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Abstract
The mammalian dorsal telencephalic neuroepithelium develops—from medial to lateral—into the choroid plaque, cortical
hem, hippocampal primordium and isocortex under the influence of Bmp, Wnt and Notch signaling. Correct telencephalic
development requires a tight coordination of the extent/duration of these signals, but the identification of possible
molecular coordinators is still limited. Here, we postulated that Secreted Frizzled Related Protein 1 (Sfrp1), a multifunctional
regulator of Bmp, Wnt and Notch signaling strongly expressed during early telencephalic development, may represent 1 of
such molecules. We report that in E10.5–E12.5 Sfrp1−/− embryos, the hem and hippocampal domains are reduced in size
whereas the prospective neocortex is medially extended. These changes are associated with a significant reduction of the
medio-lateral telencephalic expression of Axin2, a read-out of Wnt/βcatenin signaling activation. Furthermore, in the
absence of Sfrp1, Notch signaling is increased, cortical progenitor cell cycle is shorter, with expanded progenitor pools and
enhanced generation of early-born neurons. Hence, in postnatal Sfrp1−/− animals the anterior hippocampus is reduced and
the neocortex is shorter in the antero-posterior and medio-lateral axis but is thicker. We propose that, by controlling Wnt
and Notch signaling in opposite directions, Sfrp1 promotes hippocampal patterning and balances medio-lateral and antero-
posterior cortex expansion.
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Introduction
The dorsal region of the mammalian telencephalon generates
the neocortex and the related cingulate/retrosplenial cortex
and hippocampus. These structures are the final result of the
highly regulated genetic network underlying telencephalic
development and are collectively responsible for “higher-order”
functions, including for example language or memory.

Once specified along the dorso-ventral axis, mostly by the
interplay of Shh and Fgf signaling pathways, the dorsal telen-
cephalon is soon subdivided in different regions: cells at the

midline are patterned as the choroid plaque, the future choroid
plexus, followed, in a medial to lateral order, by a group of cells
known as the cortical hem, the hippocampal primordium and
the prospective isocortex (Hebert and Fishell 2008; Hoch et al.
2009; Abellan et al. 2014). Specification of the choroid plaque
and cortical hem depends on the activity of BMPs, which are
expressed by the dorsal telencephalic midline itself. Indeed,
selective ablation of these cells (Monuki et al. 2001) or of com-
ponents of Bmp signaling (Hebert et al. 2002) causes the near
absence of both the choroid and the hem as well as a strong
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reduction of the remaining medial telencephalic neuroepithe-
lium. The latter defect is, at least in part, secondary to the
reduction of the hem, which has been shown to act as an orga-
nizer of both the hippocampus and the neocortex (Mangale
et al. 2008; Caronia-Brown et al. 2014). There is evidence that
Wnt signaling is a mediator of the hem-derived hippocampal
organizing activity. For example, targeted deletion of the mouse
Lef1, a transcriptional effector of Wnt/βcatenin signaling, or
ectopic expression of the pathway inhibitor Dkk1 in the telence-
phalic progenitors, respectively, prevents or strongly reduces
the formation of the hippocampus (Galceran et al. 2000; Solberg
et al. 2008). Conversely, ectopic expression of a constitutively
active form of βcatenin induces cortical cells to adopt a hippo-
campal fate (Machon et al. 2007).

Wnt ligands, such as Wnt3a abundantly expressed in the corti-
cal hem (Grove et al. 1998), have been further implicated in the
proliferation of hippocampal precursors (Lee et al. 2000; Zhou
et al. 2004) and Wnt dependent and independent βcatenin signal-
ing contributes to cortical progenitor proliferation and differentia-
tion. Overexpression of a stabilized and active form of βcatenin
maintains telencephalic progenitors of the ventricular zone (VZ)
in a proliferating state and, conversely, conditional inactivation of
βcatenin decreases VZ progenitors promoting the expression of
neurogenic genes (Chenn and Walsh 2002; Zechner et al. 2003;
Machon et al. 2007; Wrobel et al. 2007). Part of the proliferative
activity of βcatenin likely depends on its interaction with
N-cadherin, a components of the adherent junctions present in
the VZ progenitors, since N-cadherin inactivation in this region
pushes the progenitors out of the cell cycle with their consequent
differentiation (Zhang et al. 2010, 2013).

The proliferative state of cortical progenitors is controlled
also by the Notch signaling pathway (Pierfelice et al. 2011), 1 of
the most conserved and widely used regulatory mechanisms of
epithelial cell proliferation and differentiation (Hori et al. 2013).
Targeted deletion of intracellular signal mediators of this path-
way—i.e., Rbpj or CBF1—causes depletion of telencephalic neu-
ral progenitors and premature neuronal differentiation (Hatakeyama
et al. 2004; Mizutani et al. 2007; Imayoshi et al. 2010). Conversely,
forced expression of a constitutively active form of Notch main-
tains progenitor proliferation preventing neurons’ generation
(Mizutani and Saito 2005).

In sum, Bmp and Wnt signaling are among the factors respon-
sible for the early specification of the dorsal telencephalon in dif-
ferent regions. Wnt/βcatenin and Notch signaling instead have
been implicated in the generation of a correct number and sub-
type of telencephalic precursors and cell types, although the pre-
cise contribution of each 1 of the 2 pathways is still unclear.
Equally unclear is how Wnt signaling coordinates patterning and
neurogenesis of the telencephalon, which are closely linked
events (Hoch et al. 2009). Here, we have postulated that Secreted
Frizzled Related Protein 1 (Sfrp1), a multifunctional regulator of
BMP, WNT and Notch signaling abundantly expressed at early
stages of dorsal telencephalon development (Kim et al. 2001),
might be critical to control the activation of different signaling
pathways, thereby contributing to coordinate early stages of dor-
sal telencephalic development.

Sfrp1 belongs to a family of secreted proteins with 5 members
in mammals, which are widely expressed during embryogenesis
(Esteve et al. 2000; Kim et al. 2001). Initial work described Sfrps as
Wnt scavengers, capable of inhibiting Wnt signaling activation
(Bovolenta et al. 2008), but subsequent functional studies have
demonstrated that Sfrps can be positive modulators of Wnt sig-
naling in different contexts (Uren et al. 2000; Rodriguez et al. 2005;
Lopez-Rios et al. 2008; Mii and Taira 2009; Renstrom et al. 2009;

Esteve, Sandonis, Ibanez et al. 2011; Sugiyama et al. 2013; Holly
et al. 2014; Xavier et al. 2014). Sfrps can further interfere with BMP
and Notch signaling through the control of metalloproteases
implicated in signaling activation (Lee et al. 2006; Muraoka et al.
2006; Misra and Matise 2010; Ploper et al. 2011; Esteve, Sandonis,
Cardozo et al. 2011; Bijakowski et al. 2012; Gao et al. 2014; Oldefest
et al. 2015). In the case of Notch, studies in the developing mouse
retina have shown that Sfrp1 binds to and down regulates the
activity of ADAM10 (Esteve, Sandonis, Cardozo et al. 2011; Marcos
et al. 2015), a metalloprotease that, upon ligand binding, sheds
the Notch receptor, initiating intracellular signaling activation
(Hori et al. 2013). As a consequence, genetic inactivation of Sfrp1,
and of the functionally redundant Sfrp2 (Satoh et al. 2006), alters
retinal neurogenesis because Notch signaling is enhanced (Esteve,
Sandonis, Cardozo et al. 2011). Taking advantage of Sfrp1−/−

mouse embryos (Satoh et al. 2006), here we show that Sfrp1 is
indeed a multifunctional regulator of dorsal telencephalic develop-
ment. By controlling Wnt and Notch signaling, Sfrp1 is required
for an adequate expansion of the isocortex along its axes and fur-
ther contributes to anterior hippocampal patterning.

