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The crucial role of Erk2 in demyelinating @
inflammation in the central nervous system

Rentaro Okazaki'? Toru Doi'”, Kentaro Hayakawa ', Kazuhito Morioka', Osamu Imamura®, Kunio Takishima®,
Makoto Hamanoue®, Yasuhiro Sawada', Motoshi Nagao', Sakae Tanaka® and Toru Ogata' ®

Abstract

Background: Brain inflammation is a crucial component of demyelinating diseases such as multiple sclerosis.
Although the initiation of inflammatory processes by the production of cytokines and chemokines by immune cells
is well characterized, the processes of inflammatory aggravation of demyelinating diseases remain obscure. Here,
we examined the contribution of Erk2, one of the isoforms of the extracellular signal-regulated kinase, to
demyelinating inflammation.

Methods: We used the cuprizone-induced demyelinating mouse model. To examine the role of Erk2, we used
Nestin-cre-driven Erk2-deficient mice. We also established primary culture of microglia or astrocytes in order to
reveal the crosstalk between two cell types and to determine the downstream cascades of Erk2 in astrocytes.

Results: First, we found that Erk is especially activated in astrocytes within the corpus callosum before the peak of
demyelination (at 4 weeks after the start of cuprizone feeding). Then, we found that in our model, genetic ablation
of Erk2 from neural cells markedly preserved myelin structure and motor function as measured by the rota-rod test.
While the initial activation of microglia was not altered in Erk2-deficient mice, these mice showed reduced
expression of inflammatory mediators at 3-4 model weeks. Furthermore, the subsequent inflammatory glial
responses, characterized by accumulation of microglia and reactive astrocytes, were significantly attenuated in
Erk2-deficient mice. These data indicate that Erk2 in astrocytes is involved in augmentation of inflammation
and gliosis. We also found that activated, cultured microglia could induce Erk2 activation in cultured
astrocytes and subsequent production of inflammatory mediators such as Ccl-2.

Conclusions: Our results suggest that Erk2 activation in astrocytes plays a crucial role in aggravating
demyelinating inflammation by inducing inflammatory mediators and gliosis. Thus, therapies targeting Erk2
function in glial cells may be a promising approach to the treatment of distinct demyelinating diseases.
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Abbreviations: BrdU, Bromodeoxyuridine; Ccl, Chemokine (C-C motif) ligand; CNS, Central nervous system;

Cxcl, Chemokine (C-X-C motif) ligand; Erk, Extracellular signal-regulated kinase; GAPDH, Glyceraldehyde-3-
phosphate dehydrogenase; GFAP, Glial fibrillary acidic protein; GFP, Green fluorescent protein; HMGB, High-
mobility group box; IL-1, Interleukin-1; JNK, c-Jun N-terminal kinase; LFB, Luxol fast blue; LPS, Lipopolysaccharide;
MAG, Myelin-associated glycoprotein; MAPK, Mitogen-activated protein kinase; MBP, Myelin basic protein; MCP-
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Background

The pathological processes of demyelinating diseases
affecting the central nervous system (CNS), such as
multiple sclerosis (MS), can be characterized as inflam-
mation, demyelination, gliosis, and axonal degeneration
[1, 2]. Within demyelinating lesions, oligodendrocytes
are damaged by inflammation, which consists of both
specific autoimmune responses involving T and B lym-
phocytes and non-specific noxious responses involving
activated monocytes, microglia, and astrocytes [3, 4].
These reactions induce secretion of cell-toxic cytokines
and the bioactive free radical nitric oxide, which cause
oligodendrocyte cell death [5, 6]. Thus, regulation of
such inflammatory reactions is now regarded as a pos-
sible therapeutic strategy for not only MS but also vari-
ous other inflammatory diseases of the CNS [1].

Astrocytes are the most abundant cell type in the cen-
tral nervous system and have various functions related
to maintaining homeostasis in the brain [7]. However, in
a pathological environment, astrocytes take on the react-
ive phenotype, which is characterized by increased cell
processes, increased expression of GFAP and vimentin,
and re-expression of nestin [8, 9]. Simultaneously, astro-
cytes produce various inflammation-related molecules
and growth factors, resulting in gliosis [10]. Areas of
gliosis were previously perceived as scar tissue resulting
from disease processes. However, recent studies suggest
that gliosis is actively involved in inflammatory reactions
and that cellular functions within areas of gliosis are
controlled by various signals [11].

