
Cellular/Molecular

Signaling by FGF Receptor 2, Not FGF Receptor 1, Regulates
Myelin Thickness through Activation of ERK1/2–MAPK,
Which Promotes mTORC1 Activity in an Akt-Independent
Manner
Miki Furusho, Akihiro Ishii, and Rashmi Bansal
Department of Neuroscience, University of Connecticut Medical School, Farmington, Connecticut 06030

FGF signaling has emerged as a significant “late-stage” regulator of myelin thickness in the CNS, independent of oligodendrocyte
differentiation. Therefore, it is critically important to identify the specific FGF receptor type and its downstream signaling molecules in
oligodendrocytes to obtain better insights into the regulatory mechanisms of myelin growth. Here, we show that FGF receptor type 2
(FGFR2) is highly enriched at the paranodal loops of myelin. Conditional ablation of this receptor-type, but not FGF receptor type 1
(FGFR1), resulted in attenuation of myelin growth, expression of major myelin genes, key transcription factor Myrf and extracellular
signal-regulated protein kinase 1 and 2 (ERK1/2) activity. This was rescued by upregulating ERK1/2 activity in these mice, strongly
suggesting that ERK1/2 are key transducers of FGFR2 signals for myelin growth. However, given that the PI3K/Akt/mechanistic target of
rapamycin (mTOR) pathway is also known to regulate myelin thickness, we examined FGFR2-deficient mice for the expression of key
signaling molecules in this pathway. A significant downregulation of p-mTOR, p-Raptor, and p-S6RP was observed, which was restored
to normal by elevating ERK1/2 activity in these mice. Similar downregulation of these molecules was observed in ERK1/2 knock-out mice.
Interestingly, since p-Akt levels remained largely unchanged in these mice, it suggests a mechanism of mTORC1 activation by ERK1/2 in
an Akt-independent manner in oligodendrocytes. Taken together, these data support a model in which FGFs, possibly from axons,
activate FGFR2 in the oligodendrocyte/myelin compartment to increase ERK1/2 activation, which ultimately targets Myrf, as well as
converges with the PI3K/Akt/mTOR pathway at the level of mTORC1, working together to drive the growth of the myelin sheath, thus
increasing myelin thickness.
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Introduction
Myelin produced by oligodendrocytes is a biologically active
multilamellar sheath that wraps around axons, receiving and pro-

cessing signals in bidirectional communication with axons (Boz-
zali and Wrabetz 2004; Nave 2010; Piaton et al., 2010; Simons and
Nave 2015). It is essential for the rapid conduction of nerve im-
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Significance Statement

It is well accepted that myelin is a biologically active membrane in active communication with the axons. However, the axonal signals, the
receptors on myelin, and the integration of intracellular signaling pathways emanating downstream from these receptors that drive the
growth of the myelin sheath remain poorly understood in the CNS. This study brings up the intriguing possibility that FGF receptor 2, in
the oligodendrocyte/myelin compartment, may be one such signal. Importantly, it provides compelling evidence linking FGFR2 with the
ERK1/2–MAPK pathway, which converges with the PI3K/Akt/mTOR (mechanistic target of rapamycin) pathway at the level of mTORC1
and also regulates the transcription factor Myrf, together providing a mechanistic framework for regulating both the transcriptional and
translational machinery required for the proper growth of the myelin sheath.
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pulses, and damage of this sheath, as in multiple sclerosis, leads to
severe neurological deficits.

Previous genetic gain- or loss-of-function studies have impli-
cated several extracellular growth factors or their receptor ty-
rosine kinases [such as insulin-like growth factor-1 (IGF-1),
brain-derived neurotrophic factor, NT3, neuregulin-1-type III]
in the regulation of CNS myelination (Carson et al., 1993; Cel-
lerino et al., 1997; Kahn et al., 1999; Ye et al., 2002; Roy et al.,
2007; Zeger et al., 2007; Brinkmann et al., 2008; D’Ercole and Ye,
2008; Taveggia et al., 2008; Vondran et al., 2010; Wong et al.,
2013). Fibroblast growth factors (FGFs) and their four receptors
(FGFR1–FGFR4) are also important extracellular signals that are
known to regulate a variety of functions during development and
in the adult (Dono, 2003; Brewer et al., 2016). Oligodendrocyte
lineage cells express FGF receptors and coreceptors (heparan
sulfate proteoglycans) in a developmentally regulated manner
(Bansal et al., 1996a,b; Fortin et al., 2005). Both FGFR1 and
FGFR2 are expressed in mature oligodendrocytes. Recently,
through the analysis of conditional Fgfr1/Fgfr2 double knock-out
mice, we showed that FGF signaling in oligodendrocytes plays a
critical role in the postnatal CNS, where it regulates myelin thick-
ness, independent of oligodendrocyte differentiation, and initia-
tion of myelination (Furusho et al., 2012), and also in the adult
CNS, where it promotes remyelination of chronically demyeli-
nated lesions (Furusho et al., 2015).

FGFRs are known to recruit multiple downstream signaling
pathways, including the Ras/Raf/Mek/Erk–MAPK and the PI3K/
Akt/mechanistic target of rapamycin (mTOR) pathways (Rubin-
feld and Seger, 2005; Turner and Grose, 2010). A prominent role
of the PI3K/Akt/mTOR pathways has been proposed in the reg-
ulation of oligodendrocyte differentiation and myelin growth in
vivo (Narayanan et al., 2009; Goebbels et al., 2010; Harrington et
al., 2010; Guardiola-Diaz et al., 2012; Bercury et al., 2014; Dai et
al., 2014; Lebrun-Julien et al., 2014; Wahl et al., 2014; Zou et al.,
2014). We proposed previously an equally important in vivo role
of extracellular signal-regulated protein kinases 1 and 2 (ERK1/
2), downstream mediators of the mitogen-activated protein ki-
nase (MAPK) pathway, in the regulation of myelin thickness
during developmental myelination (Ishii et al., 2012; Ishii et al.,
2013). Furthermore, we have shown that FGFR and ERK–MAPK
signaling continues to be required in oligodendrocytes through-
out adulthood for the long-term growth and maintenance of
myelin and for the support of axonal integrity (Ishii et al., 2014).
In addition, when ERK1/2 are activated in preexisting mature
oligodendrocytes during adulthood, new myelin growth can be
reinitiated, even after active myelination is terminated, which has
important implications for understanding the mechanism un-
derlying the plasticity of myelin in adult life (Ishii et al., 2016;
Jeffries et al., 2016).

Despite accumulating evidence implicating numerous extracel-
lular signals and intracellular signal transduction molecules, a se-
quence of connected molecular events critical for receiving and
processing extracellular information leading to the regulation of my-
elin thickness during developmental myelination has not been fully
defined in the CNS. Here, we make use of a series of conditional
genetically modified mice to address these issues and present a ten-
tative scheme of events that highlights the role of FGF signaling in
orchestrating the flow of information, potentially transmitted from
the axon and received by FGFR2, a specific receptor type that trans-
duces its signals downstream through the activation of ERK1/2,
which propagates it further by converging with the PI3K/Akt/mTOR
pathway at the level of mTORC1 and by regulating a master tran-
scription factor, Myrf, together providing a means of regulating

transcription and translation of myelin proteins and lipid-synthesiz-
ing enzymes required for the assembly of the myelin sheath during
developmental myelination.

Materials and Methods
Generation of Fgfr1/Fgfr2 double and Fgfr1 or Fgfr2 single conditional
knock-out mice. We generated conditional double knock-out (dKO) mice
of genotype Fgfr1flox/flox;Fgfr2flox/flox;Cnpcre/� by mating Fgfr1flox/flox;
Fgfr2flox/flox (Pirvola et al., 2002; Yu et al., 2003) with Cnpcre/� (2�,3�-
cyclic nucleotide 3�-phosphohydrolase; Lappe-Siefke et al., 2003) mice to
produce progeny with disruption of both Fgfr1 and Fgfr2 genes in CNP-
expressing oligodendrocyte-lineage cells as described previously (Kaga et
al., 2006; Furusho et al., 2009, 2012; Wang et al., 2009; referred to as
Fgfr1/Fgfr2 dKO). We also generated single knock-out mice of Fgfr1 (re-
ferred to as Fgfr1 cKO) and Fgfr2 (referred to as Fgfr2 cKO) by similar
mating of the Fgfr1 or Fgfr2 floxed mice with Cnpcre/� mice. Littermates
of these mutants lacking Cre are referred to as “controls.” The genetic
background of the Fgfr1flox/flox;Fgfr2flox/flox lines is 129/Sv, and that of the
Cnpcre line is C57BL/6. The conditional loss of FGFR1 and FGFR2 was
confirmed by PCR, immunoblotting, in situ hybridization, and analysis
of reporter mice as described previously (Kaga et al., 2006; Furusho et al.,
2009, 2012; Wang et al., 2009).

