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Abstract

Objective: Sub-ventricular Zone (SVZ) of the anterior horn of lateral ventricle is a source of neural stem cells
in the adult mammalian brain along with hippocampal Sub-granular Zone (SGZ). Previously, we demonstrated that
transient global brain ischemia in adult monkeys increases the number of neuronal progenitors in the SGZ via
G-protein-coupled Receptor 40 (GPR40) signaling. Sonic Hedgehog (SHH) is indispensable for ischemia-induced
neural progenitor proliferation in rodents. Although GPR40 is expressed in the SVZ, GPR40 synergy with SHH
remains unelucidated in adult SVZ neurogenesis. Here, we studied GPR40 implication in SVZ neurogenesis using
monkey model.

Methods: Adult monkeys underwent 20 min transient global brain ischemia by clamping both the innominate and
left subclavian arteries. On days 3, 4, 7, 9 and 15 after ischemia/reperfusion, when SVZ neurogenesis increases,
as it was shown previously by the authors, the brain samples were resected and normal and post-ischemic monkey
SVZ tissues were used for Western blot and immunofluorescence histochemistry analysis.

Results: Ischemia/reperfusion increased GPR40 protein levels, proliferation of GPR40-positive stem/progenitor
cells, the number of GPR40/PSA-NCAM or GPR40/doublecortin co-expressing immature neurons and GPR40-
positive microglial cells in the SVZ vascular niche. GPR40 up-regulation correlated with that of SHH, Notch1 and
B1-integrin; GPR40 co-localized with stem/progenitor cell markers in post-ischemic SVZ. GPR40-positive microglia
showed the highest SHH expression relative to other cell types. SHH binding to Patched1 in the cells that surrounded
GPR40/SHH-expressing microglia occurred within the distance of SHH paracrine secretion.

Conclusion: These data suggest that GPR40 is related to post-ischemic neurogenesis in the primate SVZ,
GPR40-positive microglia support SHH paracrine secretion in the SVZ, and the cross-talk between perivasucular
microglia and neuronal progenitors may be crucial in the vascular niche to activate neurogenesis by SHH and Notch1
signaling.
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Introduction

Most of the neurons in the Central Nervous System (CNS) are
produced during embryonic development, which was thought for long
years to be the only source of adult neurons. However, this dogma was
challenged by the discovery of neurogenesis in adult mammalians
[1]. Thereafter, it was demonstrated that the adult human brain is
capable for neuronal production [2] and migration of Neural Stem
Cells (NSCs) [3] which is required for learning [4] and memory [5].
Currently, two regions in adult mammalians are known to be involved
in neurogenesis: the hippocampus and the subventricular zone along
the walls of the lateral ventricle [6]. Since the subventricular zone is an
active neurogenic niche [2,7,8], a subpopulation of astrocytes with stem
cell features resides within the subventricular zone in mammalians [9]
including monkeys [10,11] and humans [8].

Sub-ventricular zone is located in the lateral walls of the lateral
ventricle, consisting of four distinct cellular layers in humans and
monkeys. The layer lining the lateral ventricles (Layer I) is a monolayer
of ependymal cells with basal expansions that are interconnected with
astrocytic processes in the hypocellularlayer (Layer IT). Layer II, is largely
devoid of cell bodies except for rare astrocytes and neuronal somata
[7]. It is suggested that the astrocytic and ependymal interconnections
in Layer II may control stem cell proliferation and differentiation.
A ribbon of astrocyte cell bodies (Layer III) is adjacent to Layer II.
Subpopulation of astrocytes within the Layer III represents a pool of
multipotent progenitor/stem cells. Layer IV, is a transition region to the
underlying brain parenchyma characterized by the presence of myelin
[7,8]. Subventricular zone in the anterior horn of the cerebral lateral
ventricle (abbreviated as SVZ in this paper) of adult mammals contains
multipotent progenitor/stem cells, which are supposedly maintained in
the vascular niche. SVZ is extensively vascularized by a rich plexus of
blood vessels [12,13]. Moreover, neural progenitors in the SVZ contact
with blood vessels at sites devoid of the blood brain barrier [13]. We
have previously shown that neuronal progenitor cells may derive from
adventitial cells of arterioles in primate brain [14].

SVZ contains a microenvironment of interacting cells and
extracellular molecules that promote neurogenesis [15,16]. Microglia
is present in the vascular niche of SVZ and directly interact with NSCs
to enhance neurogenesis [16,17] and oligodendrogenesis in SVZ [18].
It has been shown that microglia eliminate unnecessary cells, axons and
synapses in SVZ [19]. On the other hand, neural progenitors regulate
microglia, proliferation, migration, and phagocytosis via the secretion
of immunomodulatory proteins [20]. Cerebral ischemia enhances the
proliferation of neural progenitor cells in adult rodent SVZ [21]. We
have previously reported that the proliferation of progenitor cells in
monkey SVZ increases after Transient Global Brain Ischemia (TGBI)
with subsequent migration of a part of the progenitors to the rostral
migratory stream, and that ischemia increases the proportion of adult-
generated neural precursors retaining their location in SVZ for months
after injury [11].

GPR40 (also called FFARI) is a member of the subfamily of
homologous G-protein-coupled receptors with seven-transmembrane
domains [22]. GRP40 is a non-specific receptor for medium- and long-
chain Poly-unsaturated Fatty Acids (PUFA) including docosahexaenoic
and arachidonic acids, and their binding to GPR40 initiates an
intracellular signalling via phospholipase C and phosphatidylinositol
turnover [23,24]. GPR40 is predominantly expressed in the brain and
pancreas in primates [24]. GPR40 regulates insulin secretion in the
pancreas [23]. In humans and monkeys, GPR40 is expressed in the
neurons and astrocytes throughout the brain including the SVZ and
the subgranular zone of the hippocampal dentate gyrus [24,25]. GPR40
activation protects from neuronal inflammation and insulin resistance
[26]. GPR40 is thought to be closely related to the brain development,
adult neurogenesis, learning and memory [27-29]. We found that
GPR40 is expressed in the CNS of adult monkeys especially in neural
progenitors, new born neurons and astrocytes after TGBI in the
hippocampal neurogenic niche [28,30]. We also reported that GPR40
is up-regulated by PUFA in the monkey hippocampus after TGBI and
induces phosphorylation of CREB [31,32]. Moreover, one of the GPR40
ligands, docosahexaenoic acid can prevent brain damage by ischemia
[33].

