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Neuroglobin promotes neurogenesis
through Wnt signaling pathway
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Abstract

Neuroglobin (Ngb) has been demonstrated by our lab and others to be neuroprotective against neurological disorders
including stroke. However, the roles of Ngb in neurogenesis remain elusive. Neurogenesis can occur in adulthood and
can be induced by pathological conditions in the brain such as stroke, and significantly contributes to functional
recovery, thus enhancing endogenous neurogenesis may be a promising therapeutic strategy for neurodegenerative
diseases. In this study we aimed to investigate the roles of Ngb in neurogenesis using Lentivirus overexpressing Ngb
(Lv-Ngb). We show that Ngb overexpression promoted the proliferation of neural progenitor cells (NPC) marked by
increased neurosphere number and size. Ngb overexpression also enhanced neuronal differentiation of cultured NPC
under differentiation conditions. Moreover, subventricular injection of Lv-Ngb in mice after middle cerebral artery
occlusion (MCAQ) increased PSA-NCAM positive neuroblasts and Tuj1 positive immature neurons, suggesting that
Ngb overexpression promotes neurogenesis in mice brain after stroke. We further show that the pro-neurogenesis
effect of Ngb overexpression might be mediated through DvlI1 up-regulation, and subsequent activation of Wnt
signaling, indicated by increased nuclear localization of beta-catenin. These results suggest that Ngb may play an
important role in promoting neurogenesis in neurodegenerative diseases such as stroke, which may eventually benefit
the development of stroke therapeutics targeting neurogenesis through Ngb upregulation.

Introduction

Neuroglobin (Ngb) is an oxygen-binding globin protein
predominantly expressed in brain neurons. Since its dis-
covery in 2000", a large body of evidence by our lab and
others have demonstrated that Ngb is an endogenous
neuroprotective molecule against neurodegenerative dis-
eases including stroke and brain trauma®~®. Enhanced
Ngb gene expression reduces the histological and func-
tional deficits after stroke®™®. Conversely, Ngb knock-
down deteriorates the outcome of hypoxic/ischemic brain
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injury'®. Ngb has been demonstrated to be a molecular
sensor for hypoxia-induced oxidative stress and a sca-
venger of free radicals®''. Ngb may also function as a
guanine nucleotide dissociation inhibitor (GDI), inhibit-
ing GDP dissociation from Ga subunit of G protein and
therefore reducing cell death'”. Additionally, Ngb may
exert its neuroprotective effect through preserving mito-
chondrial function and intervening apoptosis pathways
via interaction with mitochondrial proteins VDAC and
Cyt-c>'®*, The neuroprotective effect of Ngb is not
limited to stroke. For example, Ngb overexpression is also
protective against beta-amyloid induced neurotoxicity
and Alzheimer’s phenotypes'”. Clinical studies revealed
that Ngb protein level is decreased during aging'®,
implying a role of Ngb in aging-related neurodegenera-
tion. These findings support that Ngb is a promising
therapeutic  target for promoting endogenous
neuroprotection.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction

BY in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecormmons.org/licenses/by/4.0/.

Official journal of the Cell Death Differentiation Association

SPRINGER NATURE
CDDpress


http://creativecommons.org/licenses/by/4.0/
mailto:Yu.Zhanyang@mgh.harvard.edu
mailto:Wangxi@helix.mgh.harvard.edu

Yu et al. Cell Death and Disease (2018)9:945

Despite the well established neuroprotective function of
Ngb, whether it is also involved in neurogenesis has not
been clarified. Neurogenesis is a process of generating
functional neurons from precursor cells. It has been
widely recognized that neurogenesis can occur not only in
embryonic and perinatal stages, but also in adulthood of
mammals’’. Adult neurogenesis is a complex process
consisting of proliferation, differentiation, migration,
survival and functional integration of newly formed neu-
rons to existing neuronal circuits'”. The two prominent
regions of adult neurogenesis are the subventricular zone
(SVZ)'®72° and subgranular zone (SGZ) of dentate gyrus
(DG)?'. Studies using conditional NPC ablation technique
confirmed that neurogenesis following brain injury such
as stroke significantly contributes to the brain function
recovery””. Exogenous stem cell therapies, namely trans-
plantation of induced pluripotent stem cells (iPSC),
mesenchymal stem cells or embryonic stem cells, have
been proved to be beneficial for brain recovery in animal
stroke studies?®>?*, however they are still far from clinical
practice due to adverse side effects such as tumor for-
mation and immune-reaction®”. These findings support
that promoting endogenous neurogenesis might be a
more promising strategy for treatment of neurological
diseases.

