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A B S T R A C T

The myelin sheath is critical in maintaining normal functions of the adult central nervous system (CNS) and the
loss of the myelin sheath results in various neurological diseases. Although remyelination is the intrinsic repair
system against demyelination that new myelin sheath is formed around axons in the adult CNS, little has been
reported on remyelination system in the medulla oblongata. In the present study, we showed that the pro-
liferation of oligodendrocyte progenitor cells (OPCs) was increased in the medulla oblongata by lysopho-
sphatidylcholine (LPC)-induced focal demyelination, but that of NSCs was not changed. The inhibition of vas-
cular endothelial growth factor (VEGF)- and platelet-derived growth factor (PDGF)-signaling suppressed the
proliferation of OPCs by LPC-induced demyelination. Thus, the present study indicates that resident OPCs
contribute to focal remyelination and VEGF and PDGF signaling is required for the proliferation of OPCs in the
medulla oblongata of the adult mouse.

1. Introduction

The myelin sheath is essential for supply of trophic substance to
axons, speed up of action potential, and protection of axons from ex-
ternal damage in the central nervous system (CNS) (Dupree et al., 2004;
Jafarzadeh and Nemati, 2018; Kaplan et al., 1997). Oligodendrocytes
are well known as the myelin-forming cells in the CNS and essential for
proper brain function (Edgar and Nave, 2009). Mature myelinating
oligodendrocytes are continuously produced from resident oligoden-
drocyte precursor cells (OPCs) in the corpus callosum, striatum, and
fornix of normal adult forebrain (Ffrench-Constant and Raff, 1986;
Rivers et al., 2008). Moreover, neural stem cells (NSCs) in the sub-
ventricular zone (SVZ) represent an important endogenous source of
OPCs for preserving a population of oligodendrocytes in the white
matter of normal adult forebrain (Dimou et al., 2008; Menn et al., 2006;
Nait-Oumesmar et al., 1999). After lysophosphatidylcholine (LPC)-in-
duced focal demyelination, OPCs derived from NSCs in the SVZ produce

new mature oligodendrocytes in the corpus callosum (Nait-Oumesmar
et al., 1999) and resident OPCs can supply oligodendrocytes for myelin
sheath repair in the subcortical white matter cinglum and corpus cal-
losum (Gensert and Goldman, 1997).

Demyelinating diseases include a group of progressive disorders that
are characterized by an extensive loss of oligodendrocytes and the
myelin sheaths from axonal fibers. Multiple sclerosis (MS) is the most
common demyelinating disease and defined as widespread loss of the
myelin sheaths from axonal fibers (Franklin and Ffrench-Constant,
2008; Peterson and Fujinami, 2007). The proliferation of OPCs occurs
in the patient of MS (Dubois-Dalcq et al., 2005; Nait-Oumesmar et al.,
2007; Scolding et al., 1998) and experimental autoimmune en-
cephalomyelitis (EAE), an animal model of MS (Girolamo et al., 2011;
Guo et al., 2011; Picard-Riera et al., 2002). The SVZ is a source to
generate OPCs and replace oligodendrocytes in the olfactory bulb and
corpus callosum of EAE-induced mouse (Picard-Riera et al., 2002). The
Dramatic proliferation of resident OPCs in the cerebral cortex occurs at
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an early phase of EAE, whereas its proliferation is strongly diminished
at a late phase of EAE (Girolamo et al., 2011). Proliferative rate of re-
sident OPCs is largely increase in the spinal cord of EAE-induced mice,
but that of NSCs at ependymal layer is not changed (Guo et al., 2011).

Pathological features of MS and EAE include inflammation-induced
destruction of the myelin sheath, axonal loss or damage, and activation
of microglia and astrocytes (De Stefano et al., 2001; Peterson and
Fujinami, 2007). These pathological features have been considered to
occur mainly in the forebrain and spinal cord (Compston and Coles,
2008; Martin et al., 1992), whereas several clinical studies indicate that
the medulla oblongata is also damaged by MS; it is reported that 50% of
MS patients develop medullary atrophy by magnetic resonance imaging

