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Prominin-1 (CD133) is commonly used to isolate stem and progenitor cells from the developing and adult nervous system and to identify
cancer stem cells in brain tumors. However, despite extensive characterization of Prominin-1 � precursor cells from the adult subven-
tricular zone, no information about the expression of Prominin-1 by precursor cells in the subgranular zone (SGZ) of the adult hippocam-
pus has been available. We show here that Prominin-1 is expressed by a significant number of cells in the SGZ of adult mice in vivo and ex
vivo, including postmitotic astrocytes. A small subset of Prominin-1 � cells coexpressed the nonspecific precursor cell marker Nestin as
well as GFAP and Sox2. Upon fluorescence-activated cell sorting, only Prominin-1/Nestin double-positive cells fulfilled the defining stem
cell criteria of proliferation, self-renewal, and multipotentiality as assessed by a neurosphere assay. In addition, isolated primary
Prominin-1 � cells preferentially migrated to the neurogenic niche in the SGZ upon transplantation in vivo. Finally, despite its expression
by various stem and progenitor cells, Prominin-1 turned out to be dispensable for precursor cell proliferation in vitro and in vivo. Nevertheless,
a net decrease in hippocampal neurogenesis, by �30% was found in Prominin-1 knock-out mice, suggesting other roles in controlling adult
hippocampal neurogenesis. Remarkably, an upregulation of Prominin-2 was detected in Prominin-1-deficient mice highlighting a potential
compensatory mechanism, which might explain the lack of severe symptoms in individuals carrying mutations in the Prom1 gene.

Introduction
By many standards Prominin-1 is considered one of the most
valuable “neural stem cell markers.” Based on Prominin-1 ex-
pression, stem cells can be prospectively isolated from the fetal
(Uchida et al., 2000) and adult subventricular zone (SVZ)
(Beckervordersandforth et al., 2010; Obermair et al., 2010), the post-
natal cerebellum (Lee et al., 2005), and brain tumors (Singh et al.,
2004). The function of Prominin-1, however, has not yet been fully
unraveled and its role in the context of adult neurogenesis in the two
“canonical” neurogenic zones of the adult brain, the SVZ of the

lateral ventricles and the subgranular zone (SGZ) of the dentate
gyrus in the hippocampal formation, remains unclear.

In the adult SVZ, astrocyte-like stem cells (B-cells) have a
radial morphology, including an apical process bearing
Prominin-1-expressing primary cilia (Beckervordersandforth et
al., 2010). The SGZ of the dentate gyrus also contains a radial
glia-like precursor cell (Type-1), but adult hippocampal neuro-
genesis has little in common with neurogenesis in the adult SVZ
(Kempermann (2011), summarized in their Table 8-2). During
development the stem cells for the future adult SGZ become dis-
placed from the ventricular wall and form an ectopic germinative
matrix. At least a subset of these cells is cilia bearing (Breunig et
al., 2008), possibly suggesting the existence of a defined apical
region, equivalent to the counterpart in the SVZ precursor cells.
In a genetic association study we had found Prominin-1 expres-
sion in the brain to correlate with adult hippocampal neurogen-
esis in mice (Kempermann et al., 2006). Moreover, Prominin-1
was a cis-acting gene, and these genes are hypothesized to have
strong, almost monogenic influences on the phenotypes with
which they are associated. The question thus arose whether
Prominin-1 would also be expressed by the stem cells of the SGZ
as it is in the SVZ.

The unclear situation of hippocampal Prominin-1 expression
was even more surprising given the considerable effort to identify
specific cell-surface markers to prospectively isolate stem cell
populations from the brain. Many combinations of markers have
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now been described for the isolation of adult SVZ precursor cells,
including Heat Stable Antigen/Peanut Agglutinin (Rietze et al.,
2001), Sox2-GFP (Barraud et al., 2005; Brazel et al., 2005),
Nestin-GFP (Mignone et al., 2004), EGF receptor (Ciccolini et al.,
2005), GFAP/Lex/SSEA-1 (Imura et al., 2006), Prominin-1
(Corti et al., 2007), GFAP-GFP/EGF receptor/CD24 low (Pastrana
et al., 2009), and GFAP-GFP/Prominin-1 (Beckervordersand-
forth et al., 2010). In the dentate gyrus, the search for markers
suitable for prospective isolation of precursor cells led to
reporter-based strategies including DCX-GFP (Walker et al.,
2007), Nestin-GFP (Gao et al., 2008), Hes5-GFP (Jhaveri et al.,
2010), and Sox-2/DCX (Bracko et al., 2012), but none of these
have yet made it to routine use.

We thus undertook the present study to resolve the question
of Prominin-1-expression in the adult murine hippocampus and
its usefulness to identify and prospectively isolate precursor cells
of the SGZ.

Materials and Methods
Animals. C57BL/6 mice were originally obtained from Charles River.
Prominin-1 �/� mice (Zacchigna et al., 2009) were generated by Peter
Carmeliet (Katholieke Universiteit, Leuven, Belgium), the TgN(GFAP-
EGFP)Fki-GFEA mice (Nolte et al., 2001) were generated by Frank
Kirchhoff (University of Saarland, Homburg, Germany) and the Nestin-
GFP mice (Yamaguchi et al., 2000) by Masuhiro Yamaguchi (University
of Tokyo). The GFAP-GFP and Prominin-1 �/� transgenic mice were
kindly supplied by Wieland B. Huttner from a colony maintained at the
Max Planck Institute for Cell Biology and Molecular Genetics. All exper-
iments were conducted in accordance with the applicable European and
National regulations (Tierschutzgesetz) and approved by the responsible
authority (Regierungspräsidium Dresden). Animals were maintained on
a 12 h light/dark cycle with food and water provided ad libitum.

Total RNA isolation, cDNA synthesis, and quantitative PCR. Total RNA
was isolated from postnatal day 2 (P2), P3, P5, P10, P15, P20, and P30
hippocampus using the RNeasy minikit (Qiagen) according to the man-
ufacturer’s instructions. Reverse transcription was performed to synthe-
size cDNA using the SuperScript II system (Invitrogen). Quantitative
PCR (q-PCR) was performed using the SYBR Green qPCR Supermix
(Invitrogen). q-PCR primers were designed to amplify regions of the
Prominin-1 gene. The PCR program consisted of 95°C for 15 min, fol-
lowed by 45 cycles of 94°C for 15 s, 57°C for 30 s, and 72°C for 30 s. All
gene amplification was standardized to a �-actin control. Gene ex-
pression was quantified as fold differences. Each sample was tested in
triplicate, and data from at least three independent animals were used
to calculate the means and SDs. The primer sequences can be found in
Table 1.

Splice variant PCRs. Total RNA was isolated from the dentate gyrus,
SVZ, and kidney of adult C57BL/6 mice and cDNA prepared, as de-
scribed above. PCRs were performed with primers designed to discrim-
inate between the various mouse Prominin-1 splice variants. PCRs were
performed using the PCR SuperMix (Invitrogen) and the PCR cycling
conditions were as follows: 94°C for 5 min, followed by 35 cycles of 94°C
for 30 s, 50°C for 30 s, and 72°C for 30 s. For the primer sequences and the
splice variant they amplify see Table 1.

Brain tissue preparation. Wild-type C57BL/6, Nestin-GFP, or GFAP-
GFP mice (8 weeks old, males and females) were perfused transcardially
with 0.9% NaCl followed by 4% paraformaldehyde (PFA). The brains
were then removed and postfixed in 4% PFA overnight. After postfix-
ation, the brains were cryoprotected by incubation overnight in 30% w/v
sucrose in PBS until they sank. Frozen coronal serial sections (40 �m)
were cut from a dry-ice cooled copper stage at a Leica table-top sliding
microtome and stored at 4°C in cryoprotectant solution (25% ethylene
glycol, 25% glycerol in 0.1 M phosphate buffer, pH 7.4).