Interestingly, a number of studies imply a potential role
of Ngb in neurogenesis. Ngb has been reported to be
expressed early in the course of neuronal differentiation®.
Moreover, mitochondria play a key role in neurogenesis
by providing ATP as the energy for cytoskeleton remo-
deling and neurite outgrowth®’. Our lab has demon-
strated that Ngb preserves mitochondrial ATP
production®, and is physically localized inside mitochon-
dria®®*®, therefore Ngb may engage in neurogenesis via
improving mitochondrial function. Importantly, adult
neurogenesis can be induced under pathological condi-
tions such as stroke'®3°, which is in line with experi-
mental studies that mild hypoxia®"*? oxidative stress®’
and HIF-1%* can stimulate neurogenesis and neuronal
differentiation. Since Ngb is inducible by both hypoxia®
and HIF-1%, and acts as a sensor for oxidative stress®>*’,
these findings strongly suggest a potential role of Ngb in
neural progenitor cell (NPCs) proliferation and neuronal
differentiation in neurological disorders. In this study we
therefore aim to investigate the roles and mechanisms of
Ngb in neurogenesis using Ngb overexpression in cul-
tured NPC, and further validate it in mice stroke models.
As we have established a cell based screening system for
identifying compounds that upregulates endogenous Ngb
expression’®, this study may benefit the development of
stroke treatment targeting neurogenesis through Ngb
upregulation.
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Materials and methods
Animals

All animal experiments were performed following pro-
tocols approved by the Massachusetts General Hospital
Institutional Animal Care and Use Committee in com-
pliance with the NIH Guide for the Care and Use of
Laboratory Animals.

Neural progenitor cell culture

SVZ neural progenitor cells were isolated from normal
mice at age of 10-11 weeks and dissociated with
mechanical trituration. The cells were then plated at a
density of 2 x 10* cells/ml in Dulbecco’s modified Eagle’s
Medium-F12 (DMEM/F12) (Invitrogen) containing L-
glutamine (2 mM), glucose (0.6%), putrescine (9.6 pg/ml),
insulin (0.025 mg/ml), progesterone (6.3 ng/ml), apo-
transferrin (0.1 mg/ml), and sodium selenite (5.2 ng/ml),
20 ng/ml of epidermal growth factor (EGF) (R&D Sys-
tems, Minneapolis, MN), and 20 ng/ml of basic fibroblast
growth factor (bFGF) (R&D Systems). After incubation at
37°C for a few days, neurospheres were generated (pri-
mary sphere), and passaged by mechanical dissociation
and reseeded at a density of 20 cells/pl in bFGF- and EGF-
containing media (passage 1 cells). The cells were then
used for various experiments. These cells were cultured in
reduced growth medium containing 10 ng/ml of EGF and
10 ng/ml of bFGEF.

To analyze the formation of secondary neurospheres,
passage 1 neurospheres were collected and digested with
0.05% trypsin-EDTA (Invitrogen) for 5 min at 37 °C. They
were then gently triturated with a fire-narrowed Pasteur
pipette, spun down at 400 rpm for 3 min, re-suspended in
the reduced growth medium, and plated at 1 x 10*cells/ml
in each well of a 24-well plate (Corning). The number of
neurospheres was counted at 7 days in vitro.

To analyze NPC proliferation, bromodeoxyuridine
(BrdU) (20 pg/ml), the thymidine analog that is incorpo-
rated into the DNA of dividing cells, was added into
culture medium 18 h before the cells were examined by
immunostaining using anti-BrdU antibody.

To study the differentiation of NPC, neurospheres were
mechanically dissociated to single cells, and then plated
(2.5 x 10* cells/cm?) onto laminin-coated glass coverslips
in differentiation medium, which is DMEM/F12 con-
taining 2% fetal bovine serum (FBS) but without the
growth factors, for 7 days. Immunocytochemistry was
performed with various antibodies (see below) to deter-
mine the phenotypes of NPC differentiation.

Lentivirus packaging
Mouse Ngb c¢DNA sequence was cloned into
parental vector pCDH-MSCV-MCS-EF1-Puro (System
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Biosciences, Palo Alto, CA) between the Xba I and BamH
I sites. Control vector pCDH-MSCV-MCS-EF1-GFP
containing GFP gene was also purchased from System
Biosciences. Viral packaging and titer determination were
performed by MGH Viral Core Facility (Charlestown,
MA, USA).

