortex colocalized with both NeuN and NF, suggesting that a well-developed neuronal/
axonal network had been established. A subset of DCX-positive cells expressed the
glutamatergic neuronal marker NR1 or the gamma-aminobutyric-acid (GABA)ergic
neuronal marker GADG67, providing further evidence that at least some of these cells were
differentiated mature neurons. The DCX-positive cells were significantly increased in the
cortex just 1 day after TGI, a time point when SVVZ-derived cells unlikely reached this area
and differentiated into mature neurons. It appears that DCX may participate in the stress
response after sublethal TGI. We suggest that more comprehensive evaluations of DCX-
positive cells are needed to identify migrating activity in the postinjury/poststress brain.
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Fig. 1.

Sublethal global ischemia reduced CBF but did not induce cell death. a The laser Doppler
scanning images (left column) and laser Doppler probe single point measurement (right
column) show CBF before (top), 1 min after (middle) CCA occlusion, and right after
reperfusion (bottom) in the right hemisphere. The color in the laser scanning image
represents the level of the blood flow; color standard bar is shown on the tope where the
blood flow level (black to red) stands for 0 to 10 (maximal). In the laser Doppler single
point panel, the arrowhead points to the line representing the level of CBF. b Average of
mean image values in laser scanning imaging at different time points. Cerebral blood flow
showed 65% reduction after CCA and restored after reperfusion. *P<0.01. N=6 in each
group. c—e TUNEL (green), NeuN (red), and Hoechst 33342 (blue) staining 7 days after
transient global ischemia showed that there was no delayed neuronal death in either side of
the neocortex and hippocampus (). The hollow circles showed TUNEL-positive cells
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(green) which indicated the natural cell death in the brain. The insert provides a positive

control of TUNEL staining, showing massive cell death (green) in the hippocampus after an
11-min TGl in C57BL/6 mouse. Bar=100 pm in ¢ and d. Bar=200 pm in e
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Fig. 2.

BrdU-positive cells in different brain regions after sublethal global ischemia. BrdU
immunostaining for proliferating cells in the SVZ, corpus callosum (CC), septum (Sep),
striatum, and cortex. a, b More BrdU-positive cells (red) were seen in corpus callosum 1
day after sublethal transient global ischemia (b) compared to sham group (a). Hoechst
33342 staining (blue) showed cell nuclei. ¢, d The BrdU-positive cells (red) in areas
surrounding SVZ (Spt, St, and CC) 7 days after TGI in the sham-operated group (c) and the
TGI group (d). There were more BrdU-positive cells in these areas in TGI animals. e BrdU-
positive cells were counted and statistically analyzed in Spt, CC, St, and CTX, separately.
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The black bar represents sham control and gray bar represents TGI animals (N=6 in each
group). *P<0.05 compared to controls
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Fig. 3.

Upregulation of neurotrophic and neurogenetic factors after sublethal TGI. Western blot
analysis was performed for both hemispheres to detect expression of EPO, EPOR, FGF-2,
and VEGEF protein levels at different days after TGI. a Representative Western blotting in
the neocortex 1, 2, 3, and 7 days after sublethal TGI. Beta-actin was used as loading control.
b—e Quantification of the expression of neurotrophic and neurogenetic factors EPO (b),
EPOR (c), FGF-2 (d), and VEGEF (e) at different days after the TGI. The gray intensity of
corresponding bands was normalized to B-actin. N=3 independent assays in each group at
each time point. *P<0.05 compared with controls
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Fig. 4.

Upregulation of P-JNK after sublethal TGI. JNK and phosphor-JNK (p-JNK) were detected
by Western blot in the neocortex 1, 2, 3, and 7 days after sublethal TGI. a Representative
Western blot gel shows the level changes of JNK and p-JNK at different days after TGI. b
Quantification of the expression ratio of p-JNK to total INK 1, 2, 3, and 7 days after TGI.
Three days after reperfusion, the expression of p-JNK was significantly higher in TGI group
compared to sham group. *P<0.05 compared to sham group. N=3 in each group at each time
point
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Fig. 5.

Sublethal global ischemia enhanced neurogenesis in DG. Immunohistochemical staining
was applied to detect BrdU-positive cells and colocalization with NeuN. a, b More BrdU-
positive cells (red) were seen in the SGZ in the TGI group (b) than in the sham-operated
group (a) 7 days after ischemia. c—f Higher magnification images show NeuN- (c) and
BrdU-positive (d) cells in the dentate gyrus 7 days after TGI. The colocalization of NeuN
and BrdU was confirmed by confocal imaging shown in e and f. Note colocalization of red
and green colors in the side images. g BrdU-positive cells were quantified 1-21 days after
TGl in both ischemia and sham groups. N=6 in each group. *P<0.05 compared to controls.
Bar=100 pm in a and b. Bar=10 um in c—f
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Sublethal global ischemia enhanced DCX-positive cells in the neocortex. Confocal imaging
of NeuN and DCX double staining in the neocortex of the control and TGI brain. a, b NeuN
(red) and DCX (green) labeling, respectively. ¢ The confocal image shows overlapping of
NeuN and DCX staining. Note the colocalization of red and green colors in the two side
images. d Quantification of DCX-positive cells in both left and right hemispheres, counted
1-21 days after TGI and compared with sham groups. TGl significantly stimulated DCX
expression. By 21 days after TGI, DCX expression subsided. *P<0.05 compared to control.
N=6 in each group. e The diagram shows the area outlined by dotted line where the image f
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was taken from. f DCX-positive cells distributed in the neocortex in the layers I, I11, and V.
Bar=10 um in a—c. Bar=100 um in f
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Fig. 7.

DCX-positive cells colocalized with mature neuronal markers. Confocal imaging analysis of
colabeling of DCX and neuronal markers in the neocortex 7 days after TGI. a—c NeuN
(blue), DCX (green), and GAD67 (red) staining, respectively. d The three-dimensional
confocal image shows colabeling of NeuN and the GABAergic neuronal marker GADG67.
Note the colocalization of green and red colors in side images. e-g NeuN (blue), DCX
(green), and NR1 (red) staining, respectively. h The confocal image shows colocalization of
DCX with the glutamatergic NMDA receptor gene NR1. i-k Enlarged images showed that
DCX (red) colocalized with another mature neuronal marker neurofilament (NF; green).
Bar=10 pm in a-h. Bar=5 um in i-k
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