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Cerebral ischemia in adult rodent models increases the
proliferation of endogenous neural progenitor cells resid-
ing in the subventricular zone along the anterior horn of
the lateral ventricle (SVZa) and induces neurogenesis in
the postischemic striatum and cortex. Whether the adult
primate brain preserves a similar ability in response to an
ischemic insult is uncertain. We used the DNA synthesis
indicator bromodeoxyuridine (BrdU) to label newly gener-
ated cells in adult macaque monkeys and show here that
the proliferation of cells with a progenitor phenotype
(double positive for BrdU and the markers Musashil,
Nestin, and Blli-tubulin) in SVZa increased during the
second week after a 20-min transient global brain ische-
mia. Subsequent progenitor migration seemed restricted
to the rostral migratory stream toward the olfactory bulb
and ischemia increased the proportion of adult-generated
cells retaining their location in SVZa with a progenitor
phenotype. Despite the lack of evidence for progenitor
cell migration toward the postischemic striatum or
prefrontal neocortex, a small but sustained proportion
of BrdU-labeled cells expressed features of postmitotic
neurons (positive for the protein NeuN and the transcrip-
tion factors Tor1 and lsletl) in these two regions for
at least 79 days after ischemia. Taken together, our
data suggest an enhanced neurogenic response in the
adult primate telencephalon after a cerebral ischemic
insult. © 2005 Wiley-Liss, Inc.

Key words: monkey; cerebral
cell; neurogenesis; gliogenesis

ischemia; progenitor

The adult mammalian brain retains a limited ability
for neuronal regeneration by progenitor cells residing in
two well-recognized neurogenic niches: the subventricu-

© 2005 Wiley-Liss, Inc.

lar zone (SVZ) of the lateral ventricle and the subgranu-
lar zone (SGZ) of the hippocampal dentate gyrus (DG;
Gage, 2000). Extensively studied in rodents, in vivo

‘neurogenesis has also been demonstrated in SVZ (Kor-

nack and Rakic, 2001a; Pencea et al., 2001) and SGZ
(Eriksson et al., 1998; Gould et al., 1999a; Kornack and
Rakic, 1999) of healthy primates, but its existence out-
side these regions under normal conditions remains con-
troversial (Gould et al., 1999b, 2001; Komack and
Rakic, 2001b; Bedard et al., 2002; Koketsu et al., 2003).

In the rodent brain, cerebral ischemia increases
proliferation and neuronal differentiation of neural pro-
genitor cells in both global (Liu et al., 1998; Kee et al.,
2001; Yagita et al., 2001; Nakatomi et al., 2002; Iwai
et al., 2003) and focal (Jin et al, 2001; Zhang et al,
2001: Arvidsson et al., 2002; Parent et al., 2002) ische-
mic models. The newly generated cells have been
reported to replace neurons in the postischemic hippo-
campus (Liu et al., 1998; Kee et al., 2001; Yagita et al.,
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2001; Nakatomi et al., 2002), striatum (Arvidsson et al.,
2002; Parent et al., 2002; Zhang et al., 2004), olfactory
bulb (Iwai et al, 2003), and cortex (Gu et al., 2000;
Nakatomi et al., 2002). Interestingly, progenitor cells in
the rostral migratory stream, originally destined to
become olfactory bulb neurons, are redirected toward
the injured striatum and cortex after ischemia (Jin et al,,
2003). In our previous study we investigated the subven-
tricular zone along the inferior horn of the lateral ven-
tricle (SVZi) and DG of adult monkeys after ischemia
(Tonchev et al,, 2003a). We found that although an
increase in postischemic precursor cells was observed in
the monkey DG (similar to the situation in rodents), the
monkey response was much smaller than was the rodent
response (Liu et al., 1998; Kee et al., 2001), in terms of
the proliferation and extent of the neuronal differentia-
tion of progenitor cells.

In this study, we used the same monkey model but
focused on different brain regions. Our first goal was to
monitor the phenotype and behavior of newly generated
cells in SVZ of the antetior horn of the lateral ventricle
(SVZa) after 20 min of global brain ischemia in adult
monkeys. The adult-born cells were labeled with the
thymidine analogue bromodeoxyuridine (BrdU) and the
immunophenotype of BrdU-positive (BrdU+) cells was
determined using a panel of selective cell markers at var-
ious times after the insult. Our second goal was to
explore the potential route(s) of SVZa progenitor cell
migration after ischemia. Our third goal was to identify
the immunophenotype of BrdU+ cells in the postische-
mic striatum and neocortex. Ischemia caused an equal
for the two hemispheres neuronal damage of 30—-40% in
these regions, using the same ischemic model used in the
present study (Yoshida et al., 2002). This injury was much
less pronounced than was the damage inflicted to the
hippocampal CA1 sector, which exhibited an almost com-~
plete neuronal loss (Yamashima et al., 1998; Yamashima,
2000). It was also much less pronounced than the striatal/
cortical injuries induced by experimental focal ischemic
infarction (Arvidsson et al., 2002; Parent et al., 2002). We
thus investigated progenitor cell proliferation and pheno-
type in the context of a moderate ischemic injury.

MATERIALS AND METHODS

Surgical Procedures

All experimental procedures were carried out in strict
adherence to the guidelines of the Animal Care and Ethics
Committee of Kanazawa University and the NIH Guide for
the Care and Use of Laboratory Animals. The monkeys
(female Macaca fiscata) were bred in air-conditioned cages and
were allowed free daily access to food and water. Under ster-
ile conditions and a general anesthesia with artificial ventila-
tion, 19 adult (5-11 years old) macaques underwent transient,
complete, whole brain ischemia (# = 12) or a sham surgery
(m = 7), as described previously (Yamashima et al, 1998;
Yamashima, 2000; Tonchev et al., 2003a). Briefly, the chest
was opened, the stemum was removed, and the innominate
and left subclavian arteries were transiently clipped for
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20 min. The effectiveness of clipping was demonstrated by an
almost complete absence (0.5 * 1.0 ml/100 g brain/min) of
cerebral blood flow, as monitored using a laser Doppler (Vasa-
medics, St. Paul, MN). One neonatal monkey was sacrificed
on postnatal day 14 (P14), without any preceding surgery.

BrdU Labeling

All 19 adult monkeys received daily injections (100 mg/
kg, intravenously) of BrdU (Sigma) for 5 consecutive days.
The animals in the short-term survival group (n = 9)
were sacrificed 2 hr after the last injection on days 4 (n = 2),
9 (r = 2) and 15 (n = 2) after ischemia or on days 4 (n = 1)
and 9 (n = 2) after the sham operation (Fig. 1E2; Tonchev
et al., 2003a). The animals in the long-term survival group
(n = 10) received BrdU injections on days 5-9 after surgery
and were sacrificed 2, 5, and 10 weeks after the last injection,
ie., on days 23 (n = 2), 44 (n = 2), and 79 (n = 2) after
ischemia or on days 23 (n = 2) and 44 (n = 2) after the sham
operation (Fig. 2E2). The neonatal monkey received two
BrdU injections, one on the day of birth and one on P14,
and was euthanized 2 hr after the second injection.

Histology

The monkeys were anesthetized with lethal doses of
sodium pentobarbital and intracardially perfused with 4% par-
aformaldehyde. The brains were removed, tissue blocks were
cryoprotected in sucrose, embedded in OCT medium (Tis-
sue-Tek, Sakura Finetech Co., Tokyo, Japan) and frozen at
—70°C. Coronal (right hemisphere) or horizontal (left hemi-
sphere) sections (40 pm thick) were cut sequentially on a cry-
omicrotome and stored free-floating at —20°C in a cryopre-
servation buffer until analysis. BrdU staining was preceded by
DNA denaturation as desctibed previously (Eriksson et al.,
1998; Tonchev et al., 2003a), and incorporated BrdU was
detected using mouse anti-BrdU (1:100; Becton Dickinson,
San Jose, CA) or rat anti-BrdU (1:100; Harlan Sera-Lab,
Loughborough, UK) antibodies. The following antibodies for
phenotypic markers were applied in combination with anti-
BrdU: mouse anti-Ki67 (1:50; Novocastra, Newcastle, UK),
rabbit anti-phosphorylated histone H3 (1:50; Cell Signaling,
Beverly, MA), rat anti-Musashil (1:100; Kaneko et al., 2000),
rabbit anti-Musashil (1:200; Chemicon, Temecula, CA), rab-
bit or mouse anti-Nestin (1:200; Chemicon), mouse anti-neu-
ronal nuclei (NeuN, 1:100; Chemicon), rabbit or mouse anti-
B-tubulin class III (1:400; Covance, Richmond, CA), goat
anti-Doublecortin (1:200; Santa Cruz Inc., Santa Cruz, CA),
mouse anti-polysialylated neural cell adhesion molecule (PSA-
NCAM, 1:200; a gift from Tatsunori Seki), rabbit anti-glial
fibrillary acidic protein (GFAP, 1:400; Sigma), mouse anti-
S100B (1:500; Sigma), rabbit anti-Ibal (1:800; a gift from
Yoshinori Imai), and rabbit anti-glutamic acid decarboxylase
(GAD)65/67 (1:400; Chemicon). The rabbit antibody against
Isletl (1:400) was obtained from Chemicon and the goat anti-
Tbrl antibody (1:200) was obtained from Santa Cruz. The
staining for activated caspase-3 was carried out using a rabbit
anti-activated caspase-3 antibody (1:50; Cell Signaling). The
primary antibodies were revealed by appropriate secondary
antibodies conjugated to biotin for immunoperoxidase labeling
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Fig. 1. Cell proliferation in the monkey
group with short-term survival after
BrdU. BrdU+ cells in the septal (Al,
A3), caudate (A2, A4), ventral (B), dor-
sal (D) and anterior (C) aspects of SVZa
of control (A1, A2, B1, Ci, D1) and
postischemic (A3, A4, B2, C2, D2)
day 9 brains. M, medial; L, lateral; D,
dorsal; V, ventral; A, anterior; P, poste-
rior; Str, stiatum. The lumen of the lat-
eral ventricle is shown by an asterisk. E1:
Quantitative evaluation of the BrdU+
cells, Note the increase in BrdU+ cells
on postischemic day 9 in the ventral (V),
anterior (A), dorsal (D), and caudate (C)