To genetically elevate ERK1/2 activity in FGFR2-deficient oligodendrocytes,
we generated transgenic mice by appropriate mating of Fgfr2flox/flox;Cnpcre/� or
Fgfr1flox/flox;Fgfr2flox/flox;CNPcre/� with Rosa26StopFlMek1DD,EGFP/� mice to
produce progeny where Cre-mediated excision of floxed STOP cassette
leads to the expression of constitutively active Mek1 in mice that have
disruption of either Fgfr2 genes (referred to as Fgfr2-KO;Mek/�) or both
Fgfr1/Fgfr2 (referred to as Fgfr1/Fgfr2-dKO;Mek/�) in CNP-expressing
oligodendrocyte-lineage cells.

Generation of other lines of genetically modified mice used in this
study have been described previously, specifically, double knock-out
mice with disruption of ERK1/2 of genotype CnpCre/�;ERK1�/�;
ERK2flox/flox (referred to as ERK1/2 dKO; Ishii et al., 2012) and transgenic
mice with constitutively active Mek1 in CNP-expressing oligodendro-
cytes of genotype CnpCre/�;Rosa26StopFlMek1DD,EGFP/� (referred to as
CnpCre;Mek/�; Ishii et al., 2013, 2016).

The Fgfr1 flox/flox; Fgfr2 flox/flox; CNP Cre/� mice perform normally on
the rotarod test (Furusho et al., 2009). However, these mice showed
prolongation of auditory brain stem response peak latency, indicative of
slower nerve conduction (Wang et al., 2009). The Fgfr2 cKO mice appear
to have a normal gait, but extensive behavior tests have not been carried
out on these mice.

Immunolabeling and histology. As described previously (Kaga et al.,
2006; Furusho et al., 2012; Ishii et al., 2012), postnatal day 15 (P15) and
2-month-old mice of both sexes perfused with PBS or 4% paraformalde-
hyde/PBS were subjected to postfixation overnight in 4% paraformalde-
hyde/PBS, and then over another night in 20% sucrose/PBS. Cryostat
transverse sections (15 �m) of cervical spinal cord were cut. For myelin
basic protein (MBP; 1:3000; Dr. E. Barbarese, UConn Health, Farming-
ton, CT) immunolabeling, sections were delipidated with 100% ethanol
for 10 min, washed with PBS (3 times, 10 min each), and blocked (1 h) in
PBS, 10% normal goat serum (NGS; Invitrogen), 5% BSA, and 0.1% fish
gelatin. Before immunolabeling for phosphorylated ERK1/2 (p-ERK1/2;
1:400; Cell Signaling Technology), p-Akt (Thr308; 1:100; Cell Signaling
Technology), p-Raptor (Ser696; 1:100; Millipore), p-p70S6K (Thr421/
424; 1:50; Santa Cruz Biotechnology), FGF1 (1:50; Santa Cruz Biotech-
nology), FGF2 (1:50; Millipore), or Neurofilament H (NFH; 1:200;
Sigma), spinal cord sections were subjected to antigen retrieval by 5 min
of incubation at 95°C in citrate buffer, pH 6.0, washed with PBS (3 times,
10 min each), and blocked (1 h) in PBS, 10% NGS, and 0.03% Triton
X-100. For p-mTOR (Ser2448; 1:100; Cell Signaling Technology) and
p-S6RP (Ser235/236; 1:100; Cell Signaling Technology) immunolabel-
ing, sections were incubated in TBSS and 5% methanol/1% H2O2 for 10
min, washed with TBSS (3 times, 10 min each) and 10% Triton X-100 for
30 min, and blocked (1 h) in TBSS and 10% NGS and then TBSS, 0.3%
BSA, and 0.02% Triton X-100. For FGFR2 (1:50; Santa Cruz Biotechnol-
ogy) and FGFR1 (1:500; Cell Signaling Technology) immunolabeling,
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teased spinal cord axons were incubated in 0.1% H2O2 for 30 min,
washed with PBS (3 times, 10 min each), and blocked (1 h) in PBS, 10%
NGS, and 0.3% Triton X-100. For Caspr (1:100; Neuromab) immunola-
beling, the teased spinal cord axons were blocked (1 h) in PBS, 10% NGS,
and 0.3% Triton X-100. Specimens were incubated with primary
antibody in blocking buffer at 4°C for 24 –72 h. Phosphate-buffered or
Tris-buffered saline containing 100 �M sodium fluoride and 100 �M

o-vanadate were used for dilutions of antibodies and washes. After wash-
ing the primary antibody, the specimens were incubated in appropriate
secondary antibodies conjugated to biotin (1:200; Vector Laboratories),
Cy3 (1:500; Jackson ImmunoResearch), or Alexa Fluor 488 (1:500; Invit-
rogen), and nuclei were counterstained with Hoechst blue dye 33342
(1 mg/ml; Sigma). The avidin/biotinylated enzyme complex system
(Vector Laboratories) was used to detect biotinylated secondary antibod-
ies, and the color was developed by incubation in 3,3�-diaminobenzidine
(DAB; Sigma). Negative controls were treated identically except for the
exclusion of primary antibodies. Quantification of the MBP immunola-
beled area of white matter was done using the area measurement func-
tion in Photoshop. Images were taken from matched lateral-ventral
white matter regions of cervical spinal cord in all cases.

In situ hybridization. Transverse sections of cervical spinal cord from
P30 or 1.4-month-old mice were prepared as above, and in situ hybrid-
ization was performed as described previously (Furusho et al., 2011,
2012; Ishii et al., 2012) using riboprobes specific for proteolipid protein
(PLP) mRNA (Dr. W. B. Macklin, University of Colorado School of
Medicine, Aurora, CO) or MBP mRNA (Dr. M. Qiu, University of Lou-
isville, Louisville, KY). Briefly, after incubation in 1 �g/ml proteinase K at
37°C for 30 min, sections were hybridized overnight at 65°C with
digoxigenin-labeled antisense cRNA probe and washed in 50% forma-
mide, 2� SSC, and 1% SDS at 65°C for 2–3 h, followed by rinses in 2�
SSC and 0.2� SSC at room temperature and 0.1� SSC at 60°C. After
blocking in 1% Tween 20 and 1% normal goat serum (1 h), sections were
incubated (overnight) in alkaline phosphatase-conjugated antidigoxige-
nin antibody (1:2000; Roche). Color was developed with 4-nitroblue
tetrazolium chloride and 5-bromo-4-chloro-3-indolylphosphate.

Electron microscopy. Five- to 7-month-old transgenic and littermate
control mice of both sexes were perfused with 4% paraformaldehyde, 2%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4 (Electron Microscopy
Sciences). Cervical spinal cords of transgenic and littermate control mice
were postfixed in 1% OsO4. Samples were dehydrated through graded
ethanol, stained en bloc with uranyl acetate, and embedded in Poly/
Bed812 resin (Polysciences). Thin (1 �m) sections were stained with
toluidine blue, and ultrathin (0.1 �m) sections from matching areas of
experimental and control tissue blocks were cut and visualized using an
electron microscope (JEOL1200CX) at 80 kV. Digitized images (3000�
magnification) were used to determine the g-ratios of randomly selected
myelinated axons. Approximately 200 –300 axons from two mice per
genotype were measured per genotype from matched regions of the ven-
tral cervical spinal cord. Statistical analysis was performed on average
g-ratios using Student’s t test. For comparison of control and mutant
mice, note that higher g-ratios indicate thinner myelin sheath.

Quantitative real-time PCR. Total RNA from spinal cords of P15 or 1.4-
month-old mice was extracted using the TRIzol reagent (Invitrogen). One
microgram of total RNA was reverse transcribed to cDNA using the iScript
Synthesis Kit (Bio-Rad) according to the manufacturer’s instructions.
Quantitative real-time PCR (qRT-PCR) was performed using an Eppendorf
Mastercycler ep realplex Thermal Cycler or CFX Connect Real-Time PCR
Detection System (Bio-Rad) and iQ SYBR Green Supermix (Bio-Rad) ac-
cording to the manufacturer’s instructions. qRT-PCR conditions were as
follows: denaturation at 95°C, 30 s; primer annealing at 55.5°C or 53°C, 30 s;
and elongation at 72°C, 40 s. Quantification of PCR products was performed
using the 2-��Ct method. Quantities of mRNA were normalized to the
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
The following primers were used: PLP forward primer, 5�-GTATAGG
CAGTCTCTGCGCTGAT-3�; PLP reverse primer, 5�-AAGTGGCAGCAA
TCATGAAGG-3�; MBP forward primer, 5�-TACCTGGCCACAGCAAG
TAC-3�; MBP reverse primer, 5�-GTCACAATGTTCTTGAAG-3�; CGT
(cerebroside galactosyl transferase) forward primer, 5�-CAGAGGC
GCTCTCCAACTC-3�; CGT reverse primer, 5�-GCACTCCACAGG