Lentivirus transduction into NPC

To transfect the cultured NPCs with the lentiviral par-
ticles, 50 ul viral solution (1 x 10° TU/ml) were added to
proliferating NPC in 6-well dishes, incubated for 24 h, and
then washed 3 times to stop the infection. The expression
of the infected genes was confirmed by mCherry or GFP
expression by fluorescence microscopy and Western blot
analysis.

Immunocytochemistry

Immunocytochemistry was performed as we previously
described®. Briefly, cultured neurospheres or differ-
entiated NPCs were washed with cold PBS (pH 7.4), and
fixed with 4% paraformaldehyde (PFA) for 30 min. The
cells were then washed with cold PBS containing 0.1%
Tween for 4 times, 5 min each wash, and further blocked
with 5% FBS for 1h. Next the cells were incubated with
the following primary antibodies: anti-Nestin (1:300,
Abcam), anti-doublecortin (Dcx) (1:300, Abcam), mouse
anti-BrdU (1:100; Roche Applied Science), mouse anti-p-
tubulin IIT (Tuj-1, 1:500; Covance), rabbit anti-B-catenin
(1:1000, Abcam), rabbit anti-glial fibrillary acidic protein
(GFAP) (1:500; Invitrogen), mouse anti-PSA-NCAM
(1:200, ThermoFisher). After PBS washing, the cells
were then incubated with the primary antibodies listed
above and with Cy3- or fluorescein isothiocyanate (FITC)-
conjugated secondary antibodies. Vectashield (Vector
Laboratory, Burlingame, CA) was used to coverslip the
immunocytochemic slides. Immunostaining was analyzed
using a fluorescence microscope (Olympus BX51).
Quantification of neurite length in differentiated imma-
ture neurons (Tuj-1 positive) was performed using
ImageJ-Neurite Tracer.

Nulcear protein isolation

Nuclear extract was prepared from cultured NPCs or
mouse brain tissue using NE-PER Nuclear and Cyto-
plasmic Extraction Reagents (Pierce) following the man-
ufacturer’s instructions. Briefly, for cultured cells, the cells
were collected and washed with PBS, then re-suspended
in cytoplasmic extraction regents I (CER I). For brain
tissue, the tissue was homogenized in CER I using Dounce
Homogenizer. The samples were then vigorously vortexed
for 15 followed by incubation on ice for 10 min. Then
cytoplasmic extraction regents II (CER II) was added to
the tube, vortexed for 5 s, and incubated on ice for 1 min.
The tube was vortexed again for 5s, followed by

Official journal of the Cell Death Differentiation Association

Page 3 of 12

centrifugation at highest speed (16,000 x g) for 5 min.
Then the supernatant (cytoplasmic extract) was trans-
ferred to another tube. The pellet (containing nuclear
extract) was suspended in appropriate volume of nuclear-
extract reagent (NER), vortexed for 15 s every 10 min on
ice, for total 40 min. Then the tube was centrifuged at
16,000 x g for 10min, and the supernatant (nuclear
extract) was transferred to a new tube for further analysis.

Western blot

Western blot was performed as we previously descri-
bed®. Briefly, total protein extract was prepared by
homogenizing cultured NPC or mice brain tissue using
lysis buffer. The concentration of either total protein or
isolated nuclear protein was measured with Bradford
reagent (Bio-Rad laboratories, Hercules, CA), and
30-50 pg protein from each sample was loaded onto a
SDS gel for electrophoresis and transferred to nitro-
cellulose membranes. The blots were reacted with the
following primary antibodies: chicken anti-Ngb (1:2000;
BioVendor, Candler, NC), mouse anti-Dvl1 (1:1000, Santa
Cruz), rabbit anti-p-catenin (1:1000, Abcam), mouse anti-
Histone-H3 (1:1000, cell signaling), mouse anti-p-actin
(1:5000, Millipore, Billerica, MA) as a control in a solution
containing 0.05% Tween-20, 1% bovine serum albumin,
and 4% nonfat dry milk at 4 °C overnight. The membrane
was incubated with the corresponding horseradish
peroxidase-conjugated secondary antibody (1:2000) for
1h at room temperature. An enhanced chemilumines-
cence system (Pierce; Thermo Fisher Scientific) was used
for antibody detection.