CE1

(1:30-1:100, Vector ABC kit; Vector Laboratories, Burlin-
game, CA), or AlexaFluor 488, 546, 633 (1:100; Molecular
Probes, Eugene, OR) and tetramethylrhodamine isothiocya-
nate (TRITC, 1:30; Jackson ImmunoResearch, West Grove,
PA) for immunofluorescent labeling. For double and triple
staining, the respective primary antibodies were from different
species and were applied sequentially to minimize cross
reactivity.

Terminal Deoxynucleotidyltransferase-Mediated UTP
Nick-End Labeling Assay

Free-floating sections were subjected to the terminal
deoxynucleotidyltransferase (TdT)-mediated UTP nick-end
labeling (TUNEL) assay carried out using the ApopTag in situ
cell death detection kit (Intergene, Purchase, NY), as
described previously (Tonchev et al., 2003a). Briefly, the sec-
tions were dehydrated in an ascending ethanol/dH,O series
(50, 70, and 90%; 5 min each) followed by one 15-min incu-
bation in 100% ethanol and rehydration in ethanol/dH,O (90,
70, and 50%; 5 min each). Sections were then subjected to
proteinase K (20 pg/mL, 15 min) followed by equilibration
buffer and TdT/reaction buffer mixture at 37°C for 2 hr.
R eactions involving digoxigenin incorporation were visualized
by appropriate antibodies. Control stainings included DNase
pretreatment (positive control for reaction specificity) or TdT
omission (negative control). For TUNEL/BrdU double label-
ing, the reaction was developed until the enzyme step, DNA
denaturation for BrdU, was carried out and then the incorpo-
rated digoxigenin and BrdU were visualized using immuno-
staining. For NeuN/TUNEL/BrdU triple labeling, the anti-
body against NeulN was applied and visualized at the end of
the procedure.

- Contel By d

- E2

SVZa. In contrast, no change was
observed in the septal (S) SVZa. *P <
0.05 vs. control animals. E2: BrdU infu-
sion protocol, with gray horizontal bars
depicting periods of BrdU infusion. DO,
day of surgery. Scale bar = 50 pm.

Do - -
ko 3
®
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Image Analysis

The numbers and densities of BrdU+ cells were deter-
mined on immunoperoxidase-labeled sections. Tissue blocks
from the left hemisphere, starting dorsally at the level of the
corpus callosum topping the roof of the anterior horn of the
lateral ventricle and spanning ventrally until the level of the
anterior commissure (ac), were cut into horizontal sections.
Tissue blocks from the right hemisphere, ac+7 mm anteriorly
to ac+1 mm posteriorly, were cut into coronal sections. Every
12th section was evaluated using a computerized microscope
system and positive cells were displayed on a computer screen.
The number of cells that had incorporated BrdU in SVZa was
determined using 800 pm X 100 pm grids placed over each
of the five aspects of SVZa (dorsal, ventral, septal, caudate,
and anterior), as outlined on the maps in Figure 1. The
BrdU+ cells in the striatum and frontal cortex were counted
using 880 pm X 680 pm grids. Numbers and densities were
averaged to obtain a mean density value for each region/ani-
mal group. Double and triple labeling to determine the
expression of phenotypic markers and transcription factors by
BrdU-expressing cells were verified using confocal laser scan-
ning microscopy (LSM 510; Carl Zeiss, Tokyo, Japan). Alexa
Fluor 488 was assigned to the green channel, TRITC or
Alexa Fluor 546 were assigned to the red channel, and Alexa
Fluor 633 was assigned to the blue channel. Each fluoro-
chrome was scanned separately and sequentially to minimize
the probability of signal transfer among channels. Z sectioning
at intervals of 0.5-1 pm was carried out and optical stacks of
at least 20 images were used for analysis. Digital three-dimen-
sional reconstructions were created using Zeiss LSM v2.3 sofi-
ware. Within each region and animal group, 100 BrdU+ cells
per marker were sampled for coexpression on at least five dif-



Fig. 2. Cell proliferation in the group with long-term survival after
BrdU treatment. Representative images of the BrdU+ cells in the dor-
sal {A), caudate (B), anterior (C), and ventral (D) SVZa aspects of con-
trol day 44 (A1, B1, C1, D1) or postischemic day 44 (A2, B2, C2,
D2) and day 79 (B3) brains are shown. Note the greater number of
BrdU+ cells in the dormsal, caudate, or anterior SVZa aspects after
ischemia. M, medial; L, lateral; D, dorsal; V, ventral; A, anterior; P,
posterior; Str, striatum, The lumen of the lateral ventricle is shown by
an asterisk. Scale bar = 50 pm. E1: Quantitative evaluation of the

ferent sections, whereas 200 BrdU+ cells were investigated
for colabeling with NeuN.

Statistical Analysis

standard error
were

Data were expressed as the mean =
of the mean (SEM). Differences between means
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BrdU+ cells. The density of BrdU+ cells in the postischemic brains
was significantly higher than was that of the control brains with identi-
cal survival times after BrdU treatment. *P < 0.05, ***P < 0.001 vs.
sham-operated control with the same survival time. E2: BrdU infusion
protocol, with gray horizontal bars depicting periods of BrdU infusion.
DO, day of surgery. F: Proportions of BrdU+ cells retaining presence
in SVZa. Densities of BrdU+ cells on day 44 after sham/ischemia were
calculated as a percentage of control/postischemic day 9 densities, in
the presented SVZa aspects. *P < 0.05 vs. sham-operated control.

determined using one-way analysis of variance (AINOVA)
followed by Tukey-Kramer’s posthoc comparison and two-
sided t-test. For comparing percentages of cells retained
in SVZa, nonparametric test was also applied (Mann-
Whitney). Differences were considered significant when
P < 0.05.
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RESULTS

Increased Proliferation in SVZa After Ischemia

To label de novo generated cells, we injected
BrdU in ischemic or sham-operated adult macaque
monkeys. We then investigated cellular proliferation in
five representative locations within the SVZa (Fig. 1A—
D): (1) septal SVZa along the medial wall of the lateral
ventricle, (2) caudate SVZa along the lateral wall, (3)
ventral SVZa at the floor of the ventricle, (4) dorsal
SVZa at the roof of the ventricle capping the striatum,
and (5) anterior SVZa at the rostral tip of the ventricle.
In the short-term survival group, BrdU+ cells were
investigated within the first 2 weeks after surgery (days
4, 9, and 15). A postischemic BrdU+ cell increase was
observed in all examined aspects of SVZa except in the
septal aspect, with a statistically significant peak on posti-
schemic day 9 (Fig. 1E).