AGCATGAA-3�; Fdft1 forward primer, 5�-GCCTGCCGTCAAAGC
TATCATA-3�, Fdft1 reverse primer, 5�-TCTTGGAGATGACCTGCT
TGGT-3�; Myrf forward primer, 5�-TGGCAACTTCACCTACCACA-3�,
Myrf reverse primer, 5�-GTGGAACCTCTGCAAAAAGC-3�; Zfp191 for-
ward primer, 5�-GCTCAGGGATTACCGAGTTC-3�; Zfp191 reverse
primer, 5�-CTCTCCAGCTGAAGCCATCT-3�; Nkx 6.2 forward primer, 5�-
CTTTCTCGGTAGCTGACATTCTC-3�; Nkx 6.2 reverse primer, 5�-TC
GCTGCTCTCAAACCATCC-3�; Olig1 forward primer, 5�-GACCTC
AGCCAATCTTCC-3�; Olig1 reverse primer, 5�-TAACACCCTTGATGT
TTGTACC-3�; Olig2 forward primer, 5�-TTATTACAGACCGAGCCAA
CACC-3�; Olig2 reverse primer, 5�-GTCGTGCATGCGCTTGCGTT-3�;
Sox10 forward primer, 5�-AGCCCAGGTGAAGACAGAGA-3�; Sox10 re-
verse primer, 5�-AGTCAAACTGGGGTCGTGAG-3�; and YY1 forward
primer, 5�-TTGAGCTCTCAACGAACGCTTTGC-3�; YY1 reverse primer,
5�-TCAGACCCTAAGCAACTGGCAGAA-3�; GAPDH forward primer, 5�-
TGTGTCCGTCGTGGATCTG-3�; GAPDH reverse primer, 5�-CA
TGTAGGCCATGAGGTCCACCAC-3�.

Immunoblotting. Immunoblotting was performed as described previ-
ously (Fortin et al., 2005). Briefly, equal amounts of total proteins from
lysates of white matter from spinal cords of P15 mice were loaded onto
SDS-PAGE gels, transferred to PVDF membranes, and immunolabeled
for anti-FGFR2, (1:50; Santa Cruz Biotechnology), phospho-ERK1/2 (1:
10,000; Cell Signaling Technology), phospho-mTOR 2448 (1:1000; Cell
Signaling Technology), p-Akt 308 (1:1000; Cell Signaling Technology),
and GAPDH (1:60,000; Biodesign International) as a loading control.
Quantification of the bands was done by ImageJ software. Statistical
analysis used to evaluate immunoblots was done by one-way ANOVA.

Myelin fractionation. Myelin was purified from adult mouse brains by
sucrose density gradient centrifugation as described previously (Menon
et al., 2003). Four fractions were collected, floating at different sucrose
densities: “main band” (MB; 12.0 –22.5%), “dispersion” (22.5–25.4%),
‘‘heavy band” (HB; 25.5–26.9%), and “pellet.” Total protein concentra-
tions were determined by BCA protein assay (Bio-Rad).

Results
FGFR2 is enriched at the paranodal loops of myelin, and
FGF1 and FGF2 are expressed by the axons
We showed previously that FGFR2 is the most abundant of the three
FGFRs expressed in oligodendrocyte lineage cells. Its expression be-
gins upon oligodendrocyte terminal differentiation, concomitant
with the expression of major myelin proteins. FGFR1 is expressed
both in oligodendrocyte progenitors and in differentiated oligoden-
drocytes, although to a lower extent. FGFR3 and FGFR4 are not
expressed in differentiated oligodendrocytes (Bansal et al., 1996a;
Fortin et al., 2005). Interestingly, immunoblotting of purified myelin
showed that FGFR2, but not FGFR1, is also expressed in adult my-
elin (Fortin et al., 2005, Bryant et al., 2009). However, the sub-
domains of myelinated fiber where FGFR2 is localized in vivo are not
known. Therefore, we immunolabeled teased fiber preparations
from spinal cords with anti-FGFR2 (Fig. 1Aa). We found intense
immunolabeling for FGFR2 in a pattern indicative of its localization
at the paranodal region of myelin. Double immunolabeling of
FGFR2 with Caspr, which marks the paranodal region, showed an
overlapping pattern in control mice, providing further evidence that
suggests an enrichment of FGFR2 at the paranodal region (Fig. 1Ab).
As expected, FGFR2 immunolabeling was lost from the Caspr�
paranodal region in Fgfr1/Fgfr2 dKO mice (Fig. 1Ab). Since these
FGFRs were conditionally ablated from oligodendrocytes in these
mice, the loss of FGFR2 immunolabeling in the Fgfr1/Fgfr2 dKO
mice indicates that the observed FGFR2 expression at the
paranodes is in myelin and not in the axons. The specificity of
the staining is further evident by the absence of signal with
anti-FGFR1 or with the secondary antibodies alone at the
Caspr� paranodal region (Fig. 1Ac).

We next took an alternate biochemical approach to determine
the localization of FGFR2 in myelin subdomains. This was done
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by sucrose density fractionation of myelin purified from the
brains of adult control and Fgfr2 cKO mice as described previ-
ously (Menon et al., 2003). This method has been shown to “bio-
chemically dissect” out the subdomains of myelin, such that the
myelin proteins expressed in different subdomains distribute in a
typical pattern of increased or decreased enrichment in the su-
crose gradient, as shown diagrammatically in Figure 1, Ba and Bb
(adapted from Menon et al., 2003, their Fig. 8). For example,
the myelin proteins like MBP and PLP, which are expressed in
compact multilamellar myelin, are most enriched in low-
sucrose-density fractions, while the myelin proteins like CNP,
myelin-associated glycoprotein (MAG), and neurofascin-155
(NF-155), which are expressed in the cytoplasmic noncompact
myelin, such as the paranodal and adaxonal regions, are most
enriched in high-sucrose-density fractions. Immunoblotting of
fractionated myelin from normal control mice showed that
FGFR2 was most enriched in the high-sucrose-density fraction
(HB) and lowest in the low-density fraction (MB; Fig. 1Bb). This
pattern of distribution is typical for other myelin proteins that are
preferentially enriched in the cytoplasmic noncompact compart-
ments (Menon et al., 2003). Furthermore, the FGFR2 signal was
completely lost from all fractions of myelin purified from the
Fgfr2 cKO mice (Fig. 1Bb), indicating that the FGFR2 signal was
not from axons that might have contaminated the myelin frac-
tions. Taken together, we conclude that FGFR2 is preferentially
enriched at the cytoplasmic noncompacted regions of myelin,
primarily at the paranodal loops. Nevertheless, it is likely that
FGFR2 is also present in other cytoplasmic compartments of my-
elin, such as the adaxonal region, but may be below the limits of
clear detection by immunostaining (Fig. 1A).

Given the presence of FGFR2 in purified myelin membranes
and its enrichment at the paranodes in vivo, we hypothesized that
if the ligand, FGF, was present in the axonal compartment, then
FGFR2 in myelin could potentially receive and transmit these
axonal FGF signals to the oligodendroglial compartment. We
therefore asked if the two major FGFs, FGF1 and FGF2, could be
detected in axons. We immunolabeled transverse spinal cord sec-
tions with anti-FGF1 and anti-FGF2 (Fig. 1C). Images of ventral
white matter sections showed darkly stained regions surrounded
by unstained whitish regions (white arrows) (Fig. 1Ca,Cb). Fur-
thermore, when sequential sections were double immunolabeled
for the axonal marker neurofilament-M (red) and the myelin
marker MBP (green), we found a ring of green (myelin) sur-
rounding the red (axon), indicating that the whitish lipid-rich
ring of myelin sheath surrounds the darkly stained FGF1- or
FGF2-positive axons (data not shown). This was further con-
firmed by double immunolabeling sections for the axonal marker
NFH (green) and FGF2 (red) which showed an overlapping pat-

Figure 1. FGFR2 expression is enriched at the paranodal loops of myelin, and FGF1 and FGF2
are expressed by the axons. Aa, Immunolabeling of teased fiber preparations from spinal cords
of 2-month-old control mice shows intense staining for FGFR2 in a pattern indicative of its
enrichment at the paranodal region (asterisk) of the myelinated fiber. Ab, Double immunola-
beling shows that FGFR2 (red) is largely colocalized with the paranodal marker Caspr (green)
and that its signal is lost in the Fgfr1/Fgfr2 dKO mice, demonstrating the specificity of this
staining pattern for myelin (arrowheads mark the nodal region). Ac, Double immunolabeling
shows that anti-FGFR1 or the secondary antibody alone (red) does not label the Caspr� (green)
paranodal region of control mice. Ba, Schematic representation of subdomains of the myelin-
ated fiber [node (green), paranode (red), juxtaparanode (blue), and internode (orange)] and
example of the myelin proteins expressed in noncompact (CNP, MAG, NF-155) and compact

4

myelin (MBP, PLP) that distribute in a typical pattern of relative enrichment when myelin is
fractionated on a sucrose density gradient (adapted from Menon et al., 2003). Bb, Immunoblot-
ting of fractionated myelin from normal control mice show that FGFR2 is most enriched at high
and least enriched at low sucrose densities in a pattern of distribution typical for other noncom-
pact myelin proteins, while FGFR2 is completely lost from all fractions of myelin in the Fgfr2 cKO
mice. Ho, Homogenate; Di, dispersion; P, pellet. Ca–Cf, Immunolabeling of spinal cord cross-
sections from control mice with anti-FGF1 (a) and anti-FGF2 (b) shows darkly stained regions
surrounded by unstained ring-like region (white arrows) in the white matter. Anti-FGF1 and
anti-FGF2 also immunolabel astrocyte-like cells (black arrows). Cervical spinal cord sections
double-labeled for the axonal marker NFH (d, green) and anti-FGF2 (e, red) show overlapping
labeling of axons (arrowheads). Negative controls are secondary antibodies alone (c, f). Repre-
sentative images taken from similar regions of lateral-ventral white matter are shown.
N � 3– 4 mice for each condition.
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tern (Fig. 1Cd,Ce), indicating that FGF2 is expressed by axons. In
addition, FGF1 and FGF2 were also detected in astrocytes (Fig.
1Ca,Cb, black arrows).