(MRI) (Brainin et al., 1987; Nakashima et al., 1999). Moreover, the MRI
analysis revealed that decreased volume of the medulla oblongata is
relative to the damaged degree of the spinal cord in MS patients (Liptak
et al., 2008) Thus, MS is not the only disease of the spinal cord but also
that of the whole brain in human (Reich, 2017). On the other hand, the
most prominent damages are observed in the spinal cord, while da-
mages are sparse and scattering in the brain of EAE-induced model
animals (Schmitt et al., 2012). It is suggested that the disease pheno-
type and pathological damages in the CNS vary depending on the
species and animal strain (Bjelobaba et al., 2018). Most studies about
EAE-induced animal model have been reported in the corpus callosum
of the forebrain and spinal cord (Chin et al., 2009; Picard-Riera et al.,

Fig. 1. Confocal images showing time course
changes in the loss of the myelin sheath and micro-
glia accumulation at focal lesion area in the 12 N of
the medulla oblongata after LPC-injected focal de-
myelination. Mice received intramedullary injection
of 2 μl of 1% LPC or vehicle PBS and then fixed for
immunohistochemistry at 7, 14, and 21 days after
the injection. Sections were immunostained for a
myelin marker MBP and a microglial marker CD11b.
(a-a”, b, b’, c, c’, d, d’) MBP+ myelin sheath was
disrupted by the insertion of needle and microglia
density was slightly increased at 7 days, but they
appeared to return to normal after 14 and 21 days.
(e, e’, f, f’, g, g’) The intramedullary injection of LPC
almost completely eliminated MBP+ myelin sheath
and induced robust microglia accumulation at the
lesion area at 7 days. At 14 and 21 days, the density
of MBP+ myelin sheath was likely to increase and
alternatively that of microglia decreased. Scale
bar= 50 μm.
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2002). Our previous study indicated that astrocytic gliosis, the pro-
liferation of OPCs, and remyelination occurred in the medulla ob-
longata of EAE-induced mice (Hiratsuka et al., 2018).

The proliferation of OPCs is largely increased by increased expres-
sion of OPC mitogens in response to demyelination (McTigue and
Tripathi, 2008). Platelet-growth factor (PDGF) is a most potent mitogen
for OPCs and maintains OPCs in a prolonged state of mitosis when
combined with fibroblast growth factor-2 (FGF-2) in vitro (Bogler et al.,
1990). PDGF overexpression in astrocytes significantly increases OPC
density within LPC-induced demyelinated area of the spinal cord, but it
does not change time course or extent of remyelination (Woodruff et al.,
2004). Moreover, the transplantation of PDGF-overexpressing OPCs
promotes the proliferation, survival, migration, and maturation of OPCs
in injured spinal cord (Yao et al., 2017). VEGF is reported to be highly
expressed in acute and chronic MS plaques (Proescholdt et al., 2002)
and induces the proliferation and migration of OPCs in vitro (Choi et al.,
2018; Hayakawa et al., 2011). FGF-2 signaling is required for re-
population of oligodendrocytes in the corpus callosum of mice after
cuprizone-induced demyelination (Furusho et al., 2015) and in the
spinal cord of EAE-induced animals (Ruffini et al., 2001). Loss-of-
function of epidermal growth factor receptor (EGFR) signaling impairs
the proliferation of OPCs and remyelination in the corpus callosum
after LPC-induced focal demyelination (Aguirre and Gallo, 2007). In
contrast, intraventricular infusion of epidermal growth factor (EGF)
causes the proliferation of NSCs and OPCs in the SVZ (Doetsch et al.,
2002; Gonzalez-Perez et al., 2009) and the overexpression of EGFR in
the SVZ and corpus callosum expands OPCs population and promotes
oligodendrocyte generation from NSCs in the SVZ and axonal myeli-
nation (Aguirre and Gallo, 2007).

The SVZ is far from the medulla oblongata and hence has no po-
tential for a NSC niche to generate new oligodendrocytes, but recently
NSC niches have been reported in the area postrema (AP) and central
canal (CC) of the medulla oblongata. NSCs in the AP and/or CC are able
to supply new oligodendrocytes into the nucleus of the solitary tract
(Sol) and hypoglossal nucleus (12 N) under physiologically normal
condition (Furube et al., 2015; Miyata, 2015). In EAE-induced mouse,
moreover, they are able to supply new oligodendrocytes to replace
damaged or lost oligodendrocytes (Hiratsuka et al., 2018). In this study,
we examined the dynamics of NSCs and OPCs and VEGF- and PDGF-
dependent proliferation of OPCs in the medulla oblongata after LPC-
induced focal demyelination. We showed (1) the proliferation of OPCs
was dramatically elevated in LPC-induced demyelinated mice, whereas
the proliferation and differentiation of NSCs were not changed, (2) both

VEGFRs- and PDGFRs-associated tyrosine kinase inhibitors suppressed
demyelination-induced proliferation of OPCs. These results indicate
that resident OPCs, but not NSCs, are responsible for remyelination of
the medulla oblongata during LPC-induced focal demyelination and
their proliferation depends on VEGF and PDGF signaling.