Material and Methods
Animals

Sfrp1−/− mutant mice were generated as described (Satoh et al.
2006) and bread in a 129 J C57BL/6 mixed background in the
CBMSO animal facilities. Embryos of either sex were obtained
from timed mating of the resulting strains. The date of the vag-
inal plug was considered as E0.5. Animals were used according
to institutional, Spanish and European guidelines.

Immunohistochemistry

Embryos between E10.5 and E14.5 were fixed by immersion in
4% PFA in phosphate buffer 0.1MpH 7.2 for 3 h. Older embryos
and postnatal animals were transcardiacally perfused with the
same fixative and post-fixed for 2 h. Tissue was washed in phos-
phate buffer saline (PBS), cryoprotected O/N in 30% sucrose/PBS
solution, embedded and frozen in 7.5:15 % gelatin/ sucrose solu-
tion and serial-sectioned in the frontal plane using a cryostat
(Leica). Cryosections were permeabilized with PBS containing
0.1% Triton X-100 (PBT) and immunostained in PBT containing
5% fetal calf serum and 3% BSA as described (Esteve, Sandonis,
Ibanez et al. 2011). We used the following primary antibodies:
rabbit antisera against Sfrp1 (1:1000, RabMab Abcam); phospho-
histone H3 (PH3; 1:1000, Millipore); Pax6 (1:500, Covance); Tbr1
(1:1000, Chemicon); Tbr2 (1:1000, Abcam); CTIP2 (1:500, Abcam);
Cux1 (1:500, Santa Cruz); mouse monoclonal antibodies against
tubulin-βIII (1:3000, Promega); BrdU/Idu (1:100, BD Bioscience)
and NeuN (1:500, Chemicon) and rat anti-BrdU (1:100 Abcam). In
some cases, sections were previously processed for antigen
retrieval with an uncloaking chamber (Biocare Medical) at 110°C
in 10mM citrate buffer, pH 6. Primary antibodies were detected
with biotin-conjugated goat α-mouse or α-rabbit IgG (1:500,
Jackson InmunoResearch) followed by incubation with peroxidase-
conjugated streptavidin (1:500, Jackson InmunoResearch) or goat
α-mouse or α-rabbit IgG conjugated with Alexa488 or Alexa594
(1:3000, Molecular Probes), respectively. To determine cell prolif-
eration, pregnant females at different stages of embryogenesis
were injected intraperitoneally with bromo-deoxy-uridine (BrdU;
50 μg/g) 1 h prior to sacrifice. To determine the length of the S
phase and of the entire cell cycle, E10.5 pregnant females were
injected intraperitoneally with iodo-deoxyuridine (IdU; 50 μg/g)
and bromo-deoxyuridine (BrdU; 50 μg/g) 2h and 30min, respectively,
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prior to sacrifice as described in (Martynoga et al. 2005). Embryos
were immediately dissected in ice-cold PBS, fixed and processed
for single or double immunostaining. Positive cells and length of
the cell cycle and S phase were calculated as described in
(Martynoga et al. 2005). In other cases, pregnant females were
injected with BrdU at E12.5 or E15.5 and the corresponding pups
were sacrificed at P7 and processed as above. Prior to immunos-
taining with anti-Brdu antibodies sections were treated with HCl
2N for 40min at 37 °C.

In Situ Hybridization

Tissue sections for in situ hybridization (ISH) were obtained from
embryos or postnatal animals fixed and processed as above. ISH
was performed as described (Esteve, Sandonis, Ibanez et al. 2011)
using the following digoxigenin specific probes: Hes5, Lef1, Axin2
(a gift from Dr. J. Galceran), Wnt2b, Wnt3a (a gift from Dr. A.
McMahon), Bmp4, Msx1, Lhx2 (a gift from Dr. E.S. Monuki), Foxg1,
Dlx2 (a gift from Dr. L. Puelles), EphA7, Sfrp1, Sfrp2 and Lmo4 (a
gift from Dr. M. Studer). Double ISH was performed using a Lhx2-
fluorescein and Wnt3a-digoxygenin labeled probes. The first
probe was detected using BCIP /NBT in NTMT buffer (blue). After
signal development, the anti-fluorescein alkaline phosphatase-
conjugated antibody (Roche) was inactivated with 0.1M glycine
solution pH 2.2 for 30min. Sections were sequentially incubated
with blocking solution and anti-digoxygenin alkaline phosphatase-
conjugated antibody (Roche). Wnt3a signal was detected with
INT/BCIP in NTMT buffer. Tissues were examined with a DM500
microscope (Leica).

Real-time qPCR Analysis

Total RNA from pools of 4 or 6 dissected hemi-telencephali from
E12.5 wild type (wt) or Sfrp1−/− embryos was extracted with RNeasy
Mini Kit (Qiagen). Tissue was dissected always by the same experi-
menter and with the same criteria: the brain was dissected from
the skull, the pial membrane was eliminated and the 2 telence-
phalic bulges, which are clearly visible at E12.5, were separated
from the rest of the brain. RNA samples (1 μg) were reversely tran-
scribed using iScript cDNA synthesis Kit (BioRad). Oligonucleotides
were designed using Primer-Blast (www.ncbi.nlm.nih.gov). Primer
sequences were compared to selected databases to ensure their
specificity for the selected genes. Potential secondary structures
were predicted with the MFOLD program (http://mfol.bioinfo.rpi.
edu). Amplicons were validated with conventional RT-PCR using
different annealing temperatures and cycles and the best ampli-
fication condition were selected on the basis of the identifica-
tion of a unique band of expected size on agarose gels. Controls
to exclude contamination of genomic DNA or primer-dimers form-
ation were included for each one of the selected primer pairs.
Selected genes were quantified by qPCR using SsoAdvanced
Universal SYBR Green (BioRad). Gapdh was used as an internal ref-
erence for normalization. The ΔΔCt method was used to determine
the expression fold change of selected genes in the mutant tissue
as compared to the wt tissue. We used the following primers:

Hes5, Fw: 5′-aagctgctgctggagcaggagtt-3′, Rv: 5′-agcagcttca
tctgcgtgtcgct-3′;

Foxg1, Fw: 5′-ttcgcagaccagcacgtccatga-3′, Rv:5′-aacgttcac
ttacagtctggtcc-3′;

Wnt3a, Fw: 5′-actctgccatgaaccgtcacaaca-3′, Rv:5′-aagtacgt
gtaacgtggcctcag-3′;

Axin2, Fw: 5′-caaagtggagaggatcgactgag-3′, Rv:5′-ggc tcctgg
agactgaagatcaa-3′;

Lhx2, Fw: 5′-taacttctgtgcctggcaacctg-3′, Rv: 5′-ttttccctctg
tttccaggcgag-3′;

Wnt2b, Fw: 5′-acacaacaaccgctgtggtcgca-3′, Rv: 5′-agtagac
aagatcagtccgggtg-3′;

GAPDH, Fw: 5′-aaaatggtgaaggtcggtgtga-3′, Rv: 5′-atgggctt
cccgttgatgac-3′.

Amplifications were performed in triplicate and independently
replicated using 3 independent extractions.