Sustained Presence of Newly Generated Cells in
the Caudate, Dorsal, and Anterior Aspects of
SVZa

To evaluate the long-term fate of proliferating cells
in the striatum and frontal cortex, we injected BrdU
during days 5-9 after surgery. Monkeys were sacrificed
on days 23, 44, or 79 after ischemia or on days 23 or 44
after the sham operation (i.e., 2, 5, or 10 weeks after the
last BrdU injection, respectively; Fig. 2). In the dorsal
(Fig. 2A), caudate (Fig. 2B), and anterior (Fig. 2C)
aspects of SVZa, the postischemic monkey brains con-
tained more BrdU+ cells than did the respective sham-
operated controls (Fig. 2E). The postischemic monkeys
with BrdU survival time of 10 weeks (sacrificed on pos-
tischemic day 79) had a greater number of BrdU+ cells
in the anterior, dorsal, and caudate SVZa than did the
sham-operated controls with BrdU survival time of 5
weeks (24.4 £ 3.7 vs. 12.4 = 2.4 in the anterior SVZa,
183 + 1.7 vs. 8.1 * 1.1 in the dorsal SVZa, and
21.3 = 1.9 vs. 10.8 = 1.7 in the caudate SVZa, respec-
tively; P < 0.05, paired f-test). In ventral (Fig. 2D) and
septal (data not shown) SVZa, no differences were
observed between ischemic and control animals. Evalua-
tion of the percentage of BrdU+ cells sustaining their
localization in SVZa on day 44 after surgery showed sig-
nificantly higher proporttions of retained cells in the post-

ischemic dorsal, caudate, and anterior SVZa, but not in
ventral SVZa (Fig. 2F).

Proliferating Cells in SVZa Are Neural and
Neuronal Progenitors

We confirmed that BrdU+ cells were indeed pro-
liferating by double labeling BrdU with Ki67, a marker
of cells in the G1-M phases of the cell cycle (Kee et al,,
2002), and phosphorylated histone H3, an M-phase
marker (Hendzel et al., 1997). We observed an almost
complete colabeling of BrdU and Ki67 in SVZa of the
monkeys from the short-term survival group, whereas a
smaller fraction of the BrdU+ cells coexpressed phos-
phorylated histone H3 (Fig. 3A), consistent with our
previous observation in other brain regions of these
monkeys (Tonchev et al., 2003b). To determine the
phenotype of proliferating cells, we utilized markers for
neural (Musashil and Nestin) or neuronal (BIII-tubulin)
progenitors (Kaneko et al., 2000; Pencea et al., 2001;
Tonchev et al., 2003a). In SVZa, numerous BrdU++ cells
(either single or in clusters) were double labeled for
Musashil (Fig. 3B) and were typically negative for the
astrocyte marker GFAP. We previously detected BrdU+
cells in the monkey DG and olfactory bulb that express
Musashil and Nestin but are GFAP— (Tonchev et al,
2003a,b). As Musashil is expressed in both embryonic
progenitors and astrocytes (Kaneko et al., 2000), the
Musashil+/BrdU+/GFAP—  immunophenotype = most
probably represents neural progenitor cells. Consistent with
such a conclusion, the same cell type also expressed Nestin
(Fig. 3C). The proportion of Musashil+/BrdU+ cells out
of the total BrdU+ cells was over 70% on postischemic
day 9 (Fig. 3G). At 2-10 weeks after BrdU infusion,
numerous BrdU+ cells expressed the neuronal progenitor
marker BIlI-tubulin (Fig. 3D), whereas the proportion of
Musashil+/BrdU+ cells decreased (Fig. 3G).

Ischemia caused an increase of cells positive for the
TUNEL assay in the striatum and neocortex (Supple-
mentary Fig. 1); however, BrdU+ cells never colabeled
with either TUNEL or with active caspase-3, a marker
of apoptotic cells (Fig. 3E). Furthermore, we observed
Musashil+/BrdU+ progenitors coexpressing Ki67 not
only in the short-term survival group but also the long-term
survival group, as late as postischemic day 79 (Fig. 3F).

>

Fig. 3. Expression of proliferation and progenitor cell markers by BrdU+
cells. A: Triple labeling for phosphorylated histone H3 (pHis3), Ki67, and
BrdU in postischemic day 9 SVZa. The boxed area in A1l is shown in A2
with color separation. B: Triple immunostaining for Musashil, glial fibril-
lary acidic protein (GFAP) and BrdU in postischemic day 9 SVZa. A
Musahsil+/BrdU+ cluster (arrow in B1) is GFAP—, as confirmed by 3D
reconstruction (the x- and y-planes are on the right and top, respectively)
and shown with color separation in B2. C: Triple labeling for Nestin,
Musashil, and BrdU shows a proliferating cell cluster (arrow) expressing
both Musashil and Nestin in postischemic day 9 SVZa. The cluster in A1
is shown in A2 with color separation. D: Double immunofluorescence for
BIl-tubulin and BrdU in postischemic day 23 SVZa. The boxed area in
D2 is shown in D3 with color separation. E: Double labeling for BrdU/

TUNEL (E1, E2) or BrdU/active caspase-3 (E3, E4) in postischemic day
9 (E1, E3) or day 79 (E2, E4) SVZa. BrdU+ cells (red) are depicted by
arrows, whereas TUNEL+ or Caspase+ cells {green) are shown by arrow-
heads. F: Triple immunofluorescence for Musashil, Ki67, and BrdU in
postischemic day 79 SVZa. A triplestained cell is depicted by arrows,
and a BrdU+/Ki67+/Musashil— cell is depicted by arrowheads. The
lumen of the lateral ventricle is shown by an asterisk. G: Proportions of
BrdU+ cells coexpressing Musashil or BIII-tubulin in SVZa (BrdU+- cells
were sampled in dorsal, caudate, ventral, and anterior aspects) of postische-
mic monkeys. BrdU+/Musashil—/BIII-tubulin— cells are designated
“other.” Scale bar = 50 pm in B1 (for A1, B1); 20 pm in A2, B2, Ci,
and D2 (for D1 and D2); 10 pm in C2, D3, and E1 (for E1~E4); and
5 um in F1 (for F1-F4).
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SVZa Progenitor Migration Is Restricted Along a
Pathway to the Olfactory Bulb

The postischemic enhancement of progenitor pro-
liferation in SVZa might potentially lead to the migra-
tion of newly generated cells to either the olfactory bulb
along a pathway known as the rostral migratory stream
(RMS; Iwai et al., 2003) or to other brain regions, as
demonstrated in rodent models of focal cerebral ischemia
in the neocortex (Zhang et al., 2001; Jin et al., 2003) or
striatum (Arvidsson et al., 2002; Parent et al., 2002). We
therefore investigated whether any of these possible
migration pathways existed in postischemic monkey
brains.

As the ventral aspect of the SVZa had the highest
density of BrdU+- cells, we investigated the white matter
located ventrally to SVZa. On sections stained for BrdU
alone, we found chains of BrdU+ cells that were partic-
ularly dense in the monkey brains with short-term sur-
vival after BrdU treatment and that gradually became less
populated by BrdU+ cells in the long-term survival
brains (Fig. 4A). The BrdU+ cells within these chains,
apparently part of the “ventral extension of SVZ” (Pen-
cea et al., 2001) that together with RMS contributes to
olfactory bulb neurogenesis, did not deviate away from
the chains toward adjacent telencephalic structures (Fig.
4A). BrdU+ chains of cells were not observed in the
subcortical white matter on the dorsal aspect of the
SVZa (data not shown).

We applied BIII-tubulin/BrdU immunohistochem-
istry followed by confocal analysis to investigate whether
migration of immature neurons may take place in posti-
schemic monkey brain. We found no evidence for either
BIII-tubulin+/BrdU+ cells or for BIII-tubulin+ chains
in the white matter between the lateral ventricle and the
prefrontal neocortex or along the border between the
white matter and the striatal edge of ischemic monkey
brain (Fig. 4C). Because this negative result could have
been caused by an inadequacy of our protocol, we tested
the reliability of our immunohistochemistry procedure
using brain sections from a neonatal monkey that had
been injected with BrdU on the day of birth and on
P14, and then sacrificed 2 hr later. The brain sections
from the P14 monkey were processed simultaneously
with the sections from the adult monkeys. Staining for
BIII-tubulin revealed numerous BIII-tubulin+ clusters in
the white matter adjacent to the prefrontal neocortex
(Fig. 4B), some of which were double labeled for BrdU
(inset in Fig. 4B). Identical results were obtained with
two independent markers of migrating immature neu-
rons, PSA-NCAM (Seki and Arai, 1993) or Doublecor-
tin (Gleeson et al., 1999; Supplementary Fig. 2).

In the rostral migratory stream (Fig. 4D), we found
numerous BII-tubulin4/BrdU+ cells that were typi-
cally arranged in chains similar to the BrdU+ cells in
the ventral portions of the SVZa. The lack of evidence

for SVZa progenitor cell migration outside the RMS to
the olfactory bulb combined with the lack of data for
the apoptosis of newly generated cells (Fig. 3E) suggests
that ischemia likely increases the number of BrdU+ cells
in RMS and the olfactory bulb. Consistent with this
notion, we found an increased number of BrdU+ cells
along the postischemic RMS at postischemic day 23 (2
weeks after BrdU), compared to that in the sham-oper-
ated controls (Fig. 4E) with the same survival time after
BrdU treatment (158.8 = 25.1 vs. 54.1 = 9.3 BrdU+
cells/mm?% P < 0.05, paired t-test). In addition, an
increased number of BrdU+ cells existed in the posti-
schemic olfactory bulbs of the monkey group with a
5-week survival period after BrdU treatment (postische-
mic day 44) compared to that in the olfactory bulbs of
sham-operated monkeys (Fig. 4F) with the same survival
time (59.5 = 8.8 vs. 33.1 £ 2.4 BrdU+ cells/mm?;
P < 0.05, paired t-test).