2. Methods

2.1. Animals

Adult male wild-type C57BL/6 J mice (8–12weeks old) were used in
this study. In some experiment, we used Nestin-CreERT2/CAG-
CATloxP/loxP-EGFP mice. Nestin-CreERT2 mice (Imayoshi et al., 2006;
Okada et al., 2006) were crossed to CAG-CATloxP/loxP-EGFP mice
(Kawamoto et al., 2000) to obtain Nestin-CreERT2/CAG-CATloxP/loxP-
EGFP mice. All mice were housed under specific pathogen-free condi-
tions, dark/light cycle of 12 h, room temperature at 23–25 °C, and free
access to food and water. All experiments were performed according to
the Guidelines laid down by the Proper Conduct of Animal Experiments
Science Council of Japan. The experimental protocol was approved by
the Animal Ethics Experimental Committee of the Kyoto Institute of
Technology.

2.2. Treatment of animals

LPC-induced demyelination. For the LPC injection, a 33G needle at-
tached to a microsyringe (Hamilton Company, Reno, NV) was im-
planted in each mouse under anesthesia with isoflurane so that its tip
laid in the 12 N at 7.5-mm posterior and 0.25-mm lateral to bregma at a
depth of 3.5mm from the skull surface using a standard stereotaxic
technique (Paxinos and Franklin, 2007). Mice then received 2 μl of 1%
LPC (Sigma-Aldrich, Millipore Sigma, Burlington, MA; 3 μl, 0.5 μl/min)
in phosphate-buffered saline (PBS; pH 7.4) using a Model EP-1000E
administration pump (Melquest, Toyama, Japan). As a vehicle control,
the same volume of the PBS was injected into the 12 N. Animals were
sacrificed for immunohistochemistry after 7, 14, 21, and 28 days after
the LPC injection.

Injection of tyrosine kinase inhibitors for VEGFRs and PDGFRs. VEGFR-
associated tyrosine kinase inhibitor AZD2171 (Hanrahan and Heymach,
2007) and PDGFR-associated tyrosine kinase inhibitor STI-571 (Wedge
et al., 2005) were purchased from LKT Laboratories Inc. (St Paul, MN).
Mice received the oral administration of 0.2ml of AZD2171 (6mg/kg/
day) in 1% Tween-80 and STI-571 (200mg/kg/day) in distilled

Fig. 2. Quantitative analysis of time course changes
in demyelination and microglia accumulation at focal
lesion area in the 12 N of the medulla oblongata after
LPC injection. Mice received intramedullary injection
of 2 μl of 1% LPC or vehicle PBS and then fixed for
immunohistochemistry at 7, 14, and 21 days after the
injection. (a) The percentage of demyelinated area in
the 12 N was significantly increased at 7 and 14 days
after LPC injection compared with that of vehicle-
treated control. The demyelinated area was calcu-
lated by measuring the area that almost completely
lacked MBP+ myelin sheath. (b) The percentage of
CD11b+ microglial area was significantly higher at
7 days after the LPC injection compared with that of
vehicle-treated control. Data were expressed as the
mean (± SE) of 4 animals. * p < .05, ** p < .01
between vehicle by unpaired Student's t-test.

D. Hiratsuka, et al. Journal of Neuroimmunology 332 (2019) 176–186

178



deionized water twice daily for 3 days.

2.3. Assay for cell proliferation and differentiation

For detecting proliferating cell, we used the immunohistochemistry
of a thymidine analog bromodeoxyuridine (BrdU; Sigma-Aldrich) after
drinking of BrdU-containing water (1 mg/ml) for 3 days. Nestin-
CreERT2/CAG-CATloxP/loxP-EGFP mice received consecutive 3-day
intraperitoneal injection tamoxifen (Toronto Research Chemicals Inc.,
Ontario Canada) at 60mg/kg before the LPC injection and fixed 28 days
after the LPC injection.

