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SUMMARY

The expression of growth/differentiation factor (GDF) 15 increases in the ganglionic eminence (GE) late in neural development, espe-
cially in neural stem cells (NSCs). However, GDF15 function in this region remains unknown. We report that GDF15 receptor is expressed
apically in the GE and that GDF15 ablation promotes proliferation and cell division in the embryonic GE and in the adult ventricular-
subventricular zone (V-SVZ). This causes a transient generation of additional neuronal progenitors, compensated by cell death, and a last-
ing increase in the number of ependymal cells and apical NSCs. Finally, both GDF15 receptor and the epidermal growth factor receptor
(EGFR) were expressed in progenitors and mutation of GDF15 affected EGFR signaling. However, only exposure to exogenous GDF15, but
not to EGF, normalized proliferation and the number of apical progenitors. Thus, GDF15 regulates proliferation of apical progenitors in

the GE, thereby affecting the number of ependymal cells and NSCs.

INTRODUCTION

All neural cells derive directly or indirectly, through the
generation of intermediate progenitors, from radial glia
(RG) (Anthony et al., 2004; Bandler et al., 2017; Turrero
Garcia and Harwell, 2017). In the ventral telencephalon,
intermediate progenitors are represented by short neural
progenitors (SNPs), similar to those in the dorsal pallium
(Tyler and Haydar, 2013), and subapical progenitors
(SAPs) (Pilz et al., 2013). Despite displaying an apical mem-
brane, SAPs divide at a basal position in the ventricular
zone (VZ) unlike RG and SNPs, which divide at the apical
border and will be collectively referred to here as apical pro-
genitors (APs). During development, neurogenesis occurs
increasingly from progenitors located at the basal side of
the niche, forming the secondary germinal epithelium
called the subventricular zone (SVZ) (Haubensak et al.,
2004; Kosodo and Huttner, 2009; Noctor et al., 2004; Petros
etal., 2015; Pilzetal., 2013). The ganglionic eminence (GE)
largely contributes to the pool of neural stem cells (NSCs)
in the ventricular-subventricular zone (V-SVZ) (Borrett
et al., 2020; Young et al., 2007), which represents the
largest neurogenic niche in the adult murine brain. In the
V-8VZ, two distinct types of NSCs coexist, which are
referred to as apical and basal NSCs because they display
the morphological characteristics of apical and basal RG,
respectively (Baur et al., 2022). Whereas the origin of basal
NSCs s still unclear, apical NSCs share a common apical RG
progenitor with ependymal cells (Epen) (Ortiz-Alvarez
et al., 2019).

Several niche factors affect the proliferation and differen-
tiation of neural progenitors (Ferent et al., 2020). From
mid-development onward, the expression of the epidermal
growth factor receptor (EGFR) and its multiple ligands in-
creases in the periventricular tissue (Zhang et al., 2023).
In the developing GE, NSCs acquire EGF responsiveness
around embryonic day 18 (E18) (Ciccolini, 2001) and
EGF is the main mitogen for postnatal NSCs (Robson
et al., 2018). Despite being associated with proliferation,
EGFR activation in neural progenitors controls pleiotropic
effects, including survival differentiation and migration
(Abdi et al., 2018; Ciccolini et al., 2005; Scalabrino,
2022). This likely reflects different levels of EGFR activation
(Burrows et al., 1997) and differential recruitment of down-
stream pathways (Cochard et al., 2021). Instead, ablation of
EGFR in developing neural precursors affects especially
gliogenesis and astrocytic function (Robson et al., 2018;
Zhang et al., 2023).

Growth/differentiation factor (GDF)15, a member of the
transforming growth factor B superfamily, is also expressed
in the apical V-SVZ from late development onward; howev-
er, its function in this region is still unknown. In the adult
brain, the choroid plexus represents the site of strongest
and almost exclusive GDF15 expression in the adult CNS
(Bottner et al., 1999; Schober et al., 2001). The neonatal
brain displays GDF15 immunoreactivity not only in Epen
but also in the subependymal area (Schober et al., 2001),
and GDF15 regulates the proliferation and EGFR expression
of hippocampal NSCs (Carrillo-Garcia et al., 2014). This sug-
gests that GDF15 may affect the development of APs in the
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V-SVZ. To investigate this possibility, here, we have analyzed
progenitors in the embryonic GE and in the V-SVZ of Gdf15-
deficient mice. Our observations provide the first evidence
that GDF15 regulates the proliferation of apically and sub-
apically dividing progenitors in the embryonic VZ and in
the postnatal counterpart, thereby controlling the total
number of adult Epen and NSCs.

