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ABSTRACT

Neural progenitor cells (NPCs) in the subventricular zone (SVZ) hold promise for future therapy for
neurodegenerative disorders, because the stimulation of adult neurogenesis could potentially restore
the function of degenerating neurons and glia. To obtain more knowledge on these NPCs, we devel-
oped a method to specifically isolate NPCs from postmortem adult human brains based on the expres-
sion of the specific human adult neural stem/progenitor cell marker glial fibrillary acidic protein 6
(GFAP&). An extensive immunophenotyping analysis for cell surface markers resulted in the observa-
tion that CD271 was limited to the SVZ-derived GFAPS-positive cells. CD271" cells developed into neu-
rospheres and could be differentiated into astrocytes, neurons, and oligodendrocytes. We are the first
to show that a pure population of NPCs can be isolated from the adult human SVZ, which is highly
instrumental for developing future therapies based on stimulating endogenous SVZ neurogenesis.
STEM CELLS TRANSLATIONAL MEDICINE 2014;3:470-480

INTRODUCTION

In the adult human brain, continuous neurogene-
sis occurs in two regions, which are the subven-
tricular zone (SVZ) [1] and the subgranular zone
in the hippocampal dentate gyrus [2]. Neurogen-
esis begins declining in the first year after birth
[3]. However, we have shown that neural progen-
itor cells (NPCs) are still present and active in the
SVZ of elderly subjects [4], including patients suf-
fering from neurodegenerative diseases, such as
Alzheimer’s disease (AD) [5] and Parkinson’s dis-
ease (PD) [6]. In the elderly human brain, migra-
tory neuroblasts into the olfactory bulb have
been identified (reviewed in [7]), although they
do not migrate in streams as they do in the rostral
migratory stream in the rodent brain. Recently, in
the brain of infants, a second stream of migratory
neuroblasts has been identified, the medial mi-
gratory stream [3].

We have shown that SVZ NPCs in the human
brain specifically express the intermediate fila-
ment (IF) protein glial fibrillary acidic protein &
(GFAPS) [8], one of the eight splice variants of
GFAP [9, 10], the main IF protein in astrocytes.
GFAPS is also presentin neurosphere cultures iso-
lated from postmortem adult human SVZ tissue
[4] and is expressed in radial glia and SVZ progen-
itors of the human fetal brain [11]. There are some
indications that GFAPS is involved in NPC func-
tion. GFAPS can interact with presenilins [12],

which are essential partners in the y-secretase
complex. This complex cleaves the transmem-
brane proteins Notch and amyloid precursor pro-
tein (APP) inside the membrane region and
therefore is critical for Notch and APP signaling
[13]. Notch signaling is required for maintenance
of NPC populations in both the developing and
adult brain [14], and Notchl expression can be
found in SVZ astrocytes and neuroblasts in the
adult rodent brain [15]. Furthermore, the induced
expression of GFAPS in vitro results in an increased
phosphorylation of Jnk [16]. In the developing
brain, Jnkis involved in NPC proliferation, differen-
tiation [17], and migration [18]. Our previous pub-
lished data on GFAPS together with the findings
described above suggest that GFAPS-positive cells
in the SVZ may indeed be adult NPCs. A method to
study GFAPS-expressing cells will be essential to
uncover the precise function of this protein and will
be highly instrumental in understanding adult hu-
man SVZ neurogenesis.

To date, no cure is available for neurodegen-
erative disorders such as PD and AD, illustrating
the high need for new therapeutic strategies.
Therefore, we are focusing on activating endo-
genous NPCs in the brains of these patients. To
accomplish this, we developed a method to
specifically isolate GFAPG&-positive NPCs from
postmortem human SVZ material derived from el-
derly donors. These cells can be used to study the
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characteristics of NPCs derived from nondemented control
donors and donors with a neurodegenerative disorder.

We show that CD271, also known as p75NTR and belonging to
the low-affinity neurotrophin receptor and tumor necrosis factor
receptor superfamily [19], is specifically expressed on the surface
of GFAPS-positive cells in the human adult SVZ. We isolated
CD271%/GFAPS* cells derived from the SVZ of elderly subjects
and characterized these cells in vitro. This study demonstrates
that we are able to specifically isolate GFAPS-positive cells de-
rived from the adult human brain and that CD271*/GFAPS” cells
areindeed NPCs. This is the first description of a pure GFAPS* NPC
culture derived from the human adult brain. Therefore, this iso-
lation protocol is a unique method to study adult human NPCs in
vitro and to search for novel therapeutic targets to activate these
NPCs and stimulate neurogenesis in the brain of patients suffering
from a neurodegenerative disorder.

MATERIALS AND METHODS

Postmortem Human Brain Material

Tissue from the SVZ was obtained from the Netherlands Brain
Bank (NBB, Amsterdam, The Netherlands, http://www.brainbank.
nl). The NBB performs brain autopsies with short postmortem
intervals, and the brain donors have given informed consent
for using the tissue and for accessing the extensive neuropath-
ological and clinical information for scientific research, in compliance
with ethical and legal guidelines [20]. Clinico-pathological in-
formation of all donors can be found in supplemental online
Table 2.