Sonic Hedgehog (SHH) is a signaling molecule, which regulates
ischemia-induced neural progenitor proliferation [34]. SHH signaling
involves it

a) paracrine secretion by SHH producing cells,
b) transport over considerable distances,

c) consequent binding to Patchedl (Ptcl) receptors on the surface
of SHH responding cells and internalization of Ptcl/SHH
complexes into endosomes [35] and

d) their targeting for protein degradation [36] with half-life less
than 1 h [37].

Pathways of GPR40 signaling in the primate SVZ neurogenic niche
and its effects on SVZ neurogenesis in vivo are not clearly known. Here,
we studied the implication of GPR40 signaling in ischemia-enhanced
neurogenesis in the adult monkey SVZ. The purpose is to determine if
the changes in expression of the GPR40 after TGBI are associated with
activation of neurogenesis in SVZ as demonstrated in the hippocampal
neurogenic niche of postischemic monkeys [30]. The results suggest
that GPR40 expression is involved in the neurogenic differentiation of
stem/progenitor cells in the adult monkey SVZ and that perivascular
GPR40 expression is implicated in post-ischemic neurogenesis in
adult monkeys in the SVZ neurogenic niche. The cross-talk between
perivascular microglia and neuronal progenitors is crucial in the
vascular niche to activate neurogenesis by SHH and Notch1 signaling.

Materials and Methods

Animal procedures for the model of ischemia-enhanced adult
neurogenesis

Animal experiments were done at the Institute for Experimental
Animals, Kanazawa University Advanced Science Research Center.
Surgical procedures and postoperative care of animals were done
in accordance with the guidelines of the Animal Care and Ethics
Committee of Kanazawa University and the NIH Guide for Care and Use
of Laboratory Animals and with efforts made to minimize the number
of animals used and their suffering. Young adult Japanese monkeys
(Macaca fuscata) were bred in air-conditioned cages and allowed to
have free daily access to food and water. For TGBI experiments the total
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number of 5-10 years old animals (27 monkeys) was divided into five
experimental groups of monkeys for Western blotting (15 monkeys, n=3
for each group of the control and post-ischemic days 3,7,9,15), and four
experimental groups for immunofluorescence histochemical analyses
(12 monkeys, n=3 for each group of the control and post-ischemic
days 4,9,15). TGBI was made under general anesthesia, by clamping
the innominate and left subclavian arteries for 20 min, according to the
procedure described previously [38,39], whereas the control monkeys
underwent a sham-operation. To label newly generated cells in adult
macaque monkeys 5-bromo-2-deoxyuridine (BrdU) (Sigma, St Louis,
MO) was intravenously injected in the saphenous vein at a dose of
100 mg/kg for five consecutive days before euthanasia. Monkeys were
sacrificed after the operation in respective groups on days 4, 7, 9 and 15
for the brain tissue sampling.

Immunofluorescent Microscopy

For the immunofluorescence analysis, monkeys were perfused
with 0.5 L of ice-cold saline followed by 1 L of 4% Paraformaldehyde
(PFA) from the left ventricle. The brain was removed and the SVZ
tissue samples were resected and post-fixed in 4% PFA for 48 h. The
samples were cryoprotected in 30% sucrose followed by embedding in
OCT (Optimal Cutting Temperature) compound (Tissue-Tek, Sakura
Finetech, Tokyo, Japan). The frozen samples were cut into 40-pum
sections on a Leica CM3050 cryomicrotome (Leica, Wetzlar, Germany).
The sections were stored in a cryopreservation buffer containing 25%
ethylene glycol and 25% glycerol in 0.05 M phosphate buffer at -20°C
until the sections were stained.

To reveal incorporated BrdU, BrdU staining was preceded by
DNA denaturation in free-floating sections by incubation in 50%
formamide/50% 2xSSC buffer (0.3 M NaCl, 0.03 M sodium citrate)

for 2 h at 65°C, followed by 30 min incubation in 2N HCI at 37°C, as
described previously [40].

The SVZ free-floating sections were washed in the Phosphate-
buffered Saline (PBS) and permeabilized with 0.1% Triton X-100/
Digitonin 500 pg/mL for 20 min at room temperature. To block
non-specific bindings, the sections were incubated for 1 h at room
temperature with 5% goat (Vector Laboratories, Burlingame, CA) or 5%
donkey serum (Sigma), 1% bovine serum albumin, 0.1% Triton X-100/
Digitonin 500 pg/mL in PBS. Incubation with primary antibodies
(Table 1) was done with 0.1% Triton X-100/Digiton 500 pg/mL in 5%
goat/donkey serum and 1% glycerin at 4°C for 48 h. Respective anti-
rabbit or anti-mouse secondary antibodies of goat or donkey origin
conjugated to Alexa Fluor-488, -546 or -633 (Invitrogen, Grand Island,
NY) were used at 1:200 dilution with overnight incubation at 4°C in the
dark. Negative controls were made by omitting the respective primary
antibody. The stained sections were mounted on the glass slides by using
Vectashield mounting medium (Vector Laboratories). Digital images
were obtained using a confocal laser scanning microscope (LSM 510;
Carl Zeiss, Oberkochen, Germany) and relative fluorescence intensities
were analyzed by using Zen 2009 software (Carl Zeiss).

BrdU-positive cells were evaluated on series of every 12%
section through the region of interest, as described previously [11].
Vessels stained with 4',6-diamidino-2-phenylindole (DAPI) or other
markers were detected on X-Y plane: lumen images were taken in
the X-Y plane by focusing in the middle of the vessel, a group of five
images of different high-power full microscopic fields were captured
along the vessel. Vascular wall and perivascular space morphology
was determined in the Z axis from stacks of serial images (1.5 um
thick) by the differences in shape and orientation of the cells and
their nuclei in vascular wall layers, as described previously [41].

