
Development/Plasticity/Repair

FGF Signaling Directs the Cell Fate Switch from Neurons to
Astrocytes in the Developing Mouse Cerebral Cortex
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During mammalian neocortical development, neural precursor cells generate neurons first and astrocytes later. The cell fate switch from
neurons to astrocytes is a key process generating proper numbers of neurons and astrocytes. Although the intracellular mechanisms
regulating this cell fate switch have been well characterized, extracellular regulators are still largely unknown. Here, we uncovered that
fibroblast growth factor (FGF) regulates the cell fate switch from neurons to astrocytes in the developing cerebral cortex using mice of
both sexes. We found that the FGF signaling pathway is activated in radial glial cells of the ventricular zone at time points corresponding
to the switch in cell fate. Our loss- and gain-of-function studies using in utero electroporation indicate that activation of FGF signaling is
necessary and sufficient to change cell fates from neurons to astrocytes. We further found that the FGF-induced neuron–astrocyte cell fate
switch is mediated by the MAPK pathway. These results indicate that FGF is a critical extracellular regulator of the cell fate switch from
neurons to astrocytes in the mammalian cerebral cortex.
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Introduction
Neural precursor cells (NPCs) undergo a characteristic temporal
pattern of differentiation in the developing cerebral cortex
wherein neurons are generated first, followed by astrocytes and
finally oligodendrocytes (Qian et al., 2000; Hirabayashi et al.,
2009; Wang et al., 2016). The cell fate switch from neurons to

astrocytes is critical not only for determining how many neurons
and astrocytes are ultimately made, but also for the establishment
of neural circuitry (Miller and Gauthier, 2007; Freeman, 2010;
Bronstein et al., 2017). This cell fate switch consists of two distinct
molecular processes: the cessation of neurogenesis and the initi-
ation of astrocytogenesis. It has been proposed that the neuron–
astrocyte cell fate switch is governed by both extracellular cues
and intracellular mechanisms (Rowitch and Kriegstein, 2010;
Kang et al., 2012).

One of the most relevant controls of the neuron–astrocyte cell
fate switch would be the intrinsic epigenetic changes in the NPCs.
A previous study showed that Polycomb group (PcG) proteins,
which are well known epigenetic regulators, play key roles in
chromatin dynamics and the neuron–astrocyte cell fate switch in
the developing cerebral cortex (Hirabayashi et al., 2009). High
mobility group B2, which serves as an enhancer of Polycomb
(Déjardin et al., 2005), was reported to regulate PcG proteins and
consequently the neuron–astrocyte cell fate switch (Bronstein et
al., 2017). Furthermore, recent pioneering studies investigated
the intracellular signaling mechanisms of the neuron–astrocyte
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Significance Statement

Although the intracellular mechanisms regulating the neuron–astrocyte cell fate switch in the mammalian cerebral cortex during
development have been well studied, their upstream extracellular regulators remain unknown. By using in utero electroporation,
our study provides in vivo data showing that activation of FGF signaling is necessary and sufficient for changing cell fates from
neurons to astrocytes. Manipulation of FGF signaling activity led to drastic changes in the numbers of neurons and astrocytes.
These results indicate that FGF is a key extracellular regulator determining the numbers of neurons and astrocytes in the mam-
malian cerebral cortex, and is indispensable for the establishment of appropriate neural circuitry.
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cell fate switch in the developing mouse
cerebral cortex and demonstrated the in-
volvement of the gp130/JAK/STAT path-
way and the MEK/MAPK pathway. Loss-
of-function of gp130 and STAT3 resulted
in an excess of neurons along with im-
paired astrocytogenesis (Nakashima et al.,
1999; He et al., 2005; Cao et al., 2010).
Similarly, MEK1/2 deletion led to ex-
tended neurogenesis and a persistent fail-
ure of astrocytogenesis (Li et al., 2012). In
contrast to the intracellular mechanisms,
the extracellular mechanisms regulating
the neuron–astrocyte cell fate switch re-
main largely unknown. Although ciliary
neurotrophic factor, which is an extracel-
lular regulator of the gp130/JAK/STAT
pathway, was reported to suppress neuro-
genesis and promote astrocytogenesis in
culture, it did not show obvious effects in
vivo (Masu et al., 1993; DeChiara et al.,
1995).

Because the MEK/MAPK pathway is
activated by growth factors, and fibroblast
growth factor receptors (Fgfrs) are ex-
pressed in the developing cerebral cortex,
we focused on fibroblast growth factor
(FGF). Here, we uncovered that FGF reg-
ulates the cell fate switch from neurons to
astrocytes in the developing mouse cere-
bral cortex. We found that the FGF signal-
ing pathway was activated in radial glial
cells (RGCs) of the ventricular zone (VZ)
at time points corresponding to the cell
fate switch. Activation of FGF signaling
suppressed neurogenesis and promoted
astrocytogenesis. Furthermore, inhibition
of FGF signaling by dominant-negative
FGFR3 promoted neurogenesis but inhib-
ited astrocytogenesis. These results indicate that FGF is a critical
extracellular regulator of the cell fate switch from neurons to
astrocytes in the mammalian cerebral cortex.

Materials and Methods
Animals. ICR mice were purchased from SLC (Hamamatsu) and reared
on a normal 12 h light/dark schedule. The day of conception and that of
birth were counted as embryonic day (E)0 and postnatal day (P)0, re-
spectively. Mouse pups of both sexes were used for the experiments. All
procedures were performed in accordance with protocols approved by
the Animal Care Committee of Kanazawa University.

In utero electroporation (IUE) procedure. In utero electroporation us-
ing mice was performed as described previously with slight modifications
(Fukuchi-Shimogori and Grove, 2001; Tabata and Nakajima, 2001;
Saito, 2006; Wakimoto et al., 2015; Hoshiba et al., 2016). Briefly, preg-
nant ICR mice were anesthetized, and the uterine horns were exposed.
Approximately 1–2 �l of DNA solution was injected into the lateral
ventricle of embryos using a pulled glass micropipette. Each embryo
within its uterus was placed between tweezer-type electrodes (CUY650
P0.5-3, NEPA Gene). Square electric pulses (40 V, 50 ms) were passed
five times at 1 s intervals using the electroporator. Care was taken to
quickly place embryos back into the abdominal cavity to avoid excessive
temperature loss. The wall and skin of the abdominal cavity were sutured,
and embryos were allowed to develop normally.

Plasmids. pCAG-EGFP, pCAG-FGF8 and pCAG-sFGFR3c were de-
scribed previously (Sehara et al., 2010; Masuda et al., 2015; Matsumoto et

Figure 1. FGF signaling is activated during the neuron–astrocyte cell fate switch in the developing mouse cerebral cortex.
Immunohistochemistry and in situ hybridization were performed using 14 �m coronal sections of the mouse cerebral cortex at E15
and E18. A, In situ hybridization for Fgfr1, 2, and 3 in the germinal zones of the mouse cerebral cortex. Scale bar, 50 �m. B,
Immunohistochemistry for pMAPK and in situ hybridization for Etv5 and Spry2. Scale bar, 50 �m. C, D, Quantification of Etv5 and
Spry2 mRNA signal intensities in the VZ. The signal intensities were increased between E15 and E18 [unpaired Student’s t test,
*p � 0.0082 (C) and 0.005 (D)]. E, F, In situ hybridization for Etv5 or Spry2 followed by immunostaining for Pax6 and Tbr2 at E18.
The areas within the boxes at the top were magnified and shown in the bottom. Note that Etv5 and Spry2 are expressed in
Pax6-positive cells but not in Tbr2-positive cells. Scale bars: top, 100 �m; bottom, 25 �m. IZ, Intermediate zone; SVZ, subven-
tricular zone.