Western-Blot Analysis

The telencephalon from E12.5 wt and Sfrp1−/− embryos were
isolated and homogenized in RIPA lysis buffer (Tris HCl 50mM
pH 7.4, NaCl 150mM, 1% TX-100, 0.5% deoxycholate, 0.1% SDS)
supplemented with a proteinase inhibitor mixture (Roche) and
PMSF (Sigma). Protein content was quantified by Kit BCA
(Thermo Scientific) and tissue extracts (40 μg) were separated
by electrophoresis on SDS 4–15% gradient polyacrylamide gels
(Mini Protean TGXTM Biorad). Proteins were transferred onto
nitrocellulose membranes using iBLot2 (Life Technologies).
After blocking in TBS with 0.1% Tween and 5% non-fat milk,
the membranes were incubated O/N at 4 °C with antibody anti-
cleaved Notch1 (Val1744; 1:1000 Cell Signaling), anti-Notch1
(1:500 Santa Cruz) and anti-α-tubulin (1:10 000 Sigma), used as a
load control. Membranes were then incubated with peroxidase-
conjugated secondary antibodies followed by ECL Advanced
Western Blotting Detection kit (GE Helthcare). Immunoreactive
bands were quantified by densitometry. Western-blot analysis
was repeated 3 times, obtaining very similar results.

Flow Cytometry Analysis

The telencephalon of E10.5 wt and Sfrp1−/− mice was dissected,
enzymatically treated (collagenase D 1.25mg/ml, DNAse
0.05mg/ml) for 10 min at 37 °C with gentle agitation, washed in
PBS/10% FBS and mechanically dissociated by pipetting. Cells
were fixed and permeabilized in ice-cold 70% ethanol for at
least 18 h at −20 °C, washed twice in PBS and re-suspended in
500 μl of cell cycle staining buffer (Propidium Iodide/RNAse
staining buffer BD Pharmigen 550 825) in dark for 30 min at
room temperature. Cells were washed and re-suspended in PBS
and DNA content was quantified by flow cytometer (FACS
Canto A), after elimination of debris in a forward scatter (FSC-A)
and side scatter (SSC-S) plot followed by aggregates exclusion in
a pulse area (FL2-A) versus width (FL2-W) plot.

Image and Statistical Analysis

Gene expression level was evaluated with ImageJ by determining
pixel intensity in the “region of interest” selected with the ROI
manager. Analysis was performed in 2 consecutive sections
taken at the same axial levels. Analysis was performed in at least
3 independent embryos for each genotype and marker. Sections
were processed in parallel. Normality of the distribution was
tested with Kolmogorov–Smirnov test and homoscedasticity was
tested with Bartlett’s test. Statistical significance was determined
by Student’s t-distribution. Values are expressed as means ± s.e.
m. Calculations were made using the SPSS statistical package
version 17.0 using a significance level of P ≤ 0.05. Statistical anal-
ysis was based on variable number of samples, which is indi-
cated either in figure legends or in the text, where appropriate.
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Results
Sfrp1 Protein Broadly Localizes to the Dorsal
Telencephalon

Sfrp1 is expressed in the developing mouse dorsal telencepha-
lon (Kim et al. 2001). The closely related Sfrp2 localizes only at
the pallial-subpallial boundary, whereas Sfrp3, belonging to a
different family branch (Leclere and Rentzsch 2012), is found in
the dorso-medial region (Kim AS et al. 2001). Sfrp1 mRNA is
found in the telencephalic radial glial progenitors (RGP) located
in the VZ with a dorso-lateralhigh to ventro-mediallow gradient
(Kim AS et al. 2001) (Fig. 1A, A’, C). Sfrp1 distribution shows also
a rostralhigh to caudallow gradient across the telencephalon
(Kim et al. 2001). Mouse cortical neurogenesis begins at E10.5 in
the rostro-lateral margin (Caviness et al. 2009) so that its onset
occurs in an Sfrp1-enriched region and progress caudo-
medially, where Sfrp1 levels are lower.

To address if and how Sfrp1 contributes to telencephalic
development, we first analyzed its protein localization, given
that Sfrps are highly dispersible proteins that can be found at
quite a distance from their cellular source (Mii and Taira 2009;
Esteve, Sandonis, Ibanez et al. 2011). Immuno-histochemical
analysis revealed that Sfrp1 protein localized to the telencephalic
neuroepithelium of E10–E12.5 wt embryos with a latero-medial
(Fig. 1B, D) and rostro-caudal (Fig. 1D, D’) distribution similar to
that of its mRNA but the immunofluorescent signal was clearly
detected throughout the thickness of the dorsal neuroepithelium
(Fig. 1B, B’, D, D’). This indicates that the protein might be
released by RGP across the entire neuroepithelium, accumulating
also at the basal surface (Fig. 1B’). Specific labeling was low in the
LGE and undetectable in the E12.5 cortical hem, despite the pos-
sible presence of low levels of its mRNA. No staining was
observed in the neuroepithelium of Sfrp1−/− littermates (Fig. S1A,
B), supporting the specificity of the used antibodies. At E14.5,
Sfrp1 transcripts were still localized to the VZ and in cells of the
marginal zone (Fig. 1E), but the protein accumulated mostly in
the Tuj1-positive migrating neuronal cells in the intermediate
zone, in the basal lamina and, at lower levels, in the ventricular
and cortical plate (Fig. 1F–I).

Sfrp1 is Required for Proper Medio-lateral Patterning of
the Dorsal Telencephalon

We next addressed if Sfrp1 is involved in early specification of
the telencephalon using previously generated Sfrp1−/− embryos
(Satoh et al. 2006).

The dorso-ventral patterning of the telencephalon involves
the activity of Pax6 and Dlx2, 2 TFs that, respectively, confer
identity to the pallial and subpallial domains (Puelles et al.
2000; Yun et al. 2001). Comparison of dorso-ventral Pax6 and
Dlx2 distribution in the telencephalon of E10.5wt and Sfrp1−/−

embryos showed no obvious differences in their expression
domain (Fig. S1C–F). Furthermore, the position of the pallium-
subpallium boundary, marked by Sfrp2 expression, was roughly
similar in E14.5 embryos (Fig. S1G, H), indicating that Sfrp1
absence does not compromise dorso-ventral patterning of the
telencephalon.

The dorsal telencephalon is subdivided, from medial to lateral,
in choroid plaque, cortical hem, hippocampal and neocortical pri-
mordia. Bmp and Wnt ligands’ expression, respectively, identifies
the first 2 regions (Hoch et al. 2009; Fig. 2A, C). Lhx2, a LIM homeo-
box TF, and Foxg1, a forkhead transcriptional repressor, are instead
expressed in the dorsal telencephalon with the exception of the

hem and choroid plaque. Foxg1 is expressed in a mediallow to
lateralhigh gradient (Muzio and Mallamaci 2005) and thus it is
poorly expressed in the hippocampal region, where Lhx2 is
instead present at high levels (Fig. 2E, G). Both factors are impor-
tant for the acquisition of the cortical fate. Foxg1 limits dorso-
medial-derived Wnt signaling (Danesin and Houart 2012),
whereas Lhx2 acts as cortical selector gene (Mangale et al. 2008).
Their respective inactivation results in the expansion of the
medial hem and hippocampus, although with different mecha-
nisms (Muzio and Mallamaci 2005; Mangale et al. 2008). The use
of these markers in E12.5 telencephalic sections revealed that, in
Sfrp1−/− embryos, the choroid plaque was properly formed as the
expression of Msx1, a downstream target of BMP signaling
(Suzuki et al. 1997), was comparable to that observed in wt
(Fig. 2A, B). In contrast, the medial telencephalic expression
domain of Wnt2b (Fig. 2C, D; hem area: 532 ± 63.0 vs. 902 ± 28.6;
wt n = 4; Sfrp1−/− n = 6; P = 0.005) and Wnt3a (Fig. S2A, B; 630 ±
41.3 vs. 1016 ± 73.0; P = 0.004; wt n = 4; Sfrp1−/− n = 6; P = 0.005)
was significantly smaller in Sfrp1−/− embryos than in wt. The
reduced size of the Foxg1- and Lhx2-free domains in the dorso-
medial telencephalon (Fig. 2E–H) and Wnt3a/Lhx2 double labeling
(Fig. S2A,B) supported this finding. However, qPCR analysis,
based on validated amplicons, did not reveal a significant differ-
ence in Wnt3a and Wnt2b mRNA levels between E12.5 Sfrp1−/−