Prominin-1 immunohistochemistry. For Prominin-1 staining, sections
were first incubated for 60 min at room temperature with blocking solu-
tion: 10% normal donkey serum (NDS; Sigma-Aldrich) in 0.1 M PBS
containing 0.2% Saponin. The blocking solution was replaced with fresh
solution containing 3% NDS, 0.2% Saponin, and primary antibodies.
The primary antibodies were as follows: rat monoclonal antibody (mAb)
13A4 (1:250; a gift from Wieland B. Huttner), goat polyclonal Sox2 (1:
200; Santa Cruz Biotechnology), mouse monoclonal NeuN (1:100; Mil-
lipore Bioscience Research Reagents), rabbit polyclonal GFAP (1:500;
DakoCytomation), and rabbit polyclonal Somatostatin 3 receptor (1:
500; Thermo Scientific). Following incubation overnight at 4°C the sec-
tions were then washed with PBS and incubated overnight at 4°C in
blocking solution containing the appropriate DyLight secondary anti-
bodies (1:1000; Dianova) or fluorescently conjugated wheat germ agglu-
tinin Alexa Fluor 633 (1:1000; Invitrogen). After washing with PBS, the
sections were mounted onto slides and coverslipped with fluorescence
mounting medium (Dako). Images were captured using an LSM 700,
63�/1.3 NA glycerol objective (Carl Zeiss).

Fluorescence-activated cell sorting. C57BL/6, Nestin-GFP (Yamaguchi
et al., 2000), or GFAP-GFP (Nolte et al., 2001) mice (8 weeks old; eight
per experiment; males and females) were killed, their brains immediately
removed, and the dentate gyri (Hagihara et al., 2009) and SVZ were
microdissected. The tissue was enzymatically digested using the Neural
Tissue Dissociation Kit (Miltenyi) according to the manufacturer’s in-
structions. Following a final wash in HBSS (PAA; GE Healthcare) the
pellet was resuspended in 1 ml of HBSS and filtered through a 40 �m cell
sieve (Falcon; BD Biosciences). Cells were stained with a Prominin-1-
specific antibody (13A4-Phycoerythrin (PE); eBioscience) and/or the
CD24-Allophycocyanin (APC) (eBioscience) for 30 min at 4°C. Before
adding the Prominin-1-PE or CD24-APC antibodies, a small proportion
of the cells were removed and stained with an isotype control (Rat
IgG1-PE or Rat IgG2bK-APC; eBioscience) as a control for nonspecific
staining. The cells were finally washed in 10 ml of HBSS before being
resuspended in 1 ml of HBSS for analysis by fluorescence-activated cell
sorting (FACS). Cells were analyzed using a FACS Aria cell sorter (BD
Biosciences). Dead cells were excluded by staining with propidium io-
dide (1 �g/ml).

Cell cycle analysis. Cell cycle analysis was performed on Prominin-1-
APC/Nestin-GFP stained cells using a combination of Pyronin Y (PY)
and Hoechst 33342 to differentially stain DNA and RNA. Dentate gyri
were dissected from eight Nestin-GFP mice (8 weeks old, males and
females) and dissociated as described above. The cells were first washed
in Hoechst staining buffer (HBSS containing 20 mM HEPES, pH 7.2, 1
g/L glucose, 10% fetal bovine serum, and 100 �M verapamil) then resus-
pended in staining buffer containing 1.6 �M Hoechst 33342. Following
incubation for 45 min at 37°C in the dark, 3.3 �M PY was added and the
cells incubated for a further 45 min at 37°C. The cells were washed with
10 ml of staining buffer and resuspended in 1 ml of staining buffer
containing 5 �l of the Prominin-1-APC directly conjugated antibody
and incubated at 4°C for 20 min. Following a final wash the cells were
resuspended in 0.5 ml of staining buffer, passed through a 40 �m sieve,
and analyzed by flow cytometry. Control tubes with each of the fluoro-

Table 1. Primers used in the present study

Primer name Gene target Sequence (5�–3�)
Product length
(bp)

�-actin-F �-actin aaatcgtgcgtgacatcaaa 178
�-actin-R aaggaaggctggaaaagagc
mProm2305F Prominin-1 universal tgaagaagatccttgcctc 210
mProm2515R tccgcaacatagccacac
Prom2– 629F Prominin-2 cacacacatagtcagacgg 206
Prom2– 835R gtacactgtgctcttgag
mProm56F Prominin-1.s1 ccgagacccggaggagagc 477
mProm533R tagagggcaatctccttgg
mProm56F Prominin-1.s2 ccgagacccggaggagagc 438
mProm494R gccaagactatgatttctgg
mProm2557F Prominin-1.s3/4/5 or s6 tctgtgtggctatgttgcgg 230 or 467
mProm2728R catgcatgttcaccagacac
mProm2236F Prominin-1.s8 gaaatttgtgagggtgagg 418
mProm2654R cctctgaatccatcctgcg

F, forward; R, reverse; bp, base pair.
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phores stained individually were prepared (unstained, Nestin-GFP,
Prominin-1-APC, Hoechst 33342, and PY) to set the compensation
values.

Neurosphere culture. Sorted populations of cells were collected directly
into neurosphere growth medium and each population plated into 48
wells of a 96-well plate. Cells isolated from the Prominin-1 knock-out or
wild-type mice were isolated and plated at a density of one SVZ or dentate
gyrus per 96-well plate. The neurosphere growth medium consisted of
mouse DMEM/F-12 basal medium (Gibco, Life Technologies) plus
mouse NeuroCult NSC Proliferation Supplements (Stem Cell Technol-
ogies) with 2% bovine serum albumin (Gibco, Life Technologies), 2
�g/ml heparin (Sigma-Aldrich), and a final KCl concentration of 15 mM.
The following growth factors were also included: 20 ng/ml purified
mouse receptor-grade epidermal growth factor (EGF; BD Biosciences)
and 10 ng/ml recombinant bovine FGF-2 (Roche). Cells were incubated
in humidified 5% CO2 for 7 d for SVZ or 12 d for dentate gyrus to permit
neurosphere formation. Approximately 16 h after sorting the cells were
counted in at least six wells and the average cell number per well was
determined. For the Prominin-1 knock-out mice dentate gyrus and SVZ
tissue were dissected and dissociated as described above and plated in
neurosphere medium at a density of the dentate gyri or SVZ or one
animal per 96-well plate.

Neurosphere passaging and differentiation. Primary hippocampal neu-
rospheres were passaged by removing 150 �l of the medium from wells
containing single large neurospheres, and treating with 100 �l of 0.05%
trypsin- EDTA (Gibco) for 3 min room temperature, followed by wash-
ing with 100 �l of trypsin inhibitor (0.125 mg/ml trypsin inhibitor plus
0.01 mg/ml DNaseI) in DMEM. The neurospheres were mechanically
triturated until dissociated and replated in 24-well plates in 2 ml of com-
plete medium. Neurospheres were passaged every 10 d by removing the
medium containing the neurospheres from the plates and centrifuging at
100 rcf for 7 min. The supernatant was then decanted, and the neuro-
spheres were incubated in 1 ml of 0.05% trypsin-EDTA for 3 min at room
temperature. After the addition of an equal volume of trypsin inhibitor,
the neurospheres were centrifuged at 100 � g for 7 min and the super-
natant was removed. Cells were mechanically triturated in 500 �l of
complete medium and trypan blue staining was used to evaluate the
number of cells, both viable and total number, on a hemocytometer. The
passaged cells were then replated with complete medium at a density of
1 � 10 4 cells/cm 2 in tissue culture flasks (Nalge Nunc International) or
tissue culture plates (Falcon; BD Biosciences Discovery Labware) as ap-
propriate. For differentiation, neurospheres were plated onto PDL and
laminin-coated coverslips in DMEM/F-12 Basal Medium containing
mouse NeuroCult NSC Proliferation Supplements without growth fac-
tors. The neurospheres were allowed to differentiate for 8 d in humidified
5% CO2 until flattened and adherent. The differentiated neurospheres
were then fixed with 4% PFA in 0.1 M PBS at room temperature for 30
min. After washing with PBS, they were stained for either the neuronal
markers �III-tubulin or Map2ab, the astrocytic marker GFAP, the oligo-
dendrocyte marker O4, or the precursor cell antigen Nestin, with a 4,6-
diamidino-2-phenylindole (DAPI) counterstain to visualize the nuclei.