Predominant Glial Cell Proliferation in
Postischemic Striatumm and Neocortex

Similar to the situation in the SVZa, the ischemic
insult enhanced proliferation in the striatum and frontal
cortex; in both of these regions, the density of BrdU+
cells on postischemic day 9 was markedly higher than
that in the control group (Fig. 5A). Among the monkeys
from the long-term survival group, the BrdU+ cells in
the postischemic striatum and frontal cortex significantly
outnumbered those in the control monkeys at both 2
and 5 weeks after BrdU treatment (Fig. 5B). Similarly to
SVZa, the postischemic macaques with a BrdU survival
time of 10 weeks (postischemic day 79) had a greater
number of BrdU+ cells than did the sham-operated
controls with a BrdU survival time of 5 weeks in both
regions of interest (35.4 = 3.7 vs. 19.7 * 2.6 in the
striatum and 40.4 * 9.4 vs. 149 £ 1.8 in the neocor-
tex; P < 0.05, paired f-test).

Numerous BrdU+ cells expressed the microglial
marker Ibal (Ito et al., 1998; Fig. 5C) and the astroglial
markers S100B (Fig. 5D) and GFAP (data not shown).
Double labeling with BrdU revealed that a stable pro-
portion of about 90% of the newly generated cells in the
two regions after ischemia were glia (Fig. 5E). Microglial
cells were much more numerous than astrocytes were,
by approximately 8:1 (Fig. 5D,E). Astroglia were found
frequently in proliferating “doublets” (data not shown),
as described previously in the postischemic monkey hip-
pocampus and temporal neocortex (Tonchev et al,
2003a). Perineuronal satellite cells did not express either
microghial or astroglial markers (Fig. 5C).

Limited Neuronal Production in the Postischemic
Striatum and Neocortex

We searched for evidence of de novo generation of
cells with a neuronal immunophenotype in the striatum
and frontal cortex because these regions were reported
previously to contain such cells in normal monkeys
(Gould et al., 2001; Bedard et al., 2002). We first carried
out double staining for BrdU and the mature neuronal



Fig. 4. Proliferation of progenitor
cells in the macaque rostral migratory
stream (RMS) and subcortical white
matter. A: BrdU immunohistochemis-
try in the white matter located ventral
to the ventral aspect of SVZa on post-
ischemic days 9 (A1), 15 (A2), and 44
(A3). Note the stream of BrdU+ cells
and the lack of cells deviating away
from the stream. B, C: Staining for
BIll-tubulin in the subcortical white
matter and in the vicinity of the puta-
men of an intact postnatal (B) and
adult postischemic day 23 (C1, C2)
monkey brain. Note the lack of posi-
tive cells in the adult monkey white
matter contrasting the numerous SIII-
tubulin+- clusters (arrows in B) in the
postnatal (P14) brain. The boxed cluster
is magnified in the inset with arrow-
heads depicting a BlII-tubulin+t/
BrdU+ cell. Cells positive for BIII-
tubulin in SVZa are also shown
(arrows). WM, white matter; Str,
striatum; F, frontal cortex. The lumen
of the lateral ventricle is shown by an
asterisk. D: Double labeling for BIII-
tubulin and BrdU in control and post-
ischemic monkey RMS (horizontal
brain sections at the level of the ante-
rior commissure), 23 days after sur-
gery. Virtually all BrdU+4 cells are
colocalized with BIlI-tubulin; none of
the cells positive for either marker
deviate away from the RMS. Pu,
putamen; ac, anterior commissure,
E: BrdU immunohistochemistry in
RMS of a control (E1) and postische-
mic day 23 (E2) monkey. F: BrdU
immunohistochemistry in the olfactory
bulb parenchyma of a control (F1)
and postischemic day 44 (F2) monkey.
Scale bar = 400 pm in A3 (for Al-
A3); 400 pm in C2 (for B, C, C2);
200 pm in D2 (for D1, D2); and
200 pm in F2 (for E, F).




Fig. 5. Cell proliferation in the
striatum and frontal cortex.
A: Representative images of
BrdU+ cells in the striatum of
control (A1) and postischemic
day 9 monkey brains (A2).
Note the greatly increased den-
sity of BrdU+ cells on day 9.
B: Quantitative evaluation of
the BrdU+ cells in striatum
(B1) and frontal cortex (B2) at
various intervals after ischemia/
sham operation. The density of
BrdU+ cells in the postische-
mic brains is significantly
greater than that in the control
brains with identical survival
periods after BrdU treatment.
*P < 0.05, ***P < 0.001 vs.
control animals. C: Triple
labeling for Ibal, NeuN, and
BrdU in the postischemic day
44 sgiatum. Ibal4-/BrdU+ cells
are indicated by arrows, whereas a
perineuronal satellite cell is indi-
cated by an arrowhead. D: Triple
labeling for Ibal, S1008, and
BrdU in the postischemic day 44
frontal cortex. Ibal+4-/BrdU+
cells (arrows) are much more
numerous than are the S100B+/
BrdU+ cells (arrowhead). E: Pro-
portions of BrdU+ cells coex-
pressing Ibal or S100§ in the post-
ischemic monkeys. BrdU+-/
Ibal—/S100B— cells are desig-
nated “other.”” Scale bar = 50
pm in A; 20 pm in C, D; 10
pm in E, F.



Fig. 6. Neuronal immunophenotype of
BrdU+ cells in the postischemic neo-
cortical or striatal parenchyma. A: Dou-
ble labeling for NeuN and BrdU in neo-
cortical layers I-IV (A1) reveals a dou-
ble-labeled cell at the boundary of layers
II and IIT (the box in A1l is magnified in
A2) on postischemic day 23. The cell
boxed in A2 is presented as orthogonal
projections along the x- and y-axes (A3)
to confirm the colocalization of the two
signals. Note its identical morphology to
neighboring Neu N4/BrdU-— cells
(A2). B: Triple labeling for BrdU,
NeuN, and Tbrl at the boundary of
neocortical layers IV and V on day 44.
The boxed cell in Bl is shown in B2
with color separation and orthogonal
projections. C: Triple labeling for BrdU,
NeuN and Isletl in the putamen on day
44. The boxed cell in C1 is shown in C2
with color separation and orthogonal
projections. D: Triple-labeling for
BrdU, NeuN, and the GAD67 in the
putamen on day 79. The boxed cell in
D1 is shown in D2 with color separation
and orthogonal projections. E: Triple
staining for NeulN (E1), BrdU (E2) and
TUNEL (E3) in layers [I-IV of the neo-
cortex on postischemic day 23.
TUNEL+- cells (arrows) and the BrdU4-
cells (arrowheads) are distinct cell types.
Examples of a2 NeuN+/TUNEL+ cell
and a NeuN+/BrdU+ cell boxed in
E1-E3 are magnified on the right side of
the figure. Scale bar = 200 pm in A1; 20
pm in A2, B1, C1 and D1; 50 pm in
E1-E3.
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marker NeuN (Eriksson et al., 1998; Gould et al. 1999,
2001; Komack and Rakic, 1999, 2001b; Arvidsson
et al,, 2002; Parent et al., 2002), searching for double-
labeled cells whose size and morphology were similar to
the surrounding NeuN+/BrdU— neurons (Fig. 6A). A
systematic confocal analysis revealed that a few of the
BrdU+ cells were NeuN+/BrdU+ cells: 8/600 in the
neocortex (2/200 at day 23, 3/200 at day 44, and 3/200
at day 79) and 7/600 in the striatum (2/200 at day 23,
3/200 at day 44, and 2/200 at day 79).

We further confirmed the putative neuronal phe-
notype of the NeuN+/BrdU+ cells by demonstrating
that they express markers of committed neuronal pro-
genitors and postmitotic neurons in the striatum (Isletl;
Stenman et al., 2003) or the neocortex (Tbrl; Englund
et al, 2005). In addition to the 1,200 BrdU+ cells
examined for NeulN/BrdU double labeling as described
above, we investigated 300 BrdU+ cells (100 in each of
the postischemic groups sacrificed on days 23, 44, and
79) for Tbrl/NeuN/BrdU triple labeling in the neocor-
tex and 300 BrdU+ cells for Isletl/NeuN/BrdU triple
labeling in the striatum. Three-dimensional confocal
analysis with digital reconstructions demonstrated that all
scanned NeuN+/BrdU+ cells coexpressed Tbrl in the
neocortex (4/300; Fig. 6B) or Isletl in the striatum (5/
300; Fig. 6C). Finally, we found that the NeuN+/
BrdU+ cells coexpressed GAD, a marker of y-aminobu-
tyric acid (GABA)ergic neurons (Jongen-Relo et al,
1999). We observed triple-labeled GAD-+/NeuN+/
BrdU+ cells in both the striatum (2/200 BrdU+ cells;
Fig. 6D) and neocortex (2/200 BrdU+ cells). In the
sham-operated monkeys, BrdU-+/NeuN+ cells were
only observed in striatum and neocortex of the day 44
brains (1/200 BrdU+ cells).

