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Abstract Adult neurogenesis in the mammalian brain is
restricted to specific regions, such as the dentate gyrus
(DG) in the hippocampus and the subventricular zone
(SVZ) in the walls of the lateral ventricles. Here, we used a
mouse line carrying a knock-in of Cre recombinase in the
Prss56 gene, in combination with two Cre-inducible fluo-
rescent reporters (Rosa26™¢ and Rosa26'7™), to per-
form genetic tracing of Prss56-expressing cells in the adult
brain. We found reporter-positive cells in three neurogenic
niches: the DG, the SVZ and the hypothalamus ventricular
zone. In the prospective DG, Prss56 is expressed during
embryogenesis in a subpopulation of radial glia. The pat-
tern of migration and differentiation of reporter-positive
cells during development recapitulates the successive steps
of DG neurogenesis, including the formation of a sub-
population of adult neural stem cells (NSC). In the SVZ,
Prss56 is expressed postnatally in a subpopulation of adult
NSC mainly localized in the medial-ventral region of the
lateral wall. This subpopulation preferentially gives rise to
deep granule and Calbindin-positive periglomerular
interneurons in the olfactory bulb. Finally, Prss56 is also
expressed in a subpopulation of o2-tanycytes, which are
potential adult NSCs of the hypothalamus ventricular zone.
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Our observations suggest that some o2-tanycytes translo-
cate their soma into the parenchyma and may give rise to a
novel cell type in this territory. Overall, this study estab-
lishes the Prss56<™ line as an efficient and promising new
tool to study multiple aspects of adult neurogenesis in the
mouse.
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Introduction

Neurogenesis persists throughout life in mammals in two
major neurogenic niches: the subgranular zone (SGZ) of
the dentate gyrus (DG) in the hippocampus, and the sub-
ventricular zone (SVZ) in the walls of the lateral ventricles
(Altman and Das 1965a; Lois and Alvarez-Buylla 1994).
More recently, adult neurogenesis has also been observed
in other regions of the brain, such as the hypothalamus in
rodents (Kokoeva et al. 2005; Pierce and Xu 2010; Robins
et al. 2013a) and the striatum in humans (Ernst et al. 2014).

The general organization of adult SGZ and SVZ ger-
minal niches are similar (reviewed in Thrie and Alvarez-
Buylla 2011; Ming and Song 2011; Gage and Temple
2013). Cells with astroglial properties behave as neural
stem cells (NSC), generating intermediate progenitors (also
called transient amplifying progenitors) by asymmetric
division. These progenitors divide and give rise to neu-
roblasts that continue to proliferate, migrate and differen-
tiate into neurons. In the DG, the neuroblasts migrate into
the granular layer and mature into excitatory granule
neurons. In the SVZ, the neuroblasts migrate over long
distances along the rostral migratory stream (RMS) to the
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olfactory bulb (OB). In the OB, they differentiate into two
major types of interneurons: periglomerular cells (PGC) in
the glomerular layer, and granule cells (GC) in the granule
cell layer. Adult-born neurons integrate into pre-existing
circuits of the DG and OB, but exhibit electrophysiological
properties different from those of their embryonic coun-
terparts until they have reached complete maturation
(Esposito et al. 2005; Ge et al. 2007; Marin-Burgin et al.
2012; Deshpande et al. 2013). Although only a small
subpopulation of neurons are generated postnatally, their
enhanced synaptic plasticity confers on the adult circuitry
the ability to evolve in response to experience, without
affecting the circuitry’s general stability (Ge et al. 2007,
Lepousez et al. 2014). Adult neurogenesis in these niches is
thus essential for some forms of learning, memory and
mood regulation (Zhao et al. 2008).

Several studies have also reported the existence of
neural stem/progenitor cells and neurogenesis in the adult
hypothalamus (Pencea et al. 2001; Markakis et al. 2004;
Kokoeva et al. 2005; Xu et al. 2005; Pierce and Xu 2010;
Robins et al. 2013a). Since the hypothalamus is a master
regulator of neuroendocrine function, this finding suggests
that the integration of newborn neurons may affect the
control of basic physiological functions, such as feeding.
Indeed, blocking adult neurogenesis in the medial-basal
hypothalamus results in altered weight and metabolic
activity in adult mice (Lee et al. 2012). In this part of the
hypothalamus, the third ventricle is lined dorsally by cili-
ated ependymal cells and ventrally by non-ciliated radial
glial-like cells, termed tanycytes. The tanycytes constitute
a heterogeneous population divided into four subtypes (a1,
o2, B1 and B2) depending on the dorsal-ventral position of
the cell bodies, projection of the basal processes, and
expression of specific markers (Rodriguez et al. 2005;
Haan et al. 2013; Robins et al. 2013a). Recent studies,
based on fate mapping and functional characterization,
have revealed that populations of o2 and B2 tanycytes self-
renew and generate glial and neuronal derivatives (Lee
et al. 2012; Haan et al. 2013; Robins et al. 2013a). How-
ever, the cellular pathways involved in this process are still
unknown.

Rapid progress in the understanding of adult NSC
properties and functions has been made possible by the
development of new tools, such as proliferation markers,
viral vectors and conditional mutant mice (Gage and
Temple 2013; Enikolopov et al. 2015). However, addi-
tional specific markers are still needed to address many
issues, old and recent, concerning adult neurogenesis. The
Prss56 gene (previously named L20) encodes a potentially
secreted trypsin-like serine protease involved in eye
development in mice and humans, although its precise
function has not been elucidated so far (Gal et al. 2011;
Nair et al. 2011). We have shown that Prss56 is expressed

@ Springer

in neural crest-derived boundary cap cells during mouse
embryonic development (Coulpier et al. 2009). To inves-
tigate the fate of Prss56-expressing cells, we have gener-
ated a knock-in allele, Prss56cr", carrying Cre recombinase
in the locus (Gresset et al. 2015). Combination of this allele
with Cre-activable reporter constructs allows tracing of
Prss56-expressing cells and their derivatives. Unexpect-
edly, in the postnatal brain, reporter-positive cells were
found specifically in several neurogenic niches, including
the SGZ, the SVZ, and the lateral wall of the hypothala-
mus. In the developing DG, we observe that Prss56 is
expressed in a subpopulation of radial glia from embryonic
day (E) 13.5 in the dentate ventricular zone. The pattern of
migration and differentiation of their derivatives faithfully
recapitulates the successive steps of morphogenesis and
neurogenesis of the DG, indicating that these cells partic-
ipate in its formation. In the SVZ, Prss56 is expressed
postnatally in a ventral subpopulation of NSCs and the
Prss56™ allele allows tracing of their derivatives through
the RMS to the OB, where they preferentially differentiate
into deep GCs and Calbindin (CalB)-positive PGCs.
Finally, in the hypothalamus, Prss56 is expressed in o2
type tanycytes that proliferate, translocate their soma into
the parenchyma, and are likely to generate neurons or glia
in the arcuate and dorsal-medial nuclei in the adult. The
newly-generated Prss56™ mouse line therefore appears to
be a powerful genetic tool to further study the develop-
ment, the organization, and the functions of postnatal
neurogenic niches.