Adherent precursor cell line initiation and passaging. Cells from the
dentate gyrus of eight adult C57BL/6 mice were prepared and sorted by
flow cytometry as described above. The primary cells from each sorted
population were plated into one well of a 24-well plate (Falcon; BD
Biosciences Discovery Labware) that had been coated with PDL (10 mg/
ml) and laminin (10 mg/ml) in 2 ml of growth medium. The growth
medium consisted of Neurobasal medium (Gibco, Life Technologies),
supplemented with 2% B27 (Invitrogen), 1� GlutaMAX (Life Technol-
ogies), and 50 U/ml penicillin/streptomycin (Life Technologies). As
growth factors 20 ng/ml EGF and 20 ng/ml FGF-2 were added for pro-
liferation conditions. The growth medium was changed every 2–3 d and
the cells passaged when they reached �80% confluency.

Immunostaining of neurospheres and adherent cultures. The differenti-
ated neurospheres or adherent cultures were fixed with 4% PFA (Sigma-
Aldrich) in 0.1 M PBS at room temperature for 20 min. After washing
with PBS, the cells were incubated in blocking solution (10% NDS in 0.1
M PBS containing 0.2% Triton X-100) for 60 min at room temperature.
The cells were then incubated in fresh blocking solution containing

mouse monoclonal �III-tubulin antibody (1:2000; Promega) plus rabbit
polyclonal GFAP antibody (1:500; DakoCytomation) for 60 min at room
temperature. The cells were washed three times with PBS and incubated
in fresh blocking solution containing donkey anti-mouse Cy3 antibody
(1:1000; Jackson ImmunoResearch), DyLight 488 donkey anti-rabbit an-
tibody (1:1000; Dianova), and DAPI (1:5000; Sigma-Aldrich) for 30 min
at room temperature. Following another three PBS washes, the slides
were mounted using fluorescence mounting medium (DakoCytoma-
tion) before being viewed on a Zeiss Apotome microscope.

In vivo transplantation of Prominin-1� precursor cells. The dentate gyri
from eight transgenic �-actin-GFP mice were dissected, dissociated, and
stained with the Prominin-1-PE antibody as described above. The
Prominin-1 � and Prominin-1 � cells were isolated by FACS and col-
lected into 5 �l of proliferation medium. Adult C57BL/6 mice were anes-
thetized via intraperitoneal injection of ketamine (50 mg/kg) and
xylazine (8 mg/kg), mounted onto a stereotaxic frame (Stoelting), and a
1.5 cm skin incision was made to expose the skull. A hole was drilled in
the skull directly above the dentate gyrus. Using a syringe (Hamilton)
connected to a 30 gauge needle, two injections of 1 �l of the cell-
containing medium were performed per hemisphere (anterior/posterior
�1.3, medial/lateral �/� 1.0, dorsal/ventral �2.2; anterior/posterior
�2, medial/lateral �/� 1.2, dorsal/ventral �2.2 relative to bregma).
Following overnight recovery in the home cage the mice were transferred
to a large cage (1 m 2 floor area) containing environmental enrichment
for 6 d, after which the mice were perfused and microtome sections were
cut and stained for DCX, GFAP, Sox 2, NeuN, Olig2, NG2, or A2B5 as
described above.

Bromodeoxyuridine injection. To assess cell proliferation or neuronal
survival in the neurogenic regions, Prominin-1 �/�, Prominin-1 �/� and
Prominin-1 �/� mice (8 weeks old, males and females) were given a
single intraperitoneal injection of 50 mg/kg bromodeoxyuridine (BrdU;
Sigma) and perfused either 2 h (proliferation) or 28 d later (neuronal
survival).

Tissue processing and BrdU immunohistochemistry. For immunohisto-
chemistry, every sixth section was processed with BrdU immunohisto-
chemistry. To assess proliferation, the sections were first washed
thoroughly in TBS to remove the cryoprotectant solution. Pretreatment
then consisted of incubations in 0.6% H2O2 for 30 min, washing with
TBS and 0.9% NaCl, followed by DNA denaturation with 2.5N HCl for
30 min at 37°C. The sections were then washed in PBS and incubated in
blocking solution containing 10% NDS and 0.2% Triton X-100 in TBS
for 60 min at room temperature followed by incubation overnight at 4°C
with a BrdU primary antibody (1:500; BD Bioscience) in blocking solu-
tion containing 3% NDS and 0.2% Triton X-100. The following day the
sections were washed in PBS three times for 10 min, blocked for 30 min,
and subsequently incubated for 2 h at room temperature with an anti-rat
biotin secondary antibody (1:250; Jackson ImmunoResearch), diluted in
blocking solution. diaminobenzidine detection was performed using the
VECTASTAIN Elite ABC kit (Vector Laboratories) as per the manufac-
turer’s instructions. After mounting in 0.1 M phosphate buffer onto
gelatin-coated object slides, the sections were air dried and incubated in
Neo-Clear (Merck Millipore) for 90 min. Coverslips were mounted using
Neo-Mount (Merck Millipore) and dried at room temperature.

To assess net neuronal survival sections from mice injected with BrdU
and killed 28 d later were processed for fluorescence staining with BrdU
and Fox3 (NeuN). The sections were washed in PBS and incubated in
blocking solution containing 10% NDS and 0.2% Triton X-100 in TBS
for 60 min at room temperature followed by incubation overnight at 4°C
with the BrdU (1:500; BD Bioscience) and NeuN (Fox3, 1:1000; Abcam)
primary antibodies in blocking solution containing 3% NDS and 0.2%
Triton X-100. The following day the sections were washed in PBS three
times for 10 min, blocked for 30 min, and subsequently incubated for 4 h
at room temperature with an anti-rat Alexa Fluor 488 and an anti-rabbit
Cy3 secondary antibody (1:500; Jackson ImmunoResearch), diluted in
blocking solution. Following three subsequent washes in PBS the sections
were mounted onto glass slides using fluorescence mounting medium
(DakoCytomation).

Data analysis. Data analysis was performed using Prism software (Ver-
sion 4.0c, GraphPad Software). Results were expressed as mean � SEM.
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Statistical significance was determined using one-way or two-way
ANOVA with a Tukey’s post hoc test or Student’s t tests as appropriate.
The level of conventional statistical significance was set at p � 0.05.

Results
Distinct splice variants of Prominin-1 are expressed in the
adult SGZ
To determine whether the Prom1 gene is functional in the hip-
pocampus we performed q-PCR using universal Prominin-1
primers designed to amplify all Prominin-1 splice variants iden-
tified to date (Fargeas et al., 2007). Interestingly, the comparison
of the relative Prominin-1 expression at P2, P3, P5, P10, P15, P20,
and adult revealed a stable expression of Prominin-1 tran-
scripts in the maturing hippocampus from birth into adult-
hood (Fig. 1A).