RESULTS

Expression of GDF15 receptor glial cell line-derived
neurotrophic factor family receptor a-like (GFRAL) in
embryonic and adult APs

Previous studies have reported the highest levels of expres-
sion of Gdf15 mRNA and protein in the brain in the region
lining the lateral ventricle and in the choroid plexus (Bott-
ner et al., 1999; Schober et al., 2001). Consistent with these
observations, we have previously shown that Gdf15 tran-
scripts increase at late developmental age in the GE and
that they remain high in the adult V-SVZ (Carrillo-Garcia
et al., 2014). We have also found GDF15 expression in neu-
ral progenitors endowed with NSC potential in both the hip-
pocampus and in the GE of E18 embryos. In the latter re-
gion, these include cells displaying high levels of the EGFR
(EGFRDY) (Carrillo-Garcia et al., 2014), suggesting that
GDF15 may affect the development of NSCs in the V-SVZ.
Supporting this hypothesis, Gdf15 transcripts were observed
in neurosphere progenitors obtained from the E18 GE (Fig-
ure S1A) and GDF15 immunoreactivity was present in cells
expressing SOX2, a marker for NSCs (Ellis et al., 2004), and
EGFR, which is upregulated in activated NSCs and cycling
progenitors in the adult V-SVZ (Figure 1A). Transcripts of
Gfral, which was recently identified as the GDF15 receptor
(Li et al., 2017; Mullican et al., 2017; Yang et al., 2017),
were also similarly expressed in the GE of wild-type (WT)
and Gdf15~/~ E18 embryos (Figures S1B-S1D). Finally,
GFRAL immunoreactivity was often colocalized with EGFR
immunoreactivity and stronger at the apical portion of the
GE (Figures 1B and 1C) and adult V-SVZ (Figures 1D and
1E). Thus, like its ligand, GFRAL is expressed in the embry-
onic and adult germinal niche lining the lateral ventricle.

GDF135 affects the proliferation of apically and
subapically dividing progenitors in the embryonic GE
Having observed that both GDF15 and its receptor are ex-
pressed in the GE and in the V-SVZ, we next investigated
whether in these regions, as in the hippocampus (Car-
rillo-Garcia et al., 2014), GDF15 also increases progenitor
proliferation. We first immunostained whole-mount sam-
ples with antibodies to Ki67 (Figures 2A and 2B), which is
present in the nuclei of all cycling cells. In these prepara-
tions, we also identified dividing progenitors based on
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the morphological appearance of nuclei in anaphase and
telophase (Figure 2B, white arrow; see also supplemental
experimental procedures). As illustrated in Figure 2B, the
distance of the dividing nuclei from the apical surface of
the GE allowed us to identify dividing APs (i.e., RG and
SNPs), whose nuclei localized within the 10-um-thick api-
cal border, and SAPs, dividing at a basal position away
from the apical border. We found that GDF1S5 ablation
significantly affects proliferation also in the E18 GE. How-
ever, unlike in the hippocampus, GDF15 expression in this
region was associated with a decrease in the number of
cycling progenitors and of dividing APs and SAPs
(Figures 2C and 2D). A similar effect of GDF15 was also
observed in the V-SVZ of adult mice (Figures S2A-S2C).
To better understand the effect of GDF15 ablation on pro-
liferation in the E18 GE, we took advantage of whole-tissue
explants. Progenitors duplicating their DNA were labeled
by culturing the explants for 1.5 h in medium containing
5-lodo-2’-deoxyuridine (IdU). The tissue was then fixed
either immediately or after a further 12 h of culturing
without IdU. Fixed explants were then processed for double
immunostaining to score IdU incorporation and mitosis by
means of phospho-histone H3 (pHH3) immunoreactivity
(Figures 2E and 2F). At both time points, more IdU* and
mitotic pHH3*/IdU* progenitors were counted in the
mutant tissue (Figure 2F). In contrast, the genotype did
not affect the number of pHH3*/IdU™ cells. The fact that
only the number of pHH3*/IdU* cells increases in the
Gdf157/~ GE could indicate a shortening of the time
required for the transition between DNA replication and
cell division in mutant progenitors. Supporting this
conclusion, the effect of the genotype on pHH3™" cells,
which include all cells in M-phase, was smaller than the ef-
fect on Ki67" dividing cells, which include only cells in
advanced stages of mitosis (Figure 2, compare panels D
and F). Moreover, in the mutant tissue, a consistent portion
of the additional IdU* cells were non cycling, even at the
earliest time point analyzed (Figures S2D-S2F), indicating
that in the absence of GDF15, more cells divided and exited
the cell cycle 1.5 h after DNA replication. Notably, at the
earlier time point, regardless of the genotype, IdU" cells dis-
played similar fluorescence levels (Figure 2E, upper panels).
In contrast, cells displaying lighter IdU immunoreactivity
were additionally present at the later time point (Figure 2D,
lower panels). Some of these cells could represent second-
generation SAPs, which have a significantly shorter cell cy-
cle (~12 h) than other progenitors in the embryonic GE
(Pilz et al., 2013). Although they were not quantified, these
cells also appeared increased in the mutant tissue, suggest-
ing that in the absence of GDF15, the additional dividing
cells include secondary progenitors. In explants fixed after
a further 12 h, only the number of apical pHH3*/IdU*
cells in the mutant tissue was still increased, whereas
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Figure 1. Analysis of GDF15 and GFRAL expression
Representative confocal images illustrating immunofluorescent staining of the adult V-SVZ (A, D, and E) and E18 GE (B and C) and DAPI

nuclear counterstaining as indicated. See also Figure S1.
Scale bars, 20 um. D, dorsal; L, lateral; M, medial; V, ventral; VT, ventricle.
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Figure 2. Increased proliferation in the E18 GE in the absence of GDF15

(A) Schematic illustration of whole-mount dissection and of the imaged regions of interest (red squares) at the apical side.

