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SUMMARY
Stimulating oligodendrocyte (OL) production from endogenous progenitor cells is an important strategy formyelin repair and functional

restoration after disease or injury-induced demyelination. Subventricular zone (SVZ) stem cells are multipotential, generating neurons

and oligodendroglia. The factors that regulate the fate of these stem cells are poorly defined. In this study, we show that genetically

increasing fibroblast growth factor receptor-3 (FGFR3) activity in adult SVZ stem cells transiently and dramatically redirects their differ-

entiation from the neuronal to the oligodendroglial lineage after pathological demyelination. The increased SVZ-derived oligodendro-

genesis leads to improved OL regeneration and myelin repair, not only in the corpus callosum (a normal destination for SVZ-derived

oligodendroglial cells), but also in the lower cortical layers. This study identifies FGF signaling as a potent target for improving endoge-

nous SVZ-derived OL regeneration and remyelination.
INTRODUCTION

Demyelination, the loss of myelin sheaths that surround

axons, occurs from infections, ischemia, exposure to

toxins, or autoimmunity. In multiple sclerosis, demyelin-

ation occurs with loss of oligodendrocytes (OLs) reducing

axon conductivity and neuron viability. Although precur-

sor cells (OPCs) respond to damage and replace lost OLs,

the extent of replacement is often insufficient to avoid

degeneration. There is currently no treatment for

increasingOLs to reverse disease-associated demyelination.

Two cell populations—parenchymal OPCs (pOPCs) and

subventricular zone (SVZ) neural stem/progenitor cells

(NSPCs)––contribute to OL replacement and remyelina-

tion in the cerebrum (Alizadeh et al., 2015; El Waly et al.,

2014; Merson and Bourne, 2014). In response to demyelin-

ation, OPCs generated by NSPCs migrate long distances to

replaceOLs in the corpus callosum (Menn et al., 2006; Nait-

Oumesmar et al., 1999; Picard-Riera et al., 2002; Xing et al.,

2014). Given their migratory potential and ability to

generate OLs, NSPCs represent an important endogenous

cell source for OL repopulation and myelin repair.

Normally, in the rodent SVZ, NSPCs mainly generate

interneuron precursors destined for the olfactory bulb

(Doetsch and Hen, 2005; Ihrie and Alvarez-Buylla, 2011),

but also generate a small number of OLIG2+ OPCs that

migrate into white matter and differentiate into OLs

(Menn et al., 2006). Upon demyelination, a subpopulation

of NSPCs that normally generate neurons shift their fate to

oligodendroglia to remedy OL death andmyelin loss (Gon-

zalez-Perez and Alvarez-Buylla, 2011; Jablonska et al., 2010;

Nait-Oumesmar et al., 1999; Picard-Riera et al., 2002). The

factors that control this shift remain unclear.
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Fibroblast growth factors (FGFs) and other factors regu-