The Prominin-1 transcript has a great propensity for alterna-
tive splicing (Fargeas et al., 2004) and to date, eight alternative
murine splice variants have been characterized (Fargeas et al.,
2007). The Prominin-1 N and C termini are the major structural
domains subjected to splicing. Two of these splice variants, s1 and
s3, have previously been found in the adult mouse brain (Corbeil
et al., 2009). In that study, it was shown that Prominin-1 s3 is
expressed by cultured oligodendrocytes and might be a compo-
nent of myelin, whereas the s1 variant is expressed by a subpop-
ulation of GFAP-positive astrocytes (Corbeil et al., 2009). Using a
combination of splice variant-specific primers we showed that a
small facultative exon encoding 9 aa residues that could be either
absent (e.g., s1 variant) or present (s2 variant) at the N-terminal
domain (Yu et al., 2002) is detected in the adult SVZ, dentate
gyrus, and kidney, suggesting that more than one splice variant
can be simultaneously expressed (Fig. 1B). Interestingly, expres-
sion of the s6 variant, as defined by its C-terminal domain, ap-
peared to be spatially restricted and could only be detected in the
SVZ and kidney (Fig. 1B, arrowhead). In the dentate gyrus, the
same primer pair could amplify only a smaller product corre-
sponding to the C-terminal domain of either splice variant 3, 4, or
5 (Fig. 1B, arrow). The s8 variant, which to date has only been
detected in the retina, could not be detected in either of the brain
regions tested (Fig. 1B). Thus, particular areas of the adult brain
(e.g., the dentate gyrus vs the SVZ) seem to express distinct
Prominin-1 splice variants indicating a region-specific regulation
of the Prom1 gene.

Given that we could detect the Prominin-1 transcript in the
adult hippocampus we next wanted to determine the tissue local-

ization of Prominin-1 at a protein level using the 13A4 mAb.
Following our standard protocols for immunohistochemistry we
could clearly detect Prominin-1 in the ependymal cells of the
adult SVZ (Fig. 2A), in agreement with previous reports
(Beckervordersandforth et al., 2010), but its expression appeared
absent from the dentate gyrus. Using a refined immunohisto-
chemistry protocol, in which we substituted Saponin for Triton
X-100 as a detergent (Röper et al., 2000), in fact revealed
Prominin-1 staining in the two neurogenic regions, the SVZ and
the SGZ, albeit at very different levels of intensity. In the dentate
gyrus, the intensity of the Prominin-1 immunoreaction was very
low and only detectable upon close examination at high magni-
fication (63�; Fig. 2B). This pattern suggested that although
Prominin-1 is expressed in both neurogenic zones of the adult
brain, the levels of expression are considerably different be-
tween them. In addition, in the hippocampus the exact cell
types that were Prominin-1 � were difficult to determine due
to the discrete membrane compartmentalization of the
Prominin-1 and the high cell density in the SGZ. We also
stained hippocampal sections from Nestin-GFP and GFAP-
GFP transgenic mice with Prominin-1, which revealed
Prominin-1 expression on both the Nestin � precursor cells
(Fig. 2 C–E) and on GFAP � “vertical” type-1 astrocytes or
Type-1 cells (Fig. 2F ). It has previously been shown that
Prominin-1 is expressed by the cilia of astrocyte-like stem cells
and ependymal cells of the SVZ (Beckervordersandforth et al.,
2010). Using an antibody to detect the somatostatin receptor
we were able to detect cilia-specific staining in the dentate
gyrus (Fig. 2F�). However, the somatostatin receptor signal did
not appear to colocalize with Prominin-1 staining in this region,
indicating that in the dentate gyrus Prominin-1 is not expressed
on the cilia. Colocalization of Prominin-1 expression with posi-
tive staining by the lectin wheat germ agglutinin, a carbohydrate
binding protein that selectively recognizes sialic acid and
N-acetylglucosaminyl sugar residues predominantly found on
plasma membranes, confirmed the localization of the
Prominin-1 immunoreactivity on membrane rather than inter-
mediate filaments (Fig. 2E).

Prominin-1 is not only associated with plasma membrane
protrusions (e.g., microvilli, primary cilia, midbodies), but is also
released into the extracellular milieu in association with small (80
nm in diameter) or large (�600 nm) membrane particles that
originate from microvillus/primary cilium or midbody, respec-
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Figure 1. Prominin-1 is expressed in the developing and adult hippocampus. A, q-PCR analysis revealed the relative Prominin-1 expression in the developing hippocampus from P2 until
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tively. The release of these Prominin-1-containing membrane
particles occurs during the process of cellular differentiation.
It therefore seemed possible that Prominin-1 could be found
in small and large extracellular membrane particles since
Prominin-1� progenitor cells likely undergo a process of differ-
entiation. However, the immunostaining of Prominin-1 that we
detected (Fig. 2C–E�) was different from one in cleaved midbod-
ies, which should appear as a ring-like structure (Marzesco et al.,
2005; Ettinger et al., 2011; Kuo et al., 2011). Moreover, both types
of extracellular membrane particles that have been described are
much smaller than the Prominin-1 immunoreactivity detected in
our study (1–3 �m).

Costaining of the Nestin-GFP sections with Prominin-1 in
combination with another known stem cell marker, Sox2 (Fig.
2E), revealed that Prominin-1 is indeed expressed by the hip-
pocampal precursor cells. A subset of Prominin-1� cells in the
dentate gyrus, however, was Nestin� and expressed S100�, a
marker in the murine hippocampus found in postmitotic (“hor-
izontal”) astrocytes. In the SVZ, ependymal cells are also S100�-
positive (data not shown). Somewhat unexpectedly, a large

number of DCX�/Nestin� (Type-3) cells in the SGZ also ex-
pressed Prominin-1 (data not shown).

Concomitant detection of Prominin-1 and Nestin allows the
prospective isolation of hippocampal stem cells
Precursor cells can be prospectively isolated from the adult SVZ
on the basis of coexpression of Prominin-1 and GFAP
(Beckervordersandforth et al., 2010). This information, in com-
bination with our detection of Prominin-1-expressing cells in the
adult dentate gyrus, led us to next examine whether it would also
be possible to prospectively isolate the hippocampal precursor
cell population on the basis of Prominin-1. The dentate gyri
from 8-week-old C57BL/6 mice were dissected, dissociated
into a single-cell suspension, and stained with a PE-coupled
Prominin-1 antibody. Dead cells and debris were excluded by
gating the main cell population on the basis of forward and side
scatter (Fig. 3A) and by staining with PI. The negative gates were
set against unstained cells (Fig. 3B) and those cells stained with an
isotype control (Fig. 3C). Importantly, we could confirm that the
Prominin-1 antibody binding was specific; as cells isolated from
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Figure 2. Prominin-1 is expressed in the adult SVZ and SGZ. Prominin-1 expression can be detected in the adult mouse SVZ (Prominin-1, red; GFAP, green; A) and SGZ (Prominin-1, green; GFAP,
white; NeuN, red; B). Prominin-1 is expressed in the precursor cells of the dentate gyrus as evidenced by colocalization with the precursor markers Nestin (yellow; C, D), GFAP (magenta; C), and Sox2
(magenta; D). E, Prominin-1 (magenta) is expressed at the cell membrane as suggested by colabeling with the wheat germ agglutinin (blue). F, Prominin-1 is expressed by the “vertical” GFAP-GFP �

type-1 stem cells, but is not expressed on the cilium as evidenced by somatostatin receptor staining (F�). Arrows and arrowhead indicate Prominin-1 expression and somatostatin receptor 3 (Sstr3) �

cilium, respectively. Scale bars: 20 �m.
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the dentate gyrus of Prominin-1 knock-
out mice showed no staining (Fig. 3D). Of
the gated live cells �45% were labeled
with Prominin-1 (Fig. 3E). The ability to
accurately sort Prominin-1� and
Prominin-1� cells was confirmed by im-
mediately resorting each population.
Both populations showed 
99% purity
upon resorting.

Cells isolated from the adult SVZ were
stained with the Prominin-1-PE antibody
under the same conditions to compare the
staining intensity and cell abundance of
Prominin-1� cells in the other major
neurogenic region. When gated based on
the unstained cells (Fig. 3F) and an iso-
type control (Fig. 3G) �40% of the SVZ
cells stained positive for Prominin-1-PE
(Fig. 3H). This Prominin-1� cell fre-
quency, as well as the relative staining in-
tensity, was similar to cells isolated from
the dentate gyrus.