Transient cerebral focal ischemia

Anesthesia was induced with 1.5% isoflurane in a mix-
ture of 70% nitrous oxide and 30% oxygen delivered by
face mask. Focal cerebral ischemia was induced by
introducing a silicone-coated 6—0 monofilament until it
occluded the origin of the right MCA. The rectal tem-
perature was maintained at 37 £ 0.5°C and the regional
cerebral blood flow of the right front parietal cortex was
continually monitored during the surgical procedure. The
filament was withdrawn after 45 min to allow reperfusion
of the ischemic hemisphere. The operator was blinded to
the treatment status of the animals.

Introcerebroventricular (ICV) injection of lentivirus in mice

To administer the virus, the mice were anesthetized by
1.5% isoflurane and positioned on a stereotactic frame
(SR-6N; Narishige, Tokyo, Japan). The skin over the
skull was incised, and a small hole was made in the skull
above the target using a microdrill. The stereotactic
coordinates were as following: anteroposterior (AP),
—0.4 mm; mediolateral (ML), —1.0 mm; dorsoventral
(DV), —3.0 mm from the bregma for injection into the
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Fig. 1 Cultured neurospheres have phenotypes of neural progenitor cells. Neurosphere was cultured from isolated adult mouse SVZ region.
Neurospheres were formed after 7 days. Neurosphere phenotype was examined by immunostaining for neural progenitor cell marker nestin and
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right lateral ventricle. The mice were injected
unilaterally with 6 pl lentivirus solution (1 x 107 TU/ml)
using a 10 pl Hamilton syringe with a 0.52 mm needle
(Hamilton Co., Reno, NV). The virus was injected over
10 min, and the needle was left in place for 5 min prior
to withdrawal.

Immunohistochemistry

Before being sacrificed, mice were treated with anes-
thetized by 1.5% isoflurane and cardio-perfused
with  saline. The brain was dissected and
sectioned using cryostat, sections being stored at -80 °C.
Before immunohistochemistry, brain slices were air
dried and fixed in 4% paraformaldehyde, then blocked
in 5% fetal bovine serum for 80min. After
incubation overnight at 4 °C with rat anti-mouse PSA-
NCAM (1:100, ThermoFisher), anti-Tujl (1:100, Cov-
ance), the sections were washed with PBS, and then
incubated with FITC- or TRITC-labeled secondary
antibodies at room temperature for 1h. After washing
with PBS, slides were cover-slipped with Crystal mount
(Biomeda), and analyzed using fluorescence microscope
(ECLIPSE Ti-s, Nikon). For quantification of PSA-
NCAM and Tujl positive cells in mice after stroke,
the Area of Interest (AOI) is peri-infarct brain region
including cortex, hippocampus and SVZ. Five sections
per mice were digitized using a x20 objective, and the
PSA-NCAM and Tujl positive cells were counted in a
blinded way.
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Statistical analysis

All data were expressed as mean + SD. The number of
samples was 6 per group for mice stroke models and 6 per
group for in vitro experiments. The power calculation was
performed using information collected from a preliminary
study that was conducted under the same conditions.
Multiple comparisons were evaluated by one-way
ANOVA followed by Tukey—Kramer’s tests. For all com-
parisons, p < 0.05 was considered statistically significant.

Results
Cultured neurospheres have phenotypes of neural
progenitor cells (NPC)

NPC isolated from the SVZ of adult mouse were plated
at a density of 20 cells/ul in DMEM/F12 containing
progesterone, insulin, transferrin, bFGF and EGF. Neu-
rospheres were formed after 7 days in vitro. We then
performed immunocytochemistry for the neurospheres
using antibodies against nestin and doublecortin (Dcx),
the NPC markers. Our results show that the majority
of cells in neurospheres were nestin- and Dcx-
immunoreactive (Fig. 1), indicating that the cultured
neurospheres have phenotypes of neural progenitor cells.

Ngb overexpression promotes the proliferation of cultured
NPC

To investigate the roles of Ngb in neurogenesis, we first
tested the effect of Ngb-overexpression on the prolifera-
tion of cultured NPCs. Ngb overexpression was achieved
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Fig. 2 Ngb overexpression promotes NPC proliferation. Lentivirus containing Ngb (Lv-Ngb) or GFP (Lv-GFP) were transduced to neurosphere at
day 2 of culture. NPC proliferation was examined by measuring neurosphere number and size, and BrdU corporation 6 days later. a Lv-GFP
transduction into neurosphere and microscopic imaging of GFP; b The efficiency of Lv-Ngb transduction was tested by measuring Ngb protein level
in neurosphere using Western blot. (n =4, * p < 0.05vs Lv-GFP). ¢ Representative images of cultured neurosphere; d Quantification of relative
neurosphere number, e Quantification of relative neurosphere size (n =6, *p < 0.05 vs Lv-GFP); f Representative images of BrdU immunostaining;
g Quantification of the percentage of BrdU positive cell (n =4, *p < 0.05 vs Lv-GFP)
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through transduction of Lentivirus containing Ngb gene
(Lv-Ngb) at day 2 of neurosphere culture. Lentivirus
containing GFP (Lv-GFP) was used as control. We show
that the lentivirus was successfully transduced into cul-
tured NPCs indicated by GFP expression (Fig. 2a). Wes-
tern blot showed that Ngb protein level in Lv-Ngb group
was significantly increased compared to normal or Lv-
GFP group (Fig. 2b).