Figure 2. Subcellular distribution patterns of pMAPK signals. Immunohistochemistry for
pMAPK was performed using 14 �m coronal sections of the mouse cerebral cortex at E15 and
E18. Images in the VZ were taken using a confocal microscope. Arrowheads indicate the posi-
tions of the nuclei. Note that no signal was observed without pMAPK antibody (second anti-
body). Scale bar, 20 �m.
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al., 2017). We combined the piggyBac (PB) transposase system and in
utero electroporation to induce stable expression of transgenes. PB-
CAG-EiP and pCAG-PBase were described previously (Matsui et al.,
2014; Kim et al., 2016). Plasmids were purified using the EndoFree Plas-
mid Maxi kit (Qiagen). For gain-of-function experiments, a mixture of
pCAG-EGFP (0.5 mg/ml) plus either pCAG-FGF8 or pCAG control plas-
mid (1 mg/ml) in PBS was used. For loss-of-function experiments, a
mixture of PB-CAG-EiP (1.6 mg/ml), pCAG-PBase (0.4 mg/ml) plus
either pCAG-sFGFR3c or empty vector plasmid (3 mg/ml) in PBS was
used. SASA-MEK, a dominant-negative form of MEK (DN-MEK), was

kindly provided by Dr. Eisuke Nishida (RIKEN
Center for Biosystems Dynamics Research).
Two serines, which are important for MEK ac-
tivation, were replaced with alanines in SASA-
MEK (Zheng and Guan, 1994; Gotoh et al.,
1999). SASA-MEK was inserted into pCAG
plasmid. Before in utero electroporation proce-
dures, Fast Green solution was added to a final
concentration of 0.3% to monitor the
injection.

FGFR inhibitor treatment. We used the
FGFR inhibitor NVP-BGJ398, which is a po-
tent and selective inhibitor of FGF receptors 1,
2, and 3 (Guagnano et al., 2011). To label both
astrocytes and neurons with GFP, in utero elec-
troporation was performed at E15.5 using a
mixture of PB-CAG-EiP (1.6 mg/ml) and
pCAG-PBase (0.4 mg/ml). Pregnant mothers
were then treated with either NVP-BGJ398 (10
mg/kg body weight; ChemieTek) or vehicle so-
lution (2:1 mix of PEG-300/5% glucose) by
oral gavage twice per day, four times in total.

Tissue preparation. Tissue preparation was
performed as described previously (Hayakawa
and Kawasaki, 2010; Iwai et al., 2013). After
mice were deeply anesthetized, embryonic
brains were fixed and incubated overnight in
4% paraformaldehyde (PFA)/PBS at 4°C. Post-
natal mice were transcardially perfused with
4% PFA/PBS. Brains were dissected and post-
fixed with overnight immersion in 4% PFA/
PBS, cryoprotected with 2-d immersion in
30% sucrose/PBS, and embedded in OCT
compound. Coronal sections of 14 �m or 50
�m thickness were made using a cryostat.

Immunohistochemistry. Immunohistochem-
istry was performed as described previously
with slight modifications (Kawasaki et al.,
2000; Toda et al., 2013). Briefly, free-floating
sections were permeabilized with 0.3% Triton
X-100/PBS and incubated overnight with
primary antibodies in 2% bovine serum al-
bumin (BSA)/PBS, then washed with PBS
three times for 5 min each. The sections were
incubated with secondary antibodies and
Hoechst 33342 in 2% BSA/PBS for 2 h, and
then washed with PBS three times for 5 min
each. The sections were mounted on slides
with Mowiol (Sigma-Aldrich). Antibodies
used for immunostaining were as follows: rat
anti-GFP antibody (Nacalai Tesque; RRID:
AB_10013361), mouse anti-NeuN antibody
(Millipore; RRID:AB_2314889), rabbit anti-
NeuN antibody (Cell Signaling Technology;
RRID:AB_2630395), rabbit anti-Cux1 anti-
body (Santa Cruz Biotechnology; RRID:
AB_2261231), rabbit anti-S100� antibody
(Synaptic Systems; RRID:AB_2620024), goat
anti-NDRG2 antibody (Santa Cruz Biotechnol-
ogy; RRID:AB_2150312), mouse anti-GFAP an-

tibody (Sigma-Aldrich; RRID:AB_477010), mouse anti-phospho-histone
H3 (pHH3) antibody (Millipore; RRID:AB_310016), rabbit anti-phospho-
p44/42 MAPK (ERK1/2) antibody (Cell Signaling Technology; RRID:
AB_2315112), mouse anti-Pax6 antibody (Abcam; RRID:AB_1566562),
rabbit anti-Tbr2 antibody (Abcam; RRID:AB_778267), donkey second-
ary antibodies conjugated to AlexaFluor 488 (Molecular Probe), donkey
secondary antibodies conjugated to Cy3 (Jackson ImmunoResearch),
and goat secondary antibodies conjugated to AlexaFluor 647 (Molecular
Probe).

Figure 3. Activation of FGF signaling induces the cell fate switch of GFP-positive cells from neurons to astrocytes in vivo. A,
Experimental schematic. pCAG-EGFP plus either pCAG-FGF8 or pCAG control vector was introduced into the mouse cerebral cortex
at E15.5 by IUE, and coronal sections were prepared at P15. B–D, Sections were stained with anti-GFP and anti-NeuN antibodies
and Hoechst 33342. B, Lower-magnification images. The areas within the boxes in B were magnified and shown in C, and the areas
within the boxes in C were magnified and shown in D. All GFP-positive cells migrated into layer 2/3 in the control brain, whereas
they were ubiquitously located throughout the cortex of the FGF8-electroporated brain. GFP-positive cells in the control brain
showed neuronal morphologies (arrows), whereas they exhibited astrocytic star-shaped morphologies with small nuclei and many
fine branches in the FGF8-electroporated brain (arrowhead). GFP-positive cells in the control brain coexpressed NeuN (arrows),
whereas GFP-positive cells in FGF8-electroporated brain were negative for NeuN (arrowhead). E–G, Sections were stained with
anti-GFP and anti-S100� antibodies plus Hoechst 33342. E, Lower-magnification images. The areas within the boxes in E were
magnified and shown in F, and the areas within the boxes in F were magnified and shown in G. Note that GFP-positive cells in the
control brain were S100�-negative (arrow), whereas those in FGF8-transfected brains coexpressed S100� (arrowhead). Numbers
indicate layers in the cortex. WM, White matter. Scale bars: B, E, 200 �m; C, F, 50 �m; D, G, 20 �m. H, The percentages of
GFP-positive cells coexpressing NeuN (left) or S100� (right). Note that GFP-positive neurons were drastically decreased, and
GFP-positive astrocytes were markedly increased by FGF8 (unpaired Student’s t test, *p � 0.0001). Error bars represent mean �
SEM.
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In situ hybridization. In situ hybridization was performed as described
previously with slight modifications (Kawasaki et al., 2004; Iwai et al.,
2013; Ebisu et al., 2017). Briefly, sections of 14 �m thickness were incu-
bated overnight with digoxigenin-labeled RNA probes in hybridization
buffer (50% formamide, 5� saline-sodium citrate buffer, 5� Denhardt’s
solution, 0.3 mg/ml yeast RNA, 0.1 mg/ml herring sperm DNA, and 1 mM