late oligodendrogenesis during development and adult-

hood under normal conditions and after demyelination

(Huang and Dreyfus, 2016; Naruse et al., 2017). In this

study, we tested whether increasing fibroblast growth fac-

tor receptor-3 (FGFR3) activity in NSPCs of the adult SVZ

affects the fate of the cells produced. The results suggest

that increased FGF signaling redirects the differentiation

of NSPCs from a neuronal to an oligodendroglial lineage,

resulting in very enhanced oligodendrogenesis. Impor-

tantly, this increase led to improved axon remyelination

after demyelination, at the transient expense of neurogen-

esis. This study provides evidence that levels of FGF

signaling control the neuronal-oligodendroglial fate of

adult NSPCs, identifying the FGF pathway as a potential

therapeutic target for improving OL replacement and

myelin repair.
RESULTS

Increased FGFR Activity in NSPCs Preferentially

Promotes Oligodendrogenesis in the Absence of Injury

To examine the effect of increased FGF signaling through

FGFR3 in the adult SVZ, NSPCs of adult mice were targeted

with Nestin-CreER to express a CAG-flox-stop-flox-Fgfr3TDII

transgene. In these gain-of-function (GOF) mutants, a

constitutively active, ligand-independent form of Fgfr3,

Fgfr3TDII, becomes expressed on tamoxifen (TM) treat-

ment (Kang et al., 2014). Consistent with an increase in ca-

nonical FGF signaling in NSPCs, levels of p-ERK increased

in the SVZ of GOF mutants compared with controls

(Figure S1A).
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Figure 1. Increased FGFR Activity En-
hances Oligodendroglia Generation While
Reducing Neuronal Progenitors in the SVZ
(A–E) Coronal sections through the SVZ
stained (red) for DLX2+ neural pro-
genitors (A), DCX+ neuroblasts (B), OLIG2+
oligodendroglia (C), CC1+ OLs (D), and
NG2+ oligo progenitors (E). DAPI counter-
stain (blue).
(F) Quantitation of differences in cell
numbers relative to control shows large
increases in oligodendroglia and decreases
in neural progenitors. n R 3, mean ± SEM;
**p < 0.01, ***p < 0.001, ****p < 0.0001.
CC, corpus callosum; St, striatum. Scale
bars, 100 mm. See also Figure S1.
Note that the SVZ of loss-of-function Nestin-CreER;

Fgfr1flox/flox;Fgfr2flox/flox;Fgfr3flox/floxmutants, inwhich all ex-

pressed FGFR genes are deleted with TM (and for which we

previously described a strong phenotype in the hippocam-

pal SGZ; Kang and Hébert, 2015), were also examined.

However, in these loss-of-function mutants we could not

detect significant changes in oligodendroglia or neuro-

blasts in the SVZ (Figure S1B), consistent with previous

reports using single and double Fgfr knockouts (Furusho

et al., 2012; Ishii et al., 2016; Oh et al., 2003; Zhou et al.,

2012). Relevant to the current study, Nestin-CreER does

not lead to recombination in pOPCs (Kang et al., 2014).

In GOF mutants, the number of DLX2-immunostained

cells (neuronal precursors) in the SVZ was decreased

compared with controls (controls: 17.39 ± 2.15 versus

GOFmutants: 5.55± 1.16 cells/100 mm,p=0.0042) (Figures
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1A and 1F, shown as fold change relative to control for ease

of comparison). In contrast, GOF mutants displayed

modestlymore doublecortin (DCX)+ neuroblasts (controls:

13.00 ± 1.29 versus GOF mutants: 22.29 ± 1.45 cells/

100 mm, p = 0.0015) (Figures 1B and 1F), suggesting that,

despite fewer DLX2+ neuronal progenitors, the DCX+ neu-

roblasts they produce are more proliferative with increased

FGFR activity, as shown by DCX and Ki67 co-labeling (Fig-

ure S1C). In GOF mutants, the SVZ is much thicker by

DAPI staining and the modest increase in neuroblasts

seemed unlikely to account for this enlargement, prompt-

ingus to examine the oligodendroglia.We found that oligo-

dendroglial cells (OLIG2+) were almost 30 times more

numerous in the SVZ of GOF mutants (39.05 ± 0.89 cells/

100 mm) than in controls (1.34 ± 0.122; p = 1.93 10�5) (Fig-

ures 1C and 1F). A minority of these cells were maturing



Figure 2. Increased FGFR Activity Promotes Oligodendro-
genesis at the Expense of Neurogenesis after Focal
Demyelination
(A) Left: depiction of corpus callosum LPC injection. Right: at
6 days post-injection (DPI), myelin staining (MBP) (red) shows
focal demyelination (arrow).
(B–D) Coronal sections through the SVZ at 14 days post-LPC stained
(red) for DCX (B), OLIG2 (C), and DLX2 (D). Quantitation on the
right shows decreased neuroblasts and neural progenitors with
concurrent increased oligodendroglia on the injected ipsilateral
side in mutants compared with controls.
LV, ventricle. *p < 0.05, **p < 0.01, ***p < 0.001.
CC1+ OLs (control: 0.78 ± 0.12; GOF mutants: 7.14 ±

0.8 cells/100 mm, p = 0.00078) (Figures 1D and 1F) and

mostwere insteadNG2+OPCs (Figure1E). This large expan-

sion of OPCs suggests that increasing FGF signaling pro-

motes oligodendroglia generation from NSPCs at the

expense of DLX2+ neurogenic cells. Intriguingly, in the

SVZ of controls, DLX2 and OLIG2 staining was mutually

exclusive; whereas, in GOF mutants, double-labeled cells

were present (control: 0/250 versus GOF mutants: 32/125

DLX2+OLIG2+/DLX2+ cells) (Figure S1D), suggesting a

transition state between neurogenic and gliogenic progen-

itors. Our data do not exclude the possibility that selective

survival, rather than a switch in fate, accounts for the shift

in cell types that are ultimately produced, even though we

do not detect significant cell death by TUNEL staining in

either controls or mutants (Figure S1E).