Materials and methods
Animals

The Prss56" mouse line was generated by insertion of the
Cre recombinase coding sequence immediately after the
ATG start codon of the Prss56 gene (Gresset et al. 2015).
Genotyping was performed by PCR using DNA extracted
from the tail and the following primers: 5-CAGGT
GAGGTGCGGACCATT-3, 5'-ACGGAAATCCATCGC
TCGACCAGTT-3’ and 5-AAACCACTGCCCACCGA
CAT-3'. Prss56"/“"* homozygous animals are viable and
fertile. The other mouse lines, as well as their genotyping,
were described previously: hGfap::GFP (Nolte et al.
2001), Rosa26™™° (Muzumdar et al. 2007) and
Rosa26"™™ (Madisen et al. 2010). All lines were main-
tained in a mixed C57BL/6/DBA/2 background. Brains
were extracted after transcardiac perfusion with 4 %
paraformaldehyde, then post-fixed in the same solution
overnight at 4 °C and sectioned with a vibratome. When
required, vibratome sections were kept in storage buffer
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(30 % glycerol, 30 % ethylene glycol in sodium phosphate
buffer) at —20 °C until further processing. Lateral wall
whole-mounts were prepared as described and fixed in 4 %
paraformaldehyde in phosphate buffered saline solution
(PBS) at 4 °C for 3 h (Mirzadeh et al. 2010). Mice housing
and breeding, euthanasia and experimental procedures
were performed in accordance with the Council of Euro-
pean Union directive of 22 September 2010 (2010/63/UE)
and approved by the French Ethical Committee (Project
No. B750520).

Immunohistochemistry and imaging

Vibratome sections (50—-150 pm) and whole-mounts were
blocked for 1 h at room temperature with 10 % fetal
bovine serum, 0.3 % Triton X-100 in PBS. Primary
antibodies were incubated in the same solution overnight
at 4 °C and secondary antibodies were incubated for 3 h
at room temperature in 1 % fetal bovine serum, 0.3 %
Triton X-100 in PBS solution. Sections were counter-
stained with Hoechst 33342 (Sigma) for nuclei detection.
The following primary antibodies were used: mouse anti-
APC (1/500, Abcam); rat anti-BrdU (1/100, AbCys);
rabbit anti-BLBP (1/200, Millipore); mouse anti-CalB (1/
500, Swant); goat anti-CalR (1/500, Swant); mouse anti-
B-catenin (1/200, BD Transduction); goat anti-DCX (1/
300, Santa Cruz); rabbit anti-dsRed (1/400, Clontech);
mouse anti-GFAP (1/100, Millipore); rabbit anti-GFAP
(1/300, Dako); rabbit anti-GFP (1/500, Invitrogen); rat
anti-GFP (1/500, Nacalai Tesque); mouse anti-HuC/D
(5 pg/mL, Molecular Probes); mouse anti-Nestin (1/100,
Millipore); mouse anti-NeuN (1/800, Millipore); rabbit
anti-NG2 (1/200, Millipore); goat anti-NeuroD (1/400,
Santa Cruz Biotechnology); goat anti-Prox1 (1/400, R&D
Systems); mouse anti-S100 (1/500, Sigma); goat anti-
Sox2 (1/200, Santa Cruz Biotechnology); goat anti-Sox10
(1/100, Santa Cruz Biotechnology); mouse anti-TH (1/
1000, Millipore); mouse anti-BIII-tubulin (1/600, Milli-
pore); mouse anti-y-tubulin (1/500, Sigma); chicken anti-
Vimentin (1/100, Millipore). Secondary antibodies
labeled with Cy3, Cy5, Alexa488, Alexa597 and Alex-
a647 were from Jackson Immuno Research and Molecular
Probes. Sections were mounted in Fluoromount (South-
ernBiotech). Images were acquired on Leica SP5 and SP8
confocal microscopes. Image processing and analysis
were performed using Image] and Adobe Photoshop
software. Cell counting data in the SVZ, RMS, OB and
DG regions involved the analysis of at least three different
confocal stacks per region and per animal. Co-localization
with different markers was confirmed by the analysis of
sequential single optical slices.

In situ hybridization and BrdU labeling

mRNA in situ hybridization was performed on brain
vibratome sections (150 pum) from wild type and Prss56<™
€r¢ animals using digoxygenin-labeled RNA probes syn-
thesized by PCR as described previously (Coulpier et al.
2009). For BrdU labeling, 3 month-old mice received daily
intraperitoneal injections of 5-bromodeoxyuridine (BrdU,
Sigma) in saline solution at 50 mg/kg/day for 7 days. The
chase periods were either 5 or 12 weeks after the last
injection and 3—4 animals were analyzed per group. For
BrdU immunodetection, sections were pre-treated with 2 N
HCI at 37 °C for 30 min before primary antibody labeling.
FGF and BrdU infusions were performed as described
(Robins et al. 2013a). In brief, 3 month-old mice were
implanted with a steel guide cannula to reach the right
lateral ventricle using the following stereotaxic coordi-
nates: Bregma, AP: —0.5mm; L: 412 mm; DV:
—2.5 mm. Osmotic pumps (Alzet) were installed and filled
with artificial cerebrospinal fluid containing 1 mg/mL
mouse serum Albumin (Sigma), I mg/mL BrdU and 60 pg/
mL bFGF (Sigma). The solution was released for 7 days in
the lateral ventricle. Mice were killed 6 weeks after the
beginning of the infusion.

Results

Fate mapping of Prss56-expressing cells
in the neurogenic niches of the adult brain

To identify Prss56-expressing cells and their progeny in
the adult brain, we first introduced the knock-in Prss56<"
allele (Gresset et al. 2015; Fig. 1a) into the Rosa26™""°
reporter line, in which Cre recombination leads to perma-
nent expression of membrane-targeted enhanced green
fluorescent protein (Muzumdar et al. 2007). Analysis of
parasagittal sections through Prss56"“", Rosa26™™*
adult brain revealed the presence of mGFP-positive cells in
two neurogenic niches, the DG and the SVZ, as well as in
the RMS and the OB (Fig. 1b). We therefore investigated
whether these mGFP-positive cells participate in adult
neurogenesis.

In the DG, we observed different types of labeled cells,
including neurons, NSCs and astrocytes (Fig. lc; Supple-
mental Fig. 1a). Most mGFP-positive cells show low levels
of fluorescence and correspond to granule neurons, with
their cell bodies in the granular layer, dendrites in the
molecular layer, and a single axon extending to CA3
through the hilus (Fig. 1c; Supplemental Fig. 1a, b’). More
highly fluorescent cells, showing a radial morphology, a
cell body located in the SGZ, a radial process extending
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«Fig. 1 Tracing of Prss56-expressing cell derivatives in the adult
brain. a Schematic representation of the Prss56°™, Rosa26"7™MC
and Rosa26"™™ alleles. b Parasagittal section through an adult
Prss567F, Rosa26™™™%* brain, revealing labeled (green) cells in
the DG, SVZ, RMS and OB. Also note the presence of labeled
olfactory ensheathing cells at the periphery of the bulb. ¢ Coronal
section through an adult Prss56°™", Rosa26™™“* DG, showing the
presence of labeled type I NSCs (arrow), astrocytes (arrowhead) and
granule neurons (weakly fluorescent, mostly identifiable by their
axons and dendrites). d, e Optical slices of a confocal z-stack showing
that labeled (green) type I NSCs express GFAP (d, arrow) and Nestin
(e, arrow). f Optical slice through an adult Prss56<"", Rosa26"7"+
DG, showing tdTom-positive transient amplifying progenitor cells
that are Tbr2- and DCX-positive (arrows) and a tdTom-, DCX-
positive neuroblast (arrowhead). Separated channels are shown on the
right at the level of the Tbr2-positive cells. g Optical slice through a
Prss56°F, Rosa26"™"™* DG, showing a tdTom-, NeuN-positive
granule neuron that incorporated BrdU during adulthood (arrow). The
BrdU injection protocol is illustrated below and separated channels at
the level of the BrdU-positive cell are shown on the right. h Coronal
confocal image from a Prss56°"", Rosa26'7"* brain showing
tdTom-positive cells in the SVZ (the limit of the lateral ventricle is
indicated by the dotted line). i, j Confocal images of labeled (green in
i and red in j) B1 cells in the SVZ showing the cell body close to the
ependymal layer (arrow in j) and the long extension into the striatum
(arrowheads). These cells express GFAP (i, arrowhead) and Nestin
(j, arrowhead). Note the absence of mGFP in ependymal cells in
i. k Confocal stack of the RMS, showing tdTom-, DCX-positive
neuroblasts. 1 Coronal confocal optical slice of the OB, showing
tdTom-positive neurons that have incorporated BrdU during adult-
hood. The BrdU injection protocol is illustrated below and separated
channels are presented on the right. DG dentate gyrus, GCL granule
cell layer of the OB, GL granular layer of the DG, LV lateral ventricle,
OB olfactory bulb, RMS rostral migratory stream, SGZ subgranular
zone, SVZ subventricular zone, Th thalamus. Scale bars 1 mm (b),
200 pm (c), 100 pm (h), 20 pm (£, g, j-1) and 10 pm (d, e, i)