We conclude that axons express FGF1 and FGF2, while
FGFR2 is expressed in noncompact cytoplasmic compartments
of myelin preferentially enriched at the paranodal loops (and
perhaps also at the adaxonal regions), providing a potential
means of signaling between FGF and FGFR2 at the axon– glial
interphase.

FGFR2 but not FGFR1 signaling in oligodendrocytes is
required for the regulation of myelin gene expression and
myelin thickness in the CNS
Our previous studies have shown that both FGFR1 and FGFR2
are expressed by mature oligodendrocytes in culture (Bansal et
al., 1996b; Fortin et al., 2005; Bryant et al., 2009). Therefore, to
determine the role of FGF signaling in oligodendrocytes during
developmental myelination, we generated and examined the
Fgfr1/Fgfr2 double knock-out mice and found reduced myelin
gene expression and myelin thickness in these mice (Furusho et
al., 2012). However, it is not clear from these studies whether
FGFR1, FGFR2, or both are required to carry out this important
regulatory function. Therefore, here, we generated and analyzed
mice with conditional ablation of either Fgfr1 or Fgfr2. For com-
parison, we also analyzed the Fgfr1/Fgfr2 dKO mice in parallel.

We first examined the expression of MBP and PLP mRNA by
in situ hybridization at P30 in the spinal cords of Fgfr1 cKO, Fgfr2
cKO, Fgfr1/Fgfr2 dKO, and littermate control mice (Fig. 2A). The
MBP mRNA signal intensity was dramatically reduced in Fgfr2
cKO but not in Fgfr1 cKO mice compared to controls. The Fgfr1/
Fgfr2 dKO mice also showed a decrease, as we reported previously

(Furusho et al., 2012). Furthermore, the PLP mRNA signal also
appeared to be reduced in the Fgfr2 cKO and Fgfr1/Fgfr2 dKO but
not in the Fgfr1 cKO oligodendrocytes compared to control.
Quantification of mRNA levels by qRT-PCR in P15 spinal cords
showed a significant reduction in the expression of both MBP
and PLP transcripts in the Fgfr2 cKO compared to controls.
This was comparable to the reduction in Fgfr1/Fgfr2 dKO. In
contrast, the levels in Fgfr1 cKO mice were not reduced and
were comparable to the levels in controls (Fig. 2B). We also
found a significant reduction in CGT mRNA levels, a major
glycolipid-synthesizing enzyme, in the spinal cords of Fgfr2 cKO
and Fgfr1/Fgfr2 dKO mice but not in Fgfr1 cKO compared to
control mice, indicating that both myelin proteins and lipids
were affected by the loss of FGFR2 signaling.

We next examined the effect of ablation of either Fgfr1 or Fgfr2
on myelin thickness. Analysis of EM micrographs at low and
high magnifications showed that compared to control, the thick-
ness of myelin was reduced in Fgfr2 cKO mice, and the reduction
was similar to that seen in Fgfr1/Fgfr2 dKO mice. In contrast, in
Fgfr1 cKO, myelin thickness was not reduced and was comparable
to control mice (Fig. 3A). Morphometric quantification of my-
elin thickness by g-ratio analysis (ratio of individual axon diam-
eters to myelinated fiber diameters) from the ventral cervical
spinal cord confirmed that compared to control, there was a sig-
nificant reduction in myelin thickness (higher g-ratios indicate
thinner myelin sheath) in Fgfr2 cKO and Fgfr1/Fgfr2 dKO mice
but not in Fgfr1 cKO mice (p values for average g-ratios: control
vs Fgfr1 cKO, p � 0.86; control vs Fgfr2 cKO, p � 1.6 � 10�13;
control vs Fgfr1/Fgfr2 dKO, p � 2.5 � 10�33). Similarly, when
myelin thickness (in micrometers) was plotted as a function of
axon diameter, it showed that while in the control and Fgfr1 cKO

Figure 2. Myelin gene expression is reduced in mice lacking Fgfr2 but not Fgfr1. A, Transverse sections of cervical spinal cord at P30, analyzed by in situ hybridization for MBP and PLP mRNA from
control, Fgfr1 cKO, Fgfr2 cKO, and Fgfr1/Fgfr2 dKO mice show reduced signal intensity for MBP mRNA in Fgfr2 cKO and Fgfr1/Fgfr2 dKO but not Fgfr1 cKO mice compared to controls. PLP mRNA signal
also appears to be reduced in Fgfr2 cKO and Fgfr1/Fgfr2 dKO but not Fgfr1 cKO oligodendrocytes compared to controls (inset shows cellular labeling at higher magnification). B, Quantification of
mRNA levels by qRT-PCR in P15 spinal cords shows a significant reduction in the expression of MBP, PLP, and CGT mRNA levels in Fgfr2 cKO (R2KO) and Fgfr1/Fgfr2 dKO (dKO) but not Fgfr1 cKO (R1KO)
mice compared to controls (cont.). Three to four mice of each group were analyzed. Error bars indicate SEM (N � 3– 4). **p � 0.01. WM, White matter; GM, gray matter.
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mice the myelin thickness increased in proportion with axon
diameter, in the Fgfr2 cKO and Fgfr1/Fgfr2 dKO mice, axons of all
diameters were wrapped by thinner myelin sheaths compared to
control and Fgfr1 cKO mice (Fig. 3B).

Consistent with the reduction in myelin thickness observed by
EM analysis, we found that the MBP-immunolabeled white
matter area of the ventral-lateral spinal cords was significantly
diminished in the Fgfr2 cKO and Fgfr1/Fgfr2 dKO compared to
littermate controls and Fgfr1 cKO mice (Fig. 7; control, 1.41 	
0.09 mm 2; Fgfr1 cKO, 1.42 	 0.01 mm 2; Fgfr2 cKO, 1.04 	 0.04
mm 2; Fgfr1/Fgfr2 dKO, 0.93 	 0.01 mm 2; p � 0.01; N � 3– 4).

Taken together, we conclude that the reduction in myelin
gene expression and myelin thickness that was observed in the
Fgfr1/Fgfr2 dKO was caused by a loss of Fgfr2 but not Fgfr1 sig-
naling in oligodendrocytes, suggesting that FGFR2, not FGFR1,
is the key FGFR for transducing extracellular signals for myelin
growth.

Loss of FGFR2, not FGFR1, results in a downregulation of
ERK1/2 activity in oligodendrocytes
By immunoblotting of whole spinal cord homogenates, we
showed previously that p-ERK1/2 levels were significantly re-

duced in the Fgfr1/Fgfr2 dKO compared to control mice (Furusho
et al., 2012), suggesting that ERK1/2 activity, presumably in oli-
godendrocytes, is regulated by FGFR1, FGFR2, or both. To clarify
this issue, we immunolabeled sections of spinal cord at P15 from
control, Fgfr1 cKO, Fgfr2 cKO, and Fgfr1/Fgfr2 dKO mice for the
expression of p-ERK1/2 and pan-ERK1/2 (Fig. 4A). As expected,
we found strong oligodendrocyte-like cellular staining for both
p-ERK1/2 and pan-ERK1/2 in the spinal cord white matter of
control mice. Immunolabeling for p-ERK1/2 in the Fgfr1 cKO
was indistinguishable from that in the control. However, in Fgfr2
cKO and Fgfr1/Fgfr2 dKO mice, cellular staining of p-ERK1/2 was
dramatically downregulated. In parallel sections, cells remained
positive for pan-ERK1/2 for all genotypes. To verify that the
downregulation of p-ERK1/2 occurred within oligodendrocytes
of mice lacking Fgfr2, we double labeled spinal cord sections from
control and Fgfr2 cKO mice for p-ERK1/2 and the oligodendro-
cyte marker CC1. The observed colocalization of p-ERK1/2
with CC1 in majority of cells in the control and its virtual absence
from CCI� oligodendrocytes in the white matter of the Fgfr2
cKO mice indicated an oligodendrocyte specific downregulation
of ERK1/2 (Fig. 4B). Immunoblotting of white matter from spi-

Figure 3. Myelin thickness is reduced in mice lacking Fgfr2 but not Fgfr1. A, Lower- and higher-magnification EM images taken from similar regions of ventral spinal cords at 5–7 months from
control, Fgfr1 cKO, Fgfr2 cKO, and Fgfr1/Fgfr2 dKO mice show that while the thickness of myelin is similar in the control and Fgfr1 cKO mice, axons are wrapped by thinner myelin sheaths in Fgfr2 cKO
and Fgfr1/Fgfr2 dKO mice. B, As a measure of myelin thickness, scatter plots of g-ratios (left) and myelin thickness (in micrometers; right) are shown for individual fibers in relation to respective axon
diameters, confirming that Fgfr2 cKO and Fgfr1/Fgfr2 dKO mice have thinner myelin (higher g-ratios) than Fgfr1 cKO mice and controls. Approximately 200 axons from two mice of each genotype
were analyzed from similar regions of the ventral white matter.
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nal cords and quantification of the band intensity on the immu-
noblots confirmed a statistically significant downregulation of
p-ERK1/2 in Fgfr2 cKO and Fgfr1/Fgfr2 dKO but not in Fgfr1 cKO
mice (Fig. 4C).