Increased FGFR Activity Redirects NSPCs to Produce

Oligodendroglia on Demyelination

Lineage plasticity of NSPCs in the SVZ is induced by

demyelination (Gonzalez-Perez and Alvarez-Buylla, 2011;

Jablonska et al., 2010; Nait-Oumesmar et al., 1999; Pic-

ard-Riera et al., 2002). The enhanced oligodendroglia gen-

eration we observed in FGFR GOF mutants prompted us to

ask whether increased FGFR activity following demyelin-

ation can further redirect NSPCs from producing neurons

to oligodendroglia. First, acute focal demyelination was

induced with an injection of lysophosphatidylcholine

(LPC) in one side of the corpus callosum. Six days post-in-

jection, a clearly demarcated area of the injected side had

invariably lost myelin basic protein (MBP) staining (Fig-

ure 2A), indicating demyelination.

Normally, most progenitors in the SVZ generate DCX+

neuroblasts. Consistent with this, the ratio of OLIG2+ to

DCX+ cells in the uninjured contralateral side of control

mice was �1:17 (Figures 2B and 2C) (OLIG2: 0.55 ±

0.073; DCX: 9.25 ± 1.54 cells/100 mm). At 14 days post-

demyelination (ipsilateral SVZ), despite an increase in

neurogenic cells, the number of OLIG2+ cells remained

small in control mice (Figure 2C), with a 1:18 ratio of

OLIG2+ cells to DCX+ cells (OLIG2: 1.41 ± 0.66; DCX:

24.7 ± 5.97 cells/100 mm). In contrast, in GOF mutants,

in the absence of injury, oligodendroglial cells were drasti-

cally more numerous and the main cell type in the SVZ

(contralateral SVZ, Figures 2B and 2C), with a 1.4:1 ratio

of OLIG2+ cells to DCX+ cells (OLIG2: 31.3 ± 2.64; DCX:

23.05 ± 4.68 cells/100 mm). After demyelination, unlike

in control mice, in GOFmutants, DCX+ cells were reduced

�4-fold, and the cells around the ventricle were mostly

oligodendroglial (ipsilateral SVZ, Figures 2B and 2C). The

decrease of DCX+ cells on demyelination led to an even

greater ratio of OLIG2+ cells to DCX+ cells, 2.6:1 (OLIG2:

14.38 ± 3.5; DCX: 5.46 ± 0.85 cells/100 mm), indicating a
Stem Cell Reports j Vol. 12 j 1223–1231 j June 11, 2019 1225



Figure 3. Increased FGFR Activity Induces a Transient Decrease in Neurogenesis in the SVZ after Global Demyelination
(A) MBP (myelin) and CC1 (OLs) staining in the corpus callosum (CC) (dotted outline) and cortex (Ctx) in untreated and cuprizone-treated
mice at day 0 (D0) when treatment was stopped. Arrows point to areas with significant loss of myelin. Quantitation shows a loss of CC1+ OLs
in the corpus callosum and cortex in treated compared with untreated control mice.
(B) DCX+ neuroblasts in the SVZ in both controls and GOF mutants with or without cuprizone treatment. In treated mice, samples were
collected at D0 or D21 after the stop of cuprizone. Quantitation shows decreased numbers of neuroblasts in GOF mutants at D0, but the
decrease recovers at D21. Much larger numbers of oligodendroglia are present in the SVZ of untreated and treated GOF mutants at D0 and
D21 than in controls.
**p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S2.
demyelination-induced change in the lineage composition

of SVZ cells. Note that the fewer OLIG2+ cells in the SVZ of

the injected side compared with the non-injected side in

Figure 2C likely reflects the recruitment of these cells

away from the SVZ to the demyelinated corpus callosum.

Similar to the DCX+ neuroblasts, the DLX2+ neuronal pre-

cursors in the GOF mutants were also further decreased af-

ter LPC injection. Together these results suggest that FGF

signaling in NSPCs induces a switch from generating pre-

dominantly neuronal cells to predominantly oligoden-

droglia, especially following demyelination.

To test whether FGF signaling can also redirect NSPCs

from neurogenesis to oligodendrogenesis after chronic

global, rather than acute local, demyelination and in the
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absence of any injection damage, mice were fed a 0.2% cu-

prizone diet for 12weeks. The day after cuprizone cessation

(day 0), presumably with the lowest level of myelin before

recovery, patchy areaswith loss ofMBP stainingwere found

in the corpus callosum, and staining in the cortex was

reduced in both controls and GOF mutants (Figure 3A).