Based on the immunohistochemical
results in vivo, this large population of
Prominin-1� cells likely was heteroge-
neous, comprising a mix of stem and pro-
genitor cells (Type-1 to -3) as well as
astrocytes. The identity of the sorted
Prominin-1� cells was thus further ana-
lyzed with a number of cell-type-specific
markers and flow cytometry. A large pro-
portion (�70%) of the Prominin-1� cells
was positive for S100�, which for the SGZ
would indicate a population of astrocytes
lacking precursor cell properties. In addi-
tion, a large proportion of the Prominin-
1-expressing cells expressed GFAP and
GLAST (45 and 75%, respectively), pro-
teins that are highly expressed in astro-
cytes, and the astrocyte-like precursor
cells. Nestin was also expressed by a sub-
set of Prominin-1 � cells indicating that
the hippocampal precursor cells, as de-
fined based on their Nestin-expression
(Yamaguchi et al., 2000), also express
Prominin-1.

To examine whether the Prominin-1�

population contained the precursor cells,
the sorted cell populations were grown
under culture conditions, which enable
single stem or progenitor cells to rapidly
proliferate and form a large free-floating
cluster of cells termed “neurosphere.” Us-
ing the neurosphere-forming assay one
can quantitatively estimate the number of
precursor cells in a given cell population.
To this end, cells were plated at a very low
density (�100 cells per well in a 96-well
plate) and the number of neurospheres
generated was quantified after 12 d of
growth. Almost all of the neurospheres
were formed from the Prominin-1� pop-
ulation (94.1 � 2.0% of the total neuro-
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spheres generated, n 	 6 experiments),
whereas the sorted cells negative for
Prominin-1 generated only very few neu-
rospheres (5.9 � 2.0% of the total neuro-
spheres generated). Remarkably, the
neurosphere-forming frequency of the
Prominin-1� population was 
30-fold
enriched compared with the negative
population (Prominin-1�: 1 in 115 cells,
vs Prominin-1�: 1 in 3704 cells).

To further purify the hippocampal
precursor population, cells expressing
Nestin-GFP were stained with Prominin-
1-PE and sorted. First, the precursor spec-
ificity of the GFP in the Nestin-GFP
transgenic mice was examined. Nestin�

cells constituted �8% of total cells and
generated 80.6 � 16.5% of the total neu-
rospheres (n 	 4 experiments). Next, the
Nestin-GFP cells were costained with the
Prominin-1-PE antibody to determine
whether colocalization of Nestin and
Prominin-1 would further enrich the
population of hippocampal precursor
cells. The GFP gates were set based on a
wild-type mouse (Fig. 4A) and staining
with an isotype control antibody was used
to set the PE gates (Fig. 4B). Four percent
of all cells were positive for both Nestin
and Prominin-1 (Fig. 4C). The growth of
neurospheres from this small subset of
cells confirmed that the majority of the
neurosphere-forming cells were positive
for both markers (70.9 � 10.7 neuro-
spheres generated per 1000 Nestin�/
Prominin-1� cells) compared with the
Nestin�-only and Prominin-1�-only
populations, which generated only a small
number of neurospheres (Nestin�-only:
9.2 � 2.5; Prominin-1�-only: 1.2 � 0.3
neurospheres per 1000 cells; Fig. 4D).

To confirm the specificity of Prominin-1
expression in the Prominin-1�/Nestin�

population compared with the Nestin�-
only population we examined the expres-
sion levels of the Prominin-1 splice
variants s1 and s2 in these purified popula-
tions. Using the primer pairs mProm189F/
mProm533R and mProm189F/mProm494R,
we detected splice variants 1 and 2 in both
populations. As expected, the double-
positive population had much greater ex-
pression of both splice variants amounting
to an �7-fold upregulation compared with
the Nestin�/Prominin-1� cells (relative in-
crease: 6.9 � 4.5-fold, n 	 2 individual
FACS experiments, q-PCR triplicates). In
addition, we confirmed that the Prominin-
1�/Nestin� population was indeed highly
enriched for Prominin-1 mRNA expression
with a 
80-fold enrichment compared
with the Prominin�/Nestin� population
(relative increase: 82.6 � 19.7-fold, n 	 2
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individual FACS experiments, q-PCR triplicates).
As the neurosphere experiments were performed under pro-

liferation conditions it is difficult to determine whether the Pro-
minin-1�/Nestin� cell population contained the quiescent
neural stem cells as well as the more highly proliferative progen-
itor cells. To address this we combined cell-surface staining
(Prominin-1-APC staining of Nestin-GFP mice) with Hoechst
33342 and Pyronin Y staining. By staining with Hoechst and
Pyronin Y we were able to differentiate between cells that were
quiescent (G0: PY low) versus those that were cycling (G1: PY
high). The Prominin-1/Nestin double-positive population de-
scribed above amounted to only �4% of the total number of
cells. In vivo a large number of the cells in this population were
nondividing (quiescent) with 32% of the cells in the G0 phase as
indicated by low levels of Pyronin Y staining (Fig. 4E). In addi-
tion, in accordance with our neurosphere data �40% of the cells
in the Prominin-1�/Nestin� population were actively dividing
and stained strongly with the Pyronin Y dye. In contrast, the vast
majority (
99%) of the cells in the negative population was in
the G0 cell cycle phase and likely consisted of postmitotic neurons
and astrocytes (Fig. 4F). The Prominin-1 and Nestin single-
positive populations also contained a small number of cycling
cells (4 and 6%, respectively), which are likely immature progen-
itor cells (DCX�) undergoing their last divisions and are not yet
postmitotic (Fig. 4G,H).

Precursor cell-containing fractions are not the highest in
Prominin-1 expression
Given the large and heterogeneous population of cells in the den-
tate gyrus that express Prominin-1, we divided the Prominin-1�

cells into three subpopulations on the basis of their relative levels
of Prominin-1 expression. Cells with high levels of Prominin-1
expression represented �8%, intermediate (mid) 20% and low
15% of the total number of live cells (Fig. 5A). Interestingly,
Prominin-1 high cells did not generate any neurospheres (Fig. 5B)
and all of the neurosphere-forming activity was found in the cells
with lower levels of Prominin-1 (Prominin-1 mid: 14.0 � 3.7 neu-
rospheres per 1000 cells; Prominin-1 low: 28.1 � 4.3 neurospheres
per 1000 cells; Fig. 5B). When the neurosphere-forming fre-
quency was expressed as a percentage of the total neurosphere
number it became obvious that the majority of the neurospheres
were generated from the Prominin-1 mid population (Prominin-
1 mid: 53 � 8.9% of total neurospheres formed; Prominin-1 low:
42.9 � 8.0% of total neurospheres formed; Fig. 5C). The classifi-
cation of neurospheres into four size categories (40 –70, 80 –120,
130 –190, and �200 �m) revealed no difference between those
generated from Prominin-1 mid and Prominin-1 low subpopula-
tions (no significant effect of cell population on neurosphere size
in a two-way ANOVA F(8) 	 0.13, p 	 0.73, n 	 5 individual
FACS experiments; Fig. 5D).