Isolation of Adult Human Postmortem NPCs

For human adult NPC cultures, SVZ tissue was freshly isolated
from the anterior horn of the SVZ derived from control donors.
NPC cultures were initiated, as described previously [5]. In short,
after isolation, the obtained microglia-poor cell pellet was taken
up in NPC medium (Neurobasal medium, 1% B27, 0.5% N2, 1%
GlutaMax, 1% penicillin/streptomycin (P/S), 2% HEPES [all Invitro-
gen, Carlsbad, CA, http://www.invitrogen.com]), 1% UltraGluta-
min (Cambrex, Walkersville, MD, http://www.cambrex.com),
5 ug/ml heparin (Sigma-Aldrich, St. Louis, MO, http://www.
sigmaaldrich.com), 20 ng/ml epidermal growth factor (EGF),
and 20 ng/ml fibroblast growth factor (FGF) (both Tebu-Bio, Heer-
hugowaard, The Netherlands, http://www.tebu-bio.com) and
platedin 12-well plates to obtain neurospheres. For adherent cul-
tures, cells were plated in laminin-coated wells in the presence of
0.5% fetal calf serum (FCS). EGF and FGF were added twice per
week. Images of the cultures were obtained by using a digital cam-
era (Canon Powershot G6, Tokyo, Japan, http://www.canon.
com).

Isolation of Fetal NPCs

For human fetal NPC cultures, fetal brain tissue (gestational
weeks 14-17) was obtained from spontaneous or medically in-
duced abortions with appropriate maternal written consent for
brain autopsy. Tissue was obtained in accordance with the Dec-
laration of Helsinki and the Amsterdam Medical Center (AMC) Re-
search Code provided by the Medical Ethics Committee of the
AMC (Amsterdam, The Netherlands, http://www.amc.nl). All au-
topsies were performed within 12 h after abortion.

www.StemCellsTM.com

For isolation of NPCs, fetal brain tissue was collected in 10 ml
cold Hibernate (Invitrogen), mechanically dissociated into small
pieces, and digested with 0.2% trypsin and 0.1% DNase | (Invitro-
gen) for 5 minutes at 37°C while shaking. Next, 1 ml FCS was added
to the mixture, and, subsequently, the cells and pellet were col-
lected by centrifugation. The pellet was taken up in Dulbecco’s
modified Eagle’s medium (DMEM) without phenol red containing
10% FCS, 2.5% Hepes, and 1% P/S (all Invitrogen); Percoll
(Amersham/GE Healthcare, Piscataway, NJ, http://www.
amersham.com) was added (half of cell suspension volume),
and this mixture was centrifuged at 4,000 rpm at 4°C for 20
minutes. The second layer (glial cell-containing fraction) was col-
lected and washed with complete DMEM containing 10% FCS, 1%
penicillin/streptomycin, 2.5% HEPES, and 1% gentamycin (all Invi-
trogen). After centrifugation (1,500 rpm, 10 min), the pellet was
taken up in complete DMEM and cells were plated in a 6-cm cul-
ture dish. After 6 hours at 37°C/5% CO,, the microglia-poor me-
dium containing nonattached cells was taken off and centrifuged,
and the pellet was used for neurosphere cultures.

Immunophenotyping

For immunophenotyping, cells were isolated from the postmor-
tem SVZ of three donors. The cells were centrifuged, and the
obtained cell pellet was taken up in NPC medium and cultured
as adherent cells on laminin-coated (20 wg/ml, 3 hours at 37°C)
16-well chamber slides (5,000 cells per well) and allowed to ad-
here for 5 days.

Immunophenotyping was performed using the Human Cell
Surface Marker Screening panel from BD Lyoplate (BD Bioscien-
ces, San Diego, CA, http://www.bdbiosciences.com) following
the manufacturer’s description. CD133 was added as an addi-
tional antibody (supplemental online Table 4), as it was not pres-
ent in the Lyoplate screening. After immunostaining, cells were
fixed with 4% paraformaldehyde (PFA) in PBS for 15 minutes at
room temperature (RT). Cells were washed with Tris-buffered sa-
line (TBS) and incubated with TBS containing 0.1% Tween 20 and
0.5% bovine serum albumin (BSA) for 15 minutes. Then the cells
were incubated with anti-GFAPS (supplemental online Table 4) in
TBS containing 0.1% Tween 20 plus 0.5% BSA for 2 hours at RT.
Cells were washed with TBS and coverslipped with Mowiol (0.1
M Tris, pH 8.5, 25% glycerol, 10% w/v Mowiol 4-88 [Sigma-
Aldrich]). Pictures were taken with an Axioplan 2 microscope (Carl
Zeiss, Jena, Germany, http://www.zeiss.com).

Magnetic-Activated Cell Sorting Separation

CD271" cells were isolated using a magnetic separation system
(Miltenyi Biotec, Bergisch Gladbach, Germany, http://www.
miltenyibiotec.om) following the manufacturer’s description. Af-
ter isolation, cells were collected in NPC medium containing 20
ng/ml EGF and FGF (Tebu-Bio) and used for further experiments.
On average, 1,000,000 CD271" and 30,000 CD271" cells (3%)
were obtained from 4 g SVZ tissue per isolation.