cells, observed in the molecular layer and hilus, show
morphologies consistent with astrocytic identity (Fig. Ic;
Supplemental Fig. 1a).

Labeling of transient amplifying progenitors and neu-
roblasts was difficult to establish because of the membrane
localization of the GFP reporter. To circumvent this diffi-
culty, we used another reporter, Rosa26'™" for which
Cre-mediated recombination results in the expression of
cytoplasmic tandem dimer Tomato (tdTom, Fig. la;
Supplemental Fig. 1c; Madisen et al. 2010). Using this
reporter, together with a hGfap::GFP allele (Becker-
vordersandforth et al. 2010), we first confirmed that some
of the Prss56"~traced cells simultaneously express GFAP
and Nestin (Supplemental Fig. 1d), establishing that they
are type I NSCs. These cells express low levels of the
tdTom reporter (Supplemental Fig. 1d). In addition, co-
labeling for the markers T-box brain protein 2 (Tbr2) and
doublecortin (DCX) indicated that transient amplifying
progenitors (Tbr2-positive) and neuroblasts (DCX-posi-
tive) were among the tdTom-positive cells (Fig. 1f). To
confirm that reporter-positive NSCs in the SGZ proliferate
and give rise to new neurons in the adult brain, we per-
formed BrdU labeling in 3 month-old mice. Five weeks

later, reporter-positive, BrdU-labeled neurons were identi-
fied in the DG, indicating that they were generated during
adulthood (Fig. 1g). Taken together, our analyses indicate
that our tracing system labels all the steps of the adult
neurogenic and gliogenic pathway in the DG: adult NCSs,
transient amplifying progenitors, neuroblasts, neurons, and
astrocytes. Nevertheless, in the dorsal DG, Prss56<"-
traced neurogenesis represents only a minor component of
all neurogenic activity (11.3 & 6.6 % of the BrdU-positive
cells were tdTom-positive in the PrssS6<"", Rosa26™"*™
* granular layer, n = 3).

Tracing the progeny of Prss56-expressing cells in the
adult brain also labeled the SVZ-RMS-OB neurogenic
pathway (Fig. 1b, h-1). In the SVZ, we observed reporter-
positive cells with astrocytic features expressing both
GFAP and Nestin (Fig. 1i, j, and data not shown). Their
cell bodies lie close to the ependymal cell layer, with a
primary cilium contacting the ventricle and long basal
processes often contacting blood vessels (Figs. 1i, j, 3f and
data not shown). These cells are likely NSCs (named B1
cells in the SVZ). Ependymal cells were never labeled
(Fig. 1i), indicating that the Prss56 gene is not expressed in
this population. In addition to NSCs, numerous reporter-
positive neuroblasts expressing DCX and migrating in
chains were identified in the SVZ (data not shown) and the
RMS (Fig. 1k). Finally, reporter-positive interneurons were
observed in different layers of the OB (Fig. 1b, 1) and BrdU
labeling confirmed that some of these neurons were gen-
erated during adulthood (Fig. 11).

To compare our two reporter alleles and in particular to
evaluate their relative efficiency of recombination, we
generated animals carrying both reporters together with the
Cre driver (Prss56"", Rosa26™7™™™%) and analyzed
the activation of the markers in the brain at P14 (Supple-
mental Fig. le-h). In the DG, the SVZ and the RMS, we
found that most labeled cells are tdTom-positive, but that a
significant part of these do not express the mGFP reporter.
In contrast, there are only few cells that are mGFP-positive
and tdTom-negative. These data suggest that the
Rosa26™"™ allele is more sensitive to Cre recombination
and raise the possibility that Cre levels might not be sat-
urating in the analyzed tissues, leading to a possible
underestimation of the number of the derivatives of Cre-
positive cells.

In conclusion, our data indicate that the Prss5 allele
allows specific tracing of adult NSCs and their derivatives
in the DG and the SVZ and that quantification of labeled
cells must take into account the used reporter allele.

6C re

Prss56“™-traced cells participate in DG development

In the adult DG, Prss56% -traced cells include granule
neurons, astrocytes and type I NSCs. To investigate the
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origin of these cells, we followed labeled cells during brain
development. The first labeled cells are observed around
E13.5 and correspond to radial glia located in the ven-
tricular zone of the prospective DG (Fig. 2a—c). These cells
express Nestin and Sox2 (data not shown) and show a
radial morphology, with a soma in the ventricular zone and
a long process extending to the pial surface (Fig. 2a),
indicating that they are radial glia. At this stage, radial glia
of the medial pallium are the only reporter-positive cells in
the forebrain neuroepithelium (data not shown) and most of
them are located near the cortical hem (Fig. 2a—c). These
data suggest that Prss56 activation occurs in the medial
pallium around E13.5. As many aspects of the continuous
neurogenesis occurring in the DG are still poorly under-
stood (Urban and Guillemot 2014), we analyzed the par-
ticipation of reporter-positive radial glia in DG
development and the generation of postnatal type I NSCs.
At E17.5, reporter-positive cells form a continuous stream
extending from the ventricular zone to the prospective DG
(Fig. 2d). Most of these cells express markers of radial glia
(Nestin and GFAP), neuronal progenitors (Sox2 and Tbr2)
and/or immature granule neurons (Proxl) (Fig. 2e-h;
Supplemental Fig. 2a, b), indicating that reporter-positive
cells contribute to the neuronal lineage (Hodge et al. 2012;
Iwano et al. 2012). Near the ventricular zone, reporter-,
Prox1-positive cells are often observed in proximity to
reporter-, Nestin-positive, radial glial cells (Fig. 2g and
data not shown). In the forming DG, reporter-positive
Sox2- or Tbr2-positive progenitors are present around and
within the prospective granular layer formed by Proxl-
positive immature granule neurons and are not segregated
in a distinct progenitor layer (Fig. 2e, h). Interestingly,
reporter-positive cells expressing Nestin (Fig. 2f, f') or
GFAP (Supplemental Fig. 2b) with a soma in the
prospective DG might correspond to the so-called sec-
ondary radial glia that are believed to generate adult type I
NSCs (Brunne et al. 2010). Together, these results suggest
that a subpopulation of radial glia in the dentate ventricular
zone activates Prss56 around E13.5 and generates deriva-
tives that migrate toward the DG, where they give rise to
local stem cells, progenitors and immature granule neurons
(Fig. 2h).