In a rodent ischemic model, BrdU incorporation in
neurons was shown to precede their apoptosis, as
revealed by positive TUNEL staining (Kuan et al,
2004). Combining BrdU/TUNEL double labeling with
NeuN immunohistochemistry in the striatum and neo-
cortex of postischemic day 23 monkeys, we found no
TUNEL+/NeuN+ cells incorporating BrdU, and all
NeuN-+/BrdU+ cells remained negative for TUNEL
(Fig. 6E).

DISCUSSION

The present study has 3 major findings: (1) the
enhanced and sustained presence of progenitors in SVZa,
particularly after ischemia; (2) the restriction of migration
of progenitor cells away from SVZa toward the olfactory
bulb, but not toward the postischemic striatum or frontal
cortex; and (3) the ability of the adult primate brain to
sustain striatal and neocortical neuronal production after
a global ischemic insult.

We have demonstrated previously that global ische-
mia in adult macaque monkeys increases the progenitor
cell proliferation in the SVZ along the inferior horn of
the lateral ventricle (SVZi; Tonchev et al., 2003a). Here,
we extend those results by investigating the SVZ along

the anterior horn of the lateral ventricle (SVZa). Our
results demonstrate for the first time that in primates,
global cerebral ischemia enhances cell proliferation in
this region. The presence of SVZa progenitor cells in
normal adult macaque monkeys has been reported in a
previous study (Kornack and Rakic, 2001a). The present
study, however, demonstrates the first quantitative analy-
sis of the BrdU+ cells that persist in SVZ for a long
time. The data indicate that although SVZa progenitors
sustain their presence in SVZa of both control and ische-
mic monkeys, postischemic SVZa retained a significantly
higher proportion of progenitor cells than did control
SVZa (Fig. 2F). In addition, long-term BrdU-retaining
cells expressed Musashil and Ki67, indicating they
remained uncommitted to neuronal or glial lineage neu-
ral progenitors in the active phases of their cell cycle.
Interestingly, a subpopulation of stem cells implanted in
the lateral ventricles of embryonic monkeys retained
their location in SVZa 4 weeks after implantation,
exhibiting features of undifferentiated progenitors (Our-
ednik et al., 2001). Our results extend these findings by
demonstrating the potential of the endogenous SVZa
progenitors of the adult monkey brain to retain their
location in the niche, particularly after injury.

The finding of long-term BrdU-retaining cells in
SVZa can be explained as follows. First, we specifically
used a high BrdU dose (five daily injections of 100 mg/
kg each) in an attempt to diminish the possibility of
BrdU label dilution by cell division, with a resulting loss
in BrdU detection using immunohistochemistry. A high
BrdU dose should guarantee BrdU detection throughout
long-term survival periods, especially because turnover
of some adult-generated cells in the monkey brain is not
rapid (Kornack and Rakic, 2001a; Gould et al., 2001).
Second, in rodents, stem cells residing in SVZa have the
ability to exit and then reenter the cell cycle (Maslov
et al.,, 2004). If some primate progenitors possessed a
similar ability, the long-term BrdU label-retaining cells
in the SVZa that are colabeled by Ki67 might represent
precursor cells or their progeny reentering the cell cycle.
Third, the retention of SVZa progenitors might be due
to a lack of migration or differentiation signals or, alter-
natively, to an enhanced signal maintaining the stem/
progenitor phenotype. The molecular nature of such
putative signals in the primate remains to be elucidated.
Fourth, long-term BrdU-label retaining cells might rep-
resent a pathologic, abnormal, state. These cells remained
negative for markers of DNA damage and apoptosis,
TUNEL and active caspase-3, however, arguing against
this latter possibility.

In rodent focal ischemic models, SVZa emerged as
the main source of precursor cells for neuronal produc-
tion in the striatum and cortex (Zhang et al., 2001,
2004; Arvidsson et al,, 2002; Parent et al, 2002; Jin
et al., 2003). Different from these rodent focal ischemic
models, however, in adult primate brains after global
ischemia we failed to find evidence that SVZa contrib-
utes to the generation of striatal or neocortical neurons.
Although we observed chains of proliferating neuronal



progenitors in the RMS migrating toward the olfactory
bulb, no such “stream” (Gould et al., 1999b, 2001) was
evident in the subcortical white matter. In comparison,
in the early postnatal (P14) monkey brain, we found
numerous nests of immature neurons in the subcortical
white matter. We observed a significantly increased pro-
liferation in RMS at 2 weeks after BrdU treatment (day
23) and in the olfactory bulb parenchyma at 5 weeks
after BrdU treatment (day 44). Such results are consistent
with the notion that the postischemia-generated SVZa
precursor cells are directed selectively toward the olfac-
tory bulb. Notably, however, our model of transient
global ischemia caused a less pronounced injury (Yoshida
et al., 2002) than did the large focal injury induced in
the rat stroke models (Zhang et al., 2001, 2004; Arvids-
son et al., 2002; Parent et al,, 2002; Jin et al., 2003).
The differences in progenitor cell migration thus might
be related to the strength of the insult, i.e., a milder
ischemic insult might be unable to trigger progenitor cell
migration toward the postischemic striatum or cortex.
Application of a monkey focal ischemic model in future
studies would be important to define more precisely the
ability of primate progenitors to respond to stroke.
Despite the lack of evident progenitor migration
toward the postischemic neocortex or striatum, we
investigated a total of 2,200 BrdU+ cells in these two
regions and found 28 that were colabeled by NeuN
(slightly over 1% of the BrdU+ cells examined). These
putative newly generated neurons survived for up to 70
days after BrdU treatment (79 days after ischemia) and
remained a stable proportion of the BrdU+ cells in the
cortex and striatum of the monkeys, with long-term sur-
vival after BrdU treatment. In contrast, newly generated
neurons in normal monkey neocortex have a transient
existence (Gould et al., 2001). We have provided three
lines of evidence supporting our identification of adult-
generated neurons in the monkey neocortex and stria-
tum: (1) we observed NeuN+/BrdU+ cells that were
morphologically identical to neighboring NeuN+-/
BrdU- neurons; (2) the NeuN+/BrdU+ cells expressed
region-specific transcription factors expressed by neuro-
nal progenitors during their transition into postmitotic
neurons and in postmitotic neurons themselves, namely
Isletl in the striatum (Stenman et al., 2003) and Thrl in
the neocortex (Englund et al., 2005); and (3) the
NeuN-+/BrdU+ cells expressed the enzyme GAD and
therefore could be GABAergic interneurons, consistent
with their preferential localization in neocortical layers II-TV.
Recently, ischemia was shown to induce BrdU
incorporation in dying neurons before apoptosis, as
revealed by positive TUNEL staining (Kuan et al.,
2004). The dying neurons gradually disappeared by pos-
tischemic day 28, whereas BrdU+ cells with a neuronal
morphology were observed at later time points (days 44
and 79) in the present study. We also demonstrated that
in the striatum and neocortex on postischemic day 23,
BrdU was not incorporated in TUNEL+/NeuN- cells
and that NeuN+/BrdU+ cells remained negative for
TUNEL (Fig. 6E). These results indicate that in our
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model and under the current BrdU protocol, the
NeuN+/BrdU+- cells we described were not dying neu-
rons with aberrant DNA synthesis. This is consistent
with our findings in the postischemic monkey hippo-
campal CA1 sector (Tonchev et al., 2003a).

Our data suggests the possibility that newly gener-
ated neocortical and striatal neurons might arise from
parenchymal progenitors. Previous findings in primates
are in accordance with such a conclusion: (1) the in
vitro isolation of progenitor cells from adult human gray
and white matter (Arsenijevic et al., 2001; Nunes et al.,
2003); and (2) the observation that a small fraction of
neural stem cells migrating from the SVZa to the devel-
oping monkey neocortex remain undifferentiated in the
brain parenchyma (Ourednik et al., 2001) and thus could
remain dormant during development into adulthood
until activated by injury. Very recently, Dayer et al.
(2005) provided in vivo evidence in adult rodents that at
least in the neocortex, GABAergic interneurons might
be generated by a local pool of precursors.