. Manufacturer, catalog number . . WwB
Target of the antibody (cat.#) Host Species Type IF Dilution Dilution
G protein-coupled receptor40; Free fatty acid . a7 . . .
GPR40 receptor 1 (FFA1 ,FFAR1) Peptide; # AD-807-AK1 Rabbit 19G 1:50 1:2500
Abcam; #ab6326 Rat Monoclonal IgG,, 1:100
BrdU 5-bromo-2-deoxyuridine
Harlan Sara-Lab Rat 1:100
GFAP Glial Fibrillary Acidic Protein Millipore; #MAB3402 Mouse Monoclonal IgG, 1:500
PSA-NCAM Polysialylated-neural cell adhesion molecule A gift from Dr. Tetsunori Seki Mouse IgM 1:400
CD31 Platelet/endothelial cell adhesion molecule Dako; #IR610 Mouse Monoclonal IgG, 1:50
(PECAM-1) Termo scientific; #RB-10333 Rabbit Polyclonal 1:50
Ng2 Neural/glial antigen 2 Novosbio; NB100-2688AF405 Mouse Monoclonal 1:50
lonized calcium-binding adapter molecule 1; . . . . .
Iba1 Allograft inflammatory factor 1 (AIF-1) A gift from Dr.Yoshinori Imai Rabbit Monoclonal 1:700
Dcx Double cortin Santa Cruz; #sc-8066 Goat Polyclonal IgG 1:200
SHH Sonic Hedgehog Santa Cruz; #sc-373779 Mouse Monoclonal IgG, 1:100 1:1000
Santa Cruz; #sc-6014 Goat Polyclonal 1:50
Notch1 Notch homolog 1
Abcam; #ab27526 Rabbit Polyclonal 1:300
- . Millipore; #ab5603; . . .
Sox2 Sex determining region Y-box #ab5770 Rabbit Polyclonal 1:100 1:5000
Ptc1 Patched 1 Santa Cruz; #sc-6147 Goat Polyclonal IgG 1:50
Fatty-acid-binding protein 7 ; Fatty-acid-binding . .
FABP7 protein brain type ( B-FABP) R&D Systems; #AF3166 Goat Polyclonal IgG 1:50
Abcam; #ab52971 Rabbit Monoclonal IgG 1:2500
CD29 Integrin b-1
Termo scientific; #MS-596 Mouse Monoclonal IgG, 1:100
Table 1: List of primary antibodies utilized in the Western blot and immunofluorescent microscopy analyses.
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For the quantification of obtained microscopy data the mean
number of cells double-positive for respective expression markers
in five high-power full microscopic fields was calculated with
standard deviations. Quantitative analysis for immunoreactivity
colocalization between GPR40 and SHH was performed with the Fiji
image processing package by using the colocalization measurement
function of the JaCoP plugin [42]. The colocalization index is
represented by Pearson’s coefficient calculated following Costes
randomization and unbiased automatic threshold calculation [43].
Colocalization index values within intervals 0-0.49; 0.50-0.70; 0.71-
0.88; 0.89-0.97; 0.98-1.0 reveal very weak, weak, moderate, strong
and very strong colocalization, respectively [44].

Western blot analysis

For the Western blot analysis, animals of the control and post-
ischemic days 3,7,9 and 15 experimental groups were quickly
perfused with ice-cold saline. The brain was removed and cut into
small samples, immediately frozen in liquid nitrogen and stocked
at -80°C. For the total protein extraction, the samples were lysed
in Radio Immunoprecipitation Assay buffer (Sigma) supplemented
with protease and phosphatase inhibitor cocktails (Sigma).
The lysates were sonicated and centrifuged at 15,000 g and the
supernatant was collected. Protein concentrations were determined
using the bicinchoninic acid assay procedure (Pierce Biotechnology,
Rockford, IL), with bovine serum albumin as a standard. Equivalent
amounts of the whole tissue lysate protein (15 pg) were separated
by gel electrophoresis and transferred to polyvinylidene difluoride
membrane (Invitrogen) by electroblotting, according to the
standard procedure as described in the manufacturer’s protocol. The
polyvinylidene difluoride membrane was blocked with 5% skim milk
in Tris-buffered saline, pH 8.0, with 0.1% Tween-20 before addition
of primary antibody. Membranes were washed and incubated with
horseradish peroxidase-conjugated secondary antibody. Detection
was done by using a Pierce ECL Plus Western Blotting Substrate,
(Thermo Fisher scientific, Rockford, IL), and compact luminescent
image analysis system (Fujifilm, LAS-4000mini) with LAS-4000mini
Image Reader software v.2.0. Densitometric analysis was done using
image processing software (NIH, Image], 1.48i). The source and
working dilutions of the primary antibodies are listed in Table 1.
B-actin was used as loading control.

Statistical Analyses

Statistical analyses were done using Mann-Whitney U-test,
Kruskal-Wallis one-way ANOVA test, Pearson product-moment
correlation coeflicient and linear regression analysis. P<0.05 was
considered significant.

Results

Overall expression of GPR40 in SVZ after ischemia

We first studied GPR40 expression in the SVZ of adult monkeys
under normal condition and after TGBI by Western blot and
immunofluorescence. Western blot analysis showed a significant
increase of GPR40 protein levels in SVZ starting from day 3 after
ischemia with the maximum on days 9 and 15 in comparison to the
sham-operated control (Figure 1A). Laser confocal microscopy showed
an increase of perivascular expression of GPR40 on days 9 and 15 in the
gap layer in comparison to the control. Area of high GPR40 expression
has extended beyond the gap layer of SVZ zone on day 9 (Figure 1B).
GPR40+ cells were accumulated in close vicinity to vessels in the SVZ

on day 15 after ischemia (Figure 1C).

Expression of GPR40 by proliferating cells in SVZ after
ischemia

To confirm the role of GPR40 expression for neurogenesis in the
monkey SVZ after ischemia the relation of GPR40 to newly generated
cells, labelled with BrdU was studied by immunofluorescence. The
number of BrdU-positive progenitor cells increased after ischemia
(Figure 1B) and these cells were frequently seen near blood vessels.
Laser confocal microscopy showed that GPR40 expression was found
in the majority of BrdU-positive newly generated cells in the SVZ
(Figure 1D). A significant increase of the expression of GPR40 was seen
in BrdU-positive cells on days 9 and 15 after ischemia (Figures 1D and
E). This is consistent with our previous data demonstrating maximal
proliferation of progenitor cells in SVZ [11] and maximal expression
of GPR40 in the monkey hippocampus [30] on the second week after
ischemia. Moreover, the observed increase of GPR40 expression by
BrdU-positive cells was often seen in the vascular niche in SVZ (Figure
1B).