After birth, reporter-positive cells are found in three
distinct layers of the developing DG: the hilus, the granular
layer, and the subpial zone, which will give rise to the
molecular layer in the adult DG (Fig. 2i) (Li et al. 2009).
At postnatal day (P) 7, reporter-positive Sox2- and Tbr2-
positive progenitors persist in those three layers (Fig. 2j, k;
Supplemental Fig. 2c, d) and reporter-positive cells
showing a radial morphology and expressing GFAP are
observed in the DG (Supplemental Fig. 2c, e). At P14,
reporter-positive cells have undergone important morpho-
logical and molecular changes: Sox2-positive cells in the
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Fig. 2 Derivatives of Prss56-expressing cells participate in DGp
development. a, b Coronal confocal optical slice (a) and thick section
(b) through an E13.5 Prss56°F, Rosa26™T™* medial pallium,
showing tdTom-positive cells localized in the prospective DG (pDG),
close to the cortical hem identified by the absence of NeuroD in
a. ¢ Schematic representation of the distribution of tdTom-positive
cells in the developing pallium. d—g Coronal confocal images from
different regions of an E17.5 Prss56°"", Rosa26"*"™* prospective
DG, showing a stream of tdTom-positive cells extending from the
dentate ventricular zone (dVZ) to the pDG in d. tdTom-positive cells
in the pDG express the progenitor markers Sox2 (e, arrows) or Tbr2
(e, arrowheads), or the immature granule neuron marker Prox1 (f,
empty arrowhead). Tbr2- and Sox2-negative, tdTom-positive cells in
e are indicated by empty arrowheads. Some of the tdTom-positive
cells in the pDG retain radial glia morphology (f, arrow) and express
Nestin (f, arrowheads). In g, in addition to radial cells (arrow),
Prox1-positive, tdTom-labeled immature granule neurons are
observed near the dVZ (empty arrowhead), and Proxl-negative
tdTom-positive cells are found in the presumptive territory of CA3
(asterisk). h Schematic representation of the expression patterns of
reporter-positive cells during the formation of the DG. Insets indicate
the positions of the pictures in e-g. i—k Coronal confocal images of
Prss565"", Rosa26™™*+ PO (i) and P7 (j, k) DGs showing
numerous tdTom-positive cells in the hilus, granular layer and subpial
zone. The latter will give rise to the molecular layer. The different
layers are delimited by dotted lines. Note that tdTom-, Tbr2-positive
(j, arrows) and tdTom-, Sox2-positive (k, arrows) progenitors are
present in all layers at P7. 1 Coronal optical slice of a Prss56°*,
R0sa26"7™* P14 DG showing tdTom-, Sox2-positive cells in the
molecular layer, with astrocyte-like bushy morphology (empty
arrowheads). In the granular layer, most tdTom-positive cells are
Sox2- and Tbr2-negative and have a bright circular soma character-
istic of granule neurons. TdTom-, Sox2-positive (arrows) and tdTom-
, Tbr2-positive (arrowheads) progenitors are mainly restricted to the
hilus and the forming SGZ. m Coronal confocal image of a Prss56<"
*, Rosa26™™™%* P14 DG showing the presence of mGFP-positive
radial glia-like type I NSCs, with a soma located in the SGZ and
cytoplasmic extensions crossing the granular layer toward the pial
surface of the molecular layer (double arrow). CP choroid plexus,
DMS dentate migratory stream, dVZ dentate ventricular zone,
f fimbria, GL granular layer, ML molecular layer, pCA prospective
territory of CA3 fields, pCx prospective cortex, pDG prospective
dentate gyrus, pHi prospective territory of the hippocampus, SGZ
subgranular zone, SPZ subpial zone. Scale bars 100 pm (b, d) and
40 pm (others)

molecular layer adopt the “bushy shape” characteristic of
astrocytes (Fig. 21; Supplemental Fig. 2 g). Reporter-posi-
tive cells in the granular layer mainly correspond to mature
neurons (Fig. 21). Tbr2-, Sox2-, reporter-positive progeni-
tors are mostly restricted to the forming SGZ and hilus
(Fig. 21). Finally, GFAP-positive, adult-like NSCs have
established their soma in the SGZ and send radial exten-
sions more apically into the molecular layer than their adult
counterpart, suggesting that they have not yet completely
matured (Fig. 2m; Supplemental Fig. 2f, h).

A recent study has revealed that NSCs in the DG are
spatially heterogeneous and might have different origins
during embryogenesis (Li et al. 2013). We therefore anal-
ysed the distribution of the cells generated by Prss56-ex-
pressing radial glia in the adult DG. With both reporting
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lines, labeled granule neurons show a dorsal-ventral
asymmetry, with a higher concentration in the dorsal DG
(Supplemental Fig. 2i-1). This correlates with the distri-
bution of reporter-positive type I NSCs, which are mostly
found in the dorsal DG (Supplemental Fig. 2 1, 231 + 65
cells in the dorsal DG vs. 27 £ 12 cells in the ventral DG,
n = 3). However, a similarly biased distribution was not
observed for labeled astrocytes in the DG and oligoden-
drocytes in the fimbria, the white matter structure linked to
the DG (Supplemental Fig. 2j, k, m, n and data not shown).
These data suggest that reporter-positive cells are less
prone to generate neurogenic stem cells in the ventral DG
during development.

Finally, we investigated the fate of reporter-positive
radial glia observed in the embryonic hippocampus and
cortex (Fig. 2b, c). During development (Supplemental
Fig. 20) and in the adult (Supplemental Fig. 2p—s) the only
reporter-positive cells present in the cortex and CA fields
are organized in columns and are composed of different
combinations of cell types (Supplemental Fig. 2r, s). This
result is consistent with a recent description of the
pluripotency of clonal radial glia in the cortex (Guo et al.
2013). These reporter-positive cortical columns are most
often observed in the areas close to the hippocampus dur-
ing development and are not likely to derive from adult
NSCs but rather from embryonic radial glia.

In conclusion, this analysis indicates that the Prss56
gene is expressed in a subpopulation of radial glia around
E13.5 in the dentate ventricular zone. The pattern of
migration and differentiation of their derivatives faithfully
recapitulates the successive steps of morphogenesis and
neurogenesis of the DG, indicating that these cells partic-
ipate in its formation, although with an asymmetric final
distribution. Our tracing system therefore allows the fol-
lowing of GFAP-positive radial stem cells from E13.5 to
the adult stage.

Neural stem cells express Prss56 in the postnatal
ventral SVZ

During embryogenesis, radial glia are the major source of
neurons and glia in the developing brain. After birth, the
remnants of radial glia lining the lateral ventricle undergo
profound morphological and molecular changes, giving
rise progressively to ependymal and adult B1 stem cells
between P6 and P15 (Tramontin et al. 2003; Merkle et al.
2004; Spassky et al. 2005). We investigated whether, as in
the adult DG, reporter-positive adult B1 NSCs are derived
from embryonic Prss56-expressing radial glia or whether
Prss56 activation occurs postnatally.