MostCC1+OLswere lost in the corpus callosumandcortex.

At day 0, DCX+ neuroblast numbers in treated controls

were comparable with those in untreated mice, whereas,

in GOF mutants, the number of neuroblasts decreased

�6-fold. At this time, oligodendroglia in GOF mutants re-

mained abundant in the SVZ (Figure 3B). Similar to LPC-

induced demyelination, cuprizone resulted in a slight

reduction in the absolute number of OLIG2+ cells after



Figure 4. Increased FGFR Activity
Promotes OL Regeneration and Remyeli-
nation
(A) More new oligodendroglia (BrdU+
OLIG2+, arrows) are observed at sites of LPC
demyelination in the corpus callosum 6 days
post-injection in GOF mutants compared
with controls.
(B) More OLs labeled by CC1 and myelinated
axons labeled by NF1 and MBP viewed by
confocal imaging in the corpus callosum and
lower cortical layers (L. Ctx) at 10 days post-
cuprizone are observed in the GOF mutants.
(C) Transmission electron micrographs
showing sections through the corpus cal-
losum with a greater number of myelinated
axons in the GOF mutants than controls.
*p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001. See also Figures S3 and S4.
demyelination, which again may be due to the emigration

of these cells to demyelinating areas. Together, the data ob-

tained using cuprizone support an FGFR3-induced fate

switch from neurogenic to oligodendrogenic following

demyelination. Interestingly, 3 weeks after ceasing cupri-

zone (D21), DCX+ cells in GOF mutants recovered to

numbers in untreated mice (Figure 3B), indicating that

the FGF-induced switch fromneurogenesis to oligodendro-

genesis is reversible on remyelination. Since astrocytes up-

regulateGFAPondemyelination,we examined their activa-

tion state in LPC- and cuprizone-treatedmice and foundno

difference between GOF mutants and controls (Figure S2).

Increased FGFR Activity Promotes OL Regeneration

and Axon Remyelination

The shift in NSPC lineages after demyelination raises the

possibility that increasing FGFR activity could improve
OL regeneration and myelin repair. At 6 days post-LPC,

OLIG2+ cells accumulated in the demyelinated corpus cal-

losum of both controls and GOF mutants. Long-term bro-

modeoxyuridine (BrdU) pulse labeling revealed three times

more new OLIG2+ BrdU+ cells in the lesioned corpus

callosum of GOF mutants than controls, consistent

with improved regeneration induced by FGFR activity

(Figure 4A). The increase in new oligodendroglia

(OLIG2+BrdU+) in GOF mutants was maintained from

6 days to 3 weeks post-LPC (Figure S3A). Although the dou-

ble-labeled cells could in theory originate fromboth pOPCs

and NSPCs, the additional newborn oligodendroglia were

likely generated fromNSPCs owing to the specific targeting

of NSPCs by Nestin-CreER. An increase in new BrdU+ CC1+

OLs was also found at the lesion site in GOFmutants 6 days

post-LPC, indicating that FGFR-induced SVZ-derived new

OPCs can differentiate into OLs. By 3 weeks, however,
Stem Cell Reports j Vol. 12 j 1223–1231 j June 11, 2019 1227



similar levels of BrdU+ CC1+ cells were observed at lesion

sites in control and mutants showing that OLs eventually

also regenerate in controls (Figure S3A). Together, our

results suggest that, on LPC-induced demyelination,

increased FGFR activity in NSPCs improves the speed of

OL regeneration.

We also examined the effects of increased FGFR activity

on remyelination after cuprizone treatment. On cuprizone

cessation, normally the demyelinated areas gradually

recover as OLs are regenerated. As expected, in controls at

10 days post-cuprizone, partial recovery of CC1+ OLs was

observed in themedial corpus callosumwith little recovery

in lateral regions or in lower cortical layers (Figures 4B and

S3B), which may be due to fewer SVZ-derived OPCs

migrating to these areas. In contrast, in GOF mutants

manymore CC1+ cells were found in themedial and lateral

corpus callosum and lower cortical layers compared with

controls between 10 days and 3 weeks post-cuprizone (Fig-

ures 4B and S4A), indicating greater cell regeneration. In

the upper layers, both controls and mutants showed no

obvious recovery in OLs (Figure 4B). By 6 weeks after cupri-

zone treatment, controls had recovered CC1+ cells to levels

comparable with mutants in all regions (Figure S4A).

Together, the data suggest that increased FGFR3 activity

in NSPCs causes faster OL regeneration in both corpus cal-

losum and lower cortical layers after cuprizone-induced

demyelination.