2.4. Tissue preparation and immunohistochemistry

For light microscopy, mice were perfused with PBS (pH 7.4) con-
taining 0.1% trisodium citrate dihydrate followed by 4% paraf-
ormaldehyde (PFA) in 0.1 M phosphate buffer (PB; pH 7.4) under an-
esthesia with isoflurane. The brains were carefully dissected out and
post-fixed overnight at 4 °C in the same fixative. Fixed tissue was im-
mersed in PBS containing 30% sucrose and then frozen quickly in
Tissue-Tek OCT compound (Sakura Finetechnical, Tokyo, Japan). The
fixed brains were cut coronally at a thickness of 30 μm by a cryostat
(Leica, Wetzlar, Germany) Sections were washed with PBS and treated
with 25mM glycine in PBS for 20min to quench the remaining fixative

Fig. 3. Proliferation of NSCs in the AP and CC of the adult mouse after LPC-injected focal demyelination. Mice received 3-day access to the water containing BrdU
(1mg/ml) during 4–7 and 11–14 days after the injection of LPC or vehicle and then fixed to detect proliferating cells by BrdU immunohistochemistry. Sox2+ and
Olig2− cells were estimated as NSCs. (a-d, a’-d’) The number of BrdU-labeled Sox2+ and Olig2− astrocyte-like NSCs (arrowheads) in the AP was not different
between vehicle- and LPC-injected mice. (e-h, e’-h’) The injection of LPC did not change the number of BrdU-labeled Sox2+ and Olig2− tanycyte-like NSCs (ar-
rowheads) in the CC. Three-dimensional analysis revealed the presence of BrdU-labeled nuclei in Sox2+ NSCs (bottom panels in a’-d’ and e’-h’). Scale bars= 50 (a, e)
and 10 (bottom panels in a’, e’) μm.
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aldehyde and then incubated with 5% normal goat serum (NGS) in PBS
containing 0.3% Triton X-100 (PBST) at 4 °C for 24 h. They were in-
cubated with the primary antibody at 4 °C for 48–72 h and then treated
with Alexa405-, Alexa488-, or Alexa594-conjugated secondary anti-
body (Jackson ImmunoResearch, West Grove, PA, USA; dilution 1:400)
in PBST for 2 h. When mouse primary antibody was used, sections were
treated with goat Fab fragment against mouse IgG (Jackson
ImmunoResearch; dilution 1:400) for 2 h before using primary antibody
and Alexa488-conjugated goat F(ab)2 fragment against mouse IgG was
used (Jackson ImmunoResearch; dilution 1:100) to prevent from non-
specific binding of endogenous mouse Fc receptors. Primary antibodies

used in this study were adenomatous polyposis coli (APC; mouse IgG;
clone CC1, Millipore-Chemicon, Billerica, MA; dilution 1:800), BrdU
(rat IgG; Clone BU1/75, Abcam, Cambridge, United Kingdom; dilution
1:1000), CD11b (rat IgG, clone 5C6, BIO-RAD; dilution; 1:10,000), glial
fibrillary acidic protein (GFAP; guinea pig IgG; YN-GFAP2012-Pig; di-
lution 1:400, Nakano et al., 2015), GFP (rabbit IgG; Molecular Probes,
ThermoFisher, Eugene, OR; dilution 1:1000), myelin basic protein
(MBP; rabbit IgG; DAKO, Glostrup, Denmark; dilution; 1:1000), oligo-
dendrocyte transcription factor 2 (Olig2; rabbit IgG; Millipore-Che-
micon; dilution 1:500), sex determining region Y-box 2 (SOX2; goat
IgG; Millipore-Chemicon; dilution 1:2000). The experimental procedure

Fig. 4. Proliferation of OPCs in the AP and 12 N of the adult mouse after LPC-injected focal demyelination. Mice received 3-day access to the water containing BrdU
(1mg/ml) during 4–7 and 11–14 days after the injection of LPC or vehicle and then fixed to detect proliferating cells by BrdU immunohistochemistry. Sox2+ and
Olig2+ cells were identified as OPCs. (a-d, a’-d’) In the AP, BrdU-labeled Sox2+ and Olig2+ OPCs (arrowheads) were sometimes seen in both LPC- and vehicle-
injected animals. (e-h, e’-h’) In the 12 N, BrdU-labeled Sox2+ and Olig2+ OPCs (arrowheads) were observed more frequently in LPC-injected mice than vehicle-
injected ones. BrdU-labeled Sox2− and Olig2− cells (arrows), presumably microglia, were seen more often in LPC-injected mice compared with vehicle-injected
animals. Three-dimensional analysis revealed the presence of BrdU-labeled nuclei in Sox2+ and Olig2+ OPCs (bottom panels in a’-d’ and e’-h’). Scale bars= 50 (a, e)
and 10 (bottom panels in a’, e’) μm.
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of BrdU immunohistochemistry was performed according to our pre-
vious studies (Furube et al., 2014; Hiratsuka et al., 2018). Briefly, the
sections were incubated with 2 N HCl at 37 °C for 30min and neu-
tralized with 0.1M PB (pH 8.4), and 5% NGS in PBST for 24 h. For vi-
sualization of BrdU, the sections were incubated with rat anti-BrdU IgG
in PBST containing 1% NGS for 48–72 h at 4 °C and then with Alexa594-
conjugated anti-rat IgG antibody in PBST for 2 h.