We next found that, at 7 days in NPC culture, the number
and size of Lv-Ngb transduced neurospheres were sig-
nificantly higher than normal or Lv-GFP groups (Fig. 2c—e).
To further study the effect of Ngb overexpression on NPC
proliferation, we added BrdU in culture medium and
measured BrdU incorporation 18 h later by immunostain-
ing. Lv-Ngb transduction significantly increased the num-
ber of BrdU positive cells compared to normal or Lv-GFP
transduced cells (Fig. 2f, g). These data suggest that Ngb-
overexpression promotes NPC proliferation.
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Ngb overexpression promotes neuronal differentiation of
cultured NPC

We next investigated the effect of Ngb overexpression
on NPC differentiation. Cultured neuroshperes were dis-
sociated into single cells and plated in differentiation
medium (DMEM/F12 + 2%FBS). Lentivirus was trans-
duced on day 2 of culture, and differentiated cells were
examined by immunocytochemistry using anti-Tujl
(immature neuron maker) and anti-GFAP (astrocyte
marker) antibodies. We show that the percentage of Tujl
positive cells in Lv-Ngb transduced NPCs was significantly
higher than control groups (Fig. 3a, b). Furthermore, the
neurite length of Tujl positive cells was quantified with
ImageJ-Neurite Tracer. The average neurite length of
newly differentiated neurons in Lv-Ngb transduced NPCs
was significantly increased compared to control groups
(Fig. 3c). These data suggest that Ngb overexpression may
enhance neuronal differentiation of cultured NPC.
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Fig. 3 Ngb overexpression promotes neuronal differentiation of cultured NPC. NPC was cultured in differentiation medium (DMEM/F12 + 2%
FBS) and Lentivirus containing Ngb or GFP gene was transduced on day 2 of culture. Differentiated cells were examined by immunocytochemistry
using anti-Tuj1 (immature neuron maker) and anti-GFAP antibodies. NPC differentiation was examined by immunostaining for Tuj1 (immature
neuron) and GFAP (astrocytes). a Representative images of Tuj1 and GFAP immunostaining; b Quantification of percentages Tuj1 positive cells,

Average neurite length ©

Normal Lv-GFP Lv-Ngb

Wnt signaling regulates the effect of Ngb in promoting
NPC proliferation and neuronal differentiation

Wnt signaling involving Dvll and p-catenin is an
important pathway that regulates adult neurogenesis*>*".
To dissect the potential mechanisms of the effect of Ngb
overexpression on neurogenesis, we investigated the roles
of Wnt signaling in this process. We first investigated the
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effect of Ngb overexpression on the expression of Wnt
signaling components. We show that Ngb overexpression
significantly increased Dvll protein level in cultured
NPCs compared to control, whereas the total protein level
of B-catenin, a key component of canonical Wnt signal-
ing*!, was not obviously changed (Fig. 4a, b). Since B-
catenin first accumulates in cytoplasm and subsequently
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Fig. 4 Wnt signaling is involved in the promotional effect of Ngb overexpression on neurogenesis. To investigate the mechanisms of the
neurogenesis promotional effect by Ngb overexpression, we examined the protein levels of Dvl1 and f-catenin, the two key components of Wnt
signaling, after Lv-Ngb transduction in cultured neurosphere. a Representative Western blot images for DvI1 and -catenin using cell lysate of
cultured NPCs. B-actin was used as loading control. b Quantification of DvI1 protein level; ¢ Immunostaining for B-catenin in cultured NPC; d
Representative Western blot images and e quantification of 3-catenin in isolated nuclear proteins. Histone-H3 was used as nucleus loading control
(n=47% p<0.05 vs Lv-GFP). We further used a Wnt inhibitor, IWR-endo, to test the involvement of Wnt signaling in the neurogenesis promotional
effect by Ngb overexpression; f Relative neurosphere number after Lv-Ngb transduction and IWR-endo treatment; g Relative neurosphere size after
Lv-Ngb transduction and IWR-endo treatment; h The percentage of Tuj positive cell numbers in NPC differentiation after Lv-Ngb transduction and
IWR-endo treatment (n =4, *p <0.05 vs Lv-GFP, #p <0.05 vs Lv-Ngb)
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translocates to nucleus to function as a transcriptional
coactivator of Wnt target genes*?, we further examined
the nuclear localization of p-catenin in cultured NPCs.
Ngb overexpression significantly increased the nuclear
distribution of B-catenin by both immunocytochemistry
(Fig. 4c) and Western blot for isolated nuclear proteins
(Fig. 4d, e), suggesting that Ngb may affect Wnt signaling
by regulating the nuclear translocation of B-catenin.