dithiothreitol). The sections were then incubated with an alkaline
phosphatase-conjugated anti-digoxigenin antibody (Roche) and were
visualized using NBT/BCIP as substrates. In some experiments, the sec-
tions were then subjected to Hoechst 33342 staining.

Combination of in situ hybridization and immunostaining was de-
scribed previously (Matsumoto et al., 2017). Briefly, after hybridiza-
tion, sections were incubated with mouse anti-Pax6 antibody (Abcam;
RRID:AB_1566562) and rabbit anti-Tbr2 antibody (Abcam; RRID:
AB_778267). After being incubated with secondary antibodies, the sec-
tions were visualized with NBT/BCIP.

RNA probes for mouse Fgfr1, Fgfr2, and Fgfr3 were described previ-
ously (Matsumoto et al., 2017). To make RNA probes for mouse Etv5 and
Spry2, cDNA fragments were amplified with RT-PCR using the following
primers. Etv5, 5�-ATACCTTGGCTCGGGAGG-3� and 5�-AAGCTGT
GTCCAGGCTGC-3�; Spry2, 5�-GCAATTAACCCTCACTAAAGG-3�,
and 5�-TAATACGACTCACTATAGGG-3�. After PCR products were
confirmed by DNA sequencing, they were inserted into the pCRII-TOPO
vector by using a TOPO TA Cloning Kit (Invitrogen), and digoxigenin-
labeled RNA probes were made. To make RNA probes for mouse prote-
olipid protein (PLP), cDNA fragments were amplified with RT-PCR
using the following primers. PLP, 5�-ccGAATTCagtcagagtgccaaagacatg-
3�, and 5�-ggGTCGACtcagaacttggtgcctcg-3�. After PCR products were

confirmed by DNA sequencing, they were inserted into the pBluescript
vector, and digoxigenin-labeled RNA probes were made.

To measure the average intensities of Etv5 and Spry2 mRNA signals,
the regions corresponding to the VZ were selected using the “Freehand
selections” function of ImageJ. Average signal intensities in the regions
were measured using the “ROI manager” tool of ImageJ.

Microscopy. Epifluorescence microscopy was performed with a BZ-
X710 microscope (KEYENCE). Confocal microscopy was performed
with a FLUOVIEW FV10i (Olympus) and an LSM 5 PASCAL (Carl
Zeiss).

Experimental design and statistical analysis. For immunohistochemis-
try, three coronal sections containing abundant GFP-positive signals at
three distinct rostrocaudal levels from each animal were used. Coronal
sections were stained with Hoechst 33342 and anti-GFP antibody plus
either anti-NeuN antibody, anti-S100� antibody or anti-NDRG2 anti-
body. GFP-positive regions in the mediolateral cerebral cortex corre-
sponding to the primary somatosensory cortex were analyzed. Images
captured using an BZ-X710 microscope were used for quantification.
The background signal was removed by subtracting the average signal
intensity of negative cells. Then, the numbers of cells positive for NeuN,
S100�, NDRG2, or GFP in the gray matter of the electroporated areas
were counted using the “cell counter” tool of ImageJ software.

For quantification of the percentages of GFP-positive cells coexpress-
ing NeuN, NDRG2, or S100�, three sections per brain were used. At least
400 GFP-positive cells per brain were examined. For quantification of the
numbers of NeuN-positive cells and Cux1-positive cells in layer 2/3, the
numbers of immunopositive cells in 200 � 200 �m areas of layer 2/3
were counted. To minimize the variation in the numbers of positive cells

Figure 4. Activation of FGF signaling induces the cell fate switch of GFP-positive cells from neurons to astrocytes in vivo. pCAG-EGFP plus either pCAG-FGF8 or pCAG control vector was introduced
into the mouse cerebral cortex at E15.5 by IUE, and coronal sections were prepared at P15. A–C, Sections were stained with anti-GFP and anti-NDRG2 antibodies plus Hoechst 33342. A,
Lower-magnification images. The areas within the boxes in A were magnified and shown in B, and the areas within the boxes in B were magnified and shown in C. Note that GFP-positive cells in the
control brain were NDRG2-negative (arrow), whereas those in FGF8-transfected brains coexpressed NDRG2 (arrowhead). Numbers indicate layers in the cortex. WM, White matter. Scale bars: A, 200
�m; B, 50 �m; C, 20 �m. D, The percentages of GFP-positive cells coexpressing NDRG2. Note that NDRG2-positive astrocytes were markedly increased by FGF8 (unpaired Student’s t test, *p �
0.0001). Error bars represent mean � SEM.
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depending on the positions of coronal sections along the anterior–pos-
terior axis, the numbers of positive cells on the electroporated side were
divided by those on the contralateral side. For quantification of astro-
cytes, the numbers of immunopositive cells were counted in 200 � 200
�m areas of GFP-positive regions of the cerebral cortex, and were then
divided by those in areas on the contralateral side for normalization. For
quantification of the ratio of the number of GFP-positive neurons to that
of GFP-positive astrocytes, the numbers of immunopositive cells in col-
umns spanning the entire thickness of the gray matter were counted. Five
columns per section in the cortical regions containing most abundant
GFP-positive cells were analyzed.

For quantification of the percentages of pHH3-positive/S100�-
positive cells, the percentages of S100�-positive astrocytes coexpress-
ing pHH3 were calculated in cortical areas of 1.5 mm width. For
normalization, the percentages of S100�-positive cells coexpressing
pHH3 on the electroporated side were divided by those on the con-
tralateral side.

For quantification of the numbers of PLP-positive oligodendrocytes,
the numbers of PLP-positive cells were counted in cortical areas of 750
�m width. For normalization, the numbers of PLP-positive cells on the
electroporated side were divided by those on the contralateral side.

Values in graphs are mean � SEM. An unpaired two-tailed Student’s t
test was used to determine statistical significance. P values �0.05 were
considered as statistically significant.

Results
FGF signaling is activated during the neuron–astrocyte cell
fate switch in the developing mouse cerebral cortex
Previous observations showed that astrocytogenesis in the mouse
cerebral cortex began �E17 (Wasylyk et al., 1998; Fan et al.,
2005). We therefore analyzed the expression of Fgfr1, 2, and 3 at
E15 and E18. In situ hybridization showed that Fgfr1, 2, and 3
were preferentially expressed in the germinal zones including the
VZ and the subventricular zone at E15, and these Fgfrs continued
to be expressed in the VZ at E18 (Fig. 1A).