(B) Representative confocal images of the apical GE illustrating Ki67 (green) and DAPI (blue) staining viewed as z planes (x-y axis; large
images) and orthogonal (yz and xz axes, small images) projections. The apical and subapical regions are shown on the orthogonal pro-
jections. Arrow indicates a dividing cell. X, y, z, 3-dimensional axes. Scale bar, 20 pum.

(C and D) Quantification of total Ki67* cells (C) and apically and subapically dividing cells (D).

(E) Representative confocal micrographs of the apical surface of tissue explants illustrating pHH3 (blue) and IdU (green) immunostaining
detected after 1.5 h of IdU pulse or after a further 12 h of incubation without IdU.

(F) Quantification of total IdU* and apical and subapical pHH3™ cells. See also Figure S2.

(legend continued on next page)
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pHH3*/IdU* SAPs displayed only a trend increase that was
not significant (Figure 2F). Furthermore, all of the addi-
tional IdU" cells in the mutant GE had exited the cell cycle
at this time point (Figure S2F), indicating that they are not
continuously cycling.

Next, we examined the cell division angles of dividing
APs relative to an axis orthogonal to the ventricular surface
in the embryonic GE and in the adult V-SVZ to determine
whether the absence of GDF15 also alters the mode of
cell division (i.e., symmetric vs. asymmetric). At both
ages, most AP divisions were symmetrical, with a 0° angle
in both genotypes (Figures S3A-S3C). The proportion of
APs dividing asymmetrically at a 45° angle was ~40% in
the embryonic tissue (Figure S3D), which is consistent
with previous observations (Falk et al., 2017). In the adult
V-SVZ, this was reduced to 20% (Figure S3E), indicating a
decrease in neurogenic divisions (Chenn and McConnell,
1995; Zhang et al., 2004). Thus, at either age, the division
mode is not changed by the absence of GDF15.

Our data indicate that in the GE, endogenous GDF15 de-
creases proliferation, in contrast to the age-matched hippo-
campus, where it promotes progenitor proliferation (Car-
rillo-Garcia et al., 2014). Consistent with this conclusion,
compared to the WT counterpart, the number of apical
prominin-1-expressing (P*) progenitors was increased in
the mutant E18 GE (Figures 3A and 3B) and decreased by
treatment with exogenous GDF15 (Figure 3C). This treat-
ment also normalized the number of cycling progenitors
to WT levels in whole-mount preparations (Figures 3D
and 3E), and it reduced the number of dividing APs and
SAPs in mutant explants (Figure 3F). In contrast, when
the WT E18 GE was exposed to exogenous GDF15, only
the number of dividing APs was significantly increased
(Figure 3F). Remarkably, the number of dividing APs was
virtually identical in the two groups of GDF15-treated ex-
plants, suggesting that the seemingly opposite effect
GDF15 exerts on WT and mutant progenitors is likely due
to the initial difference in the number of dividing APs be-
tween the two genotypes.

Since GFRAL is expressed in APs, our data indicate that
GDF15 directly affects the proliferation of VZ progenitors
in the developing GE. Supporting this conclusion, we found
that exposure to exogenous GDF15 in the presence of the
GRASP antagonist peptide, which prevents GFRAL and
RET co-receptor interaction (Borner et al., 2023), also pre-
vented the ability of exogenous GDF15 to affect the prolifer-
ation of sorted APs (Figures 3G and 3H). Thus, GDF15 de-
creases the proliferation of progenitors in the embryonic GE.

GDF15 regulates the proliferation of intermediate
neuronal progenitors in the developing GE