Using in situ hybridization, Prss56 expression was not
detected in the lateral wall of lateral ventricles at embry-
onic or postnatal stages before P7. From P7, it increased to
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reach relatively high levels at P14 and P30. This expression
was maintained in adulthood at least up to 6 months,
although at reduced levels (Fig. 3a). No signal was
observed in the Prss56“"““" mutant (Fig. 3a). In agree-
ment with these observations, no labeled radial glia was
found during embryogenesis or perinatally in Prss56<"“*,
Rosa26'7°™* mice. At P2, a few tdTom-positive neurob-
lasts were observed migrating through the lateral wall and
the RMS (Fig. 3b and data not shown) and settling in the
OB (Supplemental Fig. 3a). tdTom-positive cells display-
ing the radial morphology of B1 cells contacting the lateral
ventricle were reproducibly observed only from P7 in the
ventral lateral wall (Fig. 3c). At P14, larger numbers of
tdTom-positive B1 cells are present in the ventral and
medial lateral wall of the lateral ventricles (Fig. 3d, e), as
well as chains of migrating, tdTom-, DCX-positive neu-
roblasts (data not shown). From P30, tdTom-positive cells
are observed along the entire extent of the lateral wall of
the lateral ventricles, in the RMS and the OB (Figs. 1b, 3f).
Prss56 mRNA and reporter-positive B1 cells appear
simultaneously in the lateral wall at around P7, indicating
that the newly formed B1 cells are those that activate the
gene. Furthermore, absence of detection of the mRNA in
the dorsal wall, the RMS and the core of the OB (Sup-
plemental Fig. 3b and data not shown) suggests that the
gene is not expressed in neuroblasts, nor in interneurons.
Prss56 expression is therefore restricted to B1 cells and
eventually to their direct progeny in the SVZ (i.e. in
intermediate progenitors). Although tdTom-positive Bl
cells express Nestin and GFAP at adult stage (Fig. 1i, j), at
P14 tdTom-positive cells with B1 morphology express
Nestin, but no GFAP (Fig. 3d—¢’). Ependymal cells are not
labeled (Fig. 3g). Taken together our data indicate that
Prss56 gene activation in the SVZ is concomitant with the
postnatal transformation of radial glia into adult B1 NSCs,
prior to the activation of the adult B1 marker GFAP.
During postnatal development, only a few labeled cells
are observed in the dorsal part of the lateral wall and none
in the dorsal wall of the ventricle (data not shown). The
Prss56 expression pattern shows a similar ventral and
medial distribution (Fig. 3a). We investigated whether this
situation was maintained in adulthood. We found that
Prss56 was expressed in the adult lateral ventricle along
the anterior-posterior axis, but was essentially excluded
from the dorsal part of the lateral wall and the dorsal wall
(Supplemental Fig. 3b). We studied the distribution of
labeled (tdTom-positive) B1 cells in whole-mount prepa-
rations of adult lateral wall (Fig. 3g), using labeling of
ciliary basal bodies and cell membranes at the apical sur-
face to identify B1 cells, as described previously (Mirzadeh
et al. 2008). We measured the distribution of tdTom-pos-
itive apical surfaces within six subregions (Fig. 3h). We
found differences with the general distribution of B1 cells
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Fig. 3 Prss56 expression in postnatal NSCs in the ventral SVZ.
a Detection of Prss56 mRNA (arrows) by in situ hybridization on
coronal slices of wild type and Prss56"““" brains at the indicated
stages. b Parasagittal section of a Prss56<“", Rosa26'7™* P2
brain, showing the first tdTom-positive cells migrating from the SVZ
through the RMS toward the OB. The inset shows a magnification of
the RMS. Note that labeled olfactory ensheathing cells are already
present in the external part of the OB. ¢ Coronal section through the
ventral part of a Prss565"F, Rosa26"™™*+ P7 lateral ventricle
showing a tdTom-positive radial B1-like cell contacting the ventricle
(arrow). The ventricular surface is indicated by the dotted line. d—e’
Coronal sections of a Prss356°", Rosa26™7*™+ P14 brain showing
tdTom-, Nestin-positive (d’, arrowhead), GFAP-negative (¢'), B1-like
cells (d, e arrows). The areas magnified in d’ and €’ are indicated in
d and e, respectively. f Parasagittal slice of an adult PrssS6<™",
Rosa26'7°™* P90 brain, showing tdTom-positive cells in the SVZ
(arrow), RMS and OB. g Whole mount preparation of an adult
Prss56™", Rosa26"™* lateral wall, showing the apical surfaces
of tdTom-positive B1 NSCs on an optical slice of a confocal z-stack
at the level of the ventricular surface. Note the pinwheel structure

(Mirzadeh et al. 2008): tdTom-positive B1 cells were most
abundant in a medial-ventral region (91.8 £ 66.5 tdTom-
positive apical surface/mm?, n = 3; Fig. 3h, j), whereas
anterior-ventral and median-dorsal regions, known to be

number of traced
apical surfaces/mm?

delineated by the membrane marker B-catenin and the presence of a
single basal body marked by y-tubulin (arrow). Ependymal cells are
identified by the presence of multiple basal bodies and by their larger
apical surface. h Schematic representation of the density of tdTom-
positive B1 NSC apical surfaces in six regions of the lateral wall,
indicated by red color intensity. The hot spots of B1 NSC apical
surface density described by Mirzadeh et al. (2008) are indicated by
the blue dotted ellipses. The positions of i and j are indicated.
Regions: AD anterior-dorsal, AV anterior-ventral, MD medial-dorsal,
MYV medial-ventral, PD posterior-dorsal, PV posterior-ventral, ZA
zone of adhesion (between lateral and median walls). i Representative
optical slice from the anterior-ventral (AV) region of the lateral wall
showing a single tdTom-positive B1 NSC apical surface (arrow) in a
pinwheel containing 6 tdTom-negative B1 NSC apical surfaces
(arrowheads). j Representative optical slice from the medial-ventral
(MV) region showing 3 isolated, tdTom-positive Bl NSCs’ apical
surfaces (arrows). hipp hippocampus, LV lateral ventricle, OB
olfactory bulb, RMS rostral migratory stream, Str striatum, SVZ
subventricular zone, VZ ventricular zone. Scale bars 400 pm (b, f),
200 pm (a, except P180, 100 pm), 30 um (c—e) and 5 pm (g, i, j)

enriched in B1 cells, showed lower levels of tdTom-posi-
tive B1 cells (56.5 £ 39.1 and 35.6 £ 28.2 tdTom-positive
apical surface/mmz, n = 3; Fig. 3h, i). A similar bias was
observed in the dorsal-ventral distribution of BrdU-labeled
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tdTom-positive cells that stay in the SVZ over a three
months period and are likely to correspond to B1 cells
(Supplemental Fig. 3c). Together, these data indicate that
Prss56 is preferentially expressed in a ventral subpopula-
tion of stem cells in the postnatal SVZ.

Finally, to evaluate the robustness of our system for the
analysis of neurogenesis regulation, in particular in view of
the non-homogeneous distribution of reporter-positive cells
within the SVZ, we evaluated the response of reporter-
positive cells to a neurogenic stimulus. For this purpose,
we studied the effect of an intracerebroventricular infusion
of FGF, a known mitotic agent in the SVZ that stimulates
neurogenesis (Jin et al. 2003; Kuhn et al. 1997). We
observed that the increase in the number of BrdU-labeled
cells was accompanied by an increase in reporter-positive
BrdU-positive cells (Supplemental Fig. 3d). These data
suggest that the Prss56°" reporter system may constitute
an appropriate tool for studying the regulation of neuro-
genesis in the SVZ.

Prss56“™-traced SVZ stem cells give rise to deep GC
and CalB-positive PGC in the adult OB

Several studies have shown that the fate and localization of
newborn interneurons in the mouse OB are determined by
the position of their progenitor B1 stem cells in the lateral
wall (Stenman et al. 2003; Kohwi et al. 2007; Merkle et al.
2007; Young et al. 2007; Brill et al. 2009; Merkle et al.
2014). For instance, ventral B1 cells generate mainly CalB-
positive PGCs and deep GCs, whereas dorsal Bl cells
generate mainly tyrosine-hydroxylase (TH)-positive PGCs
and superficial GCs, as well as some glutamatergic juxta-
glomerular neurons (Merkle et al. 2007; Brill et al. 2009).
Since we have shown that traced B1 cells are unevenly
distributed in the SVZ, we examined their derivatives in
the adult RMS and OB.