Differentiation of NPCs In Vitro

For differentiation of the NPCs, the adherent cells were collected
using Accutase (Invitrogen) for 5 min at 37°C and resuspended in
NPC medium. Then the cell suspension or neurospheres were
centrifuged and replated in complete Dulbecco’s modified Eagle’s
medium/F12 (DMEM/F12 with GlutaMax containing 5% FCS, 1%
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P/S; all Invitrogen) on 12-mm laminin-coated (20 wg/ml; Invitro-
gen) glass coverslips.

RNA Isolation and Reverse Transcription

For RNA isolation, neurospheres were collected and rinsed with
phosphate-buffered saline (PBS) or adherent NPCs were rinsed
in PBS, scraped from the well in PBS, and centrifuged at 1,200
rpm for 5 min. Supernatant was removed, and 500 wl TRIzol re-
agent (Invitrogen) was added to the cell pellet. Total RNA was iso-
lated according to the manufacturer’s protocol. The resulting RNA
pellet was dissolved in distilled water and stored at —80°C. RNA
concentration was determined using a NanoDrop ND-1000 spec-
trophotometer (NanoDrop Technologies, Wilmington, DE, http://
www.nanodrop.com). Subsequently, 0.25 ug RNA was reverse
transcribed with the QuantiTect Reverse Transcription Kit
(Qiagen, Hilden, Germany, http://www.giagen.com), according
to the manufacturer’s protocol. The cDNA was stored at —20°C
for later use in a real-time quantitative polymerase chain reaction
(qPCR).

Real-Time Quantitative Polymerase Chain Reaction

gPCR was carried out in 96-well plates, with a final volume of
10 ul per well using the SYBR Green polymerase chain reaction
(PCR) kit (Applied Biosystems, Foster City, CA, http://www.
appliedbiosystems.com). Each reaction volume contained 5 ul
SYBR Green mix, 3.5 ul H,0, 0.5 wl cDNA sample, and 1 ul primer
mix (sense and antisense primers, each 2 pmol/ul; see
supplemental online Table 3 for primer sequences). The plate
was sealed and centrifuged at 1,000 rpm for 1 min before starting
the gPCR program on a 7300 Real-Time PCR detection system
(Applied Biosystems), with the following cycling conditions: 2
minutes at 50°C; 10 minutes at 95°C; 15 seconds at 95°C; and
1 minute at 60°C for 40 cycles. Cycle threshold values were con-
verted to absolute amounts of cDNA present in the sample. Tran-
script levels of 18S ribosomal RNA (18S), actin, and elongation
factor 1a were most stable and used for normalization. Technical
details on quantification and normalization procedures were de-
scribed previously [21].

Immunocytochemistry on SVZ Tissue Sections

SVZ tissue for immunohistochemistry was sampled as described
[4]. SVZ material came from the area beneath the cingulate gyrus
and contained only white matter. The donor brain tissue for this
part of the study was free from any neurological disease or
neuropsychiatric disorder. Paraffin sections (6 um) were
deparaffinized, rehydrated, and washed with Milli-Q water,
followed by TBS (0.025 M Tris, 0.14 M NaCl, pH 7.6). The
sections were exposed to 20 minutes of heating in a steamer in
citrate buffer (10 mM citric acid + 0.05% Tween 20, pH 6.0; 98°
C), to provide optimal antigen retrieval. After cooling down on
ice to RT, they were preincubated with TBS with 2% normal
horse serum, 1% BSA, 0.1% Triton X-100, and 0.05% Tween 20
to block nonspecific staining. Subsequently, they were incubated
overnight with CD271 antibody in combination with antibodies
against GFAPS, sex-determining region Y-box 2 (sox2), or nestin
(supplemental online Table 4) diluted in TBS plus 1% BSA at
4°C. Then the sections were rinsed and incubated with biotiny-
lated goat anti-mouse at RT for 1 h. The sections were then
rinsed and incubated at RT for 45 min with avidin-biotin complex
(Vector Laboratories, Burlingame, CA, http://www.vectorlabs.com)

©AlphaMed Press 2014

diluted 1:400 in TBS. Subsequently, the slides were washed and
then incubated with SA-Alexa Fluor 594 and donkey anti-rabbit
Alexa Fluor 488 or donkey anti-chicken Alexa Fluor 488 (1:
1,200; Molecular Probes, Eugene, OR, http://www.probes.
invitrogen.com) and Hoechst 33258 (1:1,000; Bio-Rad, Hercules,
CA, http://www.bio-rad.com). Next, sections were rinsed, incu-
bated in Sudan Black solution (0.3% Sudan Black in 70% ethanol)
for 7 minutes to quench autofluorescence, and then washed
in 70% ethanol for 1 minute. After an additional wash in TBS,
sections were coverslipped in Mowiol (0.1 M Tris, pH 8.5,
25% glycerol, 10% w/v Mowiol 4-88 [Sigma-Aldrich]). For 3,
3’-diaminobenzidine tetrahydrochloride (DAB) staining, after in-
cubation with primary antibodies, sections were incubated with
a biotinylated goat anti-mouse or biotinylated goat anti-rabbit di-
luted in TBS. Then sections were incubated with avidin-biotin
complex diluted in TBS. Sections were washed twice with TBS
and once with Tris-HCI. Then peroxidase activity was visualized
by DAB, and sections were mounted with entellan.