Our analysis of dividing cells indicates that the number of
fast proliferating secondary SAPs is increased upon GDF15
mutation. Cell-cycle regulation affects neuronal output in
the developing GE, and in differentiating neurosphere cul-
tures, most immature neurons are generated from dividing
progenitors (Ostenfeld and Svendsen, 2004; Suh et al.,
2009). Therefore, we used differentiating neurosphere cul-
tures to begin to characterize whether GDF15 affects the
generation of neuronal progenitors. Consistent with our
observations in situ, Gdf15~/~ neurospheres contained
significantly more cells undergoing DNA replication
(Figures 4A and 4B) and mitosis (Figures S3F and S3G)
than their WT counterpart when examined 2 days after
plating (DAP) in differentiation conditions. This also re-
sulted in a faster increase in Gdf15~/~ cell culture conflu-
ence within the first 24 h of plating (Figure S3H). The
difference in proliferation was no longer observed in neu-
rospheres that differentiated in the presence of GDF15, or
when cultures were examined at DAP7 (Figures 4B and
4C). At DAP2, the number of pycnotic nuclei was un-
changed in the two groups of cultures (Table S2), showing
that the change in cell proliferation was not due to a selec-
tive effect of GDF15 on cell viability. However, at DAP4, the
mutant cultures that were not treated with exogenous
GDF15 had more pycnotic nuclei than their treated and
WT counterparts (Table S2). At DAP7, the genotype also
affected neuronal (Figures 4D and 4E) but not oligodendro-
cyte (Table S2) differentiation. The differences in the per-
centage of TuJ1* neurons were no longer observed in cul-
tures that differentiated in the presence of exogenous
GDF15 or for 3 additional days (Figure 4F). Taken together,
these data indicate that GDF15 decreases the proliferation
of neuronal progenitors while promoting their differentia-
tion and survival. We next investigated changes in prolifer-
ation and neurogenesis in vivo in deeper areas of the GE,
containing differentiated neurons by means of intraperito-
neal bromodeoxyuridine (BrdU) injection of the pregnant
dams. The number of dividing cells was only significantly
increased in the tissue analyzed 6, but not 2 h after the in-
jection (Figure 5A). This indicates that the additional prolif-
erating cells in the mutant GE are slower proliferating
neuronal precursors. Consistent with this, the number of
cells expressing achaete-scute homolog 1 (ASCL1), which
affects both proliferation and neuronal specification in
the developing GE (Casarosa et al., 1999; Torii et al.,
1999), was higher in cells dissociated from the mutant

Bars represent mean + SEM; N number is represented by single data points, each showing the average data for 1 individual animal; asterisks
indicate significance to respective WT: *p<0.05, **p<0.01, ***p <0.001, determined by 2-tailed Student’s t test (Cand F, left column) or
by 2-way ANOVA with Sidak’s multiple comparisons test (D and F, center and right columns). Scale bars, 20 um.
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Figure 3. Application of exogenous GDF15 to the mutant E18 GE

(A) FACS plots showing cells positive for P* (red) in the WT and Gdf15~/~ E18 GE, with GDF15 application and without (Ctrl).

(B) Quantification of the FACS analysis in (A).

(C) Change in the number of total P* cells upon GDF15 treatment as percentage of total P* cells in untreated cells from the same animal.
(D) Representative confocal images of apical and subapical planes of explants treated with GDF15 overnight upon Ki67 (green) and DAPI
(blue) staining.

(legend continued on next page)
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E18 GE than in the WT counterpart (% immunopositive
cells: WT = 22.84 + 3.4; Gdf15~/~ = 30.51 + 2.2; p < 0.05).
A similar change was observed in the postnatal V-SVZ,
where ASCL1* progenitors largely represent rapidly prolif-
erating transit amplifying progenitors and preneuroblasts
(Cesetti et al., 2009; Parras et al., 2004). The number of
ASCL1* progenitors was also higher in the V-SVZ of adult
Gdf15~/~ mice than the WT counterpart (Figures 5B and
5C). This increase was limited to the fraction of ASCL1*/
Ki67* proliferating progenitors (Figure 5C) and was not
observed at the level of the dorsolateral corner (Figure 5D).
A subset of ASCL1" cells, but not preneuroblasts, also ex-
presses oligodendrocyte transcription factor 2 (OLIG2), a
helix-loop helix transcription factor associated to oligo-
dendrocyte differentiation (Cesetti et al., 2009; Lu et al.,
2002; Zhou and Anderson, 2002). Therefore, we next
analyzed the expression of OLIG2 by immunofluorescence
in the mediolateral V-SVZ of WT and Gdf15~/~ mice. Inde-
pendent of ASCL1 expression, the number of OLIG2" cells
(Figures S4A and S4B), and total or proliferating doublecor-
tin-positive (DCX*)/Ki67" neuroblasts (Figures S4C and
S4F) was not affected by the genotype. Next, we investi-
gated whether GDF15 affects cell viability also in vivo.
Flow cytometric analysis showed a higher percentage of
propidium iodide (PI)* dying cells in both mutant EGFR"
(fold increase 2.00 + 0.3382; p=0.0369) and EGFR! (fold in-
crease 1.380 +0.1094; p=0.0511) cells than in WT counter-
parts. Likewise, more annexin V* cells were observed in
mutant than WT brain slices (Figures S4F and S4G). Taken
together, our data indicate that both in vitro and in vivo, the
increase in the proliferation of mutant neuronal progeni-
tors does not cause increased neurogenesis, likely due to
compensatory cell death.