To further define the roles of Wnt signaling in the
promotional effect of Ngb on neurogenesis, we used a
Whnt inhibitor, IWR-endo™, to treat cultured NPCs. We
show that IWG-endo treatment partially reversed the
promotional effect of Ngb overexpression on both neu-
rosphere number and size (Fig. 4f, g). Furthermore, for
NPCs under differentiation conditions, IWG-endo also
partially but significantly blocked the promotional effect
of Ngb on neuronal differentiation marked my Tujl
immunostaining (Fig. 4h). These data suggest that the
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effect of Ngb overexpression on neurogenesis is at least in
part via Wnt signaling.

Ngb overexpression enhances neurogenesis after transient
focal ischemic stroke in mice

To further validate the roles of Ngb in neurogenesis
under pathological conditions, we examined whether Ngb
overexpression may alter neurogenesis after ischemic
stroke. We made transient MCAOQO (45 min) stroke models
in mice. Intracrebroventricular (ICV) injection of Lv-Ngb
or Lv-GFP was performed at 2 days after stroke. Western
blot shows that ICV injection of Lv-Ngb significantly
increased Ngb protein level in peri-infarct cortex at 3 days
after injection (Fig. 5a). Moreover, GFP fluorescence
imaging confirms the successful transduction of Lv-GFP
(Fig. S1). At 7 days post MCAO, the mice were sacrificed
and sectioned for immunostaining of neuroblast marker
PSA-NCAM. MCAO significantly increased PSA-NCAM
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Fig. 5 Ngb overexpression improved neurogenesis in mice after MCAO. To test the effect of Ngb overexpression on neurogenesis after stroke,
we performed transient MCAQO in mouse and administered Lv-Ngb or Lv-GFP through ICV injection at 2 days after stroke. a Ngb protein level was
measured by Western blot to confirm Ngb overexpression by Lv-Ngb transduction at 5 days post stroke. NPC proliferation was assessed at 7 days
post stroke using PSA-NCAM immunostaining. b PSA-NCAM immunostaining in SVZ area; ¢ Quantification of PSA-NCAM positive cells in SVZ regions;
d PSA-NCAM immunostaining in peri-infarct cortex region; e Quantification of PSA-NCAM positive cells in SVZ regions. Furthermore, differentiated
immature neurons were assessed at 10 days post stroke using Tuj1 immunostaining. f TujT immunostaining in hippocampus region; g Quantification
of Tuj1 positive cells in hippocampus region; h TujT immunostaining in peri-infarct cortex region; i Quantification of Tuj1 positive cells in peri-infarct
cortex area. (n=6,% p<0.05 vs sham, #p <0.05 vs MCAO Lv-GFP)

positive neuroblast numbers in SVZ and peri-infarct
cortex compared to sham (MCAO Lv-GFP control
group), whereas Ngb-overexpression further significantly
increased the number of PSA-NCAM positive neuroblasts
in SVZ (Fig. 5b, ¢) and in peri-infarct cortex (Fig. 5d, e)
compared to MCAO Lv-GFP group.

Moreover, we performed immunohistochemistry for
Tujl as a marker of newly generated immature neurons at
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14 days post MCAO. MCAO significantly increased the
number of Tujl positive cells in hippocampus and peri-
infarct cortex compared to sham group, whereas Ngb-
overexpression by Lv-Ngb further significantly increased
the number of Tujl positive cells in hippocampus
(Fig. 5f, g) and in peri-infarct cortex (Fig. 5h, i). These data
indicate that Ngb overexpression may promote neuro-
genesis in mice after stroke.
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Effect of Ngb overexpression on DvI1 and B-catenin
protein levels after stroke