Extracellular signal-regulated kinase (Erk) is a ubiqui-
tous intracellular signal, and phosphorylation of Erk
plays a pivotal role in a wide range of cellular activities,
including survival, proliferation, and differentiation. The
two isoforms of Erk, Erkl (44 kDa) and Erk2 (42 kDa),
share an 84 % identity at the amino acid level, and Erk2
can compensate for loss of most of the functions of Erkl
[12, 13]. On the other hand, because of lethality in Erk2
knockout mice, Erk2 is thought to have its own specific
function [14, 15]. A study of the mechanism of gliosis
found that Erk activity promotes the proliferation of cul-
tured astrocytes [16]. However, the detailed function of
Erk, especially of Erk2, in reactive astrocytes in areas of
demyelinating inflammation is still elusive.

Here, we analyzed the role of Erk2 in the regulation of
inflammation in the CNS using a model of demyelinat-
ing disease. In a cuprizone-induced demyelination model
[17, 18], we observed activation of Erk in reactive astro-
cytes in the demyelinating lesion. We then ablated the
function of Erk2 by either chemical inhibitors or genetic
manipulation using nestin promoter-driven Cre expres-
sion and found amelioration of both the histological
demyelination and the behavioral functional deficit. Fur-
ther biochemical analyses both in vivo and in vitro
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revealed that the lack of Erk2 prevents astrocytes from
producing cytokines and chemokines and attenuates the
subsequent aggravation of inflammation. Our results re-
veal a crucial role for activation of astrocytic Erk2 in the
progression of demyelinating inflammation.

Methods

Animals and reagents

To generate a conditional knockout of Erk2 in CNS,
mice carrying loxP-Erk2 alleles (Erk2”") were crossed
with transgenic mice expressing Cre recombinase under
the control of the nestin promoter. Both Erk2”" mice
[19] and Nestin-Cre" mice [20] were kindly provided by
Dr. Takishima (National Defense Medical College,
Saitama, Japan), Dr. Endo (Tokyo Metropolitan Institute
of Gerontology, Tokyo, Japan), and Dr. R. Kageyama
(Institute for Virus Research, Kyoto University, Kyoto,
Japan). The transgenic Cre reporter mice (B6. Cg-Tg
[CAG-floxed Neo-EGFP]) were provided by RIKEN
Bioresource [21]. C57BL/6 mice and Wistar rats were
obtained from Oriental Yeast (Tokyo, Japan). All animal
experiments were approved by the ethical committee of
the National Rehabilitation Center for Persons with
Disabilities.

Cell-culture plastic ware was purchased from BD
Biosciences (San Jose, CA, USA). Fetal bovine serum
was purchased from MP biomedicals (Santa Ana, CA).
Lipopolysaccharide (LPS; Escherichia coli O127:B8), the
Mek inhibitor U0126, and cuprizone (bis-cyclohexanone
oxaldihydrazone) were purchased from Sigma-Aldrich
(St Louis, MO). The p38 inhibitor SB203580 and the
NF-kB inhibitor SN50 were purchased from Merck
Millipore (Billerica, MA). TO-PRO-3 and ProLong” Gold
were purchased from Invitrogen (Carlsbad, CA, USA).

Cuprizone treatment

To produce demyelinated mice, 8- to 10-week-old
(adult) C57BL/6 female mice were treated with a diet
containing 0.2 % w/w cuprizone mixed into normal
rodent chow for up to 6 weeks depending on the experi-
mental condition [1, 17, 18]. After withdrawal of cupri-
zone from the diet, mice were returned to a normal diet
[22, 23]. The animals were housed under standard la-
boratory conditions with food and water available ad
libitum.

Histological analysis

For tissue preparation and histological analysis, mice
treated with cuprizone and untreated mice were per-
fused with phosphate-buffered saline (PBS) and 4 %
paraformaldehyde in PBS and post-fixed for 24 h in the
same fixative, followed by 24 h in 20 % sucrose/PBS and
another 24 h in 30 % sucrose/PBS. Tissues were removed
and embedded in O.C.T. compound for cryosection and
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stored at —80 °C for immunohistochemistry. Mouse brains
were sectioned in 14-um coronal serial sections onto
slides using a Leica cryostat.