Immunocytochemistry on Human Primary NPC Cultures

Adherent adult SVZ NPCs or NPCs isolated using CD271 magnetic-
activated cell sorting (MACS) beads were cultured on laminin-
coated (20 wg/ml, 3 hours at 37°C) 16-well chamber slides. Cells
were rinsed with PBS and fixed in 4% PFA in PBS for 15 minutes.
Following fixation, the cells were rinsed with TBS and preincu-
bated with TBS containing 2% normal horse serum, 0.5% BSA,
0.1% Triton X-100, and 0.05% Tween 20 to block nonspecific stain-
ing, and, subsequently, they were incubated at 4°Cin TBS contain-
ing 0.1% Triton X-100 (TBS-T) overnight with primary antibodies
(supplemental online Table 4). Subsequently, the cells were
rinsed with TBS following incubation with Cy3- or Cy2-labeled
secondary antibodies (1:400; Jackson ImmunoResearch Labora-
tories, West Grove, PA, http://www.jacksonimmuno.com) in
TBS-T at RT for 2 h. Finally, the cells were rinsed three times with
TBS and coverslipped in Mowiol (Vector Laboratories).

Statistical Analysis

For statistical analysis, the program GraphPad Prism (GraphPad
Software, San Diego, CA, http://www.graphpad.com) was used.
When the data were normal distributed, one-way analysis of var-
iance (ANOVA) was performed. Otherwise, the Mann-Whitney
test was used for comparison of two groups. Statistical signifi-
cance was accepted when p < .05.

RESULTS

Immunophenotyping of Primary Adult Human SVZ Cells

Forimmunophenotyping of adherent NPCs, all cells isolated from
the SVZ of three elderly donors were plated onto laminin-coated
16-well chamber slides and allowed to adhere for 5 days. These
adherent cell cultures were characterized and compared with
neurosphere cultures derived from the same area, and to dif-
ferentiated human adult NPCs. The adherent cultures before
passaging consisted of several cell types, including NPCs
based on expression of nestin, astrocytes (glutamine synthetase
and GFAP«a), and oligodendrocytes (2-3-cyclic nucleotide
3-phosphodiesterase [CNPase]) (supplemental online Figs. 1, 2).
The cells were stained for 239 different surface markers (supple-
mental online Table 1), subsequently fixed, and immunofluores-
cently stained for GFAPS. Several markers were expressed on both

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 1. CD271 is present in the SVZ of human elderly subjects and in SVZ neurospheres. Quantitative polymerase chain reaction was per-
formed on neurospheres derived from human adult SVZ tissue, human adult SVZ tissue, and subcortical white matter derived from control
donors for CD271 (A), GFAPS (B), GFAP« (C), and nestin (D). Data are expressed as median and interquartile ranges. Analysis of significance
was performed by Mann-Whitney U test. n = 4. Postmortem SVZ tissue sections obtained from elderly control subjects were stained for GFAPS
(E) or CD271 (F), and pictures were taken in the same SVZ areas to compare the staining pattern. CD271" cells in the human adult SVZ are also
immunopositive for GFAPS (G, H), SOX2 (1, J), and nestin (K, L). Scale bar represents 100 um (E-G, I, K), 10 ;um (H), or 25 um (J, L). Abbreviations:

GFAP, glial fibrillary acidic protein; nd, not detectable; NES, nestin; SOX2, sex-determining region Y-box 2; SVZ, subventricular zone; WM, white
matter.

www.StemCellsTM.com ©AlphaMed Press 2014



A

474 Specific Isolation of Human Adult Neural Stem Cells

=

A cD271 B GFAPS C NES D VIM E sSOX2
0.8 il 0.25 0.6 el 8 1.0
0.20 0.8
3 3 015 g 5] 3 06 ==
g 04 Z z g ¢ Z
= £ 010 £ o x E 04
202 2 2 - 2 2 2
- § 005 g 5 § 02
& & & - . & — & —
0.0 0.00 0.0 ; . 0.0
cD271+ CD271- CD271+ CD271- CD271+ CD271- CD271+ CD271- CD271+ CD271-
F GFAP« G S100B H Gs | CNP J oLIG2
4 0.15 15 . 15 0.3
s 5 . 5 —_— ] - 8
z 2 2 ‘|’ 2 —_— 2
g 3 & & i o
o o o a o
8 -|_ g 010 g 10 g 10 T & 02
E E 005 e 5 T E g5 E g1
s T s s o L s
£ a9 Q9 @ £
& ¢ ¢ -+ & 1 & =
== - oo = r ol = " r ! — ===
CD271+ CD271- CD271+ CD271- CD271+ CD271- CD271+ CD271- CD271+ CD271-
K KI67 L TUBB3 M DCX
6 0.05 . 0.0025
5 2 5 . 5
7 % 0.04 9 0.0020
@ o @
g 4 =3 2
8 % 0.03 3 0.0015
2 2 2
g, € 002 Z o0010{
L ]
£ 2 001 2 00005
& & &
0.0 0.0000

cD271+ CD271- CD271+ CD271- CD271+ CD271-

Figure 2. mRNA analysis of CD271" and CD271" cell fractions derived from the human adult subventricular zone. Cells were collected directly
afterisolation using magnetic-activated cell sorting CD271 beads, mRNA was isolated, and real-time quantitative polymerase chain reaction was
performed for different stem cell (A-E), astrocyte (F-H), oligodendrocyte (I, J), proliferation (K), and neuronal cell markers (L, M). Data are
expressed as median and interquartile ranges. Analysis of significance was performed by Mann-Whitney U test. n = 10 different control donors.
*p < .05, ¥***p < .001. Abbreviations: CNP, 2-3-cyclic nucleotide 3-phosphodiesterase; DCX, doublecortin; GFAP, glial fibrillary acidic protein;
GS, glutamine synthetase; NES, nestin; OLIG2, oligodendrocyte lineage transcription factor 2; SOX2, sex-determining region Y-box 2; TUBB3,

beta 3 tubulin; VIM, vimentin.