We conclude that the observed downregulation of p-ERK1/2
in the Fgfr2 cKO and not in the Fgfr1 cKO is consistent with the
hypothesis that FGFR2 and not FGFR1 is the main FGF receptor
type in oligodendrocytes that regulates ERK1/2 MAPK activity.

Sustained activation of ERK1/2 in oligodendrocytes is
sufficient to rescue the deficit in myelin gene expression and
myelin thickness in mice lacking FGFR2
We showed previously that myelin gene expression and myelin
thickness were reduced in the ERK1/2 dKO mice (Ishii et al.,
2012). Given our observation that a similar phenotype is ob-

served in mice lacking Fgfr2, we hypothesized that the arrest of
myelin growth in these mice may be due to compromised ERK1/2
signaling. However, this correlative evidence is not sufficient to
fully establish a functional link between the two, because several
other signaling molecules function downstream of FGFRs, and,
conversely, several upstream effectors regulate ERK1/2 activity.
Therefore, to provide more conclusive evidence in support of this
hypothesis, we asked whether attenuated myelin gene expression
and myelin growth in mice lacking Fgfr2 could be rescued and
restored to normal by genetically elevating ERK1/2 activity in
oligodendrocytes of these mice. To address this question, we gen-
erated transgenic mice that conditionally expressed constitu-
tively active Mek1, an upstream activator of ERK1/2, in mice
lacking Fgfr2 or Fgfr1/Fgfr2 in oligodendrocytes (referred to as
Fgfr2-cKO;Mek/� or Fgfr1/Fgfr2-dKO;Mek/�, respectively).

Figure 4. ERK1/2 activity is downregulated in oligodendrocytes in mice lacking Fgfr2 but not Fgfr1. A, Transverse sections of cervical spinal cords at P15, immunolabeled for p-ERK1/2 or pan-ERK1/2, show
strong oligodendrocyte-like cellular staining in the white matter of control and Fgfr1 cKO mice, but it is downregulated in Fgfr2 cKO and Fgfr1/Fgfr2 dKO mice. Parallel sections of spinal cords immunolabeled for
pan-ERK1/2 show positive signal in all genotypes. B, Double immunolabeling of cervical spinal cord sections from control and Fgfr2 cKO mice show presence of p-ERK1/2 signal colocalized with CC1 in controls
(arrowheads) and its virtual absence in CCI� oligodendrocytes in the matched regions of lateral-ventral white matter of the Fgfr2 cKO mice. C, Immunoblotting of equal amounts of total proteins from
homogenates of white matter from spinal cords and quantification of the band intensity on the blots show a statistically significant reduction of p-ERK1/2 levels in Fgfr2 cKO and Fgfr1/Fgfr2 dKO but not Fgfr1 cKO
mice compared to control mice. GAPDH, used as a loading control, does not show a change. Three mice from each genotype were analyzed. Error bars represent SEM (N � 3). *p � 0.05.
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We first examined whether p-ERK1/2
expression was upregulated as expected in
the Fgfr2-cKO;Mek/� and Fgfr1/Fgfr2-
dKO;Mek/� mice. Immunoblotting of
white matter homogenates from spinal
cords and quantification of the bands con-
firmed that p-ERK1/2 levels were upregu-
lated in the Fgfr2-cKO;Mek/� and Fgfr1/
Fgfr2-dKO;Mek/� mice compared to the
Fgfr2 cKO and Fgfr1/Fgfr2 dKO mice, re-
spectively (Fig. 5A).

To examine whether ERK1/2 activa-
tion would rescue the downregulated my-
elin gene expression in mice lacking Fgfr2,
we analyzed transverse sections of cervical
spinal cord for the expression of MBP and
PLP mRNA by in situ hybridization (Fig.
5B,C). We found that the reduction in the
signal intensities of MBP and PLP mRNA
observed in transverse sections of cervical
spinal cord of Fgfr2 cKO mice was com-
pletely rescued in the Fgfr2-cKO;Mek/�
mice. Similarly, the reduction of these
mRNAs observed in the Fgfr1/Fgfr2 dKO
was rescued in the Fgfr1/Fgfr2-dKO;
Mek/� mice. Quantification of mRNA
levels in the spinal cords by qRT-PCR
showed that MBP, PLP, CGT, and Fdft1
(fatty acid chain-synthesizing enzyme)
mRNAs were downregulated compared
to controls in the Fgfr2 cKO and Fgfr1/
Fgfr2 dKO mice and were significantly
increased in the Fgfr2-cKO;Mek/� and
Fgfr1/Fgfr2-dKO;Mek/� mice (Fig. 5D).

We next asked whether elevating the
level of ERK1/2 activity in the Fgfr2 cKO
mice would rescue the deficits in mye-
lin thickness (Fig. 6). Low- and high-
magnification EM images of ventral spinal
cords at 5 months of age showed a reduc-
tion of myelin thickness in Fgfr2 cKO mice
compared to control mice. This deficit
was restored by the elevation of ERK1/2
activity in the Fgfr2-cKO;Mek/� mice,

Figure 5. Reduction of myelin gene expression in mice lacking Fgfr2 is rescued by the elevation of ERK1/2 activity in Fgfr2-
deficient oligodendrocytes. A, Immunoblotting of equal amounts of total proteins from homogenates of spinal cord white matter
and quantification of the band intensity on the blots show that compared to controls, p-ERK1/2 levels are reduced in Fgfr2 cKO

4

(R2KO) and Fgfr1/Fgfr2 dKO (dKO) mice and are increased to
control levels in Fgfr2-KO;Mek/� (R2KO-Mek) and Fgfr1/Fgfr2
dKO;Mek/� (dKO-Mek) mice. GAPDH, used as a loading con-
trol, does not show a change. B, Transverse sections of cervical
spinal cord at 1.4 months, analyzed by in situ hybridization for
MBP and PLP mRNA, show a reduction in their signal intensity
in the Fgfr2 cKO compared to controls, which is increased in the
Fgfr2-KO;Mek/� mice. C, MBP and PLP mRNA levels reduced
in Fgfr1/Fgfr2 dKO are also rescued in Fgfr1/Fgfr2-dKO;Mek/�
mice. D, Quantification of mRNA levels by qRT-PCR analysis
confirms the downregulation of MBP and PLP mRNA levels in
the spinal cords of 1.4-month-old Fgfr2 cKO and Fgfr1/Fgfr2
dKO mice and their statistically significant increase in the
Fgfr2-KO;Mek/� and Fgfr1/Fgfr2-dKO;Mek/� mice. qRT-PCR
analysis of CGT and Fdft1 mRNA in spinal cord in these mice
also shows a similar pattern of downregulation and rescue.
Error bars indicate SEM. *p � 0.05; **p � 0.01. N � 3– 4.
WM, White matter; GM, gray matter.
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which showed thicker myelin sheaths. These observations were
confirmed by the quantification of myelin thickness in these mice by
the analysis of g-ratios and myelin thickness (in micrometers),
showing a significant decrease in the thickness of myelin in the Fgfr2
cKO compared to control and a significant increase in the Fgfr2-cKO;
Mek/� mice (Fig. 6A). Similarly, analysis of EM images and quanti-
fication of myelin thickness showed a reduction in Fgfr1/Fgfr2 dKO
compared to control and an increase in Fgfr1/Fgfr2-dKO;Mek/�
mice (Fig. 6B; p values for average g-ratios: Fgfr2 cKO vs Fgfr2-KO;
Mek/�, p � 8.4 � 10�22; Fgfr1/Fgfr2 dKO vs Fgfr1/Fgfr2-dKO;
Mek/�, p � 1.8 � 10�30).

As a further test of this rescue of myelin thickness by ERK1/2
activation in mice deficient in FGFR2 signaling, matched cervical
spinal cord sections were immunolabeled for MBP, and the im-
munolabeled lateral–ventral white matter area was measured
(Fig. 7). We found that the reduction observed in the white mat-
ter size of Fgfr2 cKO and Fgfr1/Fgfr2 dKO mice was restored to
normal in the Fgfr2-cKO;Mek/� and Fgfr1/Fgfr2-dKO;Mek/�
mice, respectively.