To further investigate the involvement of Wnt
signaling in Ngb-overexpression-induced neurogenesis,
we tested the protein levels of Dvll and B-catenin in
peri-infarct area of mice brain at 5 days after MCAO.
Similar as in vitro data, for total tissue lysate, we
found that Ngb overexpression significantly increased
Dvll protein level compared to Lv-GFP group after
MCAO, whereas the total protein levels of B-catenin
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was not obviously changed (Fig. 6 a—c). However, for
nuclear extract from mice brain, Western blot
shows that MCAO increases B-catenin level in nucleus
compared to sham, whereas Ngb overexpression further
significantly increased the nuclear [-catenin level
compared to Lv-GFP group (Fig. 6 d, e). These data
imply that Wnt signaling components Dvll and
B-catenin might be at least partially involved in the
promotional effect of Ngb overexpression on post-
stroke neurogenesis.
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Discussion

In the present study, we found that Ngb overexpression
promotes both proliferation and neuronal differentiation
of cultured NPCs in vitro. Moreover, Ngb overexpression
significantly enhanced the number of neuroblasts and
newly differentiated immature neurons in mice after
stroke. Mechanistically, we found that Ngb over-
expression increased the levels of Dvl1, an effector of Wnt
signaling pathway, and also enhanced the nuclear locali-
zation of B-catenin in both cultured NPC and mice brain
after stroke. Moreover, the Wnt inhibitor significantly
ameliorated the promotional effect of Ngb overexpression
on NPC proliferation and neuronal differentiation. These
data suggest that Ngb overexpression may promote neu-
rogenesis after stroke, at least in part via Wnt signaling.

Recent experimental findings suggest that neuronal
replacement by endogenous neural stem cells (NSCs)
significantly contributes to the functional improvement
after stroke™**, which mainly occurs in SVZ and SGZ,
and also in other brain regions along the ventricular
system under pathological conditions*. In this study we
observed significantly increased neuroblasts in SVZ after
stroke, which confirms the stroke-induced neurogenesis.
However, to achieve more neural repair for functional
recovery after stroke, this endogenous neurogenesis needs
to be further enhanced. In this study we for the first time
demonstrated that Ngb-overexpression further enhances
stroke-induced neurogenesis, putatively though Wnt sig-
naling. As our lab and others have extensively docu-
mented that Ngb confers neuroprotection against stroke
through ROS scavenging, improving mitochondrial
function and suppressing apoptosis™*’, the findings in this
current study will broaden our understanding of Ngb
functions in stroke pathogenesis, and suggest that the
enhanced neurogenesis may be an additional mechanism
contributing to the improved neurological outcomes after
stroke by Ngb overexpression®.

A large volume of studies have suggested that activation
of endogenous neurprotection mechanisms might be a
more promising strategy for stroke treatment. Our finding
of Ngb promoting neurogenesis may open a new avenue
for stroke treatment. We have established a cell based
screening system and identified a few chemical com-
pounds that up-regulate endogenous Ngb expression’®,
which may facilitate the development of stroke ther-
apeutics targeting neurogenesis through Ngb upregula-
tion. In this study we performed ICV injection of Lv-Ngb
at 2 days and detected elevated Ngb protein level at 5 days
after MCAO, which approximately corresponds to sub-
acute phase of stroke. In future studies it may be neces-
sary to try later time points to better mimic a treatment at
recovery phase of stroke.

With the pro-neurogenesis role of Ngb overexpression
being presented above, however, a very recent study using
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Ngb-knockout (Ngb-KO) NSC drew controversial con-
clusion, in that Ngb loss leads to increased growth and
proliferation of cultured embryonic NSC*®, A potential
explanation for this contradiction is that inborn Ngb
deficiency might induce compensatory mechanisms dur-
ing development. Similar contradictions have been seen in
the study by Hundahl et al** showing that Ngb deficiency
in mouse does not affect neuronal survival in severe
hypoxia, which is also controversial to the big volume of
evidence that Ngb overexpression protects against OGD/
Hypoxia. In future studies we may use cell type specific
and inducible Ngb gene knockout to further clarify these
controversies.