2.5. Confocal analysis & statistical analysis

The coverslips were sealed with Vectashield (VectorLabs,
Burlingame, CA) and laser-scanning confocal microscopes (Fluoview,
FV10i, OLYMPUS, Tokyo, Japan and LSM 510, CarlZeiss, Oberkochen,
Germany) were used for the observation. Confocal images
(1024×1024 pixels) were saved as TIF files by employing Olympus
FV10-ASW ver 1.7 viewer or LSM510 META Image Browser 4.2.0.121
for Windows. In quantification data, the number of BrdU-labeled pro-
liferating cells and EGFP-positive cells were counted by using Winroof.

The threshold intensity of which was set to include measurement pro-
files by visual inspections and was kept constant. An analysis of all
images was performed such that the experimenter was blind to the
treatment group. At least 10 sections per animal were selected from the
AP, CC, and 12 N of the medulla oblongata according to the mouse
brain atlas (Paxinos and Franklin, 2001) and the density of BrdU-la-
beled or EGFP-positive cells in each animal was obtained by calculating
total number of BrdU-labeled or EGFP-positive cells / total area ex-
amined. Statistical difference was assessed using a significance level of
p < .05 with unpaired Student's t-test and ANOVA with Tukey post hoc
test.

3. Results

3.1. Remyelination in the 12 N after LPC-induced demyelination

Mice received intramedullary injection of 2 μl of 1% LPC or vehicle
into the 12 N of the medulla oblongata of adult mice. Confocal images

Fig. 5. Quantitative analysis of the number of BrdU-
labeled NSCs and OPCs in the medulla oblongata
after LPC-injected focal demyelination. Mice re-
ceived 3-day access to the water containing BrdU
(1mg/ml) during 4–7, 11–14, and 18–21 days after
the injection of LPC or vehicle and then fixed to
detect proliferating cells by BrdU im-
munohistochemistry. (a) The number of BrdU-la-
beled Sox2+ and Olig2− NSCs in the AP and CC was
not significantly among LPC- and vehicle-injected
mice and normal control. (b) The number of BrdU-
labeled Sox2+ and Olig2+ OPCs in the AP and 12 N
significantly higher in LPC- injected mice than that
of vehicle-injected animals at the early period of
remyelination. The injection of vehicle PBS also
significantly increased the number of BrdU-labeled
Sox2+ and Olig2+ OPCs in the 12 possibly because
of mechanical destruction by the insertion of a
needle. (c) The total number of BrdU-labeled cells in
the 12 N was significantly increased LPC- injected
mice than that of vehicle-injected ones at the early
period of remyelination. Data were expressed as the
mean (± SE) of 4 animals. * p < .05, ** p < .01
between normal and vehicle or normal and LPC and
## p < .01 between vehicle and LPC by ANOVA
with Tukey posy hoc test.
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showed that the density of MBP-positive myelin sheath was not dif-
ferent between normal and vehicle-injected mice, although a slight
mechanical damage by injected needle appeared to occur in vehicle-
injected ones (Fig. 1a-a”, b-d, b’-d’). The density of MBP-positive myelin
sheath was apparently lower in LPC-injected mice (Fig. 1e, e’) com-
pared with that of vehicle-injected control (Fig. 1b, b’) at 7 days after
the injection. The density of MBP-positive myelin sheath was increased

at 14 and 21 days after the injection (Fig. 1f, f’, g, g’). On the other
hand, the density of CD11b-positive microglia was higher in LPC-in-
jected mice (Fig. 1e’) compared with that of vehicle-injected animals
(Fig. 1b’) at 7 days after the injection and then it was decreased along
with the progress of remyelination (1f’, g’).