Taken together, these studies provide compelling evidence
that ERK1/2 are important intracellular signal transducers re-

cruited downstream of the FGFR2 that play a key role in regulat-
ing myelin gene expression and myelin growth for the regulation
of myelin thickness in the CNS.

FGFR2 signaling regulates the mRNA expression level of the
transcription factor Myrf through ERK1/2 activation
We have shown that FGFR2 signaling in mature oligodendrocytes
regulates the levels of several major myelin genes at the transcrip-
tional level. It is therefore likely that one or more specific transcrip-
tion factors that are known to regulate oligodendrocyte lineage cells
could be an ultimate target downstream of the FGFR2 signaling
cascade. We therefore examined spinal cords from Fgfr2 cKO mice
for the gene expression levels of a panel of transcription factors
(Myrf, Zfp191, Nkx6.2, Sox10, Olig2, Olig1, YY1) by qRT-PCR anal-
ysis (Fig. 8A). We found that among all of the transcription factors
analyzed, only Myrf levels were significantly downregulated in the
Fgfr2 cKO compared to control. Similar analysis of the Fgfr1/Fgfr2
dKO mice also showed a significant downregulation of only Myrf
mRNA compared to controls (Fig. 8B).

Given that the downregulation of myelin gene expression in
Fgfr2 cKO and Fgfr1/Fgfr2 dKO mice could be rescued by genet-

Figure 6. Reduction of myelin sheath thickness in mice lacking Fgfr2 is rescued by the elevation of ERK1/2 activity in Fgfr2-deficient oligodendrocytes. A, EM images taken from similar ventral
regions of cervical spinal cords at low and high magnification at 5 months show reduction of myelin thickness in Fgfr2 cKO mice compared to controls and an increase in Fgfr2-KO;Mek/� mice. As
a measure of myelin thickness, scatter plots of g-ratios and myelin thickness (in micrometers) are shown in relation to axon diameters, confirming the rescue of myelin thickness in Fgfr2-KO;Mek/�
mice. B, Low- and high-magnification EM images and quantification show a reduction of myelin thickness in Fgfr1/Fgfr2 dKO mice and an increase in Fgfr1/Fgfr2-dKO;Mek/� mice compared to
controls. Approximately 200 axons from 2 mice of each genotype were analyzed from similar regions of the ventral white matter.
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ically elevating ERK1/2 activity in these mice, we asked whether
the downregulated levels of Myrf mRNA could also be rescued
in the spinal cords of Fgfr2-cKO;Mek/� and Fgfr1/Fgfr2-dKO;
Mek/� mice. We therefore quantified Myrf mRNA by qRT-PCR
analysis and found that its levels were significantly increased in
the Fgfr1/Fgfr2-dKO;Mek/� mice relative to the Fgfr1/Fgfr2 dKO
mice. Similarly, the downregulated Myrf mRNA in Fgfr2 cKO also
showed a strong trend toward an increase upon ERK1/2 overac-
tivation in the Fgfr2 cKO;Mek/� mice, although it did not reach
statistical significance (Fig. 8C).

Taken together, we conclude that the mRNA level of the tran-
scription factor Myrf is selectively downregulated in the absence

of FGFR2 signaling and is restored to normal by the elevation of
ERK1/2 activity in Fgfr2-deficient mice, suggesting that ERK1/2
plays a significant role in transducing the signal downstream of
FGFR2 for the regulation of Myrf. This proposed role of ERK1/2
is consistent with our recent findings, which show that genetic
loss or gain of ERK1/2 function in transgenic mice results in a
corresponding decrease or increase of Myrf mRNA levels both
during active myelination and in the adult CNS (Ishii et al., 2014).

FGFR2 and ERK1/2 signaling regulates mTORC1 activity in
oligodendrocytes during developmental myelination
independently of Akt
Our studies so far strongly indicate that ERK1/2 is a major down-
stream target of FGFR2 in the regulation of myelin thickness. How-
ever, several other pathways are known to be activated by FGFRs,
including the PI3K/Akt/mTOR pathway, which has been suggested
to play an equally important role in the regulation of myelin thick-
ness (Narayanan et al., 2009; Goebbels et al., 2010; Harrington et al.,
2010; Bercury et al., 2014; Lebrun-Julien et al., 2014; Wahl et al.,
2014). We therefore asked whether the loss of FGFR2 would affect
the expression of key signaling molecules in the PI3K/Akt/mTOR
pathway. To address this question, we immunolabeled spinal cord
sections from control, Fgfr2 cKO, and Fgfr1/Fgfr2 dKO mice for
the expression of p-Akt T308, p-mTOR S2448, p-Raptor S696, and
p-S6RPS235/S236 (Fig. 9A). As shown in Figure 4, the cellular staining
of p-ERK1/2 was downregulated in the spinal cord white matter of
mice lacking Fgfr2 or Fgfr1/Fgfr2. This was completely restored in the
Fgfr2-cKO;Mek/� and Fgfr1/Fgfr2-dKO;Mek/� mice. In contrast,
the p-AktT308 signal did not show a noticeable reduction in the
Fgfr2-deficient mice. However, signal intensities of p-mTORS2448

and p-RaptorS696, components of mTORC1, were found to be dra-
matically reduced in both Fgfr2 cKO and Fgfr1/Fgfr2 dKO compared
to control mice. Similarly, p-S6RPS235/S236, a key downstream target
of mTORC1, was also reduced in these mutants. To further verify
that the reduction in the level of p-mTORS2448, without a corre-
sponding reduction in the level of p-AktT308, was occurring within
mature oligodendrocytes of mice lacking FGFR2 signaling, we dou-
ble immunolabeled spinal cord sections from control and Fgfr2 cKO
for p-mTORS2448 or p-AktT308 with the mature oligodendrocyte
marker CC1 (Fig. 9B). As seen with the DAB staining (Fig. 9A), we
found that the p-mTORS2448 but not p-AktT308 signal was strikingly
reduced in CCI� oligodendrocytes in the Fgfr2 cKO mice com-
pared to controls. This was further confirmed by immuno-
blotting of spinal cord homogenates from control and Fgfr2
cKO mice for p-mTOR S2448 and p-Akt T308, which showed a
statistically significant reduction of p-mTOR S2448 levels in the
Fgfr2 cKO compared to control mice, while the levels of p-
Akt T308 remained unchanged (Fig. 9C).

Given that the expression of p-Akt T308, a classical upstream
mediator of mTORC1, remained unaltered in mice lacking Fgfr2,
we wondered if the reduction of p-mTOR S2448 was somehow
linked to the observed downregulation of p-ERK1/2 in these
mice. Therefore, we next asked whether constitutive activation of
Mek1 would restore the p-mTOR S2448 expression levels in these
mice. To answer this question, we immunolabeled spinal cord
sections from control, Fgfr2-cKO;Mek/�, and Fgfr1/Fgfr2-dKO;
Mek/� mice for p-Akt T308, p-mTOR S2448, p-Raptor S696, and
p-S6RP S235/S236 and compared them to parallel sections from
the Fgfr2 cKO and Fgfr1/Fgfr2 dKO mice. We found that
while p-Akt T308 staining intensity still remained unchanged,
p-mTOR S2448, p-Raptor S696, and p-S6RP S235/S236 expression lev-
els were restored to normal in the Fgfr2-cKO;Mek/� and Fgfr1/
Fgfr2-dKO;Mek/� mice (Fig. 9A). This was further confirmed by

Figure 7. Reduction of white matter size in mice lacking Fgfr2 is rescued by elevation of
ERK1/2 activity in Fgfr2-deficient oligodendrocytes. Cervical spinal cord sections from 2-month-
old control, Fgfr1 cKO, Fgfr2 cKO, and Fgfr1/2 dKO mice immunolabeled for MBP show that the
size of the MBP� white matter in Fgfr1 cKO mice is comparable to that in controls, but it is
considerably reduced in Fgfr2 cKO and Fgfr1/Fgfr2 dKO mice. The reduction in the white matter
area is restored to normal in Fgfr2-KO;Mek/� and Fgfr1/Fgfr2-dKO;Mek/� mice. Quantifica-
tion of the total area of the MBP� lateral–ventral (L-V) white matter confirmed the decrease in
the size of the white matter in Fgfr2 and Fgfr1/Fgfr2 dKO but not in Fgfr1 cKO mice, and an
increase in Fgfr2-KO;Mek/� and Fgfr1/Fgfr2-dKO;Mek/� mice. Two sections each from two to
four mice of each group were analyzed. Error bars represent SEM. N � 2– 4. **p � 0.01. WM,
White matter; GM, gray matter.
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immunoblotting of spinal cord homogenates from control, Fgfr2
cKO, and Fgfr2-cKO;Mek/� mice for p-mTORS2448 and p-AktT308

(Fig. 9C). We found that, consistent with the immunolabeling
results, the reduction of p-mTOR S2448 levels in Fgfr2 cKO mice
was restored to normal in the Fgfr2-cKO;Mek/� mice. In con-
trast, the levels of p-Akt T308 did not show a significant change in
these mice, also consistent with the immunolabeling results.
There is a formal possibility that the observed effects on the path-
way markers may be in different oligodendrocytes; however,
given that ERK1/2 expression is affected in a majority of oligo-
dendrocytes in the conditional Fgfr2-KO;Mek/� mice, our data
are consistent with the notion that FGFR2 plays an important
role in the regulation of mTORC1 signaling, most likely through
its regulation of p-ERK1/2 within the same oligodendrocytes.