GFAPS™ as well as GFAPS ™ cells (supplemental online Table 1,
Fig. 3). CD271 (p75NTR) was the only marker that was specifically
expressed on GFAPS-positive cells (supplemental online Table 1,
Fig. 3).

CD271 Is Present on the Surface of GFAPS™ Cells in the
SVZ of Elderly Subjects

Neurospheres were cultured from the SVZ of elderly subjects, and
the mRNA expression level of CD271 in single neurospheres was
studied with gPCR. These CD271 levels were compared with the
expression of CD271 in SVZ and subcortical white matter (WM)
tissue derived from elderly control donors. CD271 was expressed
in human adult SVZ neurospheres and in the SVZ, but not in WM
tissue (Fig. 1A). GFAPS and nestin mRNA were both expressed in
SVZ tissue and SVZ-derived neurospheres, but were only lowly
expressed in WM tissue (Fig. 1B, 1D). GFAP«a was highly expressed
in WM (Fig. 1C), indicating the presence of astrocytes and the ab-
sence of NPCs in the WM.

Postmortem SVZ tissue sections obtained from elderly con-
trol subjects were stained for GFAPS (Fig. 1E) or CD271 (Fig.

©AlphaMed Press 2014

1F), and pictures were taken in the same SVZ areas. GFAPS and
CD271 immunoreactivity showed a similar staining pattern.

To study colocalization, sections were immunofluorescently
stained for CD271 together with GFAPS. As shown in Figure 1G
(arrows) and Figure 1H, CD271 was present on GFAPS" cells in
the SVZ of elderly subjects. The CD271" cells were also positive
for the NPC and neuroblast marker Sox2 (Fig. 1l [arrows], 1J).
However, not all Sox2-positive cells were positive for CD271
(Fig. 11, arrowheads). Furthermore, CD271" cells were also posi-
tive for the NPC marker nestin (Fig. 1K [arrows], 1L).

Direct Isolation of CD271%/GFAPS™ Cells

To specifically isolate GFAPS-positive cells from elderly human
postmortem SVZ tissue, we applied MACS with anti-CD271-
labeled beads. CD271-positive (CD271*) and CD271-negative
(CD2717) cell fractions of 10 donors were collected and used
for mRNA analysis directly after isolation. The expression levels
of GFAPS were significantly higher in the CD271" fraction com-
pared with the CD271" fraction (Fig. 2A, p = .0315). The GFAP«
mRNA expression was enriched in the CD271" fraction (Fig. 2F).

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 3. Specific isolation and characterization of human subven-
tricular zone neural progenitor cells using magnetic beads. (A): In
the CD271" fraction, pan-GFAP-positive cells (red) are present, but
not GFAPS-positive cells (green). In the CD271" fraction, all GFAP-
pan (A)- and nestin (B)-positive cells are also positive for GFAPS.
GFAPS*/CD271" cells are positive for Sox2 (green) and nestin (red)

www.StemCellsTM.com

The expression of the NPC marker nestin was significantly higher
inthe CD271" fraction (Fig. 1C, p=.001), whereas the mRNA levels
of vimentin and GFAP«, which are expressed in NPCs as well as in
astrocytes (Fig. 2D, 2F), the NPC and neuroblast marker Sox2 (Fig.
2E), and the proliferation marker Ki67 (Fig. 2K) did not signifi-
cantly differ between both fractions. The expression of S100B,
a marker for mature astrocytes, was not different between both
fractions (Fig. 2G), whereas the mRNA expression of another
marker for mature astrocytes, glutamine synthetase, was higher
inthe CD271  fraction (p =.0078; Fig. 2H). The neuronal markers
Blll-tubulin and doublecortin (Fig. 2L, 2M) were lower in the
CD271" fraction compared with the CD271" fraction (p = .0209
and p = .0454, respectively).

Then the CD271* and CD271" cell fractions were plated onto
laminin-coated wells and were allowed to adhere for 5 days. Im-
munoreactivity for GFAPS, pan-GFAP, and nestin was studied (Fig.
3A, 3B). In the CD271" fraction, pan-GFAP (Fig. 3A)- and nestin
(Fig. 3B)-positive cells were present, but these cells were not pos-
itive for GFAPS (Fig. 3A, 3B). In contrast, in the CD271" fraction,
GFAPS-positive cells were present and these cells were also pos-
itive for pan-GFAP (Fig. 3A) and nestin (Fig. 3B).