Expression of GPR40 by neural stem/progenitor cells in SVZ
after ischemia

To estimate the post-ischemic expression of GPR40 in the
proliferating astrocytes known to represent NSCs in primate SVZ
ribbon [8] the expression of GPR40 in cells positive for GFAP and
BrdU, was studied by immunofluorescence (Figure 2A). On day 9
after ischemia only few of BrdU-positive cells near vessels were GFAP-
positive (Figure 2A). Many of BrdU*/GFAP* cells were also positive for
GPR40 (Figure 2A) while BrdU*/GFAP* cells were hardly detectable in
the non-ischemic controls (Figure 2A). On the other hand, we found
many cells with GPR40+/GFAP+/BrdU- phenotype near vessels in the
gap layer (Figure 2A) as well as GPR40+/GFAP-/BrdU+ phenotype
(Figure 2A) or GPR40-/GFAP-/BrdU+ phenotype (Figure 2A) both in
control and after ischemia.

To further assess implication of GPR40 for the neurogenic
differentiation of SVZ neuronal progenitors, the co-staining of
the GPR40 was done using antibody against double cortin (Dcx)
a marker for migrating immature neurons retained in neurogenic
areas in the adult SVZ [45]. Immunofluorescence microscopic
analysis of GPR40 expression in Dcx-positive immature neurons
showed an increase of the number of GPR40/Dcx co-expressing cells
in the SVZ on days 9 and 15 after ischemia (Figure 2B). GPR40/Dcx
co-expressing immature neurons were mainly located in the SVZ
gap layer (Figure 2B). Moreover, the incidence of Dcx-positive cells
among GPR40-expressing cells significantly increased on days 9 and
15 after ischemia (Figure 2C). Polysialylated neural cell adhesion
molecule (PSA-NCAM) is an another marker for adult neurogenesis
which is expressed in immature neurons [46]. The immunoreactivity
of GPR40 in PSA-NCAM-positive immature neurons was estimated
in the monkey SVZ of the control, day 9 and 15 after ischemia. The
immunofluorescence data showed that PSA-NCAM expression
considerably increased on days 9 and 15 after ischemia (Figure 2D).
The number of GPR40/PSA-NCAM co-expressing cells increased
in the SVZ vascular niche on days 9 and 15 after ischemia (Figure
2D). Polysialylated-neural Cell Adhesion Molecule (PSA-NCAM)
expression was seen in the gap layer especially in the cells close to
the vessels (Figure 2D). That was concomitant with the increase
of GPR40 expression in perivascular cells on day 9 after ischemia
(Figure 1B).These data suggest that GPR40 up-regulation may
be implicated for the neuronal differentiation of multipotent
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Figure 1: (A) Upregulation of GPR40 in the SVZ after ischemia in monkeys. Equal amounts of the SVZ whole-tissue lysates of the control (C) and post-ischemic days
3 (d3), 7 (d7), 9 (d9) and 15 (d15) were analyzed by Western blot of GPR40 protein, using B-actin as a loading control. The mean levels of GPR40 protein in each time
points were compared to the sham-operated control being scored as 1.0. **P<0.01; Mann-Whitney U-test, bars show SD. The figure shows the representative data
from three independent Western blots. Inset shows representative Western blot. (B) Double immunostaining for BrdU (red) and GPR40 (green) in the ipsilateral SVZ
of the control (C) or post-ischemic day 4 (d4), day 9 (d9) and day 15 (d15). Note an increase of BrdU/GPR40 double staining of proliferating cells on the post-ischemic
days 9 and 15 in comparison to the control. Laser confocal microscopy; LV-lateral ventricle; Vs-blood vessel; scale bar, 50 ym and 10 ym for low and high magnification
frame, respectively. For panels C-E number of animals, n=3 for each group of the control and post-ischemic days 4, 9, 15, cells were sampled throughout the layers I,
Illand IV in dorsal, caudate, and anterior aspects of SVZ; P-values show the results of Mann—Whitney U-test, bars show standard deviation. (C) Quantitative evaluation
of the relative proximity of the GPR40+ cells to vessels in the SVZ after ischemia. **P<0.01. (D) Incidence of the GPR40/BrdU double-positive cells among the whole
BrdU+ cell population in the SVZ of post-ischemic monkeys. *P<0.05. (E) Quantitative evaluation of the number of GPR40/BrdU double-positive cells throughout the
SVZ after ischemia. Note a significant increase of the number of BrdU/GPR40 double-positive cells on days 9 and 15 after ischemia comparing to sham-operated
control. **P<0.01.
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GFAP/GPRA4O0 triple-positive neural stem/progenitor cells, (b) GFAP/GPR40 double-positive cells, (c) BrdU/GPR40 double-positive cells and (d) BrdU-positive cells on the post-
ischemic day 9. Laser confocal microscopy; scale bar, 50 um and 5 ym for low and high magnification frame, respectively. For panels A, B, D, E LV-lateral ventricle; Vs-blood
vessel. (B) Triple labeling for Dcx (red) GPR40 (green), and DAPI (blue). In the sham-operated control very few Dcx+ cells were detected, while on the post-ischemic days 9
and 15 numerous clusters of Dcx+ immature neurons were revealed in SVZ. Scale bar, 20 ym and 10 ym for 3D reconstruction from low magnification confocal z-series and
for high magnification confocal frame, respectively. (C) Incidence of Dcx+ immature neurons among the whole population of GPR40+ cells in the SVZ (number of animals, n=3
for each group of the control and post-ischemic days 9, 15 cells were sampled throughout the layers Il Il and 1V in dorsal, caudate, and anterior aspects) of the post-ischemic
monkeys. Note significant increase of the number of GPR40/Dcx double-positive immature neurons on days 9 and 15 after ischemia. **P<0.01; Mann—-Whitney U-test, bars
show standard deviation. (D) Expression of GPR40 (red) and PSA-NCAM (green) by the newborn neurons in the SVZ after ischemia. GPR40/PSA-NCAM double-positive cells
appear on days 9 and 15. Laser confocal microscopy; LV-lateral ventricle; Vs-blood vessel; scale bar, 20 pm and 10 ym for low and high magnification frame, respectively. (E)
Expression of GPR40 in endothelial cells and pericytes in monkey SVZ after ischemia. Triple immunostaining for CD31 (red) GPR40 (green) and NG2 (blue) in the monkey
SVZ of the control (C) or post-ischemic day9 (d9). Note the cell which is co-labelled for CD31 and NG2 (high magnification frame). 3D reconstruction from confocal z-series;
scale bar, 50 ym and 5 pm for low and high magnification frame, respectively.
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progenitor/stem cells during enhanced neurogenesis in the primate
SVZ after ischemia.