To investigate this intersection of the Mek1/ERK1/2-MAPK and
PI3K/Akt/mTOR pathways in a more direct manner, we next exam-
ined the ERK1/2 dKO mice for potential alterations in the expression
of these signaling molecules in the PI3K/Akt/mTOR pathway (Fig.
10). It is known from studies, largely in cell lines, that ERK1/2 can
impinge on the PI3K/Akt/mTOR pathway at various levels to pro-
mote mTOR signaling (Mendoza et al., 2011). For example, ERK1/
2-mediated activation of phosphorylation of Raptor S696 at this

specific phosphorylation site can en-
hance the activity of mTORC1, accom-
panied by increased phosphorylation of
its downstream target molecule, p-S6RP
(Carriere et al., 2011). This provides an
ERK1/2-dependent mechanism of S6RP
phosphorylation via mTORC1 activation.
In addition, ERK1/2 can also directly
phosphorylate P70S6K at T421/S424,
which are the ERK1/2-specific phosphor-
ylation sites on P70S6K (Zhang et al.,
2001). However, it is not known whether
ERK1/2 in oligodendrocytes is operating
by one or more of these mechanisms dur-
ing developmental myelination in vivo.
We therefore addressed this question by
examining the expression levels of these
molecules in mice lacking ERK1/2 sig-
naling (Fig. 10). Spinal cord sections from
controlandERK1/2dKOmicewereimmuno-
labeled for the expression of p-AktT308, p-
mTORS2448, p-RaptorS696, p-S6RPS235/S236,
and p-p70S6KT421/S424. We found that the
intensity of the cellular staining of p-
mTOR S2448 in the white matter was strik-
ingly downregulated in the ERK1/2 dKO
mice, even though p-Akt T308 did not
show a corresponding reduction in its ex-
pression levels. Furthermore, p-Raptor S696,
p-S6RP S235/S236, and p-p70S6K T421/S424

were also downregulated in ERK1/2 dKO
compared to control mice (Fig. 10A). To
verify that the reduction in the level of p-
mTOR S2448 observed in the white matter
of the spinal cords of ERK1/2 dKO mice
was occurring within mature oligodendro-
cytes, we double immunolabeled spinal
cord sections from control and ERK1/2
dKO mice for p-mTORS2448 and CC1 (Fig.
10B). We found that in the control, the p-
mTORS2448 signal colocalized with CC1,

while in the ERK1/2 dKO mice, it was almost completely lost from
CCI� oligodendrocytes.

We next took a gain-of-function converse approach and asked
whether overstimulation of ERK1/2 in oligodendrocytes by con-
stitutive activation of Mek1 would have an impact on the expres-
sion of p-mTOR S2448 during developmental myelination (Fig.
10C). Spinal cord sections from control and CnpCre;Mek/� mice
were immunolabeled for p-mTOR S2448 at P30. A clear increase in
the intensity of the p-mTOR S2448 signal was observed in the
transgenic mice compared to the controls. This is also consistent
with our recent findings showing that p-mTOR S2448 activity
can be upregulated, even in the quiescent oligodendrocytes of the
adult CNS by induced overactivation of ERK1/2 in the PlpCreERT;
Mek/� mice during adulthood (Ishii et al., 2016).

Collectively, our studies using a number of conditional genet-
ically modified mice are consistent with a working model where
FGFR2 transmits its signal to ERK1/2–MAPK, which propagates
it further by regulating mTORC1 and its key downstream target,
S6RP, suggesting that mTORC1 is an important point of conver-
gence between the ERK1/2–MAPK and the P13K/Akt/mTOR
pathways in mature oligodendrocytes during developmental my-
elination (Fig. 10D).

Figure 8. Myrf mRNA is selectively reduced in mice lacking Fgfr2 and is rescued by elevation of ERK1/2 activity in Fgfr2-deficient
oligodendrocytes. A, B, qRT-PCR analysis of adult spinal cords at P15 shows significant downregulation of Myrf mRNA levels (blue
bars) in Fgfr2 cKO (A) and Fgfr1/Fgfr2 dKO (B) mice compared to control mice. In contrast, Zfp191, Nkx6.2, Sox10, Olig2, Olig1, and
YY1 mRNA levels (black bars) show no significant reduction. C, qRT-PCR analysis of spinal cords shows that the reduction in Myrf
mRNA in Fgfr2 cKO and Fgfr1/Fgfr2 dKO mice is rescued in Fgfr2-KO;Mek/� and Fgfr1/Fgfr2-dKO;Mek/� mice, respectively. Error
bars indicate SEM. *p � 0.05; **p � 0.01. N � 3– 4.
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Discussion
In this study, we have shown that conditional ablation of Fgfr2,
but not Fgfr1, leads to the downregulation of myelin gene expres-
sion and myelin growth, together with the downregulation of

Myrf and p-ERK1/2. More importantly, elevation of ERK1/2 ac-
tivity in FGFR2-deficient oligodendrocytes rescued these deficits,
establishing a strong connection between the two. Finally, the strik-
ing finding that mTOR, but not Akt, is downregulated in both the

Figure 9. Downregulation of p-mTOR, p-Raptor, and p-S6RP but not p-Akt in oligodendrocytes of mice lacking Fgfr2 and recovery upon ERK1/2 activation. A, Cervical spinal cord sections from P15
control, Fgfr2 cKO, Fgfr1/Fgfr2 dKO, Fgfr2-KO;Mek/�, and Fgfr1/Fgfr2-dKO;Mek/� mice analyzed by immunolabeling show that the intensity of cellular staining of p-ERK1/2, mTOR S2448,
p-Raptor S696, and p-S6RP S235/S236 is decreased dramatically in the white matter of Fgfr2 cKO and Fgfr1/Fgfr2 dKO compared to control mice and is restored to normal in Fgfr2-KO;Mek/� and
Fgfr1/Fgfr2-dKO;Mek/� mice. But, the intensity of the Akt T308 signal remains largely unchanged in all genotypes. Blue arrowheads point to cellular staining in the spinal cord white matter.
B, Double immunolabeling of cervical spinal cord sections from control and Fgfr2 cKO mice for p-mTOR S2448 or p-Akt T308 with the mature oligodendrocyte marker CC1 shows that the p-mTOR S2448

but not p-Akt T308 signal is dramatically reduced in CCI� oligodendrocytes in Fgfr2 cKO mice compared to controls (white arrowheads). C, Quantification of mTOR S2448 and Akt T308 by immuno-
blotting of spinal cord white matter at 1.4 months shows a statistically significant reduction of p-mTOR S2448 but not of p-Akt T308 levels in the Fgfr2 cKO mice compared to controls, which is restored
to normal in Fgfr2 cKO;Mek/� mice. GAPDH is used as a loading control. Error bars represent SEM (N � 3). *p � 0.05. Representative images from the analysis of at least three animals per genotype,
taken from similar regions of lateral-ventral white matter are shown.
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Fgfr2 cKO and ERK1/2 dKO mice provides a mechanistic framework
for understanding how FGFR2-ERK1/2 could regulate translation of
myelin proteins through their control on mTORC1 in oligodendro-
cytes, in addition to regulating their transcription perhaps through

the regulation of Myrf, together driving efficient myelin growth dur-
ing developmental myelination in the CNS.