To study whether CD271*/GFAPS* cells are NPCs, the protein
expression of several markers was also studied. The CD271"/
GFAPS™ cells were immunopositive for the NPC markers nestin
and sox2 (Fig. 3C), and not all GFAPS™ cells express high levels
of GFAP« (Fig. 3D). CD271%/GFAPS" cells were immunopositive
for the NPC vimentin, and the proliferation marker pHH3 was
present in the nucleus of some cells, which is known to be
expressed in NPCs. CD271*/GFAPS™ cells were not astrocytes be-
cause the mature astrocyte marker S100b was not expressed. In
contrast, the mature astrocyte and NPC marker glutamine synthe-
tase was expressed (Fig. 3F). The CD271%/GFAPS" did not express
the neuronal marker Blll-tubulin, showing that neurons were not
present in the positive fraction (Fig. 3G). These data, together
with the gPCR data, show that CD271*/GFAPS" cells do not ex-
press neuronal or mature astrocyte markers, but they are positive
for NPC and proliferation markers. Together, these data suggest
that CD271*/GFAPS* cells are NPCs.

CD271*/GFAP&* Cells Form Neurospheres and
Differentiate Into Neurons, Astrocytes,
and Oligodendrocytes

To prove that the CD271*/GFAPS™ cells were indeed NPCs, neuro-
sphere formation and differentiation of these cells derived from
the human adult SVZ were studied. Cells were cultured in un-
coated wells in the presence of EGF and FGF and allowed to form
neurospheres. Pictures were taken at 1, 6, and 12 days after iso-
lation. At day 1, more CD271 /GFAPS ~ cells were present (Fig.
4A). No neurospheres were observed in the CD271" fraction at
all time points studied. The CD271*/GFAPS" cells started to form
neurospheres at day 1, and these spheres increased in size over
time, as observed at days 6 and 12 (Fig. 4A, arrows).

(C) and GFAPS (green) (D), and some cells express GFAP« (red),
vimentin (red), and pan-GFAP (green) (E). (F): GFAPS*/CD271" cells
express glutamine synthetase (red) but no S100b (green), and (G)
some cells are positive for pHH3 (green), whereas Blll-tubulin
(red) is not expressed. Scale bars represent 100 um. Abbreviations:
GFAP, glial fibrillary acidic protein; Sox2, sex-determining region
Y-box 2.
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Figure4. CD271*/GFAPS" cells form neurospheres and differentiate into astrocytes, neurons, and oligodendrocytes. (A): CD271*/GFAPS” cells
were cultured in a neurosphere assay, and pictures were taken at days 1, 6, and 12 after isolation. (B): At day 15 after isolation, neurospheres
were collected and allowed to differentiate for 14 days. CD271"/GFAPS" cells were able to differentiate into GFAP-positive astrocytes (green)
and Blll-tubulin-positive neurons (red) (C) and GalC-positive oligodendrocytes (D), as shown with double-immunofluorescent staining. (E): Some
cells are positive for both GFAP and BllI-tubulin. (F): Primary neurospheres were dissociated and plated as single cells per well. Small new spheres
were formed after 2 weeks. (G): A single neurosphere differentiated into GFAP-positive astrocytes (green) and BllI-tubulin-positive neurons
(red). (H): New neurospheres were formed after dissociation of secondary single neurospheres. (1): These cells were plated onto laminin-coated
wells and allowed to adhere. Then cells were immunofluorescently stained for GFAPS. Scale bars represent 50 um (B=H) or 100 um (1). Abbre-

viations: GalC, galactoceramide; GFAP, glial fibrillary acidic protein.

Neurospheres were collected at day 15 after isolation (Fig. 4B)
and plated on laminin-coated wells in the presence of 5% FCS, with-
out growth factors. After 14 days, astrocytes, neurons, and oligo-
dendrocytes were present, as shown with immunofluorescent
stainings for pan-GFAP (astrocytes), Blll-tubulin (neurons) (Fig.
4C), and galactoceramide (GalC, oligodendrocytes) (Fig. 4D). Some
cells were positive for both GFAP and Blil-tubulin (Fig. 4E).

Neurospheres were dissociated, single cells were plated as one
cell per well in a 96-well plate, and small secondary neurospheres
were formed (Fig. 4F). When a single neurosphere was plated onto
laminin-coated wells, in the presence of 5% FCS without growth fac-
tors, the cells differentiated into neurons and astrocytes after 14
days (Fig. 4G). When secondary neurospheres were dissociated,
new neurospheres were formed again (Fig. 4H), showing self-
renewal. To study whether these cells were still GFAPS-positive
NPCs, neurospheres were plated onto laminin-coated wells in the
presence of growth factors and allowed to adhere for 12 hours.
As shown in Figure 4l, these cells were indeed immunopositive
for GFAPS, implying that the cells kept on expressing NPC markers.

CD271 Is Also Present on the Surface of NPCs Derived
From the SVZ of Alzheimer’s and Parkinson’s Patients

CD271" and CD271" cells were isolated from the SVZ of three AD
and three PD patients, and mRNA expression levels were studied
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directly after isolation. The mRNA levels of GFAPS, GFAP«,
and nestin were significantly higher (p = .0303, p = .0087, and
p = .0260, respectively) in the CD271" fraction (Fig. 5A). The
CD271%/GFAPS™ cells were also positive for nestin (Fig. 5B). Be-
cause the amount of cells obtained per isolation was very low,
we used cells isolated from one donor either for gPCR or for in
vitro experiments. One donor was used to study the characteris-
tics of CD271%/GFAPS™ cells derived from the SVZ of an AD patient
in vitro and to confirm that these cells had similar characteristics
as the cells isolated from the SVZ of elderly subjects. These AD
CD271*/GFAPS” cells were also capable of forming neurospheres
(Fig. 5C) and could be differentiated into GFAP-positive astrocytes
and BllI-tubulin-positive neurons (Fig. 5D).