GDF15 regulates the number of NSCs and Epen

Dividing APs in the developing GE also gives rise to Epen
and adult apical NSCs, which are largely derived from a
common progenitor whose proliferation at mid-develop-
ment (Ortiz-Alvarez et al., 2019) is regulated by a mecha-
nism that involves bone morphogenetic protein-mediated
control of the cell cycle (Omiya et al., 2021). Therefore, we
next investigated whether the increase in the proliferation
in the mutant GE also affects the number of multiciliated
Epen and progenitors displaying only one primary cilium
at the apical surface of newborn mice at postnatal day 2

(P2). We here used B-catenin to label cell-to-cell contacts
and fibroblast growth factor receptor 1 oncogene partner
(FOP), a centrosomal protein, thereby visualizing cell
boundaries and the basal body of the cilia, respectively.
Because both B-catenin and FOP antibodies were derived
from the same host species, the antigens were labeled in a
single fluorescent channel and differentiated based on la-
bel localization and intensity (Figure 6A). Cells with a sin-
gle centrosome or centrosome pair (one to two FOP*
dots) were counted as single ciliated (SC), whereas cells
with more than two centrosomes (i.e., multiciliated cells)
were counted as Epen (Figure 6A). This analysis revealed a
significant increase in multiciliated Epen as well as a trend
increase in SC cells in the mutant tissue compared to the
WT counterpart and a significant increase in the number
of total cells (Figures 6B-6D). Moreover, in the adult
V-S8VZ, where multiciliated Epen are fully differentiated,
the number of both Epen and apical NSCs, identified based
on the elongated cell morphology, glial fibrillary acidic pro-
tein (GFAP) expression, and absence of motile cilia, were
increased (Figures 6E and 6F). Both apical NSCs and Epen
continue to express P* in the postnatal V-SVZ, but only
the first are capable of undergoing clone formation (Baur
et al.,, 2022; Carrillo-Garcia et al., 2010; Khatri et al.,
2014). Therefore, we determined the number of P* cells
and their clonogenic ability. These analyses revealed that
their number was increased in the mutant V-SVZ (Fig-
ure 6G) but the incidence of P* clonogenic cells was not
affected (Table 1), indicating an increase in the number of
both Epen and apical NSCs.

Lack of GDF135 affects EGFR expression and signaling
dynamics in neural progenitors

The acquisition of EGF responsiveness (Ciccolini, 2001)
and the increase in GDF15 expression in the telencephalon
both occur at late developmental ages and in the devel-
oping hippocampus, where GDF15 affects EGFR expression
(Carrillo-Garcia et al., 2014). Therefore, we next investi-
gated EGFR expression and its activation in the developing
WT and mutant GE. Independent of the genotype, EGFR
immunoreactivity was stronger at the basal side than the
apical side of the VZ, with EGFR" cells showing a more
pronounced radial orientation in WT than in mutants in
coronal sections (Figure S5A, white arrows). At higher
magnification, EGFR immunoreactivity had mainly a

(E and F) Quantification of total (E) or dividing (F) Ki67" cells from (D).

(G) Dissociated, P*-sorted E18 GE cells after treatment as indicated and Ki67 (red) and DAPI (blue) staining. Scale bars, 20 pm.

(H) Quantification of Ki67* cells from (G), as percentage of total cells, normalized to Ctrl.

Bars represent mean = SEM; N number is represented by single data points, each showing the average data for 1 individual animal; */*
indicate significance: */"p <0.05, **p < 0.01, ***/*™*p < 0.001; * indicates significance to respective WT control, * indicates significance
to respective untreated control. p values were determined by 2-tailed Student’s t test (B unpaired, C paired as indicated), 2-way ANOVA
with Sidak’s multiple comparisons test (E and F), or one-way ANOVA against Ctrl (H).
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Figure 4. Effect of GDF15 on differentiation of neurospheres derived from the E18 GE

(A) BrdU (green) and DAPI (blue) staining of WT and Gdf15~/~ neurosphere cultures fixed DAP2 or -7 in differentiation medium and treated
with GDf15 as indicated. BrdU was added to the culture medium 24 h before fixation.

(B and C) Quantifications of BrdU* cells from (A).

(D) Tud1 (green) and DAPI (blue) staining of WT and Gdf15~/~ neurosphere cultures fixed DAP7 or -10 and treated with GDF15 as indicated.
(E and F) Quantifications of TuJ1* cells from (D).

Scale bars, 20 um. Bars represent mean + SEM; N number is represented by single data points, each showing the average data for 1 in-
dividual animal; * indicates significance: *p < 0.05, determined by 2-way ANOVA with Tukey’s multiple comparisons test.
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punctuate appearance in the mutant embryonic GE (Fig-
ure S5B) and especially adult V-SVZ (Figure S5C), unlike
in the WT counterpart, where it was present also at the
cell borders. Compared to age-matched WT tissue,
the EGER fluorescence levels were significantly reduced in
the adult but not in the embryonic tissue (Figures S5D
and SSE). On the other side, endogenous EGFR activation,
measured by immunostaining with antibodies recognizing
phosphorylated EGFR (pTyr'%°%; pEGFR), revealed at both
ages no significant effect of the genotype (Figures SSF and
S5G). Notably, there was not a clear overlap between
pEGFR and EGFR immunoreactivities, with the first being
mostly expressed in weakly EGFR™ cells in the embryonic
GE and especially in the adult V-SVZ (Figures S5Band
S5C). The lack of correlation between EGFR expression
and phosphorylation is known, since the EGFR protein is
degraded in the presence of strong EGFR activation (Tomas
et al., 2014). Analysis of EGFR by flow cytometry also
showed a significant reduction in the number of EGFR?
cells both in apical mutant P* and P~ cells, which was
rescued by a short exposure to exogenous GDF15
(Figures SSH-S5]). Notably, the decrease in the number of