and wt dissected dorsal telencephali (Fig. S2C). This is perhaps
because higher expression levels per cell may compensate the
reduced hem size. In contrast, the levels of Lhx2 mRNA were sig-
nificantly up-regulated (Fig. S2C) and abnormally shifted towards
the medial cortex, but with lower levels in the lateral cortex (Fig.
2E, F; Fig. S2A, B). These changes were paralleled by a dorso-
medially extended expression of Foxg1 in the mutant brains (Fig.
2G, H), which however was not detected by quantitative RT-PCR
analysis (Fig. S2C), likely because the ectopic is quite small pro-
portionally to the entire expression. According to previous stud-
ies (Muzio and Mallamaci 2005; Mangale et al. 2008), Foxg1 and
Lhx2 up-regulation leads, directly or indirectly, to hippocampal
shrinking. Accordingly, the expression domain of the TF Lmo4, a
marker of the hippocampal primordium first detected at E14.5
(Abellan et al. 2014), was visibly reduced in Sfrp1−/− embryos as
compared to wt (Fig. 2I, J).

All these defects were more evident in the anterior (Fig. 2)
than in the posterior (Fig. S3) telencephalon, likely reflecting
the rostralhigh to caudallow gradient of Sfrp1 telencephalic
expression (Kim et al. 2001). Notably, Sfrp1−/−;Sfrp2+/− presented
a comparable phenotype (data not shown), suggesting that
Sfrp2 has little role in patterning the dorsal telencephalon.

Taken together these observations indicate that Sfrp1 activ-
ity indirectly promotes the expansion of the hippocampal pri-
mordium and possibly the hem, while restraining the
neocortical domain at its medial border, so that, in the absence
of Sfrp1, the hem and hippocampal domains are reduced in size
whereas the neocortex is medially extended.

Sfrp1 Extends the Signaling Range of Wnt-βcatenin in
the Dorso-medial Telencephalon

The above phenotype suggested a possible reduction of Wnt-
βcatenin signaling activation, given that the expansion of the hip-
pocampal anlage largely depends on this pathway (Harrison-Uy
and Pleasure 2012). To verify this possibility, we analyzed the
expression of Axin2 and Lef1, targets and read-out of Wnt/βcate-
nin pathway activation. Both genes were expressed with a med-
ialhigh to laterallow gradient in E12.5wt telencephalon (Fig. 3A, E,
C, G), although Lef1 was absent from the hem (Fig. 3E, G). In E12.5
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Sfrp1−/− embryos, the expression of Axin2 and, at a lower extent
that of Lef1, was substantially decreased in the medio-lateral dor-
so-rostral telencephalon (Fig. 3A, B, E, F) and, to a lower extent, at
caudal levels (Fig. 3C, D, G, H). Lef1 expression was also abnor-
mally extended into the hem region (Fig. 3F, H), further suggesting
a reduction of this region. Quantitative analysis of the extent and

intensity of Axin2 expression in the medial pallium confirmed a
roughly 50% reduction in Sfrp1 null embryos as compared to wt
(pixel intensity: rostral levels 0.37 ± 0.11 vs. 0.73 ± 0.11, P = 0.037;
caudal levels 0.32 ± 0.09 vs. 0.55 ± 0.05; P = 0.048; n = 6), except for
the hem where expression levels were instead similar. A signifi-
cant decrease (about 60%) of Axin2 expression in the mutant

Figure 1. Sfrp1 protein broadly localizes to the dorsal telencephalon. Frontal cryostat sections of wt embryonic brains hybridized with a probe specific for Sfrp1 (A, A’, C, E)

or immunostained with an antibody that specifically recognizes Sfrp1 (B, B’ D, D’ F, H, I) or with the neuronal differentiation marker TuJ1 (G, I). Images in G–I have been

obtained with confocal microscopy. All the images have been taken at rostral levels with the exception of those in A’ and D’ that correspond to more caudal levels of the

telencephalon. Sfrp1 mRNA and its protein are abundantly localized in the VZ of the dorso-lateral telencephalon at E10.5 (A–B) and E12.5 (C–D). Note that the protein loca-

lizes to RGP (B’) and that there is substantially less expression at caudal levels (D’). Lower levels of both mRNA and protein are also detected in the ventral and medial tel-

encephalon at E10.5 (A, B) and E12.5 (C, D). At E14.5, Sfrp1 mRNA localizes to the telencephalic VZ and in cells of the marginal zone (E) but the protein is instead found

mostly in the intermediate zone (F), containing Tuj1-positive migrating cells (G–I). Strong localization is also observed at the basal surface (F–I). Abbreviations: chp, choroid

plexus; cp, cortical plate; dt, dorsal telencephalon; hp, hippocampus; iz, intermediate zone; lge, lateral ganglionic eminence; mz, marginal zone; RGP, radial glial progenitor;

rp, roof plate; vt, ventral telencephalon; vz, ventricular zone. Scale bar: 200 μm for A–A’, 150 μm for B, 40 μm for B’, 250 for C–D’, 300 μm for E–F and 100 μm for G–I.
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telencephalon was confirmed with qPCR analysis (Fig. S2C), likely
explaining why its hippocampal primordium is reduced (Galceran
et al. 2000).

These results are consistent with the idea that Sfrp1 acts as
a positive modulator of Wnt/βcatenin needed to extend its sig-
naling range, as observed in other contexts (Mii and Taira 2009;
Esteve, Sandonis, Ibanez et al. 2011). Accordingly, Wnt signaling
activation in the Sfrp1−/− mutants occurs predominantly close
to the Wnt-positive hem region, consistent with the idea that
Wnt ligands are per se poorly diffusible proteins (Clevers et al.
2014).

Sfrp1 Restrains Cortical Progenitor Proliferation by
Down-regulating Notch Signaling Activation

Patterning of the dorsal telencephalon is tightly linked to its
neurogenesis (Hoch et al. 2009), a process that involves the
change of progenitors’ competence over time. At the beginning,
radially oriented progenitors (RGPs) divide symmetrically, rap-
idly expanding the progenitors’ pool at the VZ. Thereafter, RGPs
divide asymmetrically to maintain their own pool and to gener-
ate differentiated neurons and intermediate progenitor cells
(IPCs). IPCs undergo only a few rounds of symmetrical divisions
in the subventricular zone (SVZ) before generating most cortical
projection neurons, thereby waning neurogenesis (Paridaen
and Huttner 2014). Neurogenesis of the mouse telencephalon
starts at E10.5, when the large majority of VZ cells undergoes
proliferation. Flow cytometry analysis of E10.5 cell cycle profile
revealed a significant increase in the percentage of proliferating
cells (S and G2/M phases) in Sfrp1−/− mutants compared to wt
(Fig. 4A, B). To relate this increase with possible differences in
cell cycle kinetics, E10.5 pregnant females were injected with
IdU and then BrdU 120 and 30min prior to sacrifice, respec-
tively. Double immunostaining using antibodies against BrdU/
IdU (green) or BrdU alone (red) identified progenitors in the S
(red/green double-labeled cells; Fig. 4F, J) or G2/M phases (green
only; Fig. 4D, F and H, J). Calculation of the mean length of the
cell cycle (tc) and S phase alone (ts) (Martynoga et al. 2005) of
rostro-laterally positioned telecephalic progenitors revealed
their significantly shorter duration in Sfrp1−/− versus wt
embryos (Fig 4K), explaining the observed increase in prolifera-
tion of the mutant dorsal telencephalon.