Because MAPK is phosphorylated and activated in response to
Fgfrs stimulation, we examined activation of FGF signaling by
using anti-phospho-p44/42 MAPK (pMAPK) antibody. Consis-
tent with the expression of Fgfrs (Fig. 1A), pMAPK was observed
mainly in the germinal zones (Fig. 1B, top). pMAPK was mainly

Figure 5. Activation of FGF signaling decreased neurons and increased astrocytes in vivo. pCAG-EGFP plus either pCAG-FGF8 or pCAG control vector was introduced into the mouse cerebral cortex
at E15.5 by IUE, and coronal sections were prepared at P15. Sections were stained for GFP plus either NeuN (A–D) or NDRG2 (E–G), and Hoechst 33342. A–D, FGF8 overexpression reduced layer 2/3
neurons. The areas within the boxes in A were magnified and shown in B. Fewer NeuN-positive neurons were observed in layer 2/3 of the FGF8-transfected cortex. C, Quantification of the number
of NeuN-positive cells in layer 2/3. The number of layer 2/3 neurons was significantly suppressed by FGF8 (unpaired Student’s t test, *p � 0.0069). D, The percentage of cells in layer 2/3 coexpressing
NeuN. The percentage was significantly reduced by FGF8 (unpaired Student’s t test, *p � 0.0023). E–G, FGF8 overexpression increased astrocytes. The areas within the boxes in E were magnified
and shown in F. NDRG2-positive astrocytes were markedly increased by FGF8 (arrowheads). G, Quantification of the number of NDRG2-positive cells in the cerebral cortex. Astrocytes were
significantly increased by FGF8 (unpaired Student’s t test, *p � 0.0001). Error bars represent mean � SEM. Scale bars: A, 200 �m; B, 50 �m; E, 100 �m; F, 20 �m. Numbers indicate layers in the
cortex. WM, White matter.
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located in the cytoplasm, although it was also weakly observed in
the nucleus (Fig. 2). Because activation of the MEK/MAPK path-
way increases the expressions of Ets variant gene 5 (Etv5) and
Sprouty2 (Spry2) (Yordy and Muise-Helmericks, 2000; Tsang
and Dawid, 2004), we performed in situ hybridization for Etv5
and Spry2. Etv5 and Spry2 were abundantly expressed in the ger-
minal zones at E15 and E18 (Fig. 1B, middle and bottom). Our
quantification revealed that the expression levels of Etv5 mRNA
in the VZ were significantly higher at E18 compared with those at
E15 (E15: 13.28 � 1.75; E18: 23.85 � 1.28; p � 0.0082; unpaired
Student’s t test, n � 3 animals for each condition; Fig. 1C). In line
with the Etv5 signals, Spry2 signals in the VZ were also signifi-
cantly higher at E18 compared with those at E15 (E15: 11.11 �
2.13; E18: 31.49 � 2.95; p � 0.005; unpaired Student’s t test, n �
3 animals for each condition; Fig. 1D). These data suggest that the
MEK/MAPK pathway is activated during the neuron–astrocyte
cell fate switch.

The germinal zones of the developing cerebral cortex consist
of Pax6-positive RGCs and Tbr2-positive intermediate progeni-
tor cells. To identify which cell type expresses Etv5 mRNA and
Spry2 mRNA, we costained for Pax6 and Tbr2. We found that
Etv5-positive and Spry2-positive signals were mostly distributed
in Pax6-positive/Tbr2-negative cells, suggesting that they are

Figure 6. Activation of FGF signaling decreased neurons and increased astrocytes in vivo. pCAG-EGFP plus either pCAG-FGF8 or pCAG control vector was introduced into the mouse cerebral cortex
at E15.5 by IUE, and coronal sections were prepared at P15. Sections were stained for GFP plus either Cux1 (A–D) or S100� (E–G), and Hoechst 33342. A–D, FGF8 overexpression reduced layer 2/3
neurons. The areas within the boxes in A were magnified and shown in B. Fewer Cux1-positive neurons were observed in layer 2/3 of the FGF8-transfected cortex. C, Quantification of the number
of Cux1-positive cells in layer 2/3. The number of layer 2/3 neurons was significantly suppressed by FGF8 (unpaired Student’s t test, *p � 0.0027). D, The percentage of cells in layer 2/3 coexpressing
Cux1. The percentage was significantly reduced by FGF8 (unpaired Student’s t test, *p � 0.0064). E–G, FGF8 overexpression increased astrocytes. The areas within the boxes in E were magnified and
shown in F. S100�-positive astrocytes were markedly increased by FGF8 (arrowheads). G, Quantification of the number of S100�-positive cells in the cerebral cortex. Astrocytes were significantly
increased by FGF8 (unpaired Student’s t test, *p � 0.0006). Error bars represent mean � SEM. Scale bars: A, 200 �m; B, 50 �m; E, 100 �m; F, 20 �m. Numbers indicate layers in the cortex.

Figure 7. Activation of FGF signaling induces an earlier appearance of astrocytes in the cortex. A,
Experimental schematic. pCAG-EGFP plus either pCAG-FGF8 or pCAG control vector was introduced
into the mouse cerebral cortex at E15.5 by IUE, and coronal sections were prepared at P0. B, Sections
were stained for GFP plus GFAP and Hoechst 33342. Images of the germinal zones are shown. The
broken lines indicate the surface of the lateral ventricle. Scale bar, 200 �m.
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mainly RGCs (Fig. 1E,F). These results suggest that FGF signal-
ing is highly activated in RGCs when the neuron–astrocyte cell
fate switch is occurring in the developing cerebral cortex.

Activation of FGF signaling strongly inhibits neurogenesis
and induces astrocytogenesis
To investigate the role of FGF signaling in the neuron–astrocyte
cell fate switch, pCAG-EGFP plus either pCAG-FGF8 or control
plasmid was introduced in the mouse cerebral cortex at E15.5 by
in utero electroporation (Fig. 3A). The pups were fixed at P15,
and sections of the cerebral cortex were subjected to immunohis-
tochemistry. As reported previously (Hoshiba et al., 2016), in the
control brains electroporated with GFP, all GFP-positive cells
were positive for NeuN and located in layer 2/3 (Fig. 3B–D, top).

Moreover, these cells were negative for S100� (Fig. 3E–G, top)
and NDRG2 (Fig. 4A–C, top). These data suggest that all GFP-
positive cells acquired a neuronal cell fate and migrated into up-
per layers of the cerebral cortex.