We first analyzed reporter-positive RMS neuroblasts. In
coronal sections through the RMS from 3 month-old
Prss56"F, Rosa26™7™* animals, 22.6 + 2.7 % (n = 3)
of the DCX-positive cells were tdTom-positive (Fig. 4a),
indicating that tdTom-positive B1 cells significantly con-
tribute to the neurogenic activity of the SVZ niche. No
significant difference was observed at different positions
along the RMS (data not shown). A proportion of the
neuroblasts generated in the dorsal SVZ are known to
express the transcription factor Tbr2 and to differentiate
into glutamatergic juxtaglomerular neurons (Brill et al.
2009). We detected almost no Tbr2-, tdTom-positive neu-
roblasts in the RMS (only one cluster of 7 tdTom-positive
neuroblasts among 915 Tbr2-, DCX-positive cells, n = 3;
Fig. 4b), suggesting that reporter-positive B1 cells do not
participate in the generation of glutamatergic neurons.

@ Springer

» 2

1‘0

e ,nv .“dGCL. Pes

A 3
‘00 W
L .
.‘ 'v“?-:"ﬁ

.,":'!‘____q_

dsRed Cos

k I 100%

50%

relative percentage

5%
- M

TH CalR CalB

0%

percentage among traced
neuronal cells
2

traced
population

general
population

In the OB granule cell layer, the majority of reporter-
positive neurons corresponded to deep GCs (Fig. 4c, d),
but some superficial Calretinin (CalR)-positive and -nega-
tive GCs were also observed (Fig. 4d, h). In the glomerular
layer, the proportions of reporter-positive cells with a
neuronal morphology and expressing TH, CalB or CalR
(Fig. 4e—g) were determined, revealing a much higher
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«Fig. 4 Fate of the derivatives of Prss56-expressing SVZ B1 NSCs.
All analyses were performed in adults. a Coronal optical slice at the
level of the RMS showing tdTom-positive (arrows) and tdTom-
negative (arrowhead) DCX-positive neuroblasts. b Coronal optical
slice at the level of the RMS showing that tdTom-, DCX-positive
neuroblasts (arrows) do not express Tbr2. Tbr2-positive neuroblasts
are indicated by arrowheads. ¢ Coronal section through the OB
showing the presence of numerous tdTom-positive neurons in the
GCL, EPL and GL and a dense layer of tdTom-positive olfactory
ensheathing cells in the olfactory nerve layer. Note that although
neuroblasts are also present in the core of the OB, they are not visible
on these images because their fluorescent level is much weaker than
that of the neurons. d Confocal image at the level of the GCL,
showing a higher proportion of tdTom-positive GCs in the deep GCL
than the superficial GCL (separated by a yellow dotted line). e—
g Confocal optical slices showing tdTom-positive PGCs, also positive
for CalB (e, arrows), TH (f, arrows) and CalR (g, arrow). Separated
channels are shown below. h Optical slice showing a tdTom-, CalR-
positive superficial GC (arrow). i Confocal image showing a tdTom-
positive cell in the external plexiform layer with a morphology similar
to the recently described type-4 subtype (arrow). j Confocal image
showing a tdTom-, DCX-positive cell in the GL (arrow). Kk,
1 Quantitative analysis of the distribution of the tdTom-positive
PGC population. Only round-shaped tdTom-positive cells in the GL
were considered as tdTom-positive PGCs. The percentage of CalB-,
TH- and CalR-positive cells among tdTom-positive PGCs is shown in
k and their relative proportions are compared to those of the general
population (Kohwi et al. 2007) in 1. EPL external plexiform layer,
GCL granule cell layer, GL glomerular layer, IPL internal plexiform
layer, MCL mitral cell layer, ONL olfactory nerve layer, RMS rostral
migratory stream, dGCL deep GCL, sGCL superficial GCL. Scale
bars 150 pm (c), 40 pm (d) and 20 pm (a, b, e—j)

proportion of CalB-positive neurons (19.8 + 4.8 %) than
TH-positive (4.0 £ 4.3 %) or CalR-positive neurons
(2.2 £ 1.7 %), in contrast to the general neuronal distri-
bution (n = 4, Fig. 4k, 1). This analysis also revealed that
most (75 %) of the dTom-positive PGCs did not express
any of the three markers. Accordingly, it has previously
been shown, with tracing based on the expression of DIx1/2
in the ventral SVZ, that many periglomerular interneurons
are not positive for any of these markers (Batista-Brito
et al. 2008). A few reporter-positive neurons were also
observed at the level of the external plexiform layer and
had a morphology similar to the recently described type 4
cells (Fig. 4i; Merkle et al. 2014). Finally, reporter-, DCX-
positive neuroblasts were observed in different layers and
represented approximately 6 % of the reporter-positive
neuronal progeny in the glomerular layer (Fig. 4j). In
conclusion, these data indicate that reporter-positive Bl
cells generate a large variety of neuronal populations,
present in the different layers of the OB after birth. This
neurogenic potential is nevertheless restricted and reflects
the medial-ventral localization of reporter-positive B1 cells
in the SVZ.

In the OB, Prss56 -traced cells were also observed in
the olfactory nerve layer and correspond to olfactory
ensheathing cells (Figs. 1b, 3b, f; Supplemental Fig. 3a).
As revealed by in situ hybridization, Prss56 expression is

initiated in the olfactory nerve layer at around E13.5 and
persists in the adult (Supplemental Fig. 4a—c’). Comparison
with the SVZ indicated higher relative levels of expression
in the olfactory nerve layer (data not shown). Accordingly,
most labeled olfactory ensheathing cells are positive for
both reporters in Prss56°Y . Rosa26" 7" TmG mice
(Supplemental Fig. 1f), suggesting that the Cre level is not
limiting for the recombination in these cells and that
recombination efficiency is correlated with the level of
Prss56 expression. Olfactory ensheathing cells are a
heterogeneous population of cells, with a subpopulation
derived from the neural crest and expressing Sox/0 (Bar-
raud et al. 2010; Forni et al. 2011). Traced olfactory
ensheathing cells were found to express Sox/0 from E13.5
to adulthood (Supplemental Fig. 4d—f). They are restricted
to the inner olfactory nerve layer (Supplemental Fig. 4f, g)
and absent from the olfactory nerve (Supplemental Fig. 4a,
d, d’). In the adult, they are positive for BLBP, but not
GFAP (Supplemental Fig. 4f-g’). These results indicate
that Prss56 constitutes a marker for an olfactory
ensheathing cells subpopulation in the central nervous
system.