The increase in OLs observed in the lateral corpus cal-

losum could in theory be due to paracrine influences on

resident OPCs rather than migration of new OPCs from

the SVZ. However, no increase in the proliferation state of

oligodendroglial (OLIG2+Ki67+) cells was detected 0, 10,

and 21 days post-cuprizone in the lateral corpus callosum

of GOF mutants compared with controls, and no increase

in oligodendroglia before treatment in either the lateral

corpus callosum or lower cortex could be detected (Figures

S4B–S4E).

Importantly, consistent with improved OL regenera-

tion, the corpus callosum and lower neocortex showed

much better remyelination in GOF mutants than con-

trols. In controls at day 10, most axons labeled by Neuro-

filament in the lateral corpus callosum and lower cortical

layer remained without a surrounding myelin sheath,

while in mutants, most axons were myelinated (Fig-

ure 4B). Transmission electron microscopy (TEM)

confirmed a greater number of myelinated axons in the

corpus callosum in GOF mutants than controls at

14 days post-cuprizone (Figure 4C), although the g ratios

when comparing only myelinated axons in mutants and

controls was similar (controls: 0.79 ± 0.01 versus GOF mu-

tants: 0.76 ± 0.018, p = 0.129). These results indicate that,

following demyelination, increasing FGFR activity in

NSPCs improves OL replacement and increases the num-
1228 Stem Cell Reports j Vol. 12 j 1223–1231 j June 11, 2019
ber of remyelinated axons in the corpus callosum and

lower neocortical layer.
DISCUSSION

Using a conditional genetic approach to increase FGFR3 ac-

tivity inNSPCs of the adultmouse SVZ, we revealed an abil-

ity for FGF signaling through this receptor to promote a

switch in the cell type produced from neurogenic to oligo-

dendrogenic. Since individual FGFRs can activate different

intracellular transduction pathways, activation of FGFR1

or FGFR2 may not reproduce the effects described here

for FGFR3. Arguing against different roles for FGFRs, how-

ever, is the finding that a double knockout of Fgfr1 and

Fgfr2 results in reduced remyelination after cuprizone treat-

ment (Furusho et al., 2015). Irrespective of which FGFRs

can increase oligodendrogenesis, our findings are consis-

tent with observations that, at low FGF2 concentrations,

cortical stem cells generate neurons in cell culture, while

at higher concentrations they generate oligodendroglia

(Qian et al., 1997), and that experimentally increasing

FGF2 in vivo expands OPCs in adulthood (Azim et al.,

2012; Ruffini et al., 2001). Interestingly, the shift to oligo-

dendrogenesis by NSPCs induced by increased FGF

signaling following demyelination occurs transiently dur-

ing remyelination before reversing back to its neurogenic

state after remyelination. This finding suggests that

although activated FGFR3 enhances oligodendrogenesis

at the expense of neurogenesis during remyelination, the

capability of NSPCs to generate neurons is not irrevocably

compromised.

Despite very similar properties of NSPCs from either the

SVZ or the hippocampal SGZ in culture, our results clearly

demonstrate different effects of perturbing FGF signaling in

the two niches in vivo. First, in contrast to the requirement

for FGF signaling in SGZ neurogenesis (Kang and Hébert,

2015; Stevens et al., 2012; Werner et al., 2011; Zhao et al.,

2007), FGF signaling is not essential for neurogenesis in

the SVZ. Second, while increasing FGFR activity using the

same transgenicmice described here leads to increased neu-

rogenesis in the hippocampal SGZ (Jin et al., 2003; Kang

and Hébert, 2015; Rai et al., 2007), we show here that

increasing FGFR activity in SVZ NSPCs redirects these cells

from neurogenic to oligodendrogenic. These differences

may be due to distinct lineage potentials of NSPCs in the

two locations or to environmental factors.

In vivo fate mapping showed that following cuprizone-

induced demyelination, NSPC-derived oligodendroglia

were recruited to the corpus callosum adjacent to the

SVZ, suggesting a limited migratory potential (Xing et al.,

2014). Our current study confirms that, in controls, slower

OL replacement occurs in the more lateral regions of the



corpus callosum, with limited if any replacement in lower

cortical layers. However, in GOF mutants, OL replacement

and remyelination in the lateral corpus callosum and lower

cortical layers was greatly increased, suggesting that

increased FGF signaling may promote migration of SVZ-

derived OPCs to more distal areas. The absence of signifi-

cant OL replacement and remyelination in the upper

neocortical layers in both controls and GOF mutants sug-

gests a different myelin repair mechanism, likely depen-

dent on pOPCs. Although the FGFR-induced increase in

OLs observed here leads to more remyelinated axons

without an increase in myelin thickness, suggesting a

greater capacity to initiate myelination, NSPC-derived

OLs can also lead to increased myelin thickness (Xing

et al., 2014).