DAPI ASCL1 DAPI

Figure 5. Increased ASCL1" cells in the
lateral-ventral V-SVZ

(A) Quantitative analysis of the nuclei dis-
playing BrdU immunoreactivity per ROI
within the deep GE of WT and Gdf15~/~ E18
embryos 2 and 6 h after BrdU injection.

(B) Coronal sections of the V-SVZ of adult WT
and Gdf15~/~ mice after Ki67 (green), ASCL1
(red), and DAPI (blue) staining. Scale bar,
20 pm.

(C and D) Quantifications of ASCL1*/Ki67~
and ASCL1*/Ki67 (C) and total ASCL1"
(D) cells from (B).

See also Figure S4. Lat. wall = lateral wall,
dors. corner = dorsolateral corner. Bars
represent mean + SEM; N number is repre-
sented by single data points, each showing
the average data for 1 individual animal; *
indicates significance: *p < 0.05, **p < 0.01,
determined by 2-way ANOVA with Sidak's
multiple comparisons test.

ASCL1

EGFR" cells in the mutant GE was detected only when
EGFR was measured using EGF bound to the less sensitive
Alexa 488 but not Alexa 647 (Figures SSK-S5M), which un-
like the first allows the detection of EGFR-expressing cells
displaying also moderate levels of surface EGFR. Taken
together, these data indicate that, rather than a general
downregulation of EGFR, lack of GDF15 leads to a decrease
in the levels of EGFR expressed at the cell membrane.
Similar amounts of Egfi transcripts were expressed in the
mutant and WT GE (Figure S5N).

We next investigated the dynamics of EGFR activation in
WT and mutant progenitors. Independent of the genotype,
a short exposure to exogenous EGF induced similar levels
of ERK phosphorylate in acutely dissociated E18 GE (Fig-
ure S6A). Moreover, a short application of GDF15 was
also able to induce the phosphorylation of ERK, consistent
with the fact that it triggers GFRAL-dependent signaling.
However, levels of pERK were significantly downregulated
already 1 h after EGF application in mutant but not WT
cells, and a lower concentration of EGF was necessary to
evoke a significant response in WT than in mutant cells
(Figures S6B and S6C). Thus, although both WT and
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Figure 6. Lack of GDF15 leads to increased number of Epen and apical NSCs

(A) Schematic showing Epen and SC cells using FOP and B-catenin immunoreactivity. (a’) Closeup of WT image in (B), showing FOP and
B-catenin, indicating ciliary basal bodies/centrosomes and cell-to-cell contacts, respectively. (a”) The latter are highlighted in red. (a”)
Cells containing 1/2 or multiple centrosomes were considered SC (red) and Epen (blue) cells, respectively. Scale bar, 10 pum.

(B) Whole mounts of the E18 lateral GE immunofluorescently labeled with FOP and B-catenin. Scale bars, 20 um.

(C and D) Quantification of SC and Epen (C) and total cells (D).

(E) Arl13b (green) and GFAP (blue) staining on whole mounts of the adult V-SVZ. Arrows indicate SC NSCs. Scale bars, 20 um.

(F) Quantification of multiciliated (Epen) and GFAP immunopositive cells.

(G) FACS analysis of dissociated P8 V-SVZ cells labeled with antibodies against P*.

Bars represent mean + SEM; N number is represented by single data points, each showing the average data for 1 individual animal; *
indicates significance to respective WT control: *p < 0.05, **p < 0.01, ***p < 0.001, determined by 2-tailed Student’s t test.

mutant progenitors are capable of responding to EGF, the
dynamics of EGFR activation differ between the two groups
of progenitors, which also suggests that in mutant cells the
receptor is more rapidly degraded upon ligand activation.
Underscoring the mild nature of these differences, pHH3
and EGFR immunoreactivities were strongly colocalized
both in the WT and in the mutant GE (Figures 7A and
7B). Moreover, independent of the genotype, pharmaco-
logical blockade of EGFR with PD158780 (PD) reduced
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the number of cycling progenitors (Figures 7C and 7D)
and dividing cells (Figures 7E and 7F). However, the effect
of the treatment was significant only in the mutant GE,
which probably reflects the problematic quantification of
mitotic cells in the WT GE, due to their low number. On
the contrary, independent of the genotype, exposing the
GE to exogenous EGF for 24 h did not greatly affect the
number of cycling progenitors, indicating saturation of
endogenous EGFR activation. Nevertheless, the treatment