These results were corroborated and extended with BrdU
injections in E10.5, E12.5 and E14.5 pregnant females 1 h prior
to sacrifice. At both E10.5 and E12.5, there was a significant
increase in the number of BrdU-positive cells in the dorsal-
lateral telencephalon of Sfrp1−/− embryos as compared to wt
(Fig. 5A–H, K, L, M). This difference was less apparent in inter-
mediate regions of the neuroepithelium (Fig. 5M), consistent
with the graded Sfrp1 distribution. Similarly, immunostaining
for the phosphorylated form of histone H3 (PH3), a mitotic
marker, showed a significant increase of labeled cells in both
the VZ and SVZ of E12.5 Sfrp1−/− dorsal telencephalon as com-
pared to those of the wt (Fig. 5I, J, N).

To determine if this increase affected both RGPs and IPCs
and in which proportion, we counted the number of cells/area
double labeled for BrdU and either Pax6, a marker strongly
expressed in RGPs but down-regulated in nascent IPCs
(Englund et al. 2005), or Tbr2, a TF that is instead largely
expressed in IPCs (Englund et al. 2005; Sessa et al. 2008). In
embryos labeled at E10.5 and E12.5, the large majority of BrdU-
positive cells was Pax6-, but not Tbr2- (Fig. 6G–J), positive and
the Sfrp1−/− telencephalon contained a significantly higher
number of double-positive cells (about 60%) than that of wt
(Fig. 6A–D, M, N). This increase was no longer significant in
embryos labeled at E14.5 (Fig. 6E, F, O). Consistent with the idea
that most IPCs develop after E13.5 (Englund et al. 2005), Brdu/

Figure 2. Sfrp1 is required for medio-lateral patterning of the dorsal telencepha-

lon. Frontal cryostat sections of the rostral telencephalon of E12.5 (A–H) and

E14.5 (I, J) wt and Sfrp1−/− embryonic brains hybridized with probes against the

following region-specific markers: Msx1 (choroid plexus), Wnt2b (cortical hem),

Lhx2 and Foxg1 (cortical epithelium) and Lmo4 (hippocampal region), as indi-

cated in the panels. Note that the Msx1-positive choroid plaque is comparable

in both genotypes (A–B), whereas the Wnt2b and the Lmo4 expression domains

are reduced in the mutant embryos (compare the extent of the dotted yellow

lines in C, D; I, J). Note also that in the mutants, Lhx2 expression domain is

shifted medially (yellow dashed arrowhead line in F) leaving a reduced Lhx2-

free hem region (compare orange dashed lines in E, F). Lhx2 expression is

reduced in the lateral telencephalon (compare E with F). The Foxg1 expression

domain presents a similar medial shift, which leaves a reduced Foxg1-free

region (compare orange dotted line in G, H). Abbreviations: chp, choroid plexus;

hem, cortical hem. Scale bar: 250 μm.
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Tbr2-positive telencephalic cells were largely detected in
embryos labeled at E14.5, with a significant increase of double-
positive cells in the Sfrp1−/− telencephalon than in that of the
wt (Fig. 6K, L, P, Q). As in the case of the RGPs, this increase was
roughly 60%, indicating that Sfrp1 modulates the proliferation
of both types of progenitors.

The expansion of the progenitor pool observed in mutant
embryos was associated with an enhanced generation of early-
born neurons. Tbr2 marks nascent preplate neurons (Englund
et al. 2005) which were rather sparse in E10.5wt telencephalon
but significantly more numerous in the mutant one (Fig. 5G, H;
wt: 0.5 ± 0.2, n = 4, vs. Sfrp1−/−: 6.3 ± 1.2, n = 4; 2-tailed
Student’s t-test P = 0.011). Staining for class III β-tubulin (Tuj1)
and the TF Tbr1, 2 neuron differentiation markers (Bulfone A
et al. 1995), confirmed an extended this analysis (Fig. 7A–H).
Counting of Tbr1-positive cells demonstrated that pronounced
neuronal generation in the mutants occurred only in rostro-
lateral regions, where Sfrp1 expression is normally high
(Fig. 7I). This over-proliferation/differentiation accounts for the
evident abnormal thickness of the mutant cortical neuroepithe-
lium (Fig. 7G, H).

Mechanistically, Sfrp1 effect on neurogenesis could be
related to either Notch or Wnt/βcatenin signaling or both, given
that both pathways seem promote the initial expansion of tel-
encephalic progenitors (Chenn and Walsh 2002; Zechner et al.
2003; Backman et al. 2005; Mizutani and Saito 2005; Machon
et al. 2007; Mizutani et al. 2007; Wrobel et al. 2007; Imayoshi
et al. 2010; Mutch et al. 2010; Munji et al. 2011). The significant
reduction of Wnt signaling activation in the telencephalon of
Sfrp1−/− embryos (Fig. 3; Fig. S2C) would predict, if any, a poor
generation of cortical progenitors. Because this was not the
case, we focused on Notch signaling.

In the mouse embryonic retina and telencephalon, Sfrp1 binds
to and down regulates the activity of the metalloprotease
ADAM10 (Esteve, Sandonis, Cardozo et al. 2011), which primes the

Notch receptor for subsequent proteolysis, with the generation of
the Notch intracellular domain (NICD) that ultimately controls
the transcription of target genes. Thus, in the absence of Sfrp1,
NICD levels should be increased. Indeed, Western-blot analysis
showed a significant increase of the amount of NICD in E12.5
Sfrp1−/− neocortical extracts as compared to wt (mean normal
density values ± SEM: 2.50 ± 0.4 vs. 0.6 ± 0.1; P = 0.035; data were
normalized to Notch1R/α−tubulin; Fig. 8A). Increased Notch sig-
naling activation was confirmed by the up-regulation of Hes5
mRNA—an effector and target of the Notch pathway—in the
dorsal-lateral telencephalon of E10.5 (Fig. 8B–E) and E12.5 (Fig. 8H),
Sfrp1−/− embryos. In the latter stage, the width of Hes5 expression
domain of the mutant embryos was broader (Fig. 8F, G), likely
reflecting VZ and SVZ progenitors’ increase (Fig. 6). This differ-
ence was no longer evident at E14.5 (data not shown).

Altogether, these results suggest that Sfrp1 modulates the
activation of the Notch signaling pathway, thereby regulating
early cortical progenitor proliferation and differentiation. They
also suggest that Notch signaling overrides the contribution of
Wnt/βcatenin signaling in dorsal telencephalic neurogenesis.

Cortical Defects Caused by Sfrp1 Inactivation are
Maintained at Postnatal Stages

Early developmental defects are sometime overcome by read-
justing final cell numbers within a tissue, for example by apo-
ptotic cell death (Hoffmann and Dumoulin 2015). Staining with
antibodies against the apoptotic marker caspase3 showed very
low and comparable levels of immunopositive cells in the dor-
sal telencephalon of E10.5–E14.5wt and Sfrp1−/− brain sections
(Fig. S2D). Thus, cell death does not compensate cell overpro-
duction observed in the mutants, at least during this period.