Although FGF signaling promotes OPC expansion, it

can inhibit their differentiation into OLs (Armstrong

et al., 2002; Butt and Dinsdale, 2005; Murtie et al.,

2005; Zhou et al., 2012, 2006). In contrast, in FGFR3

GOF mutants, we observed an increase not only in

OPCs, but also myelinating OLs. However, because

CMV-b-actin-based promoters can be silenced on cell dif-

ferentiation or over time (Gray et al., 2011; Vroemen

et al., 2005), we cannot exclude the possibility that our

FGFR3 transgene undergoes silencing, which relieves the

FGFR block on OPC differentiation. It is also possible

that the discrepancies observed in OL production using

different genetic approaches reflect distinct mechanisms

regulating SVZ-derived OPCs, which we specifically tar-

geted, and pOPCs, since previous studies did not distin-

guish between these two sources of OLs.

Several benefits of increasing FGF signaling in the brain

have been reported. First, as shown here, increasing FGFR

activity dramatically increases OPC numbers after demy-

elination, with only transient effects on neurogenesis.

Second, FGFR activity in already mature OLs increases

myelin production (Ishii et al., 2014; Furusho et al.,

2017, 2012). Third, FGFR activity can suppress the reac-

tive state of astrocytes (Kang et al., 2014; Oh et al.,

2003), which contribute to inflammation in demyelin-

ating conditions, such as multiple sclerosis, and have

been proposed to exacerbate remyelination (Li et al.,

2016; Ludwin et al., 2016). Finally, FGF activity can also

rescue age-related declines in hippocampal neurogenesis

(Kang and Hébert, 2015). Therefore, repeated transient

upregulation of FGF signaling is expected to have overall

beneficial effects on remyelination: high signaling

inducing increased OPC numbers and myelin production

followed by low signaling allowing the exuberant OPCs

to differentiate. Altogether, our findings further support

FGF signaling as a therapeutic target for stimulating OL

regeneration and myelin repair caused by disease or

injury.
EXPERIMENTAL PROCEDURES

Mice
All experiments herein have been approved by the Albert Einstein

College of Medicine Institutional Animal Care and Use Commit-

tee. Mouse lines are detailed in the Supplemental Experimental

Procedures. Mice were 2–3 months old at the start of experiments.

All mice received tamoxifen (TM) (5 mg/35 g body weight) every

other day for a total of five doses. New cells in the LPC-induced

demyelination model were labeled with BrdU twice a day for

5 days starting the day after LPC injection.

Demyelination
LPC: LPC was injected at ‘‘day 0’’ in the corpus callosum 3–4 weeks

after the last dose of TM. Cuprizone:micewere fed cuprizone chow

for 12 weeks. TM was administered every other day for five doses

with the last dose given 2 weeks before the end of cuprizone.

Immunostaining
Cryosections were treated for antigen retrieval, blocked, incubated

with primary antibodies (see Supplemental Experimental Proced-

ures), and incubated with secondary fluorescent antibodies. For

BrdU staining, slides were acid treated before antigen retrieval.

TEM
Mice were perfused with fixative. Brains were postfixed, washed,

and vibratome sliced. The corpus callosum was dissected, treated

with osmium tetroxide, stained with uranyl acetate, dehydrated,

and embedded in resin. Ultrathin sections were stained with ura-

nyl acetate, lead citrate, and imaged.

Quantitation and Statistics
Cells were counted in the SVZ or the corpus callosum in coronal

sections positionally matched in the rostocaudal axis. For cell

counts, the SVZ was defined as the visibly denser layer of DAPI+

nuclei lining the ventricle. Statistical analyses were with the

Student’s t test. At least three sections per hemisphere for each of

three mice per genotype were used. Numbers were averaged and

compared between mutant and control littermates. Data were pre-

sented as mean ± SEM.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/

10.1016/j.stemcr.2019.05.006.
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SUPPLEMENTAL INFORMATION 

Supplemental Figures 

 

 

Figure S1. Effects of manipulating FGF receptor activity on p-ERK, neurogenesis, oligodendrogenesis, and 
apoptosis. Related to Figure 1. 
(A) Increased FGFR3 activity leads to an increased level of phospho-ERK, a downstream target of FGF signaling in 
the SVZ. Immunostaining for p-ERK is significantly brighter in GOF mutants than controls. p = 0074. 
(B) FGFRs are not required for maintaining apparently normal levels of neurogenesis or oligodendrogenesis in the 
SVZ. Nestin-CreER;Fgfr1fx/fx;Fgfr2fx/fx;Fgfr3fx/fx (LOF) mice and littermate controls show no difference in DCX or 
OLIG2 staining. Scale bars, 100 µm. 