As the Prominin-1high cells were not precursor cells, we next
wanted to determine which other cell type would constitute the ma-
jority of that population. Using a combination of GFAP-GFP, the
EGF receptor, and Heat Stable Antigen (CD24) it has been re-
ported that astrocytes (GFAP�EGFR�CD24�), stem cells (GFAP�

EGFR�CD24�), transit-amplifying cells (GFAP�EGFR�CD24�),
“neuroblasts” (GFAP�EGFR�CD24 low), and ependymal cells
(GFAP�EGFR�CD24high) can be simultaneously isolated from the
adult SVZ (Pastrana et al., 2009). We thus made use of a similar
strategy to determine the cell type that constituted the majority in
each of the three Prominin-1 subpopulations of our experiment. We
isolated the dentate gyrus from GFAP-GFP transgenic mice, stained
the dissociated cells with both Prominin-1 and CD24, and charac-
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terized them using flow cytometry. Interest-
ingly, the four Prominin-1 subpopulations
each displayed very specific expression pro-
files for these markers. The Prominin-1high

population contained no GFAP�CD24�

cells, but instead �35% GFAP�CD24low

cells (Fig. 6A). The Prominin-1mid popula-
tion in contrast, contained 12% (Fig. 6B)
and the Prominin-1 low population 11%
GFAP�CD24� cells (Fig. 6C), but only a
small number of GFAP�CD24low cells (6
and 8%, respectively). Similar to the Prom-
inin-1high fraction, the Prominin-1neg pop-
ulation contained very few GFAP�CD24�

cells (1%; Fig. 6D). Together, these data sup-
ported our in vitro findings that the putative
stem cell population (GFAP�CD24�) can
be found in the population of cells with me-
dium-to-low levels of Prominin-1 expres-
sion. Additionally, we sorted cells on the
basis of these three markers and collected
four populations (GFAP �Prominin-
1�CD24�, GFAP�Prominin-1�CD24�,
GFAP�Prominin-1�CD24�, and GFAP-
�Prominin-1�/�CD24low) and again cul-
tured these as neurospheres. As expected the
majority of the neurosphere-forming activ-
ity was found in the GFAP �Prominin-
1�CD24� population (86.2 � 5.0% of total
neurosphere number; n 	 3 experiments).

Prominin-1 mid/low expression marks
neural stem cells
We next confirmed that the Prominin-1�

cells could also be cultured efficiently as
adherent monolayer cultures (Babu et al.,
2007). Prominin-1 high, Prominin-1 mid,
Prominin-1 low, and Prominin-1 neg cells
were sorted and each population was
plated into a single PDL/laminin-coated well and cultured. In
agreement with the results generated from the neurosphere as-
says, cell proliferation was observed only from the Prominin-1 mid

(Fig. 7A) and Prominin-1 low cultures, whereas no growth oc-
curred from the Prominin-1 high or Prominin-1 neg cells (Fig. 7B).
After having been kept under proliferation conditions for four
passages, 
95% of cells were positive for Nestin and Sox2 indi-
cating that they have maintained their immunohistochemical
stem cell properties (Fig. 7C).

Marker expression and sphere-forming capability supported the
idea that a fraction of the Prominin-1� cells act as precursor cells.
The next question was, whether they also met the specific criteria for
stem cells. To examine which neurospheres were stem cell derived,
we assessed multipotentiality and self-renewal. We first examined
multipotentiality by differentiating the primary neurospheres
generated from the Prominin-1-expressing cells in the absence of
mitogens for 7 d, followed by staining with the neuronal markers
�III-tubulin and Map2ab, the oligodendrocyte marker O4, and the
astrocyte marker GFAP. This study revealed that while the majority
of the neurospheres generated only glia, a small number of them
gave rise to all three cell types (Fig. 7D–F). Quantification of the
percentage of �-tubulin� neurons, GFAP� astrocytes, and O4�

oligodendrocytes revealed no significant difference in the differenti-
ation potential between the Prominin-1mid- and Prominin-1low-

derived neurospheres (Prominin-1mid: 8.9 � 0.7% neurons, 69.3 �
2.8% astrocytes, 1.9 � 0.4% oligodendrocytes vs Prominin-1low:
7.4 � 2.0% neurons, 68.9 � 3.6% astrocytes, 1.9 � 0.3% oligoden-
drocytes; no significant effect of cell population on differentiation
potential in a two-way ANOVA F(77,1) 	 0.18, p 	 0.67, n �14). To
examine their self-renewal capacity, individual large (
200 �m)
primary neurospheres were dissociated into single cells, replated into
neurosphere medium, and cultured as individual cell lines. This pro-
cess was repeated every 10 d up to passage number five after which
the number of lines that could be maintained was recorded. Consis-
tent with our previous data (Walker et al., 2008), a small number of
these primary neurospheres could be maintained over five passages
(10/67 neurospheres), indicating their propensity for self-renewal.

Additionally, the adherent monolayer cultures generated
from the Prominin-1 mid and Prominin-1 low cells were passaged
and then differentiated in vitro to examine self-renewal and mul-
tipotentiality. Following five passages the cells were plated in dif-
ferentiation conditions in the absence of mitogens (for 5 d), after
which they were fixed and stained. Following 5 d under differen-
tiation conditions, both GFAP� astrocytes and �III-tubulin�

neurons could be found (Fig. 7G).

In vivo homing of Prominin-1 � cells
Next we investigated whether isolated Prominin-1� cells that
behaved as precursor cells ex vivo would upon re-implantation
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show a preference for the neurogenic niche within the SGZ.
Prominin-1� cells were isolated from the dentate gyrus of
�-actin-GFP reporter mice by flow cytometry using Prominin-1-
PE. Again, three subpopulations of Prominin-1 were isolated
based on its expression level: high, mid, and low. Prominin-1�/
�-actin-GFP� cells were then injected directly into the hip-
pocampus of host C57BL/6 mice. Note that sorted primary cells
were used immediately after isolation rather than cultured neu-
rospheres to eliminate the possibility that their survival was in-
fluenced by exposure to growth factors or extensive culture in
vitro. The transplanted mice were kept in environmental enrich-
ment for 6 d and the fate of the transplanted cells was assessed.
Microscopic examination of every third section revealed a small
number of bright GFP� cells that had survived in the dentate
gyrus (Fig. 8A), the corpus callosum (Fig. 8B), or the hippocam-

pal fissure (Fig. 8C). At this stage, these
cells were not positive for DCX or GFAP
(Fig. 8D), NeuN, NG2, Olig2, A2B5, or
Sox2. Fitting with their precursor cell phe-
notype, the majority of the surviving cells
from the Prominin-1 mid and Prominin-
1 low cell transplantations were located
within the SGZ (Prominin-1 mid: 58.3 �
30.0%, Prominin-1 low: 87.5 � 12.5% of
total surviving cells per transplantation;
Fig. 8E). This is in contrast to the
Prominin-1 high cells, which preferen-
tially survived in the hippocampal fis-
sure (95.8 � 4.2%; n 	 3 independent
experiments per cell population; signif-
icant interaction between cell popula-
tion and brain region in a two-way
ANOVA F(18) 	 9.5, p 	 0.0003; Fig.
8E).

Knock-out of Prominin-1 affects
survival but not proliferation of adult
born hippocampal precursor cells
We next determined whether loss of
Prominin-1 would specifically affect
adult neurogenesis in vivo. Although
Prominin-1 is expressed in a wide range of
tissues, its deletion has to date only been
shown to cause retinal degeneration (Zac-
chigna et al., 2009). Gross morphological
examination of the hippocampus from
Prominin-1�/� and Prominin-1�/� mice
revealed no obvious differences. To deter-
mine the effect of Prominin-1 deletion on
precursor proliferation in vivo, adult Pro-
minin-1�/�, Prominin-1�/�, and Prom-
inin-1�/� mice were given a single
intraperitoneal injection of the thymidine
analog BrdU and perfused 2 h later. BrdU
immunohistochemistry revealed no dif-
ference in the number of BrdU� cells in
the SGZ (Prominin-1�/�: 2380 � 251.6,
n 	 4; Prominin-1�/�: 2431 � 122.3, n 	
16; Prominin-1�/�; 2097 � 110.2, n 	 4;
F(21) 	 0.8, p 	 0.4; Fig. 9A,B) or SVZ
(Prominin-1�/�: 2746 � 151.4, n 	 4;
Prominin-1�/�: 2573 � 96.86, n 	 16;
Prominin-1�/�; 2835 � 327.9, n 	 4;

F(21) 	 0.74, p 	 0.5; Fig. 9C,D) between the three genotypes.
Quantification of the number of DCX� intermediate progenitor
cells in the SGZ (Type-2b, Type-3, and early postmitotic neu-
rons) also revealed no significant difference between the geno-
types (Prominin-1�/�: 31684 � 1762, n 	 6; Prominin-1�/�:
34123 � 661, n 	 6; Prominin-1�/�: 29540 � 1731, n 	 4; F(13)

	 2.3, p 	 0.1; Fig. 9E,F). In addition, using flow cytometric
analysis we compared the numbers of other major cell types in
the Prominin-1 �/� dentate gyrus to wild-type controls. These
analyses revealed no change in the number of astrocytes
(S100� � or GFAP �), oligodendrocytes (Olig2 �), neural pre-
cursor cells (Sox2 �), or adult-born early postmitotic neurons
(Calretinin �) between the genotypes (data not shown).