We then asked if the telencephalic phenotype observed in
Sfrp1−/− embryos had a permanent impact on its structure.
Gross morphological analysis of P7 brain, when the large

Figure 3. Sfrp1 extends the signaling range of Wnt-βcatenin in the dorso-medial telencephalon. Rostral and caudal frontal cryostat sections of E12.5wt and Sfrp1−/−

embryonic brains hybridized with probes specific Axin2 and Lef1 as indicated in the panels. Note that the domain and levels of Axin2 expression are reduced in the

medial and lateral cortex of mutant embryos especially at rostral levels (compare yellow dashed lines in A–B and C, D). Lef1 expression domain is extend in the medial

direction especially at rostral levels, invading the Lef1-free hem region (compare orange dashed lines in E, F and G, H). Scale bar: 250 μm.
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majority of telencephalic development has occurred, revealed
that the Sfrp1−/− cerebral cortex was shorter and slightly nar-
rower than that of wt littermates (Fig. 9A, B). In contrast, the
size of the mid- and hindbrain was roughly comparable. This
reduction did not seem to affect any specific area, with the
exception perhaps of the fronto-medial region (Fig. 9C, D), as
determined by the distribution of Lmo4, a marker with a unique
anterior and posterior high cortical expression (Sun et al. 2005).

Besides a smaller cortex, Sfrp1−/− pups presented a smaller
but well-structured hippocampus (Fig. 8E, G) with a normal dis-
tribution of markers such as EphA7, reelin or Prox1 (data not
shown). Nevertheless, immunostaining for the TF CTIP2, that
labels both CA pyramidal neurons and granule cells in the den-
tate gyrus, highlighted an anterior shift of dorso-caudal struc-
tures in Sfrp1−/− brains. Comparison of sections at similar axial
levels (determined by the position of the ventral structures)
showed, for example, the presence of the fasciola cinerea in wt
animals, whereas subicular neurons (a most posterior struc-
ture) were instead visible in Sfrp1−/− brains (Fig. 9F, H). This
phenotype persisted at adulthood: a smaller cortex (Fig. S4A–D)
and an anterior localization of more posterior structures, such
as the subiculum or the retrosplenial cortex, were still observed
(Fig. S4G–J). The cortex of postnatal and adult Sfrp1−/− brains
was visibly thicker (Fig. 9I–N; Fig. S4C, D), perhaps explaining
the shorter antero-posterior (Fig. 9C, D; Fig. S4C, D) and medio-
lateral axes (Fig. 2E, F; Fig. 5E, F), according to a model of corti-
cal growth (Caviness et al. 2003). Immunostaining and counting
for layer specific neuronal markers—Tbr1 for layer VI (Bulfone
et al. 1995); CTIP2 for layer V (Arlotta et al. 2005) and Cux1
mostly for upper layers (Nieto et al. 2004)—over the total num-
ber of DAPI positive cells showed a predominant expansion of
layer VI with no major alterations of the other layers at P7
(Fig. 9I–P; Fig. S4E, F). This overgrowth of the layer VI in the
Sfrp1−/− cortex was not associated to abnormal cell birth. In
fact, injection of BrdU showed a statistical significant increase
of BrdU/Tbr1+ neurons over the total number of DAPI+ cells
only in the P7 progeny of Sfrp1−/− females injected at E12.
whereas no Brdu/Cux1-positive cells were observed as in the
wt (Fig. S5A–F, M). In animals of either genotype injected at
E15.5 instead, there was a comparable number of BrdU/Cux1-
positive neurons in the upper layers and basically no BrdU/
Tbr1- or Brdu/CTIP2- double-positive cells in the other layers
(Fig. S5G–L, N). These results are consistent with the reported
birthdating of layer specific neurons (Molyneaux et al. 2007).

All in all, our data indicate an important contribution of Sfrp1
in controlling the specific generation of Tbr1- positive neurons.

Discussion
Control and coordination of signaling pathways is fundamental
for tissue specification and organ development. Consistent
with this idea, we have demonstrated that the secreted protein
Sfrp1, known to modulate Bmp, Wnt and Notch signaling in dif-
ferent contexts, is required to subdivide and shape the dorsal
telencephalon with a dual role. In the dorso-medial telencepha-
lon, Sfrp1 fosters Wnt/βcatenin signaling allowing for the
extension of the hippocampal region. In the neocortex, Sfrp1
transiently down regulates Notch pathway activation with a
latero-medial gradient, so that in its absence, early neurogen-
esis is impaired with the net result of a thicker but shorter and
narrower cortical neuroepithelium.

Sfrp1 is abundantly expressed in the telencephalic vesicles
with a dorso-lateralhigh gradient. Its genetic inactivation however
has no apparent consequences in the proper subdivision of the

Figure 4. In the absence of Sfrp1, the cell cycle of telencephalic progenitors is

shorter. DNA content quantification in wt and Sfrp1−/− E10.5 embryos, by PI

staining. (A) Flow cytometry plot example of comparison between the wt (black

area) and Sfrp1−/− (gray area) DNA content. In the wt embryos the % of cells in

the G0–G1 phase is significantly higher than in the Sfrp1−/− (49.43 ± 1.11% vs.

39.5 ± 1.47%), whereas the % of proliferating cells (G2-S-M phase) is significantly

higher in the Sfrp1−/− versus the wt (58.78 ± 1.3% vs. 50.23 ± 1.02%). Analyses

were performed using Student’s t-distribution (n = 6 and n = 8 for wt and

Sfrp1−/− embryos, respectively; *P < 0.01). (C–J) Frontal cryostat sections of

E10.5wt and Sfrp1−/− rostral telencephalon, immunostained for BrdU/IdU

(green) and BrdU alone (red) and counterstained with DAPI (blue). Examples of

IdU only positive cells are indicated by arrowheads (D, F and H, J). Examples of

IdU/BrdU double-positive cells are indicated with a white star (H, J). Examples

of DAPI only positive cells are indicated with red dots (C, F and G, J). (K) Graphs

show the mean length of the total cell cycle (tc) and S phase (ts) in wt and

Sfrp1−/−. The lengths were calculated as described in Martynoga et al. (2005). In

both cases the Sfrp1−/− telencephalon has significantly shorter lengths of the

cell cycle phases. Analysis was performed using Student’s t-distribution, on the

basis of cell counts in equivalent telencephalic areas of different wt and

Sfrp1−/− embryos (n = 8; **P < 0.05). Scale bar: 20 μm.
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telencephalon into dorsal (Pax6-positive) and ventral (Dlx2-posi-
tive) domains, likely because this patterning occurs mostly
through the cross-regulation between Shh and Fgf8 signaling
(Hoch et al. 2009). Choroid plaque specification and Bmp signal-
ing, on which choroid plaque patterning depends (Hebert et al.
2002), were also normal in Sfrp1−/− embryos. This may be
explained by the fact that Sfrp1 protein was not immuno-
detected in the dorso-medial telencephalon. However, the pro-
tein seems to be released from RGPs and thus, in principle, could
accumulate in the ventricular fluid, as suggested for later stages
of embryogenesis (Lun et al. 2015). If this is the case, Sfrp1 does
not modulate Bmp signaling in the medial telencephalon, in con-
trast to what suggested for dorsal spinal cord development
(Misra and Matise 2010).