Table 1. Number of clonogenic cells (as percentage of plated)
within the indicated population sorted from the dissociated
V-SVZ of adult WT and Gdf15~/~ mice

Clones DIV O WT Gdf15~/~
PE" cells 14.37 + 7.4 12.71 + 3.9
PEN cells 21.3 £ 1.79 38.35 + 9.51

Data are displayed as mean + SEM. N = 2 separate experiments with sorted
cells pooled from 4 to 6 animals each.

caused a small but significant increase in the number of
dividing APs in the WT tissue and a decrease in the number
of dividing APs and SAPs in the mutant GE, which was sig-
nificant only in the latter group (Figures 7E and 7F). Thus,
unlike exposure to exogenous GDF15, manipulation of
EGFR activation does not rescue the proliferation of
mutant progenitors. Nevertheless, our analysis indicates
that in the mutant GE, proliferation is more reliant on
endogenous EGFR activation than in the WT counterpart.

A similar effect of GDF15 on EGFR expression was previ-
ously observed also in the developing hippocampus, where
we found that GDF15 requires active C-X-C chemokine re-
ceptor type 4 (CXCR4) signaling to increase the number of
EGFR" hippocampal progenitors (Carrillo-Garcia et al.,
2014). Consistently, also in the embryonic GE, blockade
of CXCR4 signaling by medium application of AMD3100
(AMD) prevented the increase in the number of EGFR" pro-
genitors induced by GDF1S5 exposure (Figure S7A), and the
addition of AMD to the culture medium affected specif-
ically the ability of EGFR" progenitors to undergo clone
formation (Figure S7B). Since AMD blockade interferes spe-
cifically with this class of progenitors, we applied it in situ to
investigate how many of the proliferating EGFR" cells are
present in the WT and mutant GE. Treatment with AMD
overnight led to a significant decrease both in terms of
total cycling cells and dividing APs in the WT and mutant
tissue (Figures S7C-S7F). Independent of the location, no
dividing cells could be observed in AMD-treated WT tissue,
whereas in the mutant tissue CXCR4 blockade significantly
decreased only the number of dividing APs (Figures S7E and
S7F). Taken together, these data indicate that some of the
dividing APs and SAPs represent EGFR" cells and that these
cells, which are more reliant on active CXCR4 to undergo
proliferation, are more abundant in the WT GE than in
the mutant counterpart.

DISCUSSION

The neonatal periventricular zone and the choroid plexus
are the main sources of GDF15 within the brain (Bottner
et al.,, 1999; Schober et al., 2001). Our data provide for
the first time a function for GDF15 in this region, showing

that it regulates growth factor responsiveness, cell-cycle ki-
netics, and cell survival, ultimately affecting the number of
adult NSCs and Epen.

Our analysis focuses here on the effect of GDF15 on apical
NSCs, aminor pool of NSCs in the adult V-SVZ characterized
by P* expression, an apical membrane and a primary cilium
(Baur et al., 2022). Most Epen are born during mid- to late
development, although they differentiate only after birth
(Redmond et al., 2019). Around the same time, NSCs begin
a transition into quiescence, which continues into the early
postnatal weeks (Borrett et al., 2020; Fuentealba et al., 2015;
Furutachi et al., 2015). The generation of Epen and NSCs is
linked because they share a common progenitor (Ortiz-Al-
varez et al., 2019). The increase of GDF15 expression at the
late stages of development is temporally correlated with
changes in cell-cycle dynamics and in EGFR expression in
neural progenitors, suggesting a developmental role for the
growth factor in the regulation of these processes. Support-
ing this hypothesis, we found that short exposure to exoge-
nous GDF15 reduces progenitor proliferation and promotes
EGFR expression, showing that the phenotype observed in
the mutant V-SVZ is not the result of a selective process.

Atacellular level, GDF1S5 decreases the pool of cycling cells
and apical cell division and it slows cell-cycle progression.
However, GDF15 is not required for progenitors to perma-
nently exit the cell cycle and differentiate. Instead, our data
in vitro and in vivo support the notion that the extra progen-
itor cells generated in the mutant germinal niche will pro-
ceed to differentiate in a normal manner, leading to the gen-
eration of supernumerary Epen and NSCs and to neuronal
progenitors that will undergo compensatory cell death.
Compensatory cell death was also observed upon the in-
crease in neural progenitor proliferation following the loss
of mCD24 expression (Belvindrah et al., 2002), suggesting
thatit may represent a common route of regulation of neuro-
genesis in the postnatal niche. However, in the mutant em-
bryonic GE, the increase in the number of ASCL1™" cells was
not associated with extra cell death. Since many of the cells
generated at E18 in the GE migrate away and undergo termi-
nal differentiation in the dorsal telencephalon, it is possible
that the supernumerary cells generated in the Gdf15~/~ GE
eventually undergo compensatory cell death in other regions
of the telencephalon and therefore escaped our analysis. Itis
interesting to note that the increase in GDF15 expression
temporally coincides with apical RG progenitors starting to
withdraw from the cell cycle and transitioning to the state
of quiescent adult NSCs. Gene signature analysis has re-
vealed that this transition involves shutting down several
biological processes occurring between E17 and P6 (Borrett
et al., 2020), and that upon reactivation, adult NSCs reac-
quire characteristics of RG. Indeed, we here found that prolif-
erating adult NSCs display the same increase in cell-cycle ki-
netics as observed in embryonic progenitors.
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Figure 7. Effect of EGFR activation on proliferation in the E18 GE