A more detailed understanding of the molecular
mechanisms controlling adult primate progenitors may
provide an important insight into their manipulation in
situ (Magavi et al., 2000) to restore neurologic function
in human disease as well as in deciphering species- and
age-selective differences in their behavior.
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Abstract—The anterior subventricular zone of the adult mam-
malian brain contains progenitor cells which are upreguiatsd
after cerebral ischemia. We have previously reported that
while a part of the progenitors residing in adult monkey
anterior subventricular zone fravels to the olfactory bulb,
many of these cells sustain location in the anterior subven-
fricular zone for months after injury, exhibiting a phenotype
of either neural or neuronal precursors, Here we show that
" ischemia increased the numbers of anterior subventricular
zone progenitor cells expressing developmentally regulated
transcription factors including Pax6 (paired-box 8), Emx2
(empty spiracles-homeobox 2), Sox 1-3 (sex determining re-
gien Y-box 1-3}, Ngn1 (neurogenin 1), Dix1,5 (distaliess-ho-
meobox 1,8), Olig1,3 {oligedendrocyte lineage gene 1,3) and
Nkx2.2 (Nk-box 2.2), as compared with control brains. Anal-
ysis of transcription factor protfein expression by sustained
neural or neuronal precursors in anterior subventricular
zone revealed that these two cell types were positive for
characteristic sets of transcription factors. The proteins
Pax6, Emx2, Sox2,3 and Olig1 were predominantly local-
ized to dividing neural precursors while the factors Soxf,
Ngni, Dix1,8, Olig2 and Nkx2.2 were mainly exprassed by
neuronal precursors. Further, differences between mon-
keys and non-primate mammals emerged, related to ex-
pression patterns of Pax6, Olig2 and DIx2. Qur resuits
suggest that a complex network of developmental signals
might be Invelved in the specification of primate progenitor
cells. © 2006 Published by Elsevier Ltd on behalf of 1BRO.

Key words: cerebral ischemia, primate, adult neurogenesis,
cell fate, developmental signal.
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The subventricular zone of the anterior horn of the lateral
ventricle (8VZa) in the brain of adult mammals contains
multipotent neural progenitor cells which are a subject of
intensive research, predominantly using rodent modsls
{reviewed by Gage, 2000; Okanao 2002). Although studied
less extensively in adult primates, SVZa precursor cells
were documented also at the primate level, in vitro (Pincus
et al., 1998; Roy et al., 2000) and in vivo (Kornack and
Rakic, 2001; Pencea et al., 2001). Cerebral ischemia in-
creases the proliferation of the precursor cells residing in
8VZa, in both focal (Jin et al.,, 2001; Zhang et al., 2001;
Arvidsson et al., 2002; Parent et al., 2002) and global (Iwai
et al., 2003) rodent models. Recently, we confirmed the
preservation of this phenomenon in primates by labeling
precursor cells in adult macaque monkey brains with the
thymidine analog 5-bromo-2'-deoxyuridine (BrdU). We
found that the proliferation of monkey SVZa progenitors
peaked early after ischemia, and that while most of these
cells were destined for the olfactory bulb, some precursors
retained an immature phenotype and location in SVZa for
months after injury (Tonchev et al., 2005). A similar phe-
nomenon of sustained progenitor existence in SVZa had
been previously described in developing monkey brain
(Qurednik et al., 2001), but the molecular signals involved
in this precursor cell retention as well as in the overall
regulation of primate SVZa progenitors remain unknown.

A central role in the regulation of neural development is
played by families of region- and cell type-selective tran-
scription factors that determine fundamental decisions re-
garding the behavior and fate of selective progenitor cell
populations in the embryonic brain (reviewed by Monuki
and Walsh, 2001; Shirasaki and Pfaff, 2002; Schuurmans
and Guillemot, 2002). Expression of several of these de-
velopmental signals has been shown in adult rodent SVZa
precursors, including paired-box (Pax) 6 (Heins et al.,
2002; Hack et al., 2004), empty spiracles-homeobox (Emx)
2 (Galli et al., 2002), distalless-homeobox (DIx) 2 (Doetsch
etal., 2002), sex determining region Y-box (Sox) 2 (Ferri et
al., 2004, Komitova and Eriksson, 2004), and oligodendro-
cyte lineage gene (Olig) 2 (Hack et al., 2004). At present,
however, little is known of franscription factor expression
by progenitor cells in adult primate SVZa.

In the present study, we investigated whether BrdU-
positive (BrdU™) progenitor cells in adult monkey SVZa
express developmentally-regulated transcription factors,
under normal conditions or after ischemia. We combined
BrdU labeling at both short- and long-term intervals after
ischemia with immunostaining for Ki67 to identify progen-
itors in active phases of cell cycle, or with markers of
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Fig. 1. Schemalic presentation of BrdU/Kis7 paradigm and the investigation of transcription factor expression by progenitor cells in $VZa. BrdU
infusion {gray bas) was performed between days 5-9 (D5-D9) after surgery, and the fale of BrdU™ cells in 8VZa was investigated on D¢ (short-term
intarval) o at long-term intervals (023, D44 and D79; D23 and D44 are omitted for clarity). As Ki67 selectively labels the proliferating cells at ime of
animal kill (arrows), at the D9 time-point almost all BrdU* cells are alse Ki67*, while at the long-term intervals after surgery only few BrdU* are
co-labeled by Ki67. Cellular phenotypes characterized by their positivity for BrdU/Ki67 and Musashit/glli-tubulin (neural/neuronal) were investigated
for putativs expression of either warly- or lineage-selactive transcriptional regulators of embryonic: brain development.

neural (Musashit; Sakakibara et al., 1996; Sakakibara and
Okano, 1997; Kaneko et al., 2000) or neuronal (glli-tubulin;
Pencea et al., 2001) progenitors to discern which is the cell
type expressing a certain transcription factor (Fig. 1). Tran-
scription factors targeted in our study were selected based
on their expression by precursor cells in embryonic verte-
brate telencephalon. We first explored markers of early
multipotential stem/progenitor cells: Pax6 (Muzio et al.,
2002), Emx2 (Heins et al., 2001), and Sox1-3 (Bylund et
al., 2003). We then investigated transcription factors which
are known to be specific for region- or lineage-restricted
forebrain precursors: dorsal telencephalic markers such as
neurogenin (Ngn) proteins (Schuurmans and Guillemot,
2002: Schuurmans et al., 2004), and ventral telencephalic
markers such as Dix (Anderson et al., 1997; Letinic et al.,
2002; Stenman et al., 2003; Perera et al., 2004) and Olig
(Schuurmans and Guillemot, 2002; Rowitch, 2004) pro-
teins (Fig. 1). Our results suggest that some of these
transcriptional regulators are expressed by adult primate
SVZa progenitor cells and thus may be involved in their
regulation.

EXPERIMENTAL PROCEDURES
Monkeys

Animal experiments were performed under the guidelines of the
Animal Care and Ethics Committee of Kanazawa University, and
the NIH Guide for the Care and Use of Laboratory Animals.
Throughout the experiments, all efforts were made to minimize the
number of animals used, and their suffering. Sexually mature
female Japanese monkeys (Macaca fuscata) (n=14) were bred in
air-conditioned cages, and were allowed free daily access to food
and water. Transient global cerebral ischemia was performed
under general inhalation anesthesia with artificial ventilation as

previously described (Yamashima, 2000; Yamashima et al., 1998;
Tonchev et al., 2005). Briefly, after resecting the sternum, the
innominate and left subclavian arteries were transiently clipped for
20 min. The effectiveness of clipping was demonstrated by an
almost complete absence (0.5+1.0 ml/100 g brain/min) of cere-
bral blood flow being monitored by laser Doppler (Vasamedics, St.
Paul, MN, USA). Ischemia was performed to eight macaques,
while six macaques underwent sham surgery (executed by open-
ing the chest without vessel! clipping). All monkeys received five
daily injections of 100 mg/kg i.v. of BrdU (Sigma-Aldrich Japan K.K.,
Tokyo, Japan), performed on days 5-9 after surgery. Respective
animals were then killed on day 9 (n=2), day 23 (n=2), day 44
(n=2) and day 79 (n=2) after ischemia or on day 9 (n=2), day 23
(n=2) and day 44 (n=2) after the sham operation (Tonchev et al.,
2005).