Notably, the cortical hem was instead reduced in size,
although it shares Bmp requirement and a roof plate origin
with the choroid plaque (Subramanian and Tole 2009).
Patterning and positioning of the cortical hem, which is a well-
recognized telencephalic organizer, depends on interactions
among different TFs and signaling pathways (Subramanian and
Tole 2009). Thus, the medial expansion of Foxg1 and especially
Lhx2 expression may restrain the cortical hem domain in
Sfrp1−/− embryos, as both TFs contribute to set the boundary
between the hem and the cortical neuroepithelium (Monuki
et al. 2001; Muzio and Mallamaci 2005) and Lhx2 imposes corti-
cal character to the telencephalon (Mangale et al. 2008). Medial
Lhx2 and Foxg1 expansion may, in turn, depend on the poor
Wnt/βcatenin signaling activation observed in the medio-lateral

Figure 5. Sfrp1 restrains early cortical progenitor proliferation. Low and higher power images of frontal cryostat sections of E10.5 (A–D) and E12.5 (E–J) wt and Sfrp1−/−

brains immunostained with antibodies against BrdU (proliferating progenitors) and PH3 (mitotic marker). Images in C–D and G, H show the dorso-lateral cortical

region squared in the left drawing in K. Sections in A–H were counterstained with DAPI. Note that BrdU-positive cells are more abundant in the dorsal telencephalon

of Sfrp1−/− embryos than in that of wt. This difference is most evident at rostro-lateral levels but negligible at intermediate caudal levels as illustrated in the graphs in

L and M. (L, M) The number of BrdU-positive cells/per area (0.15mm2) were counted at rostral and caudal levels (right drawing in K) at E10.5 (L) and in lateral and inter-

mediate regions (as indicated in the left drawing in K) at both rostral and caudal levels at E12.5 (M). (N) The graph represents the number of mitotic cells/area

(0.05mm2) in wt and Sfrp1−/− telencephalic neuroepithelium. Mitotic cells in both the VZ and SVZ are significantly increased in the Sfrp1−/− dorso-lateral but not in

dorso-intermediate telencephalon as compared to wt (counted areas as represented in K). Bars represent the mean ± standard error of the mean. Analyses were per-

formed using Student’s t-distribution; n = 5 embryos; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. Abbreviations: svz, subventricular zone; vz, ventricular zone. Scale bar: 250 μm
for A, B, E, F, I, J; and 125 μm for C, D, G, H.
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Figure 6. Sfrp1 regulates the number of both RGPs and IPCs. Frontal cryostat sections of the telencephalon of E10.5 (A, B, G, H), E12.5 (C, D, I, J) and E14.5 (E, F, K, L) wt and

Sfrp1−/− embryos from pregnant females exposed to BrdU 1h prior to sacrifice and double labeled with antibodies against BrdU (proliferating progenitors) and either Pax6

(RGPs) or Tbr2 (IPCs) as indicated in the panels. Panels on the left show red/green double labeling, panels on the right show a black/white representation only of double-

labeled cells obtained with ImageJ software. Note that at E10.5 and E12.5 most BrdU-positive cells are Pax6-positive RGPs. Brdu/Tbr2-positive IPCs, are mostly generated at

E14.5. Both RGPs and IPCs are significantly increased in Sfrp1−/− embryos as quantified in M–Q. Note also that at E10.5 Tbr2-positive cells correspond to differentiated pre-

plate neurons (arrows in G, H), which are more abundant in the Sfrp1−/− embryos. (M–Q) The graphs represent the number of double-labeled cells/area (0.10mm2) in wt

and Sfrp1−/− telencephalic neuroepithelium at different stages as indicated in the graphs. Note the significant increase of double-labeled cells in the mutants. Bars repre-

sent the mean ± standard error of the mean. Analyses were performed using Student’s t-distribution; n = 3–8; *P ≤ 0.05. Abbreviations: pp, preplate; svz, subventricular

zone; vz, ventricular zone. Scale bar: 75 μm.
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Sfrp1−/− pallium. The mechanism might be direct or indirect,
for example, through the up-regulation of Fgf8, the expression
of which represses Wnt/βcatenin signaling (Danesin and
Houart 2012). Fgf8 is critical for early patterning of the telen-
cephalon as it promotes Foxg1 expression (Okada et al. 2008)

and its up-regulation restrains the hem size (Shimogori,
Banuchi et al. 2004). Despite the reduced hem size, the amount
of hem-derived Wnt ligands appeared comparable in both wt
and Sfrp1−/− mutants. Notably instead, the expression of Axin2,
a reliable marker of Wnt signaling activation, was strongly
reduced, supporting a failure in long-range Wnt signaling acti-
vation in the absence of Sfrp1. This failure well explains hippo-
campal shrinkage observed in embryonic and adult Sfrp1−/−

mice. Indeed, there is evidence that hem deletion or genetic
inactivation of Wnt signaling components in the medial pal-
lium compromise hippocampal patterning and expansion of its
precursors, although a distinction between the 2 events has
been difficult to establish (Grove et al. 1998; Galceran et al.
2000; Lee et al. 2000; Zhou et al. 2004; Shimogori, Banuchi et al.
2004; Machon et al. 2007). We have observed no difference in
dorso-medial pallial proliferation between wt and mutant
embryos, indicating that anterior hippocampal shrinkage may
depend on a limited recruitment of neuroepithelial cells into
the prospective hippocampal domain. These effects are more
evident at rostral levels as observed in postnatal and adult
Sfrp1 mutants, in which the subicular and retrosplenial regions
appeared to be shifted anteriorly.

Previous studies have suggested that the hem and the hippo-
campus form a common compartment (Kimura et al. 2005). The
reduction of both structures in Sfrp1−/− embryos supports this
possibility. Our data indicate that Sfrp1 is required to extend
Wnt-βcatenin signaling from medial to intermediate regions of
the dorsal telencephalon. It is thus tempting to speculate that
hem and hippocampal specification might require high and
lower Wnt-βcatenin signaling, respectively and that, in the
absence of Sfrp1, only a reduced number of cells receive the
appropriate level. We have previously shown that Sfrp1 and the
related Sfrp2 promote the dispersion of Wnt ligands in the
embryonic mouse retinal epithelium (Esteve, Sandonis, Ibanez
et al. 2011), as also observed in gastrulating Xenopus embryos (Mii
and Taira 2009). In the medial telencephalon, low concentration
of Sfrp1 may have a similar mechanistic function favouring hem-
derived Wnt dispersion. In fact, in Sfrp1−/− embryos Wnt signal-
ing is activated only close to the Wnt-positive hem, as supported
by the distribution of the mRNA of the pathway read-outs, Axin2
and Lef1. In Sfrp1 mutants, a high Axin2 signal was found only in
and close to the hem, whereas Lef1 expression was extended
toward the hem. This extension may occur because, in the
absence of Sfrp1, the poorly diffusible Wnt ligands remain close
to their source, thus activating Lef1 locally. In contrast, lower Lef1
and Axin2 expression observed in the lateral telencephalon of
Sfrp1 mutants is consistent with the idea that a lateral to medial
gradient of Sfrp1 extends Wnt signaling activation. Thus, these
results further support that, in physiological contexts, Sfrp1 acts
as a positive modulator of Wnt signaling. This is in agreement
with in vitro studies showing that low Sfrp1 concentration pro-
mote Wnt mediated transcriptional activity whereas only high
level of the protein can inhibit it (Xavier et al. 2014).

An additional and evident defect of Sfrp1−/− null mice is an
abnormal neocortex. Part of this defect might be the result of the
reduced expression of Lhx2 in the lateral region of the cortex,
given the importance of this TF in cortical specification (Mangale
et al. 2008) and in influencing the onset of neurogenesis (Hsu
et al. 2015). Indeed, defects in neurogenesis are a likely explana-
tion for the final size and organization of the Sfrp1−/− neocortex.
Sfrp1 restricts the proliferation of both types of cortical progeni-
tors, RGPs and IPCs, at early stages of neurogenesis with a lateral
to medial gradient that reflects its distribution. Differences in cell
proliferation between wt and mutant mice were much more

Figure 7. Sfrp1 restrains early cortical neuron differentiation. Low and higher

power images of frontal cryostat sections of E12.5wt and Sfrp1−/− brains immu-

nostained with antibodies against Tbr1 (early-born neurons) and Tuj1 (differen-

tiating neurons) as indicated in the panels (A–H). Note that the number of

immunostained cells and neuroepithelium thickness (compare arrowheaded

lines in G and H) are increased in the Sfrp1−/− embryos as compared to wt. (I)