CD271 Is Not a Specific Cell-Surface Marker for Fetal
GFAPS" Cells

To study whether CD271 can also be used to sort GFAPS™ cells
from the fetal human brain, we studied the presence of CD271
on the surface of primary human fetal brain cells gestational week
14. After isolation, cells were allowed to adhere and were immuno-
fluorescently labeled for CD271 and GFAPS. The human fetal
brain cells were CD271-immunopositive, but the cell surface
marker was not specifically present on GFAPS™ cells (Fig. 6A,
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Figure 5. Isolation of CD271"/GFAPS™ neural progenitor cells derived from the subventricular zone of patients with a neurodegenerative disorder.
(A): mRNA expression levels in CD271* and CD271" fractions directly after isolation. Data are expressed as median and interquartile ranges. Analysis
of significance was performed by Mann-Whitney U test. n =6 donors, *p < .05, **p < .01. (B): Immunofluorescent double labeling of CD271" cells 5
days afterisolation. (C): CD271*/GFAPS™ cells derived from a donor with Alzheimer’s disease (AD)-formed neurospheres in vitro. (D): CD271"/GFAPS*
cells derived from an AD donor were able to differentiate into GFAP-positive astrocytes (green) and SllI-tubulin-positive neurons (red). Scale bar
represents 250 um (C) and 50 wm (B, D). Abbreviations: GFAP, glial fibrillary acidic protein; NES, nestin.

6B). Some cells expressed both CD271 and GFAPS (Fig. 6A), but
not all CD271" cells were GFAPS™ (Fig. 6B).

Both CD271" and CD271" fetal brain cells formed neuro-
spheres (Fig. 6C), and when CD271" and CD271" neurospheres
were plated onto laminin-coated wells and were allowed to dif-
ferentiate for 7 days, both fractions contained GFAP-positive
astrocytes and Blll-tubulin-positive neurons. However, it should
be noted that more SllI-tubulin-positive cells were present in the
CD271" fraction (Fig. 6D).

DiscussION

In the present study, we showed for the first time that CD271 is
specifically expressed on the surface of adult GFAPS* NPCs pres-
ent in the SVZ of elderly human brains. We made use of the pres-
ence of the cell surface marker CD271 to isolate GFAPS-positive
NPCs from the adult human brain. These CD271"/GFAPS* cells
have all the characteristics of NPCs. CD271*/GFAPS* cells prolif-
erate and are able to form (secondary) neurospheres in vitro. Fur-
thermore, they express NPC markers and are multipotent
because they can differentiate into neurons, astrocytes, or oligo-
dendrocytes [22]. In contrast, the CD271 /GFAPS ~ cells do not
form neurospheres and express low levels of the NPC marker nestin.
Taken together, these results corroborate our earlier findings
and prove that GFAPS-positive cells in the adult SVZ are indeed
NPCs. We also provide a protocol that enables specific isolation
of these cells from the human SVZ for culturing and further
in-depth analysis. As the human SVZ differs from the rodent SVZ
[1],the CD271"/GFAPS* cells are a valuable and essential resource
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for the search for compounds that can stimulate adult neurogen-
esis in the human brain.

The multipotency of CD271*/GFAPS is of great clinical impor-
tance because this allows potential replacement of different sub-
types of neurons and glia in the damaged brain. More knowledge
on these CD271%/GFAPS™ cells is therefore essential as they po-
tentially are the founding source of cells that may not only replace
neurons in neurodegenerative disorders but also oligodendro-
cytes in demyelinating disorders. In our in vitro culture of
CD271%/GFAPS*, we, to date, mainly obtain astrocytes, but we
also showed that we can differentiate the NPCs in neurons and
oligodendrocytes. This current biased differentiation may reflect
the culture conditions because cell differentiation is highly de-
pendent on the environment in which these cells grow. More re-
search is necessary to drive these cells into a specific cellular fate,
matching the need for replacement in a disease.

After differentiation of CD271*/GFAPS* cells, some cells
expressed both the astrocyte marker GFAP and the neuronal
marker Blll-tubulin. This cell type has previously been described
as asterons, having a neuron-to-astrocyte phenotype shifting
within differentiating neurospheres [23], as well as in cultures
of astrotypic adult human NPCs [24]. Afew studies have described
such cells with hybrid characteristics, but no extensive analysis
has been done. Some GFAP cells derived from human embryonic
NPCs were shown to display spontaneous neuronal firing patterns
[25], and glutamate receptor-expressing astrocytes described in
the hippocampus have been proposed to represent an interme-
diate cell type that possesses glial properties but may have begun
to express neuronal genes [26].
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Figure 6. In adherent human fetal neural progenitor cells (NPCs), CD271 is not specifically expressed on GFAPS-positive NPCs. (A): Many ad-

herent NPCs derived from human fetal brain, 14 weeks of gestation, are GFAPS positive. Some of these cells are also positive for CD271 (arrows),
whereas other cells expressing CD271 do not express GFAPS (arrow) (B). (C): Both CD271~ and CD271* human fetal NPCs are able to form
neurospheres in vitro. (D): Double staining of GFAP-pan (green) plus BllI-tubulin (red) in CD271™ and CD271" human fetal NPCs that were dif-
ferentiated for 7 days. Neurospheres were dissociated and plated onto laminin-coated wells without growth factors and in the presence of 2%
fetal calf serum and 100 ng/ml brain derived neurotrophic factor (BDNF). Scale bars = 100 um. Abbreviation: GFAP, glial fibrillary acidic protein.