The quantitative analysis revealed that demyelinated area in the
12 N was significantly higher at 7 and 14 days after the injection and

Fig. 6. Fate determination of NSCs by Nestin-CreERT2/CAG-CATloxP/loxP-EGFP transgenic adult mice after LPC-injected focal demyelination. The Nestin-CreERT2/
CAG-CATloxP/loxP-EGFP transgenic mice received consecutive 3-day intraperitoneal injection of 0.2 mg/kg tamoxifen 7 days before the LPC injection and sacrificed
at 28 days after the LPC injection. (a-a”, b-b”, c-c”, d-d”) EGFP-expressing APC+ oligodendrocytes (arrowheads) and GFAP+ astrocytes (arrows) were rarely seen in
the 12 N of vehicle- and LPC-injected mice. Three-dimensional analysis revealed the presence of EGFP in APC+ oligodendrocyte and GFAP+ astrocyte (bottom panels
in a”-d”). Scale bars= 50 (a) and 10 (bottom in a’) μm. (e) The quantitative analysis revealed that the number of EGFP-expressing APC+ oligodendrocytes and
GFAP+ astrocytes was not significantly different between vehicle- and LPC-injected animals. The total number of EGFP-expressing cells was also not significantly
different between vehicle- and LPC-injected animals. Data were expressed as the mean (± SE) of 4 animals. Statistical analysis was done by Student's t-test.
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returned to vehicle control level at 21 days compared with the vehicle
(Fig. 2a). In contrast, the area of CD11b+ microglia was significantly
higher at 7 days after the injection and returned to vehicle control level
at 14 and 21 days compared with the vehicle (Fig. 2b).

3.2. Proliferation of NSCs and OPCs after LPC-induced demyelination

To examine cellular proliferation, mice received drinking of BrdU-
containing water for 3 days at various days after the LPC injection. The
proliferation of SOX2+ and Olig2− NSCs was not changed in the AP of
LPC-injected mice at 7 and 14 day (Fig. 3c, c’, d, d’) compared with the
vehicle control (Fig. 3a, a’, b, b’) and normal animals (Supplementary
Fig. 1a, a’). Similarly, the proliferation of SOX2+ and Olig2− NSCs in
the CC was not changed in LPC-injected mice (Fig. 3e, e’, f, f’) compared

with vehicle-injected animals (Fig. 3g, g’, h, h’) or normal ones (Sup-
plementary Fig. 1b, b’).

On the other hands, the proliferation of SOX2+ and Olig2+ OPCs
was increased in the AP and 12 N of LPC-injected mice (Fig. 4c,c’, g, g’)
compared with vehicle-injected animals (Fig. 4a, a’, e, e’) at 7 days after
injection. The proliferation of SOX2+ and Olig2+ OPCs in the 12 N of
vehicle-injected mice was higher than normal condition, whereas that
of the AP was not changed (Supplementary Fig. 2). The proliferation of
SOX2+ and Olig2+ OPCs returned to control levels at 14 days after LPC
injection (Fig. 4b, b’, d, d’, f, f’, h, h’). The quantitative analysis revealed
that the number of BrdU-labeled SOX2+ and Olig2− NSCs was not
changed in the AP and CC of LPC-injected mice at 7, 14, and 21 days
(Fig. 5a). The density of BrdU-labeled cells in each animal was obtained
the total number of BrdU-labeled cells / total area examined. Astrocyte-

Fig. 7. Effects of tyrosine kinase inhibitors for
VEGFRs or PDGFRs on LPC-induced proliferation of
OPCs in the AP and 12 N of adult mice. Mice received
3-day consecutive oral administration of the tyrosine
kinase inhibitor AZD2171 for VEGFRs (6mg/kg per
day) and STI571 for PDGFRs (200mg/kg per day)
together with the drinking of BrdU-containing water
(1 mg/ml) at 4–7 days after the LPC injection. (a-c,
a’-c’) BrdU-labeled Sox2+ and Olig2+ OPCs were
sometimes seen in the AP of vehicle- and inhibitor-
treated mice. (d-f, d’-f’) There were many BrdU-la-
beled Sox2+ and Olig2+ OPCs in the 12 N of LPC-
and vehicle-treated mice, whereas oral administra-
tion of AZD2171 and STI571 largely diminished the
number of BrdU-labeled Sox2+ and Olig2+ OPCs.
Three-dimensional analysis revealed the presence of
BrdU nuclei in Sox2+ and Olig2+ OPCs (bottom
panels in a’-c’ and d’-f’). Scale bars= 50 (a, d) and 5
(bottom panels in a’, d’) μm.
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like NSCs scatteringly distributed throughout a broad area of the AP
and therefore the density was relatively low, but tanycyte-like NSCs
localized in a narrow area of ependymal regions facing to the CC and
thus the density was relatively high. On the other hand, the number of
BrdU-labeled SOX2+ and Olig2+ OPCs elevated in the 12 N of LPC-
treated mice at 7 days, but it was not altered at 14 and 21 days (Fig. 5b).
The total number of BrdU-labeled cells increased in the 12 N at 7 and
14 days, whereas it was not changed in the AP and CC (Fig. 5c).