Perivascular expression of GPR40 in SVZ after ischemia

Concomitant expression of GPR40 with PSA-NCAM was
found predominantly in perivascular cells, therefore the cell type of
perivascular GPR40-positive cells was studied, using antibodies against
CD31 (marker for endothelial cells, macrophages and pericytes) and
NG2 (marker for oligodendrocyte precursor cells, macrophages
and pericytes). Three-dimensional reconstruction of laser confocal
microscopy showed that GPR40+ cells were present near the vessels in
SVZ. Some of them were CD31+, but none of GPR40+cells were co-
labelled with NG2 (Figure 2E).

Expression of GPR40 by microglial cells in the SVZ vascular
niche after ischemia

Microglia were reported to orchestrate both embryonic and
adult neurogenesis by regulating the size of the neuronal precursor
pool [47,48]. Therefore, the relation of the GPR40-expressing cells
with microglia was studied using antibody against microglial marker
Ibal. Resting microglial cells are characterized by numerous ramified
branching processes, while activated microglia are characterized by
a larger soma of amoeboid/rounded macrophage-like shape [20].
Immunofluorescence microscopic analysis revealed Ibal+ microglial
cells in layer II (gap) and layer III (astrocytic ribbon) of SVZ to have
either ramified or amoeboid phenotypes. The number of Ibal-positive
cells in the SVZ significantly increased on day 9 after ischemia (Figures
3A and B). Ibal-positive microglia frequently formed globoid clusters
after ischemia near SVZ vessels (Figure 3A). The majority of Ibal+
cells near SVZ vessels co-expressed GPR40 on the second week after
ischemia (Figures 3A and C). The co-expression of GPR40 by Ibal+
cells significantly increased on day 9 after ischemia (Figures 3A and
C). Moreover, the fraction of GPR40+/Ibal+ cells near SVZ vessels
significantly increased on day 9 after ischemia both in total population
of SVZ cells and in the cell fraction expressing GPR40 (Figures 3A,
D-F). Increase of the number of microglial cells (Figure 3B) and rise of
GPR40 expression among microglial cells (Figures 3A and C) occurred
simultaneously with migration of immature neurons expressing GPR40
in perivascular regions and in the SVZ gap layer after ischemia (Figures
2B-D). Thus, these data suggest that perivascular GPR40-expressing
microglia are conceivably implicated in post-ischemic neurogenesis in
adult primate SVZ.

Expression of other signaling molecules implicated in adult
neurogenesis in SVZ after ischemia

GPR40 signaling in rodents occurs via Akt, FABP7 and other
molecules including stem/progenitor cell markers, as reported
previously (Figure 4). Therefore, to evaluate GPR40 implication in
those signaling pathways in primate SVZ, correlation of post-ischemic
GPR40 protein expression with that of phenotype markers of stem/
progenitor cells was studied.

In rodents SHH is known to regulate adult neurogenesis [49]
and facilitate ischemia-induced neural progenitor proliferation [34]
as well as the proliferation of astrocytes and microglia [50]. Western
blot analysis revealed a significant increase of SHH expression in the
monkey SVZ on days 3, 7, 9 and 15 after ischemia in comparison to
the control (Figures 5A and B). These findings are consistent with our
previous data demonstrating increased neurogenesis in monkey SVZ
on post-ischemic day 9 [11]. Post-ischemic increase of SHH expression
correlated with that of GPR40 (Figure 5C).

Notchl is indispensable for neurogenesis and maintenance of NSCs
in both embryonic and adult brains [51]. Western blot analysis showed
a significant increase of Notch1 expression in SVZ on days 3,7, 9 and 15
after ischemia in comparison to the control (Figures 5A and D). Post-
ischemic increase of Notchl expression correlated with that of both
GPR40 and SHH (Figures 5E and F).

B1l-integrin, is also required for adult SVZ neurogenesis [52].
Western blot analysis showed a significant increase of Pl-integrin
expression in SVZ on day 15 after ischemia (Figures 6A and B). Post-
ischemic increase of Bl-integrin expression correlated with that of
GPR40 (Figure 6C).

Sox2 is highly expressed by all SVZ cell types [53] and is critically
involved in neural stem cell renewal directly targeting SHH in
hippocampal neural precursors in rodents [54]. Western blot analysis
demonstrated that Sox 2 expression showed no significant changes on
days 3,7 and 9 and significantly decreased on day 15 after ischemia in
monkey SVZ (Figures 6A and D).

Expression of GPR40-related signaling molecules in SVZ
after ischemia

To investigate spatial relation of GPR40 with other phenotype
markers of stem/progenitor cells, co-localization of GPR40
immunoreactivity with that of SHH, Notch1, Sox 2 and B1-integrin was
studied in the vascular niche of SVZ after ischemia.

Immunofluorescence microscopic analysis demonstrated moderate
or strong co-localization of SHH and GPR40 in microglia with a
significant increase of the co-localization (Figure 3F) and increase of
the number of microglial cells expressing SHH and GPR40 (Figure 3F)
on day 15 after ischemia in SVZ. Moreover, Ibal+ microglia showed a
significantly higher SHH expression after ischemia in comparison to the
non-microglial cells in SVZ (Figure 3F). Immunofluorescence analysis
showed that SHH and GPR40 expression increased predominantly
in the vascular niche in the post-ischemic SVZ (Figures 3F and
7A). Post-ischemic increase of the SHH/GPR40 colocalization after
ischemia (Figure 3F) is consistent with their correlatively increased
expression on Western blot (Figure 5C). FABP7, upstream signalling
molecule of GPR40, was also observed on day 15 after ischemia in
GPR40+ cells in the SVZ vascular niche (Supplementary Figure S1).
Immunofluorescence microscopic analysis showed increase of Notch1l
co-expression with GPR40 in the SVZ vascular niche on day 15 after
ischemia (Figure 7B). Moreover, co-expression of Notchl with SHH
seen both in control and on day 15 after ischemia was concomitant with
post-ischemic increase of SHH and Notchl immunoreactivity (Figure
7C). Immunofluorescence microscopic analysis demonstrated increase
of Sox 2 co-expression with SHH in the SVZ vascular niche on day 9
after ischemia (Figure 7D); as well as GPR40 co-expression with p1-
integrin increased on day 9 after ischemia in the SVZ vascular niche
(Figure 7E), which is consistent with correlatively increased expression
of GPR40 and B1-integrin on Western blot (Figure 6C).