In agreement with the corresponding in vivo proliferation
data, there was no difference in the number of neurospheres

D GFAP β-tubulin

F O4E GFAP Map2ab

G GFAP β-tubulin

A B

C Nestin Sox2

Figure 7. Prominin-1 � cells are multipotent in vitro. Prominin-1 high, mid, low, neg cells were sorted and then cultured indepen-
dently as adherent monolayer cultures (A–C, G) or neurospheres (D–F ). Cell proliferation was observed only from the Prominin-
1 mid (A) and Prominin-1 low cultures, with no growth from the Prominin-1 high (B) or Prominin-1 neg cells. C, After five passages
under proliferation conditions the majority of the cells stained positive for the precursor markers Nestin (green) and Sox2 (red) and
upon differentiation Prominin-1 mid cells could generate GFAP � astrocytes and �III-tubulin � neurons (G). Likewise, primary
neurospheres generated from the Prominin-1-expressing cells can differentiate into �III-tubulin � (D) and Map2ab � (E) neu-
rons, GFAP � astrocytes (D, E), and O4 � oligodendrocytes (F ). Scale bars: 40 �m.
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derived from either the dentate gyrus
(Prominin-1�/�: 101.2 � 17.4, n 	 5;
Prominin-1�/�; 104.0 � 10.1, n 	 5; two-
tailed t test p 	 0.12; Fig. 9G) or SVZ (Pro-
minin-1�/�: 1271 � 48.1, n 	 5;
Prominin-1�/�; 1481 � 124.0, n 	 5;
two-tailed t test p 	 0.15) of Prominin-
1�/� and Prominin-1�/� mice.

Interestingly, following depolarization
with KCl in vitro we observed the expected
increase in neurosphere number from the
Prominin-1�/� but no significant in-
crease from the Prominin-1-null mice
(Prominin-1�/�: 101.2 � 17.4, n 	 5 vs
184.8 � 12.5 n 	 5, p 	 0.003; Prominin-
1�/�; 104.0 � 10.1, n 	 5 vs 142.0 � 14.1,
n 	 5, p 	 0.25 one-way ANOVA F(16) 	
8.0; Fig. 9G). The size distribution of the
neurospheres generated from the Prom-
inin-1�/� and Prominin-1�/� mice was
also analyzed. The diameter of all neuro-
spheres was measured and classified into
four size categories (40 –70, 80 –120, 130 –
190, and � 200 �m). On this basis we
observed no difference in the size distri-
bution of the neurospheres generated be-
tween genotype (no significant effect of
genotype on neurosphere size in a two-
way ANOVA F(64,3) 	 0.005, p 	 0.99,
n 	 5 mice per genotype).

Given that no effects on proliferation
in either the SVZ or dentate gyrus could
be detected, we were interested to deter-
mine whether Prominin-1 deletion af-
fected net neurogenesis. To measure the
consequences of net adult neurogenesis in
vivo, adult Prominin-1�/� and Prom-
inin-1�/� mice were given a single intra-
peritoneal injection of BrdU and perfused
28 d later. Interestingly, BrdU immuno-
histochemistry revealed significantly
fewer total BrdU� cells in the SGZ of Pro-
minin-1�/� compared with Prominin-
1�/� mice (BrdU� cells: Prominin-1�/�:
858.0 � 97.6, n 	 7; Prominin-1�/�:
1244 � 81.6, n 	 8; two-tailed t test p 	
0.009). Although there was no significant
difference in the percentage of newborn
cells that became neurons, as determined
by phenotyping 100 BrdU� cells for expression of the mature
neuron marker NeuN (Fox3; percentage BrdU�/Fox3�: Prom-
inin-1�/�: 93.2 � 1.6%, n 	 7; Prominin-1�/�; 92.7 � 1.5%,
n 	 8; two-tailed t test p 	 0.8), it did, however, result in a
significant decrease in net neurogenesis in the Prominin-1�/�

mice (total BrdU�/Fox3�: Prominin-1�/�: 804.4 � 98.3, n 	 7;
Prominin-1�/�; 1157 � 85.5, n 	 8; two-tailed t test p 	 0.02). In
contrast to the dentate gyrus, the deletion of Prominin-1 had no
effect on net olfactory bulb neurogenesis (Prominin-1�/�:
5668 � 802.0, n 	 6; Prominin-1�/�: 5591 � 353.2, n 	 7; two-
tailed t test p 	 0.9) or on the percentage of BrdU� cells that ex-
pressed the mature neuron marker Fox3 (Prominin-1�/�: 99.3 �
0.4, n 	 7; Prominin-1�/�: 99.9 � 0.1, n 	 8; two-tailed t test
p 	 0.2).

The Prominin-2 transcript is upregulated in the dentate gyrus
of Prominin-1-null mice
Prominin-2 is the second pentaspan membrane glycoprotein that
is structurally related to Prominin-1 (Fargeas et al., 2003). Both
proteins share a number of important biochemical and morpho-
logical properties, including their selective concentration in plas-
malemmal protrusions and their association with detergent-
resistant membranes in a cholesterol-dependent manner
(Fargeas et al., 2003; Florek et al., 2007). Therefore, it has been
suggested that this may lead to a redundancy in their role as
organizers of plasma membrane protrusions (Florek et al., 2007).
To test whether, assuming shared functionality, Prominin-2
might compensate for the loss of Prominin-1 in the hippocampal
precursor cells of Prominin-1 knock-out mice, we first confirmed
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the expression of Prominin-2 mRNA in the dentate gyrus. Re-
verse transcriptase PCR analysis with Prominin-2-specific prim-
ers (Table 1), designed to span an intron to eliminate
amplification from genomic DNA, amplified the expected prod-
uct from the dentate gyrus cDNA (data not shown). Given that
Prominin-2 was thus expressed in the proper location, we hy-
pothesized that if Prominin-2 is compensating for the lack of
Prominin-1 expression, then the relative expression of Prominin-2
should increase in the Prominin-1-null mice compared with their
wild-type counterparts. Indeed, Prominin-2 expression was �35%
higher in the Prominin-1-null mice compared with their wild-type
littermates (135.4�10.7%, t test p	0.03, n	6 mice per genotype).

Discussion
Despite the large body of literature on
Prominin-1 in other brain regions
(Weigmann et al., 1997; Corti et al., 2007;
Pfenninger et al., 2007), there was very lit-
tle information on Prominin-1 in the
adult SGZ. In this study, we show that
neural stem cells in the dentate gyrus of
adult mice express Prominin-1, which is
consistent with our earlier data showing a
genetic association between its expression
and neurogenesis in the adult hippocam-
pus (Kempermann et al., 2006).

Our findings suggest that Prominin-1
expression and function in the SGZ might
be similar to, but also differ from, other
compartments. To further address such
tissue compartmentalization, we evalu-
ated which murine splice variants were
expressed. We identified Prominin-1
splice variants, in which the small faculta-
tive exon at the N-terminal domain is
present (s2) or absent (s1), in both the
SVZ and SGZ. Likewise, we could amplify
a product potentially corresponding to
the C-terminal domain of the s3 from the
dentate gyrus, although this primer set
could not differentiate among the s3, s4,
and s5. Given that s4 and s5 variants do
not traffic out of the endoplasmic reticu-
lum upon ectopic expression (Fargeas et
al., 2004), our data suggest that s3 is in-
deed found in the dentate gyrus. In con-
trast, the s6 variant is found solely in the
SVZ but not the SGZ. The ependymal cells
where a high level of Prominin-1 is de-
tected may express this splice variant.