3.3. Fate of NSCs after LPC-induced demyelination

To examine the generation of new oligodendrocyte from NSCs in the
medulla oblongata after LPC-induced demyelination, Nestin-CreERT2/
CAG-CATloxP/loxP-EGFP mice were used. NSCs and their progeny were
detected by the expression of EGFP after the treatment of tamoxifen.
There were a few GFP+ and APC+ oligodendrocytes (Fig. 6a-a”) and
GFP+ and GFAP+ astrocytes (Fig. 6b-b”) in the 12 N of vehicle-injected
mice. The number of GFP+ and APC+ oligodendrocytes was not
changed by LPC-injected mice compared with that of the vehicle-in-
jected ones (Fig. 6c-c”). Similarly, the number of GFP+ and GFAP+

astrocytes was not changed in LPC-injected mice compared with that of
the vehicle-injected ones (Fig. 6d-d”). The quantitative analysis re-
vealed the number of GFP+ and APC+ oligodendrocytes and GFP+ and
GFAP+ astrocytes was not changed between LPC- and vehicle-injected
animals (Fig. 6e). The total number of GFP+ cells was also not changed
in LPC-injected mice compared with that of vehicle-injected animals.

3.4. Effect of VEGF and PDGF signaling inhibition on OPC proliferation
after LPC-induced demyelination

To examine whether the proliferation of OPCs is regulated by VEGF
and/or PDGF signaling, we used selective VEGFR- and PDGF-associated
tyrosine kinase inhibitor AZD2171 and STI571, respectively. Mice re-
ceived 3-day oral injection of AZD2171 (6mg/kg per day) or STI571
(200mg/kg per day) together with drinking of BrdU from day 4–7 after
the LPC injection. The treatment of AZD2171 and STI571 appeared to
decrease the number of BrdU-labeled SOX2+ and Olig2+ OPCs in the
AP (Fig. 7b, b’, c, c’) compared with that of vehicle-treated ones
(Fig. 7a, a’). The treatment of AZD2171 and STI571 apparently de-
creased the number of BrdU-labeled SOX2+ and Olig2+ OPCs in the
12 N (Fig. 7e, e’, f, f’) compared with that of vehicle-treated ones
(Fig. 7d, d’).

The quantitative analysis showed that the treatment of AZD2171
and STI571 remarkably decreased the number of BrdU-labeled SOX2+

and Olig2+ OPCs in the AP and 12 N compared with that of vehicle-

treated mice (Fig. 8). The total number of BrdU-labeled cells was pro-
minently decreased in the 12 N by the treatment of AZD2171 and
STI571 compared with that of vehicle-treatment, whereas such de-
crease was not observed in the AP.

4. Discussion

Until now, few pieces of researches have been reported for re-
myelination in the medulla oblongata, because most studies for re-
myelination in the CNS have been focused on the spinal cord and
forebrain. The main findings of our present study are as follows; 1)
Resident OPCs are responsible for remyelination to repair damaged area
in the medulla oblongata after LPC-induced focal demyelination,
whereas NSCs do not contribute to this repair process. 2) VEGFRs- and
PDGFRs-signaling is crucial for the proliferation of OPCs in the medulla
oblongata after LPC-induced demyelination.

In the present study, the proliferation of resident OPCs was largely
enhanced in the 12 N after LPC-induced focal demyelination. This result
well coincides with our previous study in EAE-induced demyelination
that OPCs generate mature oligodendrocyte in the 12 N, paramedian
reticular nucleus, and ventral part of medullary reticular nucleus of the
medulla oblongata (Hiratsuka et al., 2018). It is also reported in the
forebrain and spinal cord that LPC-induced focal demyelination largely
promote the proliferation of OPCs (Gensert and Goldman, 1997; Kataria
et al., 2018; Nait-Oumesmar et al., 1999). Thus, it is possible that the
proliferation and differentiation of resident OPCs have a major con-
tribution in remyelination in the medulla oblongata as the forebrain
and spinal cord during focal remyelination.