The graph represents the number of Tbr1-positive neurons/area (0.15mm2) in

wt and Sfrp1−/− in intermediate and lateral regions of the rostral and caudal tel-

encephalic neuroepithelium (see Fig. 4K). There is a significant increase of new-

born neurons in Sfrp1−/− embryos in all regions analyzed but at intermediate

caudal levels. Bars represent the mean ± standard error of the mean. Analyses

were performed using Student’s t-distribution; n = 6; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

Abbreviations: chp, choroid plexus; cp, cortical plate. Scale bar: 250 μm for A, B, E,

F; and 125 μm for C, D, G, H.
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evident rostro-laterally, where Sfrp1 expression is highest.
Although both Notch and Wnt/βcatenin signaling have been
implicated in promoting cortical proliferation (Paridaen and
Huttner 2014), our data indicate that Notch overrides Wnt signal-
ing in neocortical neurogenesis. Despite significantly low Axin2
levels indicative of poor Wnt signaling activation—predicting
low progenitor proliferation (Chenn and Walsh 2002; Zechner
et al. 2003; Wrobel et al. 2007)—, the telencephalic neuroepithe-
lium of Sfrp1−/− embryos presented a progenitors’ overproduc-
tion. This was linked to a hyper-activation of the Notch receptor,
revealed by the significant higher levels of NICD and Hes5
expression in the cortical neuroepithelium of the mutants at
early stages of differentiation. Notch signaling up-regulation is
easily explained by our previous finding that in both mouse
embryonic retina and telencephalon, Sfrp1 binds and down regu-
lates the activity of ADAM10 (Esteve, Sandonis, Cardozo et al.
2011), a metalloprotease that, among others, cleaves the Notch
receptor. In agreement with this idea, conditional ablation of
Adam10 in neural progenitors has an opposite effect, reducing
cortical progenitor numbers (Jorissen et al. 2010). There are addi-
tional reasons to support a predominant role of the Notch path-
way and to minimize the contribution of Wnt signaling in the
control of neocortical neurogenesis. For example, a recent study

shows that abrogation of βcatenin transcriptional activity—but
retaining its adhesive functions—has no effect on the prolifera-
tion of early cortical progenitors but enhances neurogenesis
(Machon et al. 2007; Draganova et al. 2015). This observation well
agrees with our observation that, in the mutants, enhanced neu-
rogenesis occurs in a region of very low Axin2 expression. This
phenomenon might be accentuated by the poor expression of
Lhx2 in the dorso-lateral cortex, as Lhx2 null mice are character-
ized by a precocious neurogenesis (Hsu et al. 2015). Therefore,
taking these and our observations together, we suggest that the
timely but supernumerary generation of layer VI neurons likely
results from an early burst of progenitors’ proliferation coupled
with a precocious start of neurogenic divisions at the expense of
symmetric ones. This abnormal neurogenesis, linked to transient
Notch signaling up-regulation (but Wnt downregulation), gener-
ates a thicker cortex but restrains cortical area expansion.

Embryonic dorsal pallial defects of Sfrp1−/− mice are main-
tained at postnatal and adult stages when gross analysis of the
brains was sufficient to highlight shrinkage of the antero-
posterior, and to lower extent of the medio-lateral, axes of the
cortex. Notably however, there were no drastic alterations in the
areal organization of the Sfrp1−/− cortex, at least according to the
distribution of Lmo4 (Sun et al. 2005). Whether, the reduced Lmo4

Figure 8. Sfrp1 restrains cortical progenitor proliferation by down-regulating Notch signaling activation. (A) Western-blot analysis of Notch and Notch intracellular

fragment (NICD) levels in E12.5 telencephalic lysates from wt and Sfrp1−/− embryos. Note that NICD levels are increased in the mutants although the Notch receptor is

expressed at similar levels in both genotypes. The data represent a typical experiment, which was repeated 3 times with similar results. (B–G) Frontal cryostat sec-

tions of E10.5 and E12.5 control and mutant embryos hybridized with a Hes5 specific probe as indicated in the panels. Note stronger Hes5 staining intensity in the

dorso-lateral telencephalon of E10.5 mutant embryo as compared to wt (A’, B’). Note also the visible increase in Hes5 positive neuroepithelium thickness in the

mutant as compared to the wt (compare white and red arrowheaded lines in F, G). (H) qPCR analysis of Hes5 expression levels in pools of 3 E12.5 wt and Sfrp1−/− tele-

ncephali. The histogram shows the mean value of the fold change observed in Sfrp1−/− tissue in experiments performed in triplicate and repeated 3 times. Data are

normalized to the mean value found in wt tissue. Scale bar, 200 μm. Scale bar: 250 μm for B, C 150 μm for D–G.
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expression in the fronto-medial region of the Sfrp1−/− cortex indi-
cates subtle areal alterations awaits further studies.

Conclusion
In conclusion, Sfrp1 has a dual function in cortical development
through the regulation of 2 different signaling pathways. By fos-
tering Wnt/βcatenin signaling, Sfrp1 balances the size of the corti-
cal hem, hippocampal and neocortical fields, and by regulating
Notch activation it limits cortical progenitor generation. The latter
is a likely conserved and repurposed function, since high levels of
Sfrp1 have been detected in human RGPs (Lui et al. 2014) and in a
number of mammalian proliferative niches including those of the
lateral ventricles (Shimogori, VanSant et al. 2004), hair follicle
(Lim et al. 2016), bone marrow (Renstrom et al. 2009) and bron-
chial alveoli (Shiomi et al. 2014), where it also restricts cell

proliferation (Renstrom et al. 2009; Lim et al. 2016). This dual
function of Sfrp1 in the dorsal telencephalon is highly reminiscent
of that observed for the combined activity of Sfrp1 and Sfrp2 in
the mouse embryonic neural retina (Esteve, Sandonis, Cardozo
et al. 2011; Esteve, Sandonis, Ibanez et al. 2011). There, the redun-
dant function of Sfrp1 and Sfrp2 promotes Wnt signaling needed
to specify the identity of the retinal periphery. In the central ret-
ina instead, Sfrp1/2 control neurogenesis by modulating Notch
signaling. This establishes an interesting parallel between the
mechanisms that govern neural retina and dorsal telencephalon
development, in which the hippocampal region would resemble
the periphery of the retina and the neocortex the central retina.

Supplementary Material
Supplementary material is available at Cerebral Cortex online.

Figure 9. Cortical defects caused by Sfrp1 inactivation are maintained at postnatal stages. (A, B) Dorsal view of hemi-brains from P7 wt and Sfrp1−/− animals. Note that

the rostral portion of the mutant brain is shorter. (C, D) Dorsal view of P5 wt and Sfrp1−/− cortex hybridized in toto with a probe for Lmo4. Note that the cortex of

Sfrp1−/− pups is shorter (dotted bars) but the proportion among the cortical areas is grossly maintained. (E–N) Frontal cryostat sections of wt and Sfrp1−/− P7 brains

immunostained with antibodies against the TF CTIP2, Tbr1 and Cux1 as indicated in the panels. Images in E–H show the hippocampal region, whereas those in I—the

neocortical epithelium. Note the reduced size of the hippocampus and the anterior shift of dorsal structures as shown by the presence of subicular neurons in Sfrp1

mutants at axial levels where wt brains show the fasciola cinerea (compare E, F and G, H). Note also that in the mutants, the percentage of Tbr1-positive neurons in

layer VI is significantly increased, whereas other layers appear roughly normal as quantified in the bar graphs in O, P. Bars represent the mean ± standard error of the

mean. Analyses were performed using Student’s t-distribution; n = 5; **P ≤ 0.01. Abbreviations: dg, dentate gyrus; fc, fasciola cinerea; su, subiculum. Scale bar 1000 μm
A–D; 800 μm E, G; 250 μm F, H; and 175 μm I–N.
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