	 2	

(C) Increased FGFR3 activity enhances proliferation of neuroblasts. Proliferative neuroblasts in the SVZ are double 
stained for DCX and Ki67 in both controls and mutants. Quantification shows increased number of double labeled 
cells in GOF mutants compared to controls (p = 0.01555). Arrowheads indicate double labeled cells.  
(D) Cells double stained with the neural progenitor marker DLX2 and the OL lineage marker OLIG2 are detected in 
the SVZ of mutant animals. Arrows indicate double labeled cells. Scale bar: 20 µm. 
(E) Increased FGFR3 activity does not influence apoptosis in the SVZ. TUNEL assay shows no difference in the in 
already very low level of apoptosis between controls and mutants. 
V, lateral ventricle. 
  



	 3	

 
Figure S2.  Levels of astrocyte activation in the cortex do not appear enhanced in the GOF mutants after lesioning. 
Related to Figure 3. 
GFAP immunostaining in mutants and controls with LPC- and cuprizone-induced demyelination. Quantification 
shows comparable relative integrated intensity of GFAP staining in controls and mutants. Dotted lines in images of 
LPC-induced demyelination indicate the edge of the lesion. Ctx, cortex; CC, corpus callosum.  
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Figure S3. Increased FGFR activity promotes oligodendrocyte regeneration upon LPC-induced demyelination. 
Related to Figure 4. 
(A) Quantification of newly generated oligodendroglial cells labeled by BrdU and OLIG2 and OLs labeled by BrdU 
and CC1 around the lesion in controls and GOF mutants after LPC-injection indicates a significant increase in the 
number of both double labeled cells in GOF mutants at 6 days after injection (OLIG2+BrdU+, p = 7.8 X10-8; 
CC1+BrdU+, p = 0.00017). However, at 3 weeks after injection, although the increase of BrdU+OLIG2 + cells is 
maintained (p = 0.0064), the BrdU+CC1+ cells become comparable in controls and mutants.     
(B) GOF mutants exhibit increased recovery of CC1+ cells even in the lateral corpus callosum. OLs labeled by CC1 
in medial and lateral corpus callosum in control and mutant animals at 14 days after the stop of cuprizone. 
Quantification shows that the number of CC1 + OLs in the lateral CC is lower than that in the medial CC in 
controls, while in GOF mutants, the difference between the two areas is not statistically significant. The corpus 
callosum is outlined with dotted lines. Position M: medial corpus callosum proximal to the SVZ. Position L: lateral 
corpus callosum distal to the SVZ. Scale bar: 50 µm. * p<0.05, ** p<0.01. 
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Figure S4. Increased FGFR3 activity promotes OL regeneration upon cuprizone-induced demyelination without 
affecting parenchymal OPCs. Related to Figure 4. 
(A) Quantification of OLs labeled by CC1 in the corpus callosum and lower cortical layers at different time points 
after cuprizone treatment. Increased numbers of OLs are observed in both the corpus callosum (p = 0.023) and lower 
cortical layers (p = 0.037) in GOF mutants at day 10 post cuprizone. The increase is maintained at 3 weeks in the 
corpus callosum (0.033) but not in the lower cortical layers, while the numbers become comparable at 6 weeks after 
cuprizone treatment in the corpus callosum and lower layer cortex.  
(B) Proliferative pOPCs labeled by OLIG2 and Ki67 in the corpus callosum of controls and mutants at day 10 after 
cuprizone treatment. The corpus callosum is outlined by dotted lines. Arrowheads indicate double labeled cells. 
(C) Quantification of numbers of double labeled cells in the corpus callosum at different time points after cuprizone 
treatment shows no difference in the proliferative state of pOPCs between controls and mutants. 
(D) Oligodendroglial cells labeled by OLIG2 in controls and mutants before cuprizone treatment. Ctx, cortex. 
(E) Quantification of OLIG2+ cells shows no difference in the number of oligodendroglia in the corpus callosum 
and lower cortical layers between controls and mutants before cuprizone treatment. 