Surprisingly, when FGF signaling was activated by introduc-
ing FGF8, cell fate was drastically changed. We found that most
GFP-positive cells exhibited astrocytic star-shaped morphologies
with small nuclei and many fine branches (Fig. 3B–G, bottom).
Furthermore, high-magnification images revealed that these
GFP-positive cells did not express NeuN and instead expressed
the astrocyte markers S100� and NDRG2 (Figs. 3D,G, bottom,
4C, bottom) (Grosche et al., 2013; Flügge et al., 2014). We then
performed triple immunostaining for GFP and NeuN plus either
S100� or NDRG2, and quantified the percentages of GFP-

Figure 8. Inhibition of FGF signaling promotes neurogenesis at the expense of astrocytogenesis. A, Experimental schematic. The piggyBac transposon system (pCAG-PBase and PB-CAG-EiP) plus
either pCAG-sFGFR3c or pCAG control vector was co-electroporated at E15.5, and the coronal sections were prepared at P10. B, Immunohistochemistry for GFP, NeuN, and S100� was performed. The
areas within the boxes on the left were magnified and shown on the right. Note that IUE with the piggyBac system induced GFP expression not only in neurons (arrows), but also astrocytes
(arrowheads) in the control brain. Inhibition of FGF signaling by sFGFR3c increased the number of GFP-positive/NeuN-positive neurons (arrows) and decreased the number of GFP-positive/S100�-
positive astrocytes (arrowheads). Numbers indicate layers in the cortex. Scale bars: left, 100 �m; right, 50 �m. C, The percentage of GFP-positive cells coexpressing S100�. Inhibition of FGF
signaling significantly decreased astrocytes (unpaired Student’s t test, *p � 0.0023). D, The percentage of GFP-positive cells coexpressing NeuN. Inhibition of FGF signaling increased neurons (unpaired
Student’s t test, *p � 0.0023). E, The ratio of the number of GFP-positive neurons to that of GFP-positive astrocytes (unpaired Student’s t test, *p � 0.012). Error bars represent mean � SEM.
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positive cells coexpressing NeuN, S100�, or NDRG2. The
percentages of GFP-positive cells coexpressing NeuN were signif-
icantly reduced by FGF8 (control: 100%; FGF8: 12.11 � 1.65%;
p � 0.0001; unpaired Student’s t test, n � 3 animals for each
condition), whereas those of GFP-positive cells coexpressing
S100� or NDRG2 were markedly increased (S100�, control: 0%;
FGF8: 87.91 � 1.65%; p � 0.0001; unpaired Student’s t test, n �
3 animals for each condition; NDRG2, control: 0%; FGF8:
86.94%� 3.24%; p � 0.0001; unpaired Student’s t test, n � 3
animals for each condition; Figs. 3H, 4D). Thus, we concluded
that GFP-positive cells changed their cell fates from neurons to
astrocytes in response to FGF activation. Interestingly, we found
that GFP-positive cells, which were located in layer 2/3 of the

control cerebral cortex, were widely distributed throughout
the FGF8-transfected cortex (Fig. 3B,E). This is consistent with
the fact that astrocytes are distributed throughout the cerebral
cortex.

We also performed immunostaining for NeuN and found that
NeuN-positive layer 2/3 neurons were markedly decreased by
FGF8 (Fig. 5A,B). The number of NeuN-positive layer 2/3 neu-
rons in the electroporated side of the brain was counted and
divided by that of NeuN-positive layer 2/3 neurons in the con-
tralateral side. As we expected, NeuN-positive layer 2/3 neurons
were significantly reduced in response to FGF8 (control: 1.01 �
0.01; FGF8: 0.71 � 0.06; p � 0.0069; unpaired Student’s t test,
n � 3 animals for each condition; Fig. 5C). We further measured

Figure 9. Inhibition of FGF signaling promotes neurogenesis at the expense of astrocytogenesis. A, Schematic of experiment. The piggyBac transposon system (pCAG-PBase and PB-CAG-EiP) plus
either pCAG-sFGFR3c or pCAG control vector was co-electroporated at E15.5, and the coronal sections were prepared at P10. B, Immunohistochemistry for GFP, NeuN, and NDRG2 was performed. The
areas within the boxes on the left were magnified and shown on the right. Inhibition of FGF signaling by sFGFR3c increased the number of GFP-positive/NeuN-positive neurons (arrows) and
decreased the number of GFP-positive/NDRG2-positive astrocytes (arrowheads). Numbers indicate layers in the cortex. Scale bars: left, 100 �m; right, 50 �m. C, The percentage of GFP-positive cells
coexpressing NDRG2. Inhibition of FGF signaling significantly decreased astrocytes (unpaired Student’s t test, *p � 0.0017). D, The percentage of GFP-positive cells coexpressing NeuN. Inhibition
of FGF signaling increased neurons (unpaired Student’s t test, *p � 0.0017). E, The ratio of the number of GFP-positive neurons to that of GFP-positive astrocytes (unpaired Student’s t test, *p �
0.0069). Error bars represent mean � SEM.

6088 • J. Neurosci., July 31, 2019 • 39(31):6081– 6094 Dinh Duong et al. • FGF and the Neuron–Astrocyte Cell Fate Switch



the percentage of NeuN-positive cells in layer 2/3. The percentage
of NeuN-positive cells in the transfected side was divided by that
of NeuN-positive cells in the contralateral side. The percentage of
NeuN-positive cells in layer 2/3 was also significantly reduced by
FGF8 (control: 1.02 � 0.01; FGF8: 0.8 � 0.03; p � 0.0023; un-
paired Student’s t test, n � 3 animals for each condition; Fig. 5D).
Consistent results were obtained using immunostaining for
Cux1, which is a marker for upper layer neurons of the cerebral
cortex (Nieto et al., 2004). Cux1-positive layer 2/3 neurons were
significantly reduced in response to FGF8 (control: 1.1 � 0.04;
FGF8: 0.53 � 0.8; p � 0.0027; unpaired Student’s t test, n � 3
animals for each condition; Fig. 6A–C). The ratio of the percent-
age of Cux1-positive cells in layer 2/3 of the transfected side to
that of the contralateral side was also significantly reduced by
FGF8 (control: 1.05 � 0.08; FGF8: 0.57 � 0.05; p � 0.0064;
unpaired Student’s t test, n � 3 animals for each condition;
Fig. 6D).

Next, we performed NDRG2 and S100� immunohistochem-
istry and found that NDRG2-positive and S100�-positive astro-
cytes were markedly increased by FGF8 at P15 (Figs. 5E,F, 6E,F).
To quantify the number of astrocytes, we counted the numbers of
S100�-positive cells and NDRG2-positive cells in the cerebral
cortex of the electroporated side and divided them by those in the
contralateral side. The numbers of astrocytes were markedly in-
creased by FGF8 (NDRG2, control: 0.99 � 0.02; FGF8: 1.9 �
0.02; p � 0.0001; unpaired Student’s t test, n � 3 animals for each
condition; S100�, control: 0.91 � 0.02; FGF8: 1.96 � 0.11; p �
0.0006; unpaired Student’s t test, n � 3 animals for each condi-
tion; Figs. 5G, 6G). These results suggest that activation of FGF
signaling induces the cell fate switch from neurons to astrocytes.
Consistent with this idea, when we overexpressed FGF8 by IUE at
E15.5 and performed GFAP immunostaining at P0, we found
that GFAP-positive cells appeared earlier in the FGF8-
electroporated cortex than in the control cortex (Fig. 7). To-