For immunohistochemical analyses, serial coronal sec-
tions were examined between levels -0.4 and -1.6 mm
from bregma according to the Allen mouse brain atlas.
Primary antibodies used were as follows: mouse anti-
Erk1/2 (Santa-Cruz, Santa-Cruz, CA), rabbit anti-Erk1/2,
rabbit anti-phospho-Erk1/2 (Cell Singaling Technology,
Beverly, MA), rabbit anti-GFAP, mouse anti-GFAP,
mouse anti-NeuN, rabbit anti-myelin basic protein
(MBP; Millipore), anti-mouse CC1, rabbit mouse anti-
Tujl (Calbiocchem), and rat anti-green fluorescent pro-
tein (GFP) (nacalai tesque, Kyoto, Japan). The cell dens-
ity of Iba-1+ microglia and GFAP+ astrocytes or MBP
positive area within 500 um of the corpus callosum on
either side was evaluated as relative immunoreactivity
using a software package, WinROOF (Mitani-shoji,
Japan). To examine the degree of demyelination, 14-um
serial cryosections of the corpus callosum between levels
bregma -0.4 and bregma -1.6 mm according to Allen
were stained with luxol fast blue (LFB) as previously de-
scribed [24]. Demyelination was scored by two blinded
investigators on a four-level scale running from 0 (normal
myelination) to 3 (complete demyelination) [25].

Quantitative real-time PCR

The animals were sacrificed under deep anesthesia and
then perfused through the left ventricle with PBS. Then,
the brain was quickly removed from the skull and the
portion comprising the cortex, corpus callosum, stri-
atum, and hippocampus (corresponding to bregma 0 to
-2 mm) was isolated and stored in RNAlater reagent
(Qiagen) until RNA extraction could be performed.
Then, total RNA was extracted using the RNA extrac-
tion solution ISOGEN (Nippon Gene) and isolated using
a standard kit (RNAeasy Mini kit; Qiagen), followed by
reverse transcription (TaKaRa RNA PCR kit [AMV] Ver.
3.0; Takara). All quantitative PCR was performed on the
7500 Real-Time PCR System (Applied Biosystems) using
the comparative Ct method. Power SYBR® Green (Applied
Biosystems) was used to determine the relative Ct values.
We calculated relative copy number of the targeted genes
by comparison to the housekeeping genes GAPDH or
beta2-microgloblin. Primers were designed using Biology
Workbench (San Diego Supercomputer Center). The pri-
mer sequences are listed in Table 1.

Western blotting

The dissected brain tissues were homogenized in T-PER™
Mix (Roche, Indianapolis, IN) supplemented with protease
inhibitor, 1 mM NazgVO,, 2 mM NaF, and EDTA, using a
cell homogenizer (Wakenyaku, Kyoto, Japan) with 2-mm-
diameter zirconia beads. The homogenate was then
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Table 1 Primers used for RT-PCR

TNF-alpha (mouse)  Sense 5'-ACGGCATGGATCTCAAAGAC-3'
Anti-sense  5-GTGGGTGAGGAGCACGTAGT-3'
IL-Tbeta (mouse) Sense 5'-CAGGCAGGCAGTATCACTCA-3'
Anti-sense  5-ATGAGTCACAGAGGATGGGC-3'
Ccl-2 (mouse) Sense 5-CCCAATGAGTAGGCTGGAGA-3'
Anti-sense  5-TCTGGACCCATTCCTTCTTG-3'
Ccl-3 (mouse) Sense 5'-ATGAAGGTCTCCACCACTGC-3'
Anti-sense  5-GATGAATTGGCGTGGAATCT-3'
Ccl-5 (mouse) Sense 5-GTGCCCACGTCAAGGAGTAT -3
Anti-sense  5-CACTTCTTCTCTGGGTTGGC-3'
Cxcl-10 (mouse) Sense 5-AAGTGCTGCCGTCATTTTCT-3"
Anti-sense  5-CAATGATCTCAACACGTGGG-3'
MBP (mouse) Sense 5-ACTCACACACGAGAACTACCCA-3'
Anti-sense  5-TGGTGTTCGAGGTGTCACAA-3'
MAG (mouse) Sense 5-GGTACATGGCGTCTGGTATTTCA-3'
Anti-sense  5-CCACTTGTGTGCGGGACTT-3'
TNF-alpha (rat) Sense 5"-ACGGCATGGATCTCAAAGAC-3'
Anti-sense  5-GTGGGTGAGGAGCACGTAGT-3'
IL-1beta (rat) Sense 5-AAAAATGCCTCGTGCTGTCT-3'
Anti-sense  5-GGGATTTTGTCGTTGCTTGT-3"
Ccl-2 (rat) Sense 5-ATGCAGTTAATGCCCCACTC-3'
Anti-sense  5-TTCCTTATTGGGGTCAGCAC-3'
Ccl-3 (rat) Sense 5-CTTCTCCTATGGACGGCAAA-3'
Anti-sense  5-CGGTTTCTCTTGGTCAGGAA-3'
Ccl-5 (rat) Sense 5-ATATGGCTCGGACACCACTC-3'
Anti-sense  5-TGACAAAGACGACTGCAAGG-3'
Cxcl-10 (rat) Sense 5-CTTCCATGAACAGACGCTGA-3'
Anti-sense  5-TCTTGATGGCCTCAGATTCC-3'
GAPDH (rodent) Sense 5-TGCACCACCAACTGCTTAGC-3'
Anti-sense  5-GGATGCAGGGATGATGTTCT-3'