Prss56 is expressed in a subpopulation of tanycytes
in the adult hypothalamus

Emerging evidence indicates that new neurons are gener-
ated in the adult hypothalamus, suggesting the existence of
a local neurogenic niche (Robins et al. 2013a). As Prss56 is
expressed in two other neurogenic niches, we investigated
the transcription of Prss56 in the adult hypothalamus by
in situ hybridization. We found that the gene is expressed
in the ventricular region of the third ventricle, at the level
of the arcuate nucleus (Fig. 5a; Supplemental Fig. 5a, b).
Tracing of Prss56-expressing cells revealed labeled cells in
the same region of the postnatal and adult hypothalamus
(Fig. 5b, c; Supplemental Fig. 5c). The reporter-positive
cells correspond to tanycytes: they line the ventricular wall
of the ventral third ventricle, express tanycyte markers like
Vimentin (Fig. 5d, e) and Nestin (Supplemental Fig. 5d)
and send a single radial extension toward the parenchyma,
often contacting blood vessels (Fig. Sb—e and data not
shown). These reporter-positive tanycytes are located in a
specific region, extending from the anterior part of the
arcuate nucleus to the posterior part of the periventricular
nucleus, below the median mammillary nucleus (Supple-
mental Fig. 5e, ¢’). Consistent with Prss56 mRNA local-
ization, no reporter-positive tanycytes were observed in the
medial eminence or the ventromedial nucleus, and only a
few were found scattered in the dorsomedial nucleus
(Fig. 5b; Supplemental Fig. 5e, €’). The localization of
most of the labeled tanycytes suggests that they belong to
the a2 subtype (Fig. 5f). Previous studies have shown that
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GFAP is only expressed in dorsal o2 and a fraction of ol
tanycytes (Haan et al. 2013; Robins et al. 2013a). At the
level of the arcuate nucleus, reporter-positive tanycytes are
located just below the GFAP-positive tanycyte population,
but they never express this marker (Fig. 5e; Supplemental
Fig. 5¢). In the adult Prss36°™F, Rosa26'7™* brain, the
tdTom-positive tanycytes (421 £ 104 cells per hypothala-
mus, n = 3) represent only a small proportion of the
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Vimentin-positive tanycytes (Fig. 5d, e). Together, these
results indicate that Prss56-expressing cells in the
hypothalamus belong to a ventral, GFAP-negative sub-
population of o2 tanycytes (Fig. 5f).

Consistent with the distribution of the reporter-positive
tanycytes, many tdTom-, HuC/D-positive neuronal cells
were observed in the postnatal arcuate and dorsomedial
nuclei, whereas the medial eminence and the ventromedial
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«Fig. 5 Prss56 is expressed in a subpopulation of tanycytes in the
adult hypothalamus. a Detection of Prss56 mRNA by in situ
hybridization in a coronal slice of adult hypothalamus showing
Prss56 expression in the ventricular zone at the level of the arcuate
nucleus. b Coronal slice of adult Prss56“*, Rosa26"7™* brain
showing tdTom-positive cells in the arcuate nucleus, but not in the
median eminence and the ventromedial nucleus of the hypothalamus.
¢ Confocal image of an adult Prss56"", Rosa26"/"™* brain at the
level of the periventricular nucleus showing tdTom-positive tanycytes
with a soma lining the third ventricle and radial morphology.
d Confocal image of an adult Prss56°", Rosa26™T°™* brain,
showing tdTom-positive tanycytes that express Vimentin (arrow).
e Optical confocal slice of an adult Prss56“"", Rosa26™"*™" brain
at the level of the arcuate nucleus showing that tdTom-positive
tanycytes do not express GFAP and are localized ventrally to the
GFAP-positive region indicated by the dotted line. f Schematic
representation of the distribution of tdTom-positive tanycytes (on the
right) along the ventricle and tdTom-positive neurons within the
nuclei of the mediobasal hypothalamus (red nuclei on the left). g,
h Confocal image of an adult Prss56"“F, Rosa26'"* brain
showing numerous tdTom-positive neurons in the arcuate nucleus that
are positive for the neuronal marker HuC/D (arrows in h). i, i’ Optical
slice of an adult Prss56<"", Rosa26"™™+ brain showing a tdTom-,
Sox2-positive tanycyte-like cell (i, arrow) with a cell body in the
parenchyma, outside of the ventricular zone (VZ in i). j, j’ Confocal
stack from an adult Prss56°*, Rosa26'7™* brain showing two
tdTom-, Vimentin-positive parenchymal tanycyte-like cells (arrows).
Note the common direction of the extensions of the tdTom-positive
parenchymal tanycyte-like cells with the Vimentin-positive exten-
sions of the ventricular tanycytes. k—o BrdU labeling of proliferating
hypothalamus cells. BrdU and FGF-2 were infused in the ventricular
system of adult Prss56°"", Rosa26"™™* animals for 7 days and
tissues were harvested 6 weeks later as illustrated in k. 1 Coronal slice
at the level of the arcuate nucleus showing tracing (red) and BrdU
labeling (green). m Confocal image showing a high number of BrdU-
positive nuclei, including those of tdTom-positive tanycytes, in the
thickened VZ due to FGF mitogen exposure. n, o0 Confocal images
showing tdTom-, BrdU-positive (arrows in n), and also Vimentin-
positive (0) parenchymal tanycyte-like cells. p Schematic represen-
tation of the generation of parenchymal tanycyte-like cells by nuclear
translocation of ventricular tanycytes. 3V third ventricle, Arc arcuate
nucleus, DMH dorsomedial nucleus, icv intracerebroventricular
infusion, ME median eminence, pPV posterior part of the periven-
tricular nucleus, VMH ventromedial nucleus, VZ ventricular zone.
Scale bars 200 pm (1), 100 pm (a, b), 40 pm (g), 20 pm (c—e, h-j,
m-o) and 10 um (n’)

nucleus were mostly free of labeled cells (Fig. 5b, f-h;
Supplemental Fig. 5e). In addition, a few Sox2-positive
astrocytes were also labeled in the same areas (less than 10
astrocytes per mediobasal hypothalamus, n = 5; data not
shown). We did not observe reporter-positive cells also
positive for NG2, a potential marker of stem cells in the
parenchyma (Robins et al. 2013b). These data suggest that
Prss56“-traced o2 tanycytes could generate reporter-
positive neurons observed in the arcuate and dorsomedial
nuclei after birth. In the parenchyma, we also observed
reporter-positive cells that had the elongated morphology
of tanycytes, but with a cell body located 60-100 um away
from the ventricular surface and an extension perpendicular
to this surface (Fig. 5 i—j’). These cells are positive for the
tanycyte markers Sox2, Vimentin and Nestin (Fig. 5i—’;

Supplemental Fig. 5d). To our knowledge, this parenchy-
mal tanycyte-like population has not been previously
described and may correspond to ventricular tanycytes that
have translocated their soma into the parenchyma. To
determine whether reporter-positive adult tanycytes pro-
liferate and can indeed generate these parenchymal tany-
cyte-like cells, BrdU and FGF2 were infused in the brain of
3 month-old Prss56°™*F, Rosa26"7°™* mice, as FGF2 has
been reported to stimulate proliferation of tanycytes
(Robins et al. 2013a). Six weeks after infusion (Fig. 5k),
we observed numerous BrdU-positive cells in the third
ventricular wall, especially at the level of the arcuate
nucleus (Fig. 51). tdTom-positive tanycytes efficiently
incorporated BrdU (Fig. 5Sm). We also observed BrdU-,
tdTom-positive cells corresponding to the parenchymal
tanycyte-like population, as well as tanycyte-like cells with
intermediate positions between the latter and the ventric-
ular surface (Fig. Sm—o; Supplemental Fig. 5f, f'). We
verified that, under such mitogenic stimulation, the
parenchymal BrdU-positive tanycyte-like cells express
Vimentin, Nestin and Sox2, and do not express GFAP,
NG2 or DCX (Fig. 50; Supplemental Fig. 5 g—j and data
not shown). Taken together, our data suggest that the o2
tanycytes are able to migrate into the parenchyma, in
physiological conditions and upon mitogenic stimulation.

Discussion

Since the pioneering experiments of Ezra Allen (Allen
1912) and Joseph Altman (Altman and Das 1965a, b), adult
neurogenesis has been recognized as a natural process in
the brain. Although it provides only a small fraction of new
neurons in specific regions of the brain, these neurons are
necessary for many physiological brain functions, such as
learning, memory and mood regulation (Zhao et al. 2008).
Because it concerns only very limited cell populations,
embedded in complex niches, the study of adult neuroge-
nesis has heavily relied on specific labeling procedures
(Enikolopov et al. 2015). In this report, we describe a novel
tracing system, based on a Prss56°™ allele, which allows
the identification of NSCs and their derivatives in three
neurogenic niches of the adult brain. This system, as well
as additional genetic constructions based on the Prss56
locus, should constitute useful tools to investigate multiple
aspects of adult neurogenesis in the mouse.