Involvement of GPR40-positive microglia in SHH signaling
in SVZ after ischemia

Since SHH and Notch1 appeared to be significantly correlated with
the dynamic changes of GPR40 after ischemia (Figures 5C and E), we
focused on the related molecules responsible for the GPR40 signaling
during post-ischemic neurogenesis. Microglia showed a significantly
higher SHH immunoreactivity in the post-ischemic SVZ comparing to
non-microglial cells (Figure 3F) and moderate or strong co-localization
of SHH with GPR40 increased to mainly strong co-localization after
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Figure 3: (A) Expression of GPR40 by microglial cells in the SVZ. Triple labeling for GPR40 (red), Iba1 (green) and DAPI (blue) of the control (C) or the post-ischemic day
9 (d9) in the SVZ. Scale bar, 50 ym and 5 um for the 3D reconstruction from low magnification confocal z-series and for high magnification confocal frame, respectively. For
panels A, F LV-lateral ventricle; Vs-blood vessel. For panels B-F number of animals, n=3 for each group of the control and post-ischemic days 9, 15, cells were sampled
throughout the layers I, lll and IV in dorsal, caudate, and anterior aspects of SVZ. For panels B-F, b, c P-values show the results of Mann-Whitney U-test, bars show standard
deviation. **P<0.01. (B) Incidence of Iba1+ cells among all of DAPI-labeled cells in the SVZ of the post-ischemic monkeys. Note a significant increase of the incidence of
Iba1-expressive microglial cells on day 9. (C) Incidence of GPR40/Iba1 double-positive cells among all of Iba1+ microglial cells in the SVZ of post-ischemic monkeys. Note
significant increase of the fraction of GPR40-expressive microglial cells on day 9. (D) Incidence of GPR40/Iba1 double-positive cells among all of DAPI-labeled cells in SVZ
of post-ischemic monkeys. Note a significant increase of the fraction of GPR40-expressive microglial cells on day 9. (E) Incidence of Iba1+ microglia among all of GPR40+
cells in the SVZ of the post-ischemic monkeys. Note a significant increase of the fraction of Iba1+ microglia among all of GPR40-expressive cells on day 9 after ischemia. (F)
Expression of GPR40 and SHH by microglial cells in the SVZ in the control (C) or post-ischemic day 9 (d9). Triple immunostaining for GPR40 (blue), Iba1 (green), and SHH
(red). Note GPR40/Iba1/SHH triple-positive microglial cells on day 9. 3D reconstruction from confocal z-series; LV-lateral ventricle, scale bar; 50 ym and 5 um for low and high
magnification frame, respectively. (a) Quantitative evaluation of the colocalization between immunoreactivity of GPR40 and SHH in the SVZ of post-ischemic monkeys. The
colocalization index is represented by Pearson’s coefficient calculated following Costes randomization and unbiased automatic threshold calculation. Pearson’s coefficient
values within intervals 0-0.49; 0.50-0.70; 0.71-0.88; 0.89-0.97; 0.98-1.0 reveal very weak, weak, moderate, strong and very strong colocalization, respectively. Note moderate
or strong GPR40/SHH colocalization in microglia and a significant increase of GPR40/SHH colocalization under ischemia. *P<0.05, **P<0.01. (b) Quantitative evaluation of
the number of GPR40/SHH/Iba1 triple-positive cells throughout the SVZ after ischemia. Note a significant increase of the number of GPR40/SHH/Iba1 triple-positive cells
on days 9 and 15 after ischemia, in comparison to the sham-operated control. (c) Quantitative evaluation of the relative SHH fluorescence in microglia and other cell types in
the SVZ of post-ischemic monkeys. Note significantly higher SHH fluorescence in microglial cells in comparison to other cell types on day 15 after ischemia. Iba1(-) cells are
designated “other.” The mean of the relative fluorescence intensity for SHH in the Iba1(-) cells was scored as 1.0.
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Figure 4: Putative molecular pathways showing how GPR40 is implicated in cell survival, proliferation and differentiation for regulation of adult neurogenesis. The
pathways are generated according to the results of the present study and to previous reports, as described in the text.

ischemia (Figure 3F). SHH was predominantly expressed by GPR40-
expressing microglia (Figure 3F) and the number of SVZ microglial cells
co-expressing SHH and Ibal increased after ischemia in comparison to
the sham-operated control (Figure 3F).

In addition, immunofluorescence microscopic analysis showed that
binding of SHH being characterized by its co-localization with Ptcl in
SHH/ Ptcl complexes occurred in SVZ cells within the distance of SHH
paracrine secretion [55] by GPR40+ microglial cells. GPR40+ microglia
showed a high SHH expression, while surrounding cells showed
negligible intracellular unbound SHH, and mild amounts of SHH co-
localized with Ptcl in a few isolated vesicles (Figure 7F). These data
suggest that SHH in SHH/ Ptcl complexes can originate by paracrine
secretion from GPR40+ microglial cells, since presumably they have
the highest SHH expression in the adult monkey SVZ.

Discussion

In this study TGBI enhanced proliferation of neuronal precursors
and microglial cells in the SVZ along with the increase of perivascular
expression of GPR40. GPR40 was expressed in stem/progenitor cells,
as well as in the majority of neuronal precursors and microglial cells.
Consistent with these findings, the post-ischemic up-regulation of
GPR40 occurred in parallel with the increase of SHH and Notchl
expression in the SVZ. Moreover, early increase of GPR40 protein levels
in SVZ starting from post-ischemic day 3 suggest GPR40 involvement in
the increased neurogenesis from its outset after ischemia. GPR40 spatial
distribution revealed a significant increase of its co-localization with
SHH and enhancement of co-expression with other stem/progenitor
cell markers such as Notchl, Sox 2 and Bl-integrin (Figure 4). These
observations suggested that GPR40/SHH co-expressing microglia in
the vascular niche of primate SVZ can be a paracrine source of SHH
that provides signaling for neural progenitor/stem cells for upregulated
neurogenesis after ischemia. GPR40 conceivably plays a crucial role in
post-ischemic neurogenesis for supporting neurogenic differentiation
of stem/progenitor cells in the primate SVZ via the cross-talk between
microglia and neuronal progenitors in vascular niche.