Figure 10. The effect of an FGFR inhibitor on the neuron–astrocyte cell fate switch. A, Experimental schematic. pCAG-PBase and PB-CAG-EiP were electroporated at E15.5, and the pregnant
mothers were treated with the FGFR inhibitor NVP-BGJ398. Coronal sections were prepared at P10. B, Immunohistochemistry for GFP, NeuN, and S100�. The areas within the boxes on the left were
magnified and shown on the right. Inhibition of FGF signaling by NVP-BGJ398 increased the number of GFP-positive/NeuN-positive neurons (arrows) and decreased the number of GFP-positive/
S100�-positive astrocytes (arrowheads). Numbers indicate layers in the cortex. Scale bars: left, 100 �m; right, 50 �m. C, The percentage of GFP-positive cells coexpressing S100�. Inhibition of FGF
signalingsignificantlydecreasedastrocytes(unpairedStudent’s t test,*p�0.0003). D,ThepercentageofGFP-positivecellscoexpressingNeuN. InhibitionofFGFsignalingincreasedneurons(unpairedStudent’s
t test, *p � 0.0003). E, The ratio of the number of GFP-positive neurons to that of GFP-positive astrocytes (unpaired Student’s t test, *p � 0.0011). Error bars represent mean � SEM.
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gether, these results indicate that activation of FGF signaling is
sufficient to change cell fates from neurons to astrocytes.

Inhibition of FGF signaling promotes neurogenesis at the
expense of astrocytogenesis
Because activation of FGF signaling promoted the neuron–astro-
cyte cell fate switch, we next examined whether inhibition of FGF
signaling extends neurogenesis at the expense of astrocytogen-
esis. To examine the effect of inhibition of FGF signaling on the
neuron–astrocyte cell fate switch, we used a soluble form of
FGFR3 (sFGFR3c), which is a dominant-negative form of FGFR
(Fukuchi-Shimogori and Grove, 2001; Matsumoto et al., 2017).
Because IUE at E15.5 introduces pCAG-EGFP plasmid only into
layer 2/3 neurons but not into astrocytes, we combined IUE with
the piggyBac transposon system, which integrates transgenes into
the genome. The piggyBac transposon system is a binary system
with a helper plasmid (pCAG-PBase) providing piggyBac trans-
posase (PBase), and the donor plasmid (PB-CAG-EiP) providing
the CAG-GFP transgene between the 5� and 3� terminal repeats
(Chen and LoTurco, 2012). We co-electroporated PB-CAG-EiP
and pCAG-PBase plus either pCAG-sFGFR3c or control plasmid
into the cerebral cortex at E15.5, and the samples were collected at
P10 (Figs. 8A, 9A). As expected, not only GFP-positive layer 2/3
neurons (Fig. 8B, control, arrows) but also numerous GFP-
positive astrocytes were observed in the control cortex using this
method (Fig. 8B, control, arrowheads).

We then performed triple immunostaining for GFP, NeuN
and S100� to assess the numbers of GFP-positive/NeuN-positive
neurons and GFP-positive/S100�-positive astrocytes. Strikingly,
overexpression of sFGFR3c significantly decreased GFP-positive
astrocytes (control: 62.29 � 1.17%; sFGFR3c: 33.47 � 4.02%;
p � 0.0023; unpaired Student’s t test, n � 3 animals for each
condition; Fig. 8B,C), whereas it increased GFP-positive neurons
(control: 37.71 � 1.17%; sFGFR3c: 66.53 � 4.02%; p � 0.0023;
unpaired Student’s t test, n � 3 animals for each condition; Fig.
8B,D). Consistently, the ratio of the number of GFP-positive
neurons to that of GFP-positive astrocytes was significantly in-
creased by sFGFR3c (control: 0.61 � 0.03; sFGFR3c: 2.07 � 0.33;
p � 0.012; unpaired Student’s t test, n � 3 animals for each

condition; Fig. 8E). We also performed triple immunostaining
for GFP, NeuN and NDRG2 and obtained consistent results.
sFGFR3c significantly decreased GFP-positive astrocytes (con-
trol: 58.81 � 0.79%; sFGFR3c: 36.78 � 2.82%; p � 0.0017; un-
paired Student’s t test, n � 3 animals for each condition; Fig.
9B,C), whereas it increased GFP-positive neurons (control:
41.19 � 0.79%; sFGFR3c: 63.22 � 2.82%; p � 0.0017; unpaired
Student’s t test, n � 3 animals for each condition; Fig. 9B,D). The
ratio of the number of GFP-positive neurons to that of GFP-
positive astrocytes was significantly increased by sFGFR3c (con-
trol: 0.73 � 0.02; sFGFR3c: 1.82 � 0.21; p � 0.0069; unpaired
Student’s t test, n � 3 animals for each condition; Fig. 9E). Alto-
gether, these results indicate that inhibition of FGF signaling pro-
motes neurogenesis at the expense of astrocytogenesis in the
developing mouse cerebral cortex.

To further confirm the role of FGF signaling in the neuron–
astrocyte cell fate switch, we performed an alternative method to
inhibit FGF signaling. IUE was performed at E15.5 with a mixture
of pCAG-PBase and PB-CAG-EiP to label both astrocytes and
neurons with GFP. Pregnant mothers were then treated with ei-
ther NVP-BGJ398 (10 mg/kg body weight) or vehicle solution
(PEG-300/5% glucose) by oral gavage twice per day, four times in
total. Sections were prepared at P10, and triple immunostaining
for GFP, NeuN and S100� was performed to assess the numbers
of GFP-positive/NeuN-positive neurons and GFP-positive/
S100�-positive astrocytes (Fig. 10A). Consistent with the results
obtained using sFGFR3c, NVP-BGJ398 significantly decreased
GFP-positive astrocytes (control: 63.31 � 0.86%; NVP-BGJ398:
38.11 � 1.99%; p � 0.0003; unpaired Student’s t test, n � 3
animals for each condition; Fig. 10B,C) and increased GFP-
positive neurons (control: 36.69 � 0.86%; NVP-BGJ398: 61.89 �
1.99%; p � 0.0003; unpaired Student’s t test, n � 3 animals for
each condition; Fig. 10B,D). Furthermore, the ratio of the num-
ber of GFP-positive neurons to that of GFP-positive astrocytes
was significantly increased by NVP-BGJ398 (control: 0.59 �
0.02; NVP-BGJ398: 1.65 � 0.13; p � 0.0011; unpaired Student’s
t test, n � 3 animals for each condition; Fig. 10E). Together, our
findings indicate that activation of FGF signaling is necessary and
sufficient to change cell fates from neurons to astrocytes.