Within each niche, NSCs have been reported to show
regional variations, reflecting different embryonic origins
and related to different neuronal fates (Stenman et al. 2003;
Kohwi et al. 2007; Merkle et al. 2007; Young et al. 2007,
Brill et al. 2009; Merkle et al. 2014). The Prss56-based
tracing system works in several niches, but only a subset of
NSCs is labeled within each niche, possibly reflecting
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regional variations. This restricted tracing might therefore
constitute an advantage for the identification, isolation, and
fate analysis of specific NSC populations. Although the
proportion of reporter-positive cells may underestimate the
number of Prss56-positive cells, this should not affect our
conclusions on regional variations, as the efficiency of
reporter recombination is correlated with the level of
Prss56 expression. Our tracing system also revealed dra-
matic differences in the timing of Prss56 activation
between the different niches. In the hippocampus, reporter
expression is first observed in a small group of radial glial
cells in the medial pallium at embryonic day 13.5. These
cells are most likely the progenitors of the reporter-positive
adult NSCs observed in the DG after P14. In contrast, in
the SVZ, the Prss56 gene is only activated when the radial
glia are transformed into B1 NSCs, in the second week
after birth and remains expressed during adulthood. These
differences are likely to reflect specificities in the regula-
tion and function of Prss56 in the different niches.

The present study also revealed major differences in the
behavior of two reporters, R0sa26™° and Rosa267°™,
The cellular localization of the reporter, membrane-tar-
geted for GFP, and cytoplasmic for tdTom, affects the
visualization of NSCs and neurons in opposite manners. In
addition, the observed differences may also rely on varia-
tions in levels of the expression of the reporters in different
cell types. Finally we established that in case of low levels
of expression of the Cre recombinase, the Rosa26'7om
allele recombines more efficiently than the Rosa26™7"C
allele. Our data therefore highlight the importance of the
choice of the reporter gene in fate mapping studies. This
work provides a guide for the most appropriate reporters in
studies of NSCs and their derivatives, and argues in favor
of testing several reporters in other situations.

According to a classical view, the DG originates from
stem/progenitor cells of the medial pallium ventricular
zone, which migrate during later stages of embryonic
development to the pial side of the median cortex and the
hippocampal fissure (Urban and Guillemot 2014). These
cells show astrocytic features, express GFAP and Nestin,
and will form the SGZ in the perinatal and postnatal
periods (Seri et al. 2001; Fukuda et al. 2003; Liu et al.
2010; Seki et al. 2013). An element of this model is that the
adult DG contains a homogenous pool of NSCs that have
been generated during embryonic development. Recently,
long-term fate mapping studies have shown that, in the
perinatal period, cells from the ventral hippocampus
respond to Sonic Hedgehog and also migrate to the dorsal
region, establishing a pool of NSCs in the adult SGZ (Li
et al. 2013). This study suggests that, like the SVZ, the DG
is a mosaic structure, with NSCs originating from different
embryonic regions (Merkle et al. 2007; Li et al. 2013). Our
data are consistent with the classical model, as they
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indicate that the labeled adult NSCs are generated from a
subpopulation of radial glia of the medial pallium that
migrate to the DG in the late embryonic period. However,
since only a fraction of the NSCs are reporter-positive and
these are more abundant in the dorsal region, our data do
not exclude heterogeneity in the pool of adult NSCs in the
SGZ. The Prss56°" allele provides the first endogenous
system allowing specific tracing of a DG radial glia sub-
population. It should therefore constitute an appropriate
tool to ablate genes involved in different aspects of this
particular process of neurogenesis (e.g. quiescence,
migration, differentiation), without compromising the
development of the DG.

In the SVZ, the activation of Prss56 and the appearance
of the first reporter-positive B1 cells occur during the
second postnatal week, in parallel with the transformation
of radial glial cells into adult NSCs (Tramontin et al. 2003;
Merkle et al. 2004). This suggests that, in this territory,
expression of Prss56 is specific to adult NSCs. However,
nothing is known about the regulation of this gene.
Whereas adult NSCs that generate OB interneurons are
present in the different walls of the lateral ventricles and in
the RMS (Alonso et al. 2008; Mirzadeh et al. 2008), the
expression of Prss56 is restricted to the ventral and medial
regions of the lateral wall, with a pattern similar to that of
Glil in the adult (Thrie et al. 2011). This raises the possi-
bility that Prss56, like Glil, may respond to Sonic
Hedgehog signaling. Although reporter-positive B1 cells
generate a large variety of neuronal populations, present in
the different layers of the OB after birth, most of the
reporter-positive neurons are deep GCs and CalB-positive
PGC:s. This is consistent with the higher density of repor-
ter-positive B1 cells in the ventral portion of the lateral
wall, which are known to preferentially give rise to these
two types of neurons (Merkle et al. 2007).

The discovery of postnatal neurogenesis in the
hypothalamus and the involvement of tanycytes in this
process is recent (Sousa-Ferreira et al. 2014). The
hypothalamus plays important roles in numerous physio-
logical and behavioral functions, and feeding has certainly
attracted the greatest attention (Pierce and Xu 2010; Lee
and Blackshaw 2012; Li et al. 2012; Sousa-Ferreira et al.
2014). However, the contribution of postnatal neurogenesis
to these functions still remains to be established. Such a
demonstration and, more generally, the study of neuroge-
nesis in this region are challenging, because tanycytes
divide very slowly and it is difficult to perform viral
labeling or genetic fate mapping studies that target this
specific population. Tracing with Prss56“" has allowed us
to label a subpopulation of GFAP-negative o2 tanycytes
and neurons of the arcuate nucleus, suggesting that these
cells belong to the same lineage. Furthermore, we also
observed labeled parenchymal tanycyte-like cells that have
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not been previously described. BrdU labeling, combined
with FGF infusion, suggests that these parenchymal tany-
cyte-like cells are also part of this lineage and derive from
the ventricular tanycytes by translocation of their soma into
the parenchyma (Fig. 5p). It will be important to determine
whether this translocation is a necessary step in the neu-
rogenic/gliogenic process occurring in the adult hypotha-
lamus or whether parenchymal tanycytes constitute a
different cell population, with specific functions. Our
tracing system should be helpful to investigate this issue
and more generally to expand the analysis of neurogenesis
in the hypothalamus.

Finally, a number of studies, using various method-
ological approaches, such as *H-thymidine autoradiogra-
phy, BrdU labeling, and neurosphere formation, have
reported the presence of new neurons and progenitor cells
in multiple brain regions outside of the SGZ, the SVZ, and
the hypothalamus. These regions include the basal fore-
brain (Palmer et al. 1995), the striatum (Reynolds et al.
1992; Pencea et al. 2001), the amygdala (Rivers et al.
2008), the substantia nigra (Lie et al. 2002), and the sub-
cortical white matter (Nunes et al. 2003). However, these
observations have been received with skepticism and the
question of whether adult neurogenesis exists in these
regions remains open (Gould 2007; Lee and Blackshaw
2012). In this report, we have established that the tracing
system based on the Prss56™ allele has allowed us to
follow adult NSCs and their derivatives in three established
neurogenic niches. It is possible that Prss56 is also
expressed in adult NSCs in other potential niches and the
Prss56<" allele would therefore also constitute an extre-
mely useful tool to investigate neurogenesis in those niches
that are still subject to controversy.
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