In this study, we provide the first evidence that CD271%/
GFAPS” cells indeed exhibit NPC characteristics, as we and others
have previously suggested [4, 8, 11, 27]. Our earlier cultured SVZ
neurospheres developed from a mixture of NPCs, astrocytes, oli-
godendrocytes, neuroblasts, and other cell types all presentin the
human SVZ. Access to highly enriched populations of NPCs de-
rived from the adult human SVZ through a simple sorting ap-
proach will now enable us to study the characteristics of
CD271%/GFAPS” cells. It also allows development-defined high-
throughput drug discovery and toxicology assays, which are re-
quired to search for compounds that can activate and protect this
population of cells. Furthermore, this method can be used for
a phenotypic screen of NPCs derived from the SVZ of patients with
a neurodegenerative disorder, to search for disease-specific
changes in this population of cells.

Based on GFAPS and CD271 expression, we showed that hu-
man fetal GFAPS™ brain cells differ from human adult NPCs. Most
fetal brain cells are positive for GFAPS, but CD271 is not specifi-
cally expressed on the surface of fetal derived GFAPS™ cells. After
differentiation, there seems to be more neuronal differentiation
of CD271" fetal cells compared with CD271" cells. Indeed, in fetal
NPCs, it has been suggested that CD271 is required for neuronal
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fate decision as well as for differentiation of NPCs [28]. We also
observed that CD133, a known marker for human embryonic
NPCs [29] and rodent fetal and rodent adult NPCs [30], is not pres-
ent on cells derived from human postmortem SVZ tissue
(supplemental online Fig. 3). Also in our earlier studies, we were
not able to detect CD133 on GFAPS™ cells in the human adult SVZ
[4]. Furthermore, the composition of the human SVZ is different
from rodent, as there is a hypocellular gap present between the
ependymal layer and the dense astrocytic ribbon, which contains
the NPCs [31]. Thus, human NPCs derived from the adult SVZ
clearly differ from adult NPCs derived from the rodent brain. This
implies that our in vitro model of primary human adult NPCs is
essential for the development of new therapeutic strategies to
stimulate adult neurogenesis in the human brain.

The function of CD271 in human adult NPCs is unknown.
CD271 is widely expressed during development on the surface
of different cell types, but is restricted in the adult brain [32]. Dur-
ing development, CD271 might be important for neuronal survival
and differentiation. Some data are available on the presence and
function of CD271 on rodent NPCs. NPCs from P75/~ mice were
unable to generate neurons but still had the potential to differen-
tiate into astrocytes and oligodendrocytes [33]. In rats it has been
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shown that a small population of cells in both the adult and neo-
natal SVZ was positive for CD271, and these cells also expressed
with nestin and cell cycle markers Ki67 and 5-bromo-2'-deoxyuridine
(BrdU) [33, 34]. These CD271" cells were able to form neuro-
spheres, and their neurogenic potential was enhanced by treat-
ment with brain-derived neurotrophic factor or nerve growth
factor.

It has also been shown that human gliomas, one of the most
common tumors in the human adult central nervous system, con-
tain NPC-like cells [35] and express GFAPS [36]. It has been sug-
gested that glioblastoma cancer stem cells may arise from SVZ
NPCs, which migrate to tumor sites and contribute to glioma
growth and recurrence [37]. Interestingly, CD271 is also present
on these cells, and it has been shown that CD271 is mediating gli-
oma cell invasion by neurotrophin-dependent regulated intra-
membrane proteolysis of CD271 [38].

To our knowledge, there is only one study describing re-
stricted CD271 expression in the healthy adult human SVZ. No ex-
pression was present in the white matter. However, in the brains
of multiple sclerosis (MS) patients, the expression of CD271in the
SVZ was increased and was appearing in a MS lesion [39]. It was
suggested that a population of precursor cells induced CD271 ex-
pression to subsequently assume an oligodendrocyte phenotype
in response to demyelination in the adjacent white matter. In the
present study, we show that the oligodendrocyte progenitor
marker Olig2 was also expressed in the CD271"/GFAPS™ cells
and that these cells were indeed able to differentiate into oligo-
dendrocytes. However, we showed that the CD271*/GFAPS* cells
are multipotent.

CONCLUSION

We have set up a method for the direct and specific isolation of
CD271"/GFAPS* NPCs from the adult human postmortem SVZ.

The next challenge is to immortalize these cells to obtain a suffi-
cient amount of NPCs, which can be used as a continuous source
for studying human adult NPCs in vitro. To date, no in vitro model
for human adult NPCs is available. Future screens using NPCs
derived from the brains of elderly controls and patients with
a neurodegenerative disorder may result in the discovery of
compounds that can be used for therapeutic strategies to stimu-
late SVZ neurogenesis in the diseased brain.
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