centrifuged at 15,000¢ for 20 min at 4 °C. The amount of
protein in each sample was measured using a MicroBCA
assay (Pierce, Rockford, IL). For processing cultured astro-
cytes, cells on 35-mm poly-D-lysine (PDL)-coated plates
were lysed in M-PER™ mammalian protein extraction re-
agent (Pierce) containing a protease inhibitor (Roche),
1 mM NazVO,, 2 mM NaF, and EDTA. Samples contain-
ing a standardized amount of protein (20 pg) were used
for electrophoresis using e-PAGEL (ATTO, Tokyo, Japan).
The proteins in the gel were then transferred onto an
Immobilon-P membrane (Millipore, Bedford, MA). The
blots were immunoreacted with anti-ERK1 (Zymed
Laboratories, South San Francisco, CA), anti-ERK2
(Transduction Laboratories, Lexington, KY), anti-ERK1/2,
anti-phospho-ERK2, anti-p38 mitogen-activated protein
kinase (MAPK), anti-phospho-p38 MAPK, anti-c-Jun
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N-terminal kinase (JNK), anti-phospho-JNK, anti-Ikappa-
B-alpha (all from Cell Signaling Technology), or anti-p-
actin (Sigma) antibodies. Primary antibodies were used at
1:1000 dilution at 4 °C overnight in 5 % BSA TBS plus
0.01 % Tween 20 on a rotator. The secondary antibodies
(anti-mouse or rabbit HRP conjugate; Promega, Fitchburg
WI) were used at 1:15,000 dilution, and the immunoblots
were developed using the ECL chemiluminescence system
(Amersham Biosciences, Piscataway, NJ). The immuno-
blot signals were quantitatively analyzed with the Odyssey
Fc Imaging System (LI-COR Biosciences, Lincoln, NE).

Behavioral analysis

Motor function in the treated mice was assessed with
the rota-rod test in a manner similar to that previously
reported [26]. The mice were placed on a rotatable cy-
linder (Muromachi Kikai, Japan) that then accelerated
from 0.5 to 50 rpm over 180 s. The time when the mice
fell off or clung tightly to the cylinder for two rotations
was measured as the score. The trial was repeated 10
times and the best five scores were averaged. Mice were
pre-trained in the same protocol for 2 weeks prior to
starting cuprizone feeding.

Cell culture

The primary astrocyte and microglia cultures were
established as follows. Mixed glial cultures from E19
Wistar rats, Erk2”" mice, and Erk2 cKO mice were
established from neonatal cortices. Cells were cultured
in DMEM High Glucose (Wako) supplemented with
10 % FBS, penicillin, and streptomycin. The culture
medium was replaced with fresh medium 24 h after the
initial preparation and every 3 days thereafter. After
1 week, microglia were obtained by mechanical shaking
and were then were seeded onto PDL-coated dishes to
obtain conditioned medium. After further shaking, the
remaining astrocytes were replated on new PDL-coated
dishes for further analysis. Cells were monitored for pur-
ity by immunofluorescence and were routinely found to
be >98 % positive for GFAP. Microglia-conditioned
medium was obtained by treating microglia with DMEM
containing 0.1 pg/mL LPS (stimCM) or vehicle (non-
stimCM) for 3 h. To remove LPS from the medium, the
media were switched to fresh, serum-free DMEM and
cultured for an additional 21 h. The obtained microglia-
conditioned medium was stocked at -20 °C. Astrocyte
cultures were starved without serum for 3 h before treat-
ment with either stimCM or non-stimCM for 24 h. In
the proliferation assay, BrdU was added to the medium
6 h before fixation.