Dvl1 is a member of the disheveled protein family that is
involved in Wnt signaling pathways. Wnt signaling acti-
vates Dvl1, and triggers the stabilization of cytoplasmic f3-
catenin, which enters the nucleus and activates the tran-
scription of Wnt target genes, thereby playing key roles in
neurogenesis™. In this study we found that Ngb over-
expression increased Dvl1 level and nuclei localization of
B-catenin, suggesting enhanced Wnt signaling by Ngb
overexpression. Moreover, Wnt inhibitor blocked the
promotional effect of Ngb overexpression on proliferation
and neuronal differentiation of cultured NPCs. In mice
stroke models, stroke itself increased nuclei localization of
B-catenin, confirming the stroke-induced neurogenesis
pathway. Ngb overexpression further increased the nuclei
localization of B-catenin. These findings suggest that Ngb
overexpression might promote neurogenesis at least in
part through Wnt signaling. However, we did not inves-
tigate how Ngb overexpression may upreuglate Dvll
expression and nuclear translocalization of B-catenine,
which will be interesting subjects for future studies.

The proliferation and differentiation are generally con-
sidered opposite processes during development for a same
group of stem cells. There are multiple studies showing
one molecule or pathway that increases proliferation but
inhibit differentiation, or vice versa. For example, over-
expression of Dyrk1A, a member of Dyrk (dual-specificity
tyrosine-(Y)-phosphorylation regulated kinase) family, has
been reported to inhibit proliferation, but induce neuro-
nal differentiation of neural progenitor cells’’. On the
other hand, if proliferation or differentiation has been
initiated, some molecules/pathways may be able to affect
proliferation and differentiation toward the same direc-
tion. This notion has been validated by a large group of
experimental studies. For example, Esfandiari et al
reported that inhibition of GSK3 (Glycogen synthase
kinase 3) promotes both proliferation and neuronal dif-
ferentiation of human neural progenitor cells®>. More-
over, Neudesin®®, Runx1®*, and lithium® have been
reported to promote both proliferation and neuronal
differentiation of neural progenitor cells. Here we studied
the effect Ngb overexpression on proliferation and
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differentiation of culture NPCs when the cells were cul-
tured either in proliferation or differentiation conditions,
respectively, it is thus acceptable that Ngb overexpression
can promote both proliferation and neuronal differentia-
tion of neural progenitor cells.

Neurogenesis following stroke has been demonstrated
to be a series of sequential events including neural pro-
genitor cell proliferation, neuronal differentiation,
maturation and migration towards lesion areas®®.
Experimental studies show that after BrdU injection in
mice brain following stroke, the BrdU labeled cells are
first Dcx (immature neuron marker) immunoreactive for
a few weeks, then gradually lose this expression and
become NeuN (mature neuron marker) immunor-
eactive®°, It is therefore reasonable to speculate that the
increased number of neuroblasts (PSA-NCAM positive)
at 7 days post stroke in this study might result in an
increased number of nearly-mature neurons (Tujl posi-
tive) at 14 days after stroke, and may eventually contribute
to long term improved outcomes. Future studies may also
be interesting to investigate whether Ngb affects the
migration of new-born neurons towards lesion area, and
whether they can integrate with existing neural circuits.

Nevertheless, there are a few caveats in this study. First,
we did not use “loss-of-function” approach to define the
roles of Ngb in neurogenesis, which will be planned in
future studies using either siRNA or gene knockout
approaches. Second, we tested the roles of Ngb over-
expression in neurogenesis in ischemic stroke as an
example of pathological conditions, but we did not test
the functional outcomes after stroke. Additionally, whe-
ther Ngb also regulates neurogenesis in other conditions
such as brain trauma or hemorrhagic stroke were not
examined. These issues require careful investigation in the
future. Third, in this study we only examined the roles of
Wnt signaling in Ngb function in neurogenesis. As neu-
rogenesis is a complex physiological process, multiple
pathways other than Wnt signaling might also be
involved, such as Notchl®’, Sonic Hedgehog®®, bone
morphogenetic protein (BMP)>® and microRNA® etc.
Whether these pathways are also involved in the pro-
neurogenesis effect of Ngb warrants further investigations
in in the future.

Overall, in this study we for the first time demonstrated
that Ngb overexpression promotes both proliferation and
neuronal differentiation of cultured NPCs, and promotes
neurogenesis in mice after stroke, potentially through
Wnt signaling pathway. As endogenous Ngb upregulation
may be a more promising strategy for stroke treat-
ment*”®!, these findings will broaden the spectrum of the
neuroprotection mechanisms of Ngb in stroke. Since we
recently have established a cell based screening system,
and identified a few natural compounds that upregulate
endogenous Ngb expression, such as formononetin®®, in
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future studies we may use these Ngb-upregulating com-
pounds to treat animals at either acute phase of stroke to
confer neuroprotection, or at recovery phase to promote
neurogenesis. These investigations may eventually benefit
the development of therapeutic strategies targeting neu-
rogenesis for neurological disorders such as stroke.
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