Tissue processing

The monkeys were killed by intracardial perfusion with 4% para-
formaldehyde under general anesthesia. The brains were re-
moved, and tissue blocks (ac +7 mm anteriorly to ac +1 mm
posteriorly) were cryoprotected in sucrose, and frozen in O.C.T.
medium (Tissue-Tek, Sakura Finetech Co, Tokyo, Japan), and
serially cut into 40-um thick coronal sections. All stainings were
performed on free-floating sections. To reveal BrdU incorporated
into the cells, DNA was denatured by treatment with formamide
and HCI as described (Eriksson et al., 1998; Tonchev et al., 2003),
followed by application of mouse anti-BrdU (1:100, Becton Dick-
inson, San Jose, CA, USA) or rat anti-BrdU (1:100, Harlan Sera-
Laboratory, Loughborough, UK) antibodies. We used the following
antibodies for phenotypic markers: mouse anti-Ki67 (1:50, Novo-
castra, Newcastle, UK), rat anti-Musashi1 (1:100, Kaneko et al.,
2000), rabbit anti-Musashi1 (1:200, Chemicon, Temecula, CA,
USA), rabbit or mouse anti-Nestin (1:200, Chemicon), mouse
anti-NeuN (1:100, Chemicon), rabbit or mouse anti-g-tubulin class
il (1:400, Covance, Richmond, CA, USA), goat anti-Doublecortin
(1:200; Santa Cruz Inc., Santa Cruz, CA, USA), mouse anti-2',3’-
cyclic nucleotide 3’-phosphodiesterase (CNP) (1:400; Chemicon),
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and rabbit anti-glial fibrillary acidic protein (GFAP) (1:400, Sigma),
The following rabbit polyclonal antibodies against transcription
factors were obtained from Chemicor: Emx@ (1:400), Ngn1 (1:
2000), Ngn2 (1:1500), Ngn3 (1:100--1:1000), Dix1 (1:500), Dix2
(1:200), DIx5 (1:1000), Sox1 (1:200), Sox2 (1:200), Sox3 (1:200),
Olig1 (1:1000), Olig3 (1:300), Nkx2.2 (1:400). The rabbit Paxé
antibody (1:200) was from Covance, and the rabbit anti-Olig2
antibody was a gift from Hirohide Takebayashi (National institute
for Physiological Sciences, Okazaki, Japan).

The primary antibodies were revealed by appropriate second-
ary antibodies conjugated to AlexaFluor 488, 546, or 633 (Molec-
ular Probes, Eugene, OR, USA), tetramethylrhodamine isothio-
cyanate (TRITC; Jackson Immunoressarch, West Grove, PA,
USBA), or to biotin for immunoperoxidase labeling (1:30-1:100;
Vector ABC kit, Vector Laboratories, Burlingame, CA, USA). For
double- and triple-staining, the respective primary antibodies were
from different species, and were applied sequentially to minimize
the probability for cross-reactivity. Negative control experiments
were performed by omitling the primary antibody and these re-
vealed no positive staining.

Image analysis

Double- and triple-labsling to determine the expression of tran-
seription factors by BrdU-labeled cells or cells labeled for partic-
ular phenotypic markers was evaluated using confocal laser scan-
ning microscopy (LSM 510, Garl Zeiss, Tokyo, Japan). Alexa Fluor
488 was appointed in the green channel, TRITC or Alexa Fluor
546, in the red channel, and Alexa Flour 633, in the blue channel.
Fach fluorochrome was scanned separately and sequentially
to minimize the probability of signal transfer among channels.
Z sectioning at 0.5-1 um intervals was performad and optical stacks
of at least 20 images were used for analysis. Digital three-dimen-
sional reconstructions were created by the Zeiss LSM software
version 2.3. Within each animal group, at least 150 cells positive
for BrdU or a phenotypic marker were sampled for co-expression
with respective transcription factors. The absolute numbers of
transcription factor/BrdU double-positive cells were determined by
multiplying the corresponding fractions with the total numbers of
BrdU™ cells evaluated on every 12th section stained by the per-
oxidese method within grids of 800 mXx100 um placed in the
dorsal, ventral, and striatal aspects of SVZa (see Fig. 2A) as
previously described (Tonchev et al., 2005). Numbers and per-
centages were averaged to obtain a mean density value for each
transcription factor/animal group.

Statistical analysis

For comparing percentages of cells expressing certain transcrip-
tion factor, we applied nonparametric tests (Mann-Whitney U test
and Kruskal-Wallis test) or one-way ANOVA followed by Tukey-
Kramer's post hoc comparisons. Data were expressed as
means=*S8.E.M. Differences were considered significant when
P<0.05,

RESULTS

Expression of Pax6, Emx2 and Sox proteins by
8VZa progenitors

Immunchistochemical staining for the transcription factors
Pax6, Emx2, and Sox1-3 revealed numerous positive
cells, frequently in clusters, located along the walls of the
anterior horn of the lateral ventricle (Fig. 2A, arrows), the
zone that contains proliferating (BrdU™) precursor cells in
the adult mammalian brain (Fig. 2A, arrowheads). At the
early post-BrdU time-point (day 9 after surgery, 2 h after
the last BrdU injection), most (75—85%) BrdU* cells in

8VZa co-expressed Pax6 (Fig. 2B, 2F1), Emx2 (Fig. 2C,
2F2) and Sox2,3 (Fig. 2F4, F5). The Sox1*/BrdU* cells
composed about half of the BrdU* cells (Fig. 2D, 2F3). At
a late post-BrdU survival time-point (day 44 after surgery,
5 weeks after the last BrdU injection), many of the BrdU™
cells that had retained their presence in SVZa revealed
negativity for the transcription factors (Fig. 2E, arrows).
The percentage of BrdU™ cells expressing Pax8, Emx2 or
Sox2,3 decreased with a statistical significance (P<0.05,
Kruskal-Wallis test), while the Sox1/BrdU co-labeling sus-
tained its value (Fig. 2F). While no statistically significant
difference was found between sham-operated and isch-
emic brains with respect to the percentage of BrdU™ cells
expressing the five transcription factors (Fig. 2F), the ab-
solute numbers of BrdU/transcription factor double-posi-
tive cells in postischemic SVZa was significantly greater
than in the controls (Fig. 2G).

To investigate the progenitor cell type(s) expressing
Pax6, Emx2 and Sox1-3, we performed co-labeling with
Musashi1, a marker of neural progenitor cells (Kaneko et
al., 2000), and with gllI-tubulin or Doublecortin, markers of
progenitors committed to neuronal lineage (neuronal pro-
genitors) (Pencea et al., 2001; Gleeson et al., 1999). We
observed that Pax6 (Fig. 3A, 3H1), Emx2 (Fig. 3B, 3H2)
and Sox2,3 (Fig. 3C, 3H3) co-stained exclusively with
Musashi1 in both ischemic and sham-operated animals.
Co-labeling with neuronal progenitor markers (Fig. 3D)
was negligible for these four transcription factors (<1% of
the Pax6™, Sox2,3* cells, and<5% of the Emx2™ cells). In
contrast, Sox1 co-labeled mostly with glll-tubulin (Fig. 3F,
3H4), while less than 3% of the Sox1™ cells co-expressed
Musashi1 (Fig. 3E, 3H4). The transcription factor-positive
clusters remained negative for GFAP (Fig. 3G).

Differential transcription factor expression by
sustained proliferating progenitors

We have previously documented the existence of long-
term BrdU-retaining cells in SVZa that have incorporated
BrdU early after ischemia and preserved an immature
phenotype and location in SVZa for months after injury
(Tonchev et al., 2005; see Fig. 1). Most of these BrdU*
cells expressed llI-tubulin indicating neuronal differentia-
tion, while a few were positive for Musashi1 and Ki67
suggesting they were neural progenitors in active phases
of their cell cycle (Tonchev et al., 2005). We investigated
whether BrdU/Ki67 double-positive cells co-express tran-
scription factors at long-term time-points after ischemia/
BrdU. Triple-labeling for BrdU, Ki67 and the five transcrip-
tion factors on postischemic days 44 or 79 (5 or 10 weeks
after BrdU, respectively) revealed that the vast majority of
the BrdU™/Ki67* cells in SVZa were co-labeled for Emx2
(Fig. 4A; 47 of 53 BrdU™/Ki67™" cells), Pax6 (Fig. 4B; 43
of 51), Sox2 (Fig. 4C; 50 of 55) or Sox3 (51 of 57). In
contrast, Sox1 expression was not found in BrdU™/Ki67+
cells (Fig. 4D). Additional experiments provided direct ev-
idence that the Ki67* cells were Musashi1™ (Fig. 4E,
arrowheads) but negative for glil-tubulin (Fig. 4E, arrows),
and that Musashi1 was expressed by sustained BrdU*/
Sox3* cells (Fig. 4F), and similarly, by sustained BrdU*/
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Fig. 2. Expression of Pax8, Emx2 and Sox proteins by BrdU* cells in monkey SV7Za. (A) Low magnification micrographs showing the overall
distribution of Pax6 (A1) and BrdU (A2) positive signals in SVZa, and overlay (A3). The position of the anterior homn of the lateral ventricle (LVa}
samplad in A1-A3 is depicted on the schematic map (Ad). Note that both Pax6™ cells (arrows) and BrdU™ cells (arrowheads) are preferentially located
along the walls of LVa, not in the parenchyma. The images are representative also for the other four ranscriplion faclors, Str., siriatal 8VZa. (B) High
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Sox2™, BrdU™/Pax8™ and BrdU'/Emx2* cells {data not
shown).