Figure 11. The MAPK pathway was activated in the germinal zones of the mouse cerebral cortex by the introduction of FGF8 by IUE. FGF8 was electroporated at E15.5, and sampling was
performed at P0. Coronal sections were stained with anti-pMAPK antibody or subjected to in situ hybridization for Etv5. Overexpression of FGF8 drastically increased pMAPK and Etv5 signals in the
germinal zones of the cerebral cortex. Scale bar, 200 �m.
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The MAPK pathway mediates the FGF-induced neuron-to-
astrocyte cell fate switch
Because it has been demonstrated that the MAPK pathway is
strongly activated by FGF, we examined whether the MAPK path-
way is activated in the developing mouse cerebral cortex after
introduction of FGF8. We performed IUE to express FGF8 at
E15.5, and sampling was performed at P0. Immunohistochemis-
try demonstrated that pMAPK signal in the VZ was strongly en-
hanced by FGF8 (Fig. 11, top). Consistently, in situ hybridization
showed that Etv5 expression in the VZ was greatly increased by
FGF8 (Fig. 11, bottom). These results suggest that FGF overex-
pression strongly activates the MAPK pathway in the VZ of the
mouse cerebral cortex.

Because the MAPK pathway was reported to mediate the
neuron-glia cell fate switch (Li et al., 2012), it seemed possible
that FGF is the extracellular upstream regulator of the neuron–
astrocyte cell fate switch through the MAPK pathway. To test this
possibility, we expressed GFP and FGF8 plus either control plas-
mid or a dominant negative form of MEK (DN-MEK), in which
two serines were replaced with alanines (Zheng and Guan, 1994;
Gotoh et al., 1999), in the cerebral cortex at E15.5. Sections were
prepared at P10 and stained with anti-GFP, anti-NeuN and anti-
S100� antibodies (Fig. 12A). We found that DN-MEK signifi-
cantly increased the percentage of GFP-positive cells which
acquired NeuN-positive neuronal fate (FGF8: 2.51 � 0.91%;
FGF8�DN-MEK: 18.27 � 2.34%; p � 0.0009; unpaired Stu-
dent’s t test; n � 4 animals for FGF8 and n � 3 animals for
FGF8�DN-MEK; Fig. 12B,C). These results indicate that the
MAPK pathway is involved in the neuron–astrocyte cell fate
switch induced by FGF signaling.

Activation of FGF signaling increases astrocyte proliferation
and oligodendrocyte development
It was reported that astrocytes increased postnatally in the rodent
brain (Bandeira et al., 2009), and this increase involved local
proliferation of differentiated astrocytes (Ge et al., 2012). There-
fore, it remained possible that FGF activation also enhanced cell
proliferation of astrocytes. To test this possibility, we introduced
FGF8 by electroporation at E15.5 and accessed astrocyte prolif-
eration at P3 using double immunostaining for pHH3 and S100�
(Fig. 13A). The percentage of S100�-positive cells coexpressing
pHH3 was increased by FGF8 (control: 1.01 � 0.05; FGF8: 1.33 �
0.08, p � 0.0282; unpaired Student’s t test, n � 3 animals for each
condition; Fig. 13B,D). This result suggests that the increase in
astrocytes by FGF activation involves not only the neuron–astro-
cyte cell fate switch but also astrocyte proliferation.

In addition, we examined whether FGF signaling also affects
oligodendrocyte development. FGF8 was electroporated at E15.5,
and sections prepared at P7 were subjected to in situ hybridiza-
tion for PLP, which is a marker for oligodendrocytes (Fig.
13A,C). PLP-positive cells were increased by FGF8 electropora-
tion (control: 1.07 � 0.01; FGF8: 1.85 � 0.24; p � 0.0289; un-
paired Student’s t test, n � 3 animals for each condition; Fig.
13C,E). This result is consistent with previous studies showing
the involvement of FGF signals in oligodendrocyte development
(McKinnon et al., 1990; Bansal et al., 1996; Oh et al., 2003; Fu-
rusho et al., 2011). It seems likely that FGF signaling also regulates
oligodendrocyte development.

Discussion
Here we have shown, through both gain- and loss-of-function
experiments, that FGF signaling is a crucial extracellular regula-
tor of the neuron–astrocyte cell fate switch. Our experiments

involving in situ hybridization and immunohistochemistry dem-
onstrated that FGF signaling is activated in the VZ when the
neuron–astrocyte cell fate switch occurs. Activation of FGF sig-
naling suppressed neurogenesis and enhanced astrocytogenesis.
Furthermore, inhibition of FGF signaling extended neurogenesis
at the expense of astrocytogenesis. Together, our in vivo research
revealed FGF signaling as the first discovered extracellular regu-
lator of the neuron–astrocyte cell fate switch in the developing
mouse cerebral cortex.

Figure 12. The MAPK pathway mediates the FGF-induced neuron-to-astrocyte cell fate
switch. A, Experimental schematic. pCAG-EGFP and pCAG-FGF8 plus either pCAG-DN-MEK or
pCAG control vector were co-electroporated at E15.5, and the coronal sections were prepared at
P10. B, Immunohistochemistry for GFP, NeuN, and S100�. The areas within the boxes on the
left were magnified and shown on the right. As shown in Figures 3 and 4, IUE with pCAG-FGF8
produced many GFP-positive astrocytes (FGF8, arrowheads). Inhibition of MAPK signaling by
DN-MEK increased the number of GFP-positive/NeuN-positive neurons (DN-MEK�FGF8, ar-
rows) and decreased the number of GFP-positive/S100�-positive astrocytes (DN-MEK�FGF8,
arrowheads). Numbers indicate layers in the cortex. WM, White matter. Scale bars: left, 200
�m; right, 50 �m. C, The percentage of GFP-positive cells coexpressing NeuN. The numbers of
immunopositive cells in the gray matter and the white matter were counted. Inhibition of MAPK
signaling significantly increased neurons (unpaired Student’s t test, *p � 0.0009). Error bars
represent mean � SEM.
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In vivo and in vitro experiments of the
neuron–astrocyte cell fate switch
Generation of precise numbers of both
neurons and astrocytes during develop-
ment is an important step for brain func-
tions and homeostatic maintenance
(Miller and Gauthier, 2007). In the em-
bryonic cerebral cortex, NPCs generate
neurons followed by astrocytogenesis
(Qian et al., 2000; Guillemot and Zimmer,
2011; Sloan and Barres, 2014). Cell fate
switch from neurons to astrocytes is cru-
cial for matching numbers in each cell lin-
eage (Freeman, 2010; Wang et al., 2016).

Recent pioneering research has uncov-
ered the intracellular mechanisms of the
neuron–astrocyte cell fate switch in the
developing mouse cerebral cortex. Re-
cently, the MEK/MAPK pathway has re-
ceived much attention as a regulator of the
neuron-glia cell fate switch. This pathway
has been shown in vitro and in vivo to pro-
mote astrocytogenesis and inhibit neuro-
genesis (Rajan and McKay, 1998; Li et al.,
2012; Wang et al., 2012). The next im-
portant question was determining the
extracellular mechanisms regulating the
activation of the MEK/MAPK pathway,
leading to the transition from neurogen-
esis to astrocytogenesis in the mammalian
developing neocortex. Here we uncovered
that FGF signaling is necessary and suffi-
cient for the neuron–astrocyte cell fate
switch and that the MEK/MAPK pathway
is involved in the effect of FGF on the neu-
ron–astrocyte cell fate switch in the devel-
oping cerebral cortex. FGF is the first
extracellular signaling molecule shown to
be responsible for the neuron–astrocyte
cell fate switch in vivo.