Our present study showed that NSC-derived OPCs were not changed
for remyelination of the medulla oblongata after LPC-induced focal
demyelination. A similar result is reported in remyelination of the
spinal cord during EAE-induced demyelination (Guo et al., 2011). In
contrast, the present result differs from reports of other brain regions
that NSCs in the SVZ can supply oligodendrocytes into the corpus cal-
losum and striatum after LPC-induced focal demyelination (Capilla-
Gonzalez et al., 2013; Menn et al., 2006). The present result is also
different from our previous study that the number of NSC-derived
mature oligodendrocyte was increased in EAE-induced mice (Hiratsuka
et al., 2018). These differences are probably because NSCs have unique
characteristics depending on each CNS region and medullary NSCs have
different properties compared with NSCs in the SVZ. Resident OPCs
only perform sufficient supply without NSCs in the medulla oblongata,
because LPC-induced demyelination damage is smaller area and shorter
period compared with EAE-induced one. Taken together with the pre-
vious studies, this study indicates that resident OPCs are more

Fig. 8. Quantitative analysis of effects of tyrosine
kinase inhibitors for VEGFRs or PDGFRs on LPC-in-
duced proliferation of OPCs in the AP and 12 N of
adult mice. Mice received 3-day consecutive oral
administration of the tyrosine kinase inhibitor
AZD2171 for VEGFRs (6mg/kg per day) and STI571
for PDGFRs (200mg/kg per day) together with the
drinking of BrdU-containing water (1mg/ml) at
4–7 days after LPC injection. The number of BrdU-
labeled OPCs in the AP and 12 N was significantly
decreased by the treatment with AZD2171 and
STI571 compared with that of vehicle-treated con-
trol. The total number of BrdU-labeled cells was
significantly decreased in the 12 N by the treatment
with AZD2171 and STI571 compared with that of the
vehicle control. Data were expressed as the mean
(± SE) of 4 animals. * p < .05, ** p < .01 between
vehicle and AZD2171 or STI571 and # p < .05, ##
p < .01 between AZD2171 and STI571 by ANOVA
with Tukey posy hoc test.
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preferential contribution to repair the myelin sheath compared with
NSCs and NSCs contribute in the case of severe demyelinated damage in
the medulla oblongata.

Many studies have shown that various growth factors are important
in oligodendrocyte proliferation and remyelination in the rodent fore-
brain and spinal cord (McTigue and Tripathi, 2008). On the other hand,
the importance of VEGF signaling has not been proven in the CNS in
vivo. The treatment of AZD2171 decreased proliferation of OPCs in the
12 N of the medulla oblongata after LPC-induced focal demyelination.
VEGF signaling is required for the proliferation of OPCs of the medulla
oblongata after LPC-induced focal demyelination. VEGF is reported to
be highly expressed in acute and chronic MS plaques (Proescholdt et al.,
2002) and induces proliferation and migration of OPCs in vitro (Choi
et al., 2018; Hayakawa et al., 2011). Recently, it is reported that OPCs
migrate along the abluminal endothelial surface of nearby blood vessels
and OPC migration is disrupted with defective vascular architecture in
developing brains (Tsai et al., 2016). Migration of OPCs into demyeli-
nated areas is considered to be critical in human diseases such as
multiple sclerosis and hypoxic injury (Franklin and Ffrench-Constant,
2008). Thus, our present study provides the first direct evidence that
VEGF signaling is critical in the proliferation and/or migration of OPCs
in adult brains.

In our present study, it is also shown that the treatment of STI571
decreased the proliferation of OPCs in the 12 N of medulla oblongata
after LPC-induced focal demyelination. It is reported that expression of
PDGF is up-regulated in MS patients (Harirchian et al., 2012; Mori
et al., 2014; Mori et al., 2013). PDGF signaling induced repopulation of
OPCs and remyelination in the corpus callosum and spinal cord of ro-
dents (Woodruff et al., 2004; Yao et al., 2017). Thus, our present result
well coincides with the previous studies about the proliferation of OPCs
in the corpus callosum and spinal cord. Thus, the present study suggests
that the activation of VEGF and PDGF signaling can be a strategy of
remyelination in the medulla oblongata.
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