It is well accepted that myelin is a biologically active mem-
brane receiving and processing signals in bidirectional commu-

Figure 10. Downregulation of p-mTOR, p-Raptor, p-p70S6K, and p-S6RP but not p-Akt in mice lacking ERK1/2. A, Cervical spinal cord sections from P30 control and ERK1/2 dKO mice analyzed by
immunolabelingforp-Akt T308,p-mTOR S2448,p-Raptor S696,p-S6RP S235/S236,andp-p70S6K T421/S424 showthatwhiletheintensityofcellularstainingofAkt T308 remainsunchanged,thesignalsofp-mTOR S2448,
p-Raptor S696, p-S6RP S235/S236, and p-p70S6K T421/S424 are decreased dramatically in the white matter of ERK1/2 dKO mice compared to control mice. Blue arrowheads point to cellular staining in the spinal
cord white matter. B, Double immunolabeling of cervical spinal cord sections from control and ERK1/2 dKO mice show presence of p-mTOR S2448 signal colocalized with CC1 in controls (white
arrowheads) and its virtual absence in CCI� oligodendrocytes in the white matter of the ERK1/2 dKO mice. C, Cervical spinal cord sections from control and CnpCre;Mek/� mice immunolabeled for
p-mTOR S2448 at P30 show cellular staining in the control mice and an increase in the intensity of the signal in CnpCre;Mek/� mice compared to controls. Representative images from the analysis of
at least 3 animals per genotype taken from similar regions of lateral-ventral white matter are shown. Blue arrowheads point to cellular staining in the spinal cord white matter. D, Schematic
representation of our working model showing convergence between the Mek/ERK1/2–MAPK and the P13K/Akt/mTOR pathways at the level of mTORC1 in mature oligodendrocytes during
developmental myelination.
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nication with the axons (Bozzali and Wrabetz 2004; Nave 2010)
and that myelin gene expression is significantly modulated by
axons (Macklin et al., 1986; Kidd et al., 1990; Scherer et al., 1992).
However, the axonal signal, the receptors on myelin, and the
intracellular mechanisms that regulate myelin gene expression
and myelin growth are poorly understood in the CNS. In the
PNS, axonal neuregulin-1 provides these signals to ErbB recep-
tors in myelin (Michailov et al., 2004), but it is believed to be
dispensable for this function in the CNS (Brinkmann et al., 2008),
and IGF-1, which stimulates myelination, is most likely not asso-
ciated with axons. Our present findings implicating a role of
FGFR2 signaling in myelin growth raises the question of whether
FGFs presented by the axons signal to FGF receptors in myelin
and serve this function in the CNS. The spatial–temporal pattern
of FGF and FGF receptor expression is consistent with this no-
tion. Specifically, FGFR2 is abundantly expressed remarkably
only upon terminal differentiation of oligodendrocytes (Bansal et
al., 1996b; Fortin et al., 2005), and as shown here, it is also ex-
pressed in the myelin sheath enriched in the cytoplasmic non-
compacted myelin compartments. We also show that two major
ligands, FGF1 and FGF2, are expressed in myelinated axons of the
normal CNS, consistent with previous immuno-EM and immu-
nohistochemistry studies (Elde et al., 1991; Matsuyama et al.,
1992). Furthermore, biochemical studies identified bioactive
FGF1 as a key component of axolemma purified from adult my-
elinated axons (Becker-Catania et al., 2011). Release of growth
factors from the axons has been demonstrated previously, at least
in vitro (Esper and Loeb 2004; Dean et al., 2012). FGF1 and FGF2
are known to be released in the extracellular space, where they
remain sequestered to (or near) the cell surface, bound to hepa-
ran sulfate proteoglycan molecules (Mignatti et al., 1992; Salmi-
virta et al., 1992). Thus, it is plausible that secreted FGFs, bound
to the axonal surface, can be presented to FGFR2 in the cytoplas-
mic compartment of the myelin membrane. Furthermore,
p-ERK1/2, a key intracellular target of FGFR2, is also present in
this compartment (Ishii et al., 2014). All of this together provides
a speculative working model for a role of FGF–FGFR2–ERK1/2
signaling in axon– glia communication, facilitating axon-directed
expansion of the myelin sheath during active myelination and
perhaps also for its maintenance, as suggested previously for the
adult CNS (Ishii et al., 2014).

In vivo studies here show that ablation of FGFR2 but not
FGFR1 signaling in oligodendrocytes attenuates myelin gene ex-
pression and myelin growth. This finding correlates with our
previous in vitro study (Fortin et al., 2005), where we showed that
FGF2-induced oligodendrocyte process elongation and
myelin-like membrane formation were completely abolished
by exposure to anti-FGFR2 but not anti-FGFR1. Collectively,
these studies suggest a specific role of FGFR2 but not FGFR1 in
transmitting signals for myelin growth. Several plausible reasons
can account for this observation. First, it is possible that these
receptors could have different signaling specificities, since earlier
studies have shown that disruption of signals mediated by abla-
tion of one receptor could not be rescued by another (Deng et al.,
1994; Arman et al., 1998). A potential mechanism may involve
slight differences in the tyrosine kinase domains or receptors
activating the same pathway with different potencies. Second,
since FGFR1 is expressed at a lower level than FGFR2 in cultured
oligodendrocytes and in the white matter, its loss could have been
completely compensated for by the abundantly expressed FGFR2
in the FGFR1 KO (Asai et al., 1993; Miyake et al., 1996; Bansal et
al., 2003; Fortin et al., 2005). Third, the observation that FGFR2
but not FGFR1 is present in myelin (Fortin et al., 2005), localized

at the paranodal region (present study), could be a significant
difference, if FGF signaling in the myelin compartment is impor-
tant for axon-directed myelin gene expression and myelin growth
(discussed in above paragraph). Finally, we reported previously
that a significant subfraction of FGFR2, but not FGFR1, resides
within cholesterol/glycosphingolipid-enriched membrane micro-
domains (lipid rafts) in mature oligodendrocytes and purified
myelin (Bryant et al., 2009). This spatial segregation of the two
receptors could lead to differences in their signaling potential,
since it is believed that segregating and concentrating signaling
molecules in lipid raft microdomains is an important mechanism
for the compartmentalization and enhancement of intracellular
signal transduction (Simons and Toomre, 2000). For example,
coclustering and activation of FGFR2 within these microdomains
with other lipid raft-associated proteins, such as Fyn, NCAM-
120, integrins, and phospho-FAK (Krämer et al., 1999; Baron et
al., 2003, Bryant et al., 2009), could enhance their mutual inter-
actions and signaling potential, as has been seen for platelet-
derived growth factor receptor–integrin interactions (Baron et
al., 2003).

Through the analysis of a series of Fgfr1/Fgfr2 double knock-
out mice at different stages of myelinogenesis, our previous stud-
ies revealed a biphasic requirement of these receptors—first for
embryonic induction of oligodendrocyte progenitors (Furusho
et al., 2009), and then later for the growth of the myelin sheath
during active myelination, but not for proliferation, differentia-
tion, or ensheathment of axons (Furusho et al., 2012). From the
analysis of single knock-out mice, we found that for the “earlier
function” of oligodendrocyte progenitor induction, cooperation
between both FGFR1 and FGFR2 was needed, with FGFR1 being
a stronger inducer than FGFR2 (Furusho et al., 2009). It is note-
worthy that in the present study, we find that for the “later func-
tion” of myelin growth, FGFR2 but not FGFR1 was needed. Thus,
these data together suggest that the nature of FGF signaling re-
quired for oligodendrocyte progenitor generation from the neu-
roepithelial precursors and that for myelin biogenesis by mature
oligodendrocytes may be interpreted somewhat differently by the
cells at different phases of myelinogenesis.

Multiple signal transduction pathways emanating from growth
factor receptors often intersect to regulate each other and coregu-
late downstream functions (Aksamitiene et al., 2012; Mendoza et
al., 2011). Interestingly, when we examined the effects of FGFR2
ablation in oligodendrocytes on key downstream signaling mol-
ecules in the Ras/Mek/ERK–MAPK and the PI3K/Akt/mTOR
pathways, we found a dramatic downregulation of p-ERK1/2,
while p-Akt remained largely unchanged in these mice. Surpris-
ingly, the levels of p-mTOR and p-Raptor, key components of
mTORC1, traditionally known as downstream effectors in the
PI3K/Akt pathway, were dramatically downregulated in these
mice and were restored to normal levels upon elevation of
ERK1/2 activity in the FGFR2-deficient oligodendrocytes. Fur-
thermore, ERK1/2 KO mice also showed similar downregulation
of these molecules. Although ERK1/2-mediated regulation of
mTORC1 has been implicated in in vitro studies primarily in cell
lines (Carriere et al., 2011), to our knowledge this is the first
demonstration of such a regulation by ERK1/2 within differenti-
ated oligodendrocytes and is consistent with the notion that in
addition to Akt, ERK1/2 displays a considerable amount of con-
trol on mTORC1 and its downstream targets, primarily S6RP, an
important regulator of translation. Although these data strongly
suggest that mTORC1 is a key point of convergence of the Mek/
ERK/MAPK and PI3K/Akt/mTOR pathways, ERK1/2 are also
known to directly phosphorylate and activate p70S6K, a down-
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stream target of mTORC1 (Zhang et al., 2001). Consistent with
this, we observed a downregulation of p-p70S6K in oligodendro-
cytes of the ERK1/2-dKO mice. Furthermore, a transient down-
regulation of p70S6K phosphorylation was reported in the
Erk2-KO mice during remyelination (Michel et al., 2015). Thus,
p70S6K and potentially other proteins, such as tuberin (TSC2),
may serve as additional sites of convergence. Future studies are
expected to further elucidate the mechanisms of “cross talk” be-
tween these two important pathways.

In summary, our studies bring up the intriguing possibility
that FGFR2 may play an important role in receiving and trans-
mitting signals from FGFs, potentially presented by the axons, for
promoting myelin growth. Importantly, we have shown that
ERK1/2 MAPK is the primary downstream mediators of this sig-
nal, which is propagated further through the involvement of
mTORC1 and Myrf. Undoubtedly, additional players will be
identified in the future to fill the gaps in our current knowledge
about the multiple mechanisms working together to regulate my-
elin growth in the CNS.
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