Here, we compared the SVZ expression profiles both under
normal condition and after TGBI to elucidate the role of GPR40 in the
activation of SVZ neurogenesis and to identify the cells involved in
adult neurogenesis in macaque monkey. TGBI increased perivascular
expression of GPR40 with the maximum on day 9, and a significant
increase of GPR40 expression was confirmed in the BrdU-positive
cells by the immunofluorescence microscopic analysis (Figures 1B-D

and E). The majority of proliferative cells was present as cell clusters
or individual cells in the perivascular space of arterioles, venules,
and capillaries in SVZ (Figure 1B). Consistent with these findings,
expression of the newborn neuronal marker PSA-NCAM suggested
that the neuronal progenitor cells residing in the perivascular space
give rise to young neurons in SVZ. Dcx is selectively expressed in
the newborn neurons, but it is not expressed during later neuronal
regenerative events such as gliogenesis or regenerative axonal growth
[45]. The present data showed that GPR40 was expressed in both PSA-
NCAM-positive immature neurons in the gap layer especially in the
perivascular space and Dcx-positive immature neurons mainly in the
gap layer. Moreover, the number of both GPR40/PSA-NCAM and
GPR40/Dcx double-positive immature neurons considerably increased
in the SVZ vascular niche on day 15 after ischemia. TGBI enhances
endogenous progenitor cell proliferation in the primate SVZ, and this
correlated with the increase of GPR40 expression (Figures 2B-D). These
data are consistent with our previous results demonstrating that GPR40
is implicated in neurogenesis in hippocampal neurogenic niche [28,30].
It is likely that GPR40 might be closely related to adult neurogenesis in
both the SVZ and hippocampus of the post-ischemic monkeys.

Western blot analysis of GPR40 expression in the relation to
that of other specific phenotype markers of stem/progenitor cells
demonstrated the correlating post-ischemic up-regulation of GPR40,
SHH, Notchl and Bl-integrin in the SVZ (Figures 5C, E, F and 6C),
which suggested putative interaction of these pathways during post-
ischemic neurogenesis in the SVZ. Sox2 is expressed in the proliferating
CNS progenitors and is critically involved in their self-renewal [54].
However, Western blot data showed a decreased expression of Sox2,
on day 15 after ischemia (Figures 6A and D). This can be explained
by the initiation of differentiation of precursor cells in SVZ, because
it is well known, that Sox2 is down-regulated during progenitors' final
cell cycle during differentiation, when they become post mitotic [56]. It
was reported previously that f1-integrin is expressed in the migrating
immature neurons and controls formation of cell chains in the rostral
migratory stream and mediates cell proliferation in clusters [52]. In
this study we demonstrated that GPR40/p1-integrin co-expression
increased after ischemia in the SVZ vascular niche, concomitant with
the up-regulation of GPR40.

The present data suggests that GPR40 in SVZ is expressed in
different cell types including endothelial, ependymal, neuronal
progenitors, astrocytes, but the abundance of the GPR40+ cells near the
SVZ vessels, was of microglial origin (Figures 3A and F). Intriguingly,
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Figure 5: (A) Upregulation of SHH and Notch1 in the monkey SVZ after ischemia. Equal amounts of the SVZ whole-tissue lysates of the control (C) and post-ischemic
days 3 (d3), 7 (d7), 9 (d9) and 15 (d15) were analyzed by Western blot of SHH or Notch1 protein, using B-actin as a loading control. The figure shows representative
Western blot. For panels B, D the mean levels of SHH and Notch1 protein expression in each time points were compared to the sham-operated control being scored
as 1.0. P-values show the results of Mann—-Whitney U-test, bars show standard deviation. (B) Western blot densitometry ratios of SHH over B-actin were plotted on
the y-axis. Note a significant increase of SHH expression in the monkey SVZ on days 3, 7, 9 and 15 after ischemia. The figure shows the representative data from
three independent Western blots. Panels C, E and F show regression analysis of the expression levels of GPR40, SHH and Notch1 in the monkey SVZ after ischemia.
Regression lines and coefficients are shown. (C). Western blot densitometry ratios of SHH and GPR40 over B-actin are plotted against each other. Note a significant
correlation between the expression of GPR40 and SHH. (D) Western blot densitometry ratios of Notch1 over -actin were plotted on the y-axis. Note a significant
increase of Notch1 expression in the monkey SVZ on days 3, 7, 9 and 15 after ischemia. The figure shows the representative data from three independent Western
blots. (E) Western blot densitometry ratios of Notch1 and GPR40 over B-actin are plotted against each other. Note a significant correlation between the expression of
GPR40 and Notch1. (F) Western blot densitometry ratios of SHH and Notch1 over B-actin are plotted against each other. Note a significant correlation between the

expression of SHH and Notch1.
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Figure 6: (A) Dynamic changes of B1-integrin and Sox2 protein expression in the monkey SVZ after ischemia. Equal amounts of the SVZ whole-tissue lysates of
the control (C) and post-ischemic days 3 (d3), 7 (d7), 9 (d9) and 15 (d15) were analyzed by Western blot of B1-integrin or Sox2 protein, using B-actin as a loading
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were compared to the sham-operated control being scored as 1.0; P-values show the results of Mann-Whitney U-test, bars show standard deviation. (B) Western
blot densitometry ratios of B1-integrin over B-actin were plotted on the y-axis. Note a significant increase of B1-integrin expression in the monkey SVZ on days 9 and
15 after ischemia. *P<0.05. The figure shows the representative data from three independent Western blots. (C) Regression analysis of the expression levels of 31-
integrin and GPR40 in the monkey SVZ after ischemia. Western blot densitometry ratios of B1-integrin and GPR40 over B-actin are plotted against each other. Note
a significant correlation between the expression of B1-integrin and GPR40. Regression lines and coefficients are shown. (D) Western blot densitometry ratios of Sox2
over B-actin were plotted on the y-axis. Note a significant decrease of Sox2 expression in the monkey SVZ on day 15 after ischemia. **P<0.01. The figure shows the