In addition to detection of Prominin-1
transcripts, we also localized Prominin-1
protein in the adult SGZ in vivo. As de-
scribed for other somatic stem cells in dif-
ferent organ systems, the expression of
Prominin-1 allowed us to isolate potential
precursor cells from the adult hippocam-
pus. Upon dissociation and flow cytom-
etry three distinct cell populations were
classified according to their levels of
Prominin-1 immunoreactivity levels. In-
terestingly, those cells with mid-to-low
levels of Prominin-1 contained the pre-
cursor cells, while the cell fraction with the

highest level of Prominin-1 was devoid of precursor cells. This is
in accordance with a previous report that embryonic day 13.5
mouse cortical cells with low levels of Prominin-1 could be iden-
tified as multipotent stem cells, whereas those with the highest
levels were neuronal progenitor cells (Panchision et al., 2007).
From the total number of Prominin-1� cells only 1 of 115
formed a neurosphere. In contrast, �1 of 70 cells in the
Prominin-1 mid and 1 of 35 cells from the Prominin-1 low popula-
tions generated a neurosphere. To further purify the precursor
population, Prominin-1 staining was performed on Nestin-GFP
transgenic mice (Yamaguchi et al., 2000). Despite the extensive
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characterization of the Nestin� hippocampal cells in this trans-
genic line (Sawamoto et al., 2001b; Filippov et al., 2003; Fukuda et
al., 2003; Kempermann et al., 2003; Kronenberg et al., 2003) and
their use to isolate precursor cells from brain tissue (Sawamoto et
al., 2001a), there have not been any reports on using this mouse to
specifically extract precursor cells from the hippocampus. We
isolated Nestin-GFP� cells by flow cytometry and demonstrated
that Nestin is not specific for the Type-1 and Type-2a precursor
cells when used alone. In our hands only 1 of 30 Nestin� cells
formed a neurosphere in vitro. However, by combining
Prominin-1 staining with Nestin-GFP expression we enriched
for the precursor cells by removing over half of the non-
neurosphere-forming cells that are Nestin� but Prominin-1�,
increasing the purity twofold to �1 of 14 cells. From the Prom-
inin-1�/Nestin� population we could generate self-renewing,
multipotent neurospheres that differentiated into the three neu-
ral lineages, thereby satisfying the cardinal criteria of stemness. In
addition, cell cycle analysis revealed that a large proportion of
these cells were actively dividing.

Despite the fact that the precursor cells of the adult dentate gyrus
express Prominin-1, its expression was not limited to the precursor
cells in vivo. FACS analysis revealed that a large number of the
Prominin-1� cells expressed the common astrocyte markers S100�,
GFAP, and GLAST as well as the intermediate progenitor cell marker
DCX. In the SVZ, the majority of the Prominin-1� cells are
ependymal cells (�90% expressed the markers S100� and the
cilia-associated protein acetylated tubulin) and, in addition, this
population was reported to contain neither neuroblasts nor tran-
siently amplifying cells (Beckervordersandforth et al., 2010). In
the SGZ a quite different situation became evident. In contrast to
the SVZ, the dentate gyrus contains no multiciliated ependymal
cells but many cells types have been reported to have cilia includ-
ing both the stem cells (Breunig et al., 2008) and mature neurons
(Kumamoto et al., 2012).

To gain insight into the major cell types constituting each of
the Prominin-1 populations in the SGZ we used a similar ap-
proach to that previously used for the SVZ (Pastrana et al., 2009).
We saw very different expression profiles for the GFAP-GFP and
CD24 markers in the Prominin-1 populations. Interestingly, in
contrast to the ependymal cells of the SVZ (GFAP�CD24 high),
the cells with the highest levels of Prominin-1 expression were
GFAP� CD24 low, a marker combination that in the SVZ is con-
sidered to identify neuroblasts (or “A-cells”). No strict equivalent
to this cell type exists in the SGZ and the onset of CD24 expres-
sion during neuronal development is unknown. However, CD24
is expressed by differentiating neurons in the adult hippocampus
and CD24-deficient mice show increased precursor cell prolifer-
ation and adult hippocampal neurogenesis (Belvindrah et al.,
2002), suggesting that CD24 might negatively regulate precursor
cell proliferation. The highly proliferative precursor cells
(Type-2a and -2b) should, accordingly, have low levels of CD24.
The Type-1 stem cells of the SGZ express high levels of GFAP,
whereas the Type-2a cells have low or absent GFAP expression. In
contrast to the Prominin-1 high and Prominin-1 neg populations,
which contained virtually no GFAP�CD24� cells, the Prominin-
1 mid/low populations contained a large number of this cell type.
The Prominin-1 mid/low cells that are GFAP�CD24� contain as-
trocytes—a small proportion of which are the GFAP� stem cells.
As expected the precursor activity was found only in this
GFAP�Prominin�CD24� subpopulation.

Although a panel of specific cell-surface markers is available
for the purification of hematopoietic stem cells, the development
of markers capable of identifying and isolating defined neural

stem cell populations lags behind. Despite the fact that neurogen-
esis in the hippocampus is well characterized with respect to the
expression of characteristic antigens there seems to be a distinct
lack of appropriate surface markers for the isolation of the resi-
dent stem cells. There have been only a few reports all of which
made use of transgenic reporter mice, i.e., DCX-GFP (Walker et
al., 2007), Hes5-GFP (Jhaveri et al., 2010), Nestin-GFP (Gao et
al., 2008), Sox2-EGFP (Brazel et al., 2005), and Sox-2-GFP/DCX-
DsRed (Bracko et al., 2012). The identification of surface markers
is important to reduce the dependence on reporter mouse lines,
allowing specific cell populations to be isolated from any mouse
strain, including transgenic or knock-out mouse models, and the
translation of the technology to other species such as rats or
humans.

Although Prominin-1 is expressed by the stem cells of the
adult SGZ, its absence in Prominin-1 knock-out mice had no
obvious effect on precursor cell proliferation. Interestingly, how-
ever, we found a significant reduction in the number of new
neurons surviving in the Prominin-1 knock-out mice. This is in
accordance with previous studies showing that Prominin-1
knockdown does not affect proliferation of colon cancer cells in
vitro (Horst et al., 2009) but may be important in for the survival
of the tumor seeding cells (Canis et al., 2012). Effects of
Prominin-1 on apoptosis were excluded given that no difference
was observed in the cleavage of caspase-3 (Horst et al., 2009). It is
likely that the closely related family member Prominin-2 com-
pensates for the loss of Prominin-1 as its mRNA expression was
upregulated in the hippocampus of Prominin-1 knock-out mice.
This situation is particularly interesting since the loss of
Prominin-1 in the murine retina, which leads to blindness, is not
compensated by Prominin-2 (Zacchigna et al., 2009). Moreover,
the absence of Prominin-2 in normal retina (Fargeas et al., 2003)
might explain the predominant retinal phenotypes observed in
individuals carrying mutations in the Prom1 gene (Jászai et al.,
2007; Arrigoni et al., 2011). To confirm this would require the
generation of Prominin-1/Prominin-2 double knock-out mice or
a Prominin-2 floxed mouse to delete Prominin-2 specifically in
the adult brain of Prominin-1-deficient mice. Those experiments
are ongoing.

In summary, we have shown that the cell-surface antigen
Prominin-1 can be used to enrich precursor cells from the adult
murine dentate gyrus. In addition, we have described novel
marker combinations (Nestin/Prominin-1 and GFAP-GFP/Pro-
minin-1/CD24) for the simultaneous flow cytometric isolation of
multiple cell types from the adult SGZ. This approach will facil-
itate the isolation and characterization of homogeneous cell pop-
ulations of astrocytes, neural precursor cells, and immature
neurons to gain a deeper understanding of the underlying molec-
ular regulation of hippocampal neurogenesis in response to ac-
tivity or injury in individual cell types rather than at the level of
the entire dentate gyrus.
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