Expression of Ngn proteins by SVZa progenitors

Doubleabeling for Brdl) and Ngn1 (Fig. 5A) or Ngn2 (Fig.
5B) revealed contrasting findings. The Ngn1*/BrdU™ cells
comprised a significant proportion of the BrdU™ cells (60—
70% on day 9; 35-40% on day 44), while the Ngn2*/
BrdU™ cells were few (less than 5% of the BrdU™ cells on
day 44) (Fig. 5C1, 5C2). The Ngn1*/BrdU* cells were
typically grouped within a larger Ngn1™ cluster (Fig. 5A,
box). The rare Ngn2*/BrdU™ cells were entangled in the
BrdU™ clusters (Fig. 5B4-5B6, arrows) as were some
Ngn2*/BrdU™ cells (Fig. 5B4~5B6, arrowheads). No sta-
tistically significant difference was found between sham-
operated and ischemic brains with respect to the percent-
age of BrdU™/Ngn™ cells, while the absolute numbers of
BrdU*/Ngn1™ (but not BrdU*/Ngn2*) cells in postisch-
emic SVZa were significantly greater than in the controls
(Fig. 5C3, 5C4). A third member of the family, Ngn3, was
not found to be expressed in SVZa in our experiments
(data not shown).

Co-staining with progenitor cell markers also revealed
differences between Ngn1 and Ngn2. Ngn1 and Musashi1
co-labeled extensively (Fig. 5D) forming large (more than
10 cells) double-labeled clusters, with the Ngn1*/Musashi1™
cells comprising 70—75% of the Ngn1™ cells on day 9 (Fig.
5H1). In contrast, only a third of the Ngn2™ cells co-stained
with Musashi1 (Fig. 5E, 5H1). Ngn1™ clusters smaller than
the Ngn1*/Mushashi1™ clusters (typically up to five cells)
expressed Blii-tubulin (Fig. 5F, arrows), and Ngn1/glli-
tubulin co-labeling increased at long-term time points (Fig.
5J1). In addition, Ngn1™ clusters were closely associated
with plll-tubulin®™ aggregates (Fig. 5F, arrowheads), al-
though most of the Ngn1™ cells themselves were negative
for glli-tubulin. Only single rare Ngn2™ cells co-labsled
with glli-tubulin (Fig. 5G, arrows). Ngn1* cells expressed
Ki67 on day 9 (Fig. 5H), but not at long-term time points
(Fig. 5l).

Expression of DIx proteins by SVZa progenitors

Double-labeling experiments with BrdU and antibodies
against DIx1,2,5 revealed that clusters positive for Dix1
(Fig. 6A) and Dix5 (Fig. 6C) extensively co-labeled with
BrdU. In contrast, DIx2/BrdU co-staining (Fig. 6B) was
minimal (<2% of the BrdU™ cells). The percentage of
BrdU™* cells double-stained for Dix1 or DIx5 was 70-75%
on day 9 decreasing (with a statistical significance,
P<0.01, Kruskal-Waliis test) to 35-40% on day 44 (Fig.
6D1, 6D2). No statistically significant difference was found

between sham-operated and ischemic brains (P>0.05,
Kruskal-Wallis test). The absolute numbers of BrdU*/
Dix1™ (Fig. 6D3) and BrdU™/DIx5* (Fig. 6D4) cells in
postischemic SVZa were significantly greater than in the
controls.

Double-labeling for DIx1,5 and Musashi1 revealed that
both DiIx"/Musashi1™* cells (Fig. 6E, arrows) and Dix™/
Musashi1™ cells (Fig. 6E, arrowheads) were aggregated in
a common cluster. Dix1 did not co-label with Ki67 at long-
term survival time-points (Fig. 6F), and neither did DIx2 nor
DIx5 (data not shown). The Dix1*/Musashi1™ and DIx5"/
Musashi1™ cells were numerous (Fig. 6l), while only rare
DIx2*/Musashi1™ cells were observed (data not shown).
Both DIx1 and DIx5 co-stained with glii-tubulin (Fig. 5G,
51), and notably, with sustained neuronal progenitors
(BrdU™/Blli-tubulin™ cells) at long-term survival time-points
after BrdU (Fig. 5H). DIx2 did not co-label with glll-tubulin
or Doublecortin (data not shown).

Expression of Olig proteins by SVZa progenitors

Double-staining for BrdU and Olig1 or Olig3 demonstrated
that the two transcription factors extensively co-labeled
with BrdU on day 9 (Fig. 7A), while at long-term survival
(day 44) the percentage of co-staining with BrdU signifi-
cantly decreased (Fig. 7B, 7E1, 7E2). In contrast, Olig2™*
clusters (Fig. 7C, arrows) did not co-label with BrdU (Fig.
7C, arrowheads), and only single weakly labeled Olig2™
cells rarely co-stained with BrdU (<1% of the BrdU™ cells).
We also investigated Nkx2.2, a factor that is also involved
in the control of oligodendrogenesis in both embryonic and
adult brain (Rowitch, 2004; Fancy et al., 2004). Similarly to
Olig1,3, Nkx2.2 (Fig. 7D) extensively co-labeled with BrdU
at short-term survival time-points, while at long-term sur-
vival (day 44) the percentage of co-staining with BrdU
decreased (Fig. 7E3) with a statistical significance
(P<0.05, Kruskal-Wallis test). The percentage of Nkx2.2/
BrdU co-labeling (45-50%) was significantly higher than
the percentage of Olig1/BrdU or Oligd/BrdU co-labeling
(10-15%) (P<0.01, Kruskal-Wallis test). The absolute
numbers of BrdU*/Olig1™ (Fig. 7E4), BrdU*/Olig3™ (Fig.
7E7) and BrdU*/Nkx2.2" (Fig. 7E6) cells in postischemic
SVZa were significantly greater than in the controls.

Dual immunohistochemical staining with Musashi1 re-
sulted in co-labeling with Nkx2.2, Olig1 and Olig3 (Fig. 7F,
7J), but not with Olig2 (data not shown). On the other hand,
Olig3 and Nkx2.2 (but not Olig1 or Olig2) co-stained with
Bli-tubulin in SVZa (Fig. 7G, 7J), while Nkx2.2 and Olig2
co-labeled with the oligodendrocyte marker CNP (Braun et
al., 1988) in the adjacent striatal parenchyma (Fig. 7H). At
long-term survival time-points after BrdU Olig1 (but not

power view of Pax6 (B1) and BrdU (B2) double-staining on day 9, and overlay of the channels (B3). (C) Staining for Emx2 (C1) and BrdU (C2) on day
9, and overlay (C3). (D) Staining for Sox1 (D1) and BrdU (D2), and overlay (D3), day 44. Note that while most cells within the cluster are double-positive
(arrows), a few are Sox1~/BrdU* (arrowheads). Staining of Sox1 is representative also for Sox2,3 on day 9. Orthogonal projections in the x and y axes
(right and top of each image in B-D) confirm co-labeling. (E) Sox2/BrdU double-staining on day 44 (long-term survival after surgery/BrdU). Many of
the BrdU™* cells (arrowheads) are not co-labeled by Sox2 (arrows). Image is representative also for Sox3. (F) Percentage of BrdU+ cells co-labeled
for Pax6 (F1), Emx2 (F2), Sox1 (F3), Sox2 (F4) or Sox3 (F5), at short-term (day 9) or long-term (day 44) survival after surgery/BrdU. (G) Absolute
number of BrdU™* cells co-labeled for Pax6 (G1), Emx2 (G2), Sox1 (G3), Sox2 (G4) or Sox3 (G5). * P<0.05 versus control. Scale bar=200 um (A);

20 um (B-E). Asterisk, lateral ventricle.
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Fig. 3. Co-labeling of Pax8, Emx2 and Sox proteins with progenitor cell markers. (A) Double-staining for Pax6 (A1} and Musashi1 (Msi1, AZ), and
overlay (A3), on day 9. Two regions {depicled in frames) in the low magnification micrograph are shown in magnification in the insets. The upper inset
demonstrates that despite axtensive co-labeling, single-labeled cells were also observed {arowheads). The lower inset (A4—AB) shows confirmation
of double-staining by computer-generated orthogonal projections. (B) Double-staining for Ermx2 (B1) and Musashi1 (B2), and overlay (B3), on day 2.
{C) Double-staining for Sox2 (C1) and Musashit (C2), and overlay (C3), on day 44. (D) Double-staining for Pax6é (D1; a positive “doublet” is depicted