(A) Coronal sections of the GE germinal region of E18 WT and Gdf15~/~ mice illustrating pHH3 (green), EGFR (red), and DAPI (blue)
staining. AB, apical border; GE, deep ganglionic eminence; V, lateral ventricle. Scale bar, 37.5 pm.

(B) Quantification of (A).

(C) Representative confocal pictures showing the apical surface of explants upon Ki67 (green) and DAPI (blue) staining after treatment
with PD or EGF as indicated. Scale bars, 10 pum.

(D-F) Quantifications of total (D) or dividing Ki67" (E and F) cells.

Bars represent mean + SEM; N number is represented by single data points, each showing the average data for 1 individual animal; */*
indicate significance: */*p < 0.05, **/™p < 0.01, ***/"*p < 0.001; * indicates significance to respective WT control, + indicates sig-
nificance to respective untreated control, determined by 2-way ANOVA with Tukey’s multiple comparisons test.

Our data also indicate that at the molecular level, GDF15  APs. From late development onward, EGFR expression is
may affect at least in part the proliferation of APs by modu- also upregulated in NSCs, and EGF is the main mitogen
lating EGFR expression. A brief exposure to exogenous for NSCs (Cesetti et al., 2009; Ciccolini, 2001). Extending
GDF15 increased EGFR expression, and modulation of these previous observations, we show here a close associa-
EGFR signaling affected the proliferation and number of tion between EGFR expression and proliferation also
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in vivo. Mutant progenitors appear more dependent on
endogenous EGFR signaling to undergo fast proliferation,
whereas the activation of EGFR had opposite effects in
mutant and WT GE progenitors, suggesting that levels of
EGFR expression affect the response to EGF. That EGFR
signaling is an important component of the regulation of
APs is consistent with the observation that in rodents,
EGEFR ligands are a constant component of the cerebrospi-
nal fluid (Van Setten et al., 1999). Consistent with the
regional expression of EGFR ligands, in the postnatal brain
EGFR activation is crucial for the regulation of the differen-
tiation of Epen cells from RG progenitors (Abdi et al., 2019).
Embryonic human NSCs also overexpress GDF15 (Wang
etal., 2010), and EGF is present in the human cerebrospinal
fluid (Shnaper et al., 2009). Thus, our observation may
have potential relevance for the regulation of proliferation
in human NSCs.

Despite the effect of GDF15 on EGFR transduction, modu-
lation of EGFR signaling did not rescue the Gdf15~/~ pheno-
type in a manner similar to GDF15 application. This indi-
cates that GDF15 also works through other, as yet
unknown, mechanisms to regulate proliferation of api-
cal NSCs.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents
should be directed to and will be fulfilled by the corresponding
author, Francesca Ciccolini (ciccolini@nbio.uni-heidelberg.de).
Materials availability

No unique reagents were generated in this study.

Data and code availability

Large datasets and original code were not generated in this study.

Animals

Details are provided in the supplemental information. All of the
animal experiments were approved by the Regierungsprasidium
in Karlsruhe, Germany.

BrdU labeling in vivo

Time-mated (E18) pregnant Gdf15*~ females from heterozygous
matings were injected intraperitoneally with BrdU (10 ng/g body
weight) once and sacrificed after 2 h, or twice every 2 h and killed
6 h after the first injection.

Tissue and neurosphere cultures

Whole-mount preparations, brain tissue of 8-week-old animals, or
E18 embryos were dissected as described before (Khatri et al.,
2014). Details are provided in the supplemental information. Neu-
rosphere cultures were established as previously described (Ga-
khar-Koppole et al., 2008).

Fluorescence-activated cell sorting (FACS)

Sorting was performed using a FACSVantage and a FACSArialll
sorter (Becton Dickinson) as previously described (Carrillo-Garcia
et al., 2010; Cesetti et al., 2009; Ciccolini et al., 2005). Details are
provided in the supplemental information.

Western blot

Western blot was performed as previously described (Gakhar-Kop-
pole et al., 2008). Details are provided in the supplemental
information.

Immunofluorescence
Immunofluorescence was performed as previously described (Baur
etal., 2022). Details are provided in the supplemental information.

Image acquisition and imaging

Capture and analysis of images were performed as previously
described (Baur et al., 2022). Details are provided in the supple-
mental information.

Real-time PCR

RNA isolation and real-time PCR were performed as previously
described (Baur et al., 2022). Details are provided in the supple-
mental information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2024.01.008.
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