representative data from three independent Western blots.
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Figure 7: (A) Triple labeling for GPR40 (red), SHH (green), and DAPI (blue) in the monkey SVZ of the control (C) or post-ischemic day 15 (d15). 3D reconstruction from
confocal z-series; scale bar, 20 ym. For panels A-F LV-lateral ventricle; Vs-blood vessel. (B) Expression of GPR40 by Notch1+ cells in the monkey SVZ after ischemia.
Triple labeling for Notch1 (red), GPR40 (green), and DAPI (blue) in the monkey SVZ of the control (C) or post-ischemic day 15 (d15). Laser confocal microscopy;
scale bar, 20 pm and 5 um for low and high magnification frame, respectively. (C) Triple labeling for Notch1 (red), SHH (green), and DAPI (blue) in the monkey SVZ
of the control (C) or post-ischemic day 15 (d15). Laser confocal microscopy; scale bar, 20 um and 5 ym for low and high magnification frame, respectively. (D) Double
immunostaining for Sox2 (red) and SHH (green) in the monkey SVZ of the post-ischemic day 9 (d9). Laser confocal microscopy; scale bar, 50 um and 5 ym for low
and high magnification frame, respectively. (E) Expression of GPR40 by B1-integrin+ cells in the monkey SVZ after ischemia. Double immunostaining for 31-integrin
(red) and GPR40 (green) in the monkey SVZ of the control (C) or post-ischemic day 9 (d9). 3D reconstruction from confocal z-series; scale bar, 20 pm and 5 pm for
low and high magnification frame, respectively. (F) Triple labeling for Patched (red), SHH (green) and DAPI (blue) in the monkey SVZ of the sham-operated control (C)
or post-ischemic day9 (d9). Note GPR40+ cell with high SHH expression (red arrows) and SHH co-localized with Ptc1 in a few isolated vesicles in surrounding cells
(white arrows). 3D reconstruction from confocal z-series; scale bar, 10 um and 5 ym for low and high magnification frame, respectively.
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post-ischemic increase of GPR40 expression in SVZ occurred in the
area of the gap layer where the increase of the number of microglia of
both ramified and rounded/amoeboid cell shape was observed (Figures
3A and F). It is consistent with previous study demonstrating that
microglia retain the ability to proliferate in SVZ throughout adulthood
and that constitutive activation of microglia is associated with increased
proliferation [57]. The present data confirmed most of the Ibal+ cells
localized near vessels in the monkey SVZ, to be highly positive for
GPRA40 (Figures 3A and F). Therefore, we focused on the role of GPR40
in microglia in the SVZ vascular niche.

Expression of SHH by macrophages was reported to orchestrate
tumor-associated angiogenesis [58]. Here we found that the SVZ
microglial cells express SHH which is essential for the regulation of
multipotent stem/progenitor cells in primates. Moreover, GPR40+
microglia express increasing amounts of SHH especially on the second
week after ischemia. Although SHH signaling is known to be active in
the rodent astrocytes [50,59], most of SHH-expressive cells near the
primate SVZ vessels showed a microglial origin (Figure 3F). SHH and
Notch pathways are cross-talking feed-forward pathways, since SHH
activation feeds forward on the Notchl, via the Hesl in a Notch-ligand
independent fashion [60] (Figure 4). Accordingly, we observed the
increase of Notchl expression in the GPR40-expressing cells similar
to microglia (Figures 7B and C) as well as the increase of the number
of microglial cells expressing SHH in SVZ after ischemia (Figure 3F).
Moreover, GPR40 and SHH were co-localized in the GPR40-expressing
microglia, and a significant increase of their co-localization was
demonstrated by Costes algorithm [43] after ischemia in comparison to
the sham-operated monkeys (Figure 3F). It is consistent with correlative
changes in the expression of GPR40 with both SHH and Notch1 in SVZ
after ischemia (Figures 5C, E and F). These data suggest that GPR40 is
involved in SHH and Notchl signaling, and that the GPR40+ microglia
could be implicated in the SHH and Notchl signaling to regulate
neurogenic divisions of SVZ progenitors after ischemia.

In different tissues, SHH signaling was reported to involve a) its
paracrine secretion by SHH-producing cells, b) transport over considerable
distances, c¢) consequent binding to Ptcl receptors on the surface of
SHH responding cells and internalization of Ptc1/SHH complexes into
endosomes [35] and d) their targeting for protein degradation [36] with
half-life less than one hour [37]. According to our data for the SHH
immunoreactivity (Figure 3F), the main candidate for the paracrine
secretion of SHH in the monkey SVZ is GPR40/SHH-expressing
microglia, because it showed the highest expression of SHH relative to all
other cell types in the SVZ. We speculate that high expression of SHH in
the GPR40+ microglia after ischemia induces secretion of SHH, which
should be implicated in post-ischemic neurogenesis in the monkey SVZ.
Receptor-mediated endocytosis of SHH is an inherent activity of Ptcl, and
SHH internalization is a characteristic feature of signaling in the neural
plate cells [35]. When Ptcl targets SHH to endocytosis, internalized SHH
is degraded in the receiving cells [36] with half-life less than one hour [37].
In this study, binding of SHH with formation Ptc1/SHH complexes was
confirmed to occur in the cells that surrounded GPR40/SHH-expressing
microglia. However, the immunofluorescence microscopic analysis
demonstrated that immunoreactivity of intracellular unbound SHH in
the cells that surrounded GPR40/SHH-expressing microglia remained
negligible both in the control and after ischemia (Figure 7F). This suggests
extracellular origin of SHH conjugated with Ptcl in the cells of non-
microglial morphology in the SVZ vascular niche. Presumably, GPR40/
SHH-expressing microglia in the vascular niche of primate SVZ serve as a
source of paracrine secretion of SHH and provide orchestrating signaling
for neural progenitor/stem cells during neurogenesis after ischemia.

Conclusion

Based on the present data, we speculate that, 1) in the SVZ vascular
niche SHH in non-microglial cells is mainly of extracellular origin; 2)
the main candidate for paracrine secretion of SHH in monkey SVZ
is GPR40/SHH-expressing microglia; and 3) GPR40 is implicated in
post-ischemic neurogenesis in the adult primate SVZ via the cross-talk
between microglia and neuronal progenitors in the vascular niche by
involving SHH and Notch1 signaling (Figure 4). Thus, the present data
provide a basis for clarifying the role of GPR40 in SVZ neurogenesis in
adult primates.
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