 
 

Supplemental Experimental Procedures 
 

Animals and tamoxifen treatment. The CAG-flox-stop-flox-Fgfr3TDII, 

Fgfr1flox/flox, Fgfr2flox/flox, Fgfr3flox/flox, and Nestin-CreER mice were described previously (Deng et al., 1996; Trokovic 

et al., 2003; Yu et al., 2003; Balordi and Fishell, 2007; Su et al., 2010; Kang et al., 2014). All mice used in this study 

were 2-3 months old at the start of experiments. All mice received Tamoxifen (TM), 20 mg/ml in corn oil, 

intraperitoneally (5 mg/35 g body weight) every other day for a total of five doses, similar to previously described 

TM regimens that lead to recombination in ~70% of SVZ NSPCs (Balordi and Fishell, 2007; Kang et al., 2014). 

Controls used were littermates without Nestin-CreER. 3-4 weeks after the last TM dose mice were perfused with 4% 

paraformaldehyde and brains collected. New cells in the lysolecithin (LPC)-induced demyelination model were 

labeled with BrdU (100mg/kg body weight) injected intraperitoneally 2X/day for 5 days starting the day after LPC 

injection. 

Demyelination. LPC: 2 µl of 1% LPC (vol/vol) was injected at “day 0” stereotaxically in the corpus callosum 3-4 

weeks after the last dose of TM. At 6 and 14 days post-injection, brains were collected for analysis. Cuprizone: mice 

were fed 0.2% cuprizone chow for 12 weeks. TM was administered every other day for 5 doses with the last dose 

given 2 weeks before the end of cuprizone. Brains were collected the day the diet was stopped, or 10 or 21 days 

later.  

Immunostaining. Cryosections (20 microns) on slides were heated in 10 mM sodium citrate, pH 6.0, for antigen 

retrieval, blocked in normal goat serum, incubated with primary antibodies overnight at 4°C, and with secondary 

antibodies (AlexaFluor-568 or AlexaFluor-488) (Invitrogen, 1:400) for 1 h at room temperature. Primary antibodies: 
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rabbit anti-DCX (1:400, Cell Signaling Technology, #4604), guinea pig anti-DCX (1:2000, Millipore, AB2253), 

mouse anti-DLX2 (1:100, Santa Cruz Biotech. sc393879), rabbit anti-GFAP (1:100, Dako, Z0334) rabbit anti-

OLIG2 (1:200 Millipore), rabbit anti-NG2 (1:200, Millipore, AB5320), rabbit anti-CC1 (1:400, Calbiochem, OP80), 

mouse anti-Neurofilament (1:200, Biolegend, 837901), mouse anti-MBP (1:500, Covance, SMI-99P), rat anti-MBP 

(1:400, Abcam, ab7349), rat BrdU (1:1000, Bio-Rad, OBT0030G). For staining of BrdU, slides were incubated with 

2M HCl at room temperature for 30 min before antigen retrieval. Stained sections were analyzed on a Zeiss 

AxioSkop2 or a confocal Zeiss LSM-510 MetaDuo V2. 

Transmission electron microscopy (TEM). Mice were perfused with phosphate buffer containing 2.5% 

glutaraldehyde, 2% paraformaldehyde, and 25 mM sucrose (pH 7.2). Brains were postfixed in this solution 

overnight followed by phosphate buffer washes and vibratome sliced at 800 microns.  The corpus callosum was 

dissected, postfixed with 1% osmium tetroxide, stained with 2% uranyl acetate, dehydrated through an ethanol 

series, and embedded in resin (LX112, LADD Research Industries, or HardPlus, Electron Microscope Science). 

Ultrathin sections were cut on a Leica Ultracut UC7 or RMC Powertome XL, stained with 1% uranyl acetate for 10 

min, stained with lead citrate, and imaged on a JEOL 1200EX TEM at 80kv. For axon numbers, only axons larger 

than 0.3 µm were counted. 

Quantitation and statistics. Cells were counted in the SVZ or the corpus callosum in coronal sections positionally 

matched in the rostocaudal axis for all analyses. For cell counts, the SVZ was defined as the visibly denser layer of 

DAPI+ nuclei lining the ventricle. Statistical analyses were with the Student’s t-test. At least 3 sections per 

hemisphere for each of 3 mice per genotype were used for cell counts. Numbers were averaged and compared 

between mutant and control littermates. Data were presented as mean +/-SEM. 
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