Beside the MEK/MAPK pathway, the
JAK/STAT pathway was also reported to
regulate the cell fate switch of NPCs through
both promotion of astrocytogenesis and in-
hibition of neurogenesis (Bonni et al., 1997;
Nakashima et al., 1999; Gu et al., 2005; Cao
et al., 2010; Namihira and Nakashima,
2013), but the extracellular regulators of the
JAK/STAT pathway regulating the cell fate
switch are still unclear. Cardiotrophin-1
(CT-1) was proposed to be an upstream reg-
ulator of this pathway (Martynoga et al., 2012) because CT-1 pro-
moted astrocytogenesis (Ochiai et al., 2001). CT-1, however, failed
to affect neurogenesis (Barnabé-Heider et al., 2005), suggesting that
CT-1 is involved solely in astrocytogenesis rather than in the neuro-
n–astrocyte cell fate switch. Similarly, BMP4 was reported to pro-
mote astrocytogenesis, whereas it failed to affect neurogenesis
(Mabie et al., 1999; Gomes et al., 2003).

FGF signaling regulates cell fate switch from neurons
to astrocytes
Here we have shown that FGF signaling plays a crucial role in the
neuron–astrocyte cell fate switch in the developing cerebral cor-

tex. Currently, it is unclear which member in the FGF family is
responsible for the neuron–astrocyte cell fate switch. FGF2 was re-
ported to suppress neuronal differentiation and facilitate astrocyte
differentiation in vitro (Song and Ghosh, 2004). However, in vivo
studies using FGF2 mutant mice did not show clear evidence of its
involvement in the neuron–astrocyte cell fate switch (Ortega et al.,
1998; Vaccarino et al., 1999). Another study reported that FGF8 acts
as a cell fate regulator by promoting astrocyte differentiation and
inhibiting neurogenesis of a primary culture model of E15 rat cere-
bral cortex (Hajihosseini and Dickson, 1999). However, FGF8 was
reported to be expressed in midline zipper glia along the interhemi-
spheric fissure, rather than in the cerebral cortex, of the developing

Figure 13. Activation of FGF signaling promotes astrocyte proliferation and oligodendrogenesis. A, Schematic of experiment.
pCAG-EGFP plus either pCAG-FGF8 or pCAG control vector was introduced into the mouse cerebral cortex by IUE at E15.5, and
coronal sections were prepared at P3 for pHH3 and S100� immunostaining and at P7 for PLP in situ hybridization. B, Immunohis-
tochemistry for pHH3 and S100�. Arrows indicate S100�-positive/pHH3-negative cells, whereas arrowheads indicate S100�-
positive cells coexpressing pHH3. Scale bars: left, 200 �m; right, 20 �m. C, In situ hybridization for PLP. PLP-positive cells were
increased by FGF8. Scale bar, 200 �m. D, Quantification of the percentage of S100�-positive cells coexpressing pHH3 in the cortex.
The percentage of S100�-positive cells coexpressing pHH3 in the electroporated side of the cortex were divided by those in the
contralateral non-electroporated cortex (unpaired Student’s t test, *p � 0.0282). Error bars represent mean � SEM. E, Quantifi-
cation of the number of PLP-positive cells in the cortex. The numbers of PLP-positive cells in the electroporated cortex were divided
by those in the other non-electroporated cortex (unpaired Student’s t test, *p � 0.0289). Error bars represent mean � SEM. CP,
cortical plate; Hip, Hippocampus; WM, white matter.
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mouse brain (Gobius et al., 2016), raising the possibility that FGFs
other than FGF8 are responsible for the neuron–astrocyte cell fate
switch. Unfortunately, FGF8 mutant embryos cannot survive be-
yond E9.5, which was a limitation of studying FGF8 involvement in
the neuron–astrocyte cell fate switch in vivo (Sun et al., 1999). Future
investigation is necessary to uncover the entire picture of the molec-
ular mechanisms underlying the neuron–astrocyte cell fate switch.

Mechanisms of the neuron–astrocyte cell fate switch
downstream of FGF signaling
Here we showed that the MEK/MAPK pathway was activated by
FGF in the developing mouse cerebral cortex. pMAPK signals
were markedly enhanced by FGF. Furthermore, we demonstrated
that DN-MEK suppressed the FGF-induced cell fate switch from
neurons to astrocytes, suggesting that the FGF-induced cell fate
switch from neurons to astrocytes is mediated by the MAPK
pathway. We also found that the expression of Etv5, which is a
downstream molecule of the MAPK pathway, was increased by
FGF. Furthermore, a previous study reported that overexpression
of Etv5 by IUE induced the neuron–astrocyte cell fate switch in
the mouse cerebral cortex (Li et al., 2012). A plausible scenario
would be that the cell fate switch triggered by FGF signaling is
mediated by the MEK/MAPK pathway through Etv5.

It should be noted that when Etv5 was transfected, only 20%
of transfected cells became astrocytes (Li et al., 2012). In contrast,
our results showed that almost all GFP-positive cells became as-
trocytes in response to FGF. The stronger effect on the neuron–
astrocyte cell fate switch by overexpression of FGF8 compared
with that of Etv5 can be partially explained by the presence of
intracellular pathways other than Etv5. Because the JAK/STAT
pathway is also involved in the neuron–astrocyte cell fate switch,
and because stimulation of FGFR activates the JAK/STAT path-
way (Ebong et al., 2004; Yang et al., 2009), the JAK/STAT path-
way could also mediate the neuron–astrocyte cell fate switch
downstream of FGF signaling. Another possible mechanism in-
volved in the FGF-induced neuron–astrocyte cell fate switch
would be Notch/Sox9/NFIA signaling (Sloan and Barres, 2014).
Previously, NFIA was shown to act downstream of Notch signal-
ing to initiate the expression of astrocyte-specific genes during
cortical development (Deneen et al., 2006; Namihira et al., 2009;
Tchieu et al., 2019). Sox9 is considered to be a glial fate determi-
nant in the spinal cord (Stolt et al., 2003) and is capable of induc-
ing NFIA expression and subsequently associating with NFIA to
promote glial lineage progression (Kang et al., 2012). Interest-
ingly, it was previously reported that FGF promoted Sox9 expres-
sion in the hindbrain of developing zebrafish and in the
developing mouse pancreas (Esain et al., 2010; Seymour et al.,
2012). It seems possible that the FGF-induced neuron–astrocyte
cell fate switch is partially mediated by the interaction between
FGF signaling and Sox9/NFIA signaling.
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Furusho M, Kaga Y, Ishii A, Hébert JM, Bansal R (2011) Fibroblast growth
factor signaling is required for the generation of oligodendrocyte progen-
itors from the embryonic forebrain. J Neurosci 31:5055–5066.

Ge WP, Miyawaki A, Gage FH, Jan YN, Jan LY (2012) Local generation of
glia is a major astrocyte source in postnatal cortex. Nature 484:376 –380.
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