Statistical analysis
Statistical analysis was performed using SPSS ver. 21
software. Student’s ¢ tests were used for the statistical
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analysis of differences in the RT-PCR data between two
groups. Statistical analysis of rota-rod test scores was by
two-way repeated ANOVA, followed by the post hoc
Bonferroni’s rho test. To quantify the weekly demyelin-
ation scores, non-parametric analysis was performed
using the Kruskal-Wallis test, followed by the Mann-
Whitney test. All data are presented as mean + SD.

Results

Erk activation in astrocytes during cuprizone intoxication
We first examined a 6-week serial time course of the
cuprizone feeding model, focusing on the corpus callo-
sum, where demyelination reproducibly occurs. Demye-
lination in the corpus callosum, characterized by
reduced LFB staining, became prominent after 3 weeks
of cuprizone treatment, and extensive demyelination was
observed between 4 and 6 weeks. Remyelination was ob-
served at 8 weeks, 2 weeks after the mice had been
returned to a cuprizone-free diet (Fig. 1a). To investigate
the involvement of Erkl/2 signaling pathways in the
demyelinating process, we performed western blotting
analyses of corpus callosum. Figure 1b shows early acti-
vation of Erk1/2 during cuprizone treatment (Fig. 1b). In
accordance with these results, histological specimens ob-
tained from cuprizone-treated mice showed increased
immunoreactivity for phospho-Erk1/2 in the corpus cal-
losum compared to untreated mice (Fig. 1c).

In addition to the changes observed in myelin
structure, accumulation of Iba-1-positive microglia/
macrophages and GFAP-positive astrocytes was also
seen in demyelinated corpus callosum at 4 weeks
(Fig. 1d). These glial cell accumulations coincided
with a reduction of CCl-positive mature oligodendro-
cytes in the corpus callosum (Fig. 1le). We then evaluated
the cell specificity of phospho-Erk1/2 in demyelinating
lesions. Notably, we detected phospho-Erk1/2 mainly in
GFAP-positive astrocytes and occasionally in Iba-1-
positive microglia and CCl-positive oligodendrocytes
(Fig. le). Phospho-Erk1/2 was located in both nucleus
and cytoplasm (Fig. 1f). Taken together, our findings
suggest that Erk1/2 phosphorylation was induced in
astrocytes located in gliotic lesions during cuprizone-
induced demyelination.

Selective deletion of Erk2 in neural cells including
astrocytes but not in microglia

To investigate the role of Erk1/2 signaling in astrocytes,
we attempted genetic manipulation of the signaling
pathway in the demyelination model. Among two iso-
forms of Erk, Erkl and Erk2, we focused on Erk2 be-
cause Erk2 has specific roles that are not compensated
by Erkl. Because the Erk2 knockout is embryonically
lethal [19], we employed Erk2 conditional knockout
(cKO) mice, by cross-breeding Erk2-floxed mice and
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shown by reduced luxol fast blue (LFB) staining. d, W days or weeks of cuprizone feeding. b Phosphorylation of Erk1 and Erk2 shown by protein
analysis of the corpus callosum. Three independent experiments showed the same trend. The representative data is shown. ¢ Phosphorylation of
Erk1 and Erk2 shown by immunohistochemistry of the region. d At the fourth model week, when demyelination occurs, gliosis is observed as
shown by increased immunoreactivity for GFAP and Iba-1. Lines in d and e indicate the boundaries of the corpus callosum; white, double-headed
arrows indicate the area of the corpus callosum. e, f Multiple immunostaining indicates that a phosphorylated form of Erk1/2 becomes prominent
and colocalizes with GFAP-positive cells (e, f arrowhead) but only occasionally with CC1- or Iba-1-positive cells. Cup cuprizone treatment duration;
TO-PRO®-3, a nuclear stain; scale bars: a, ¢, and d, 100 um; e and f, 50 um

Nestin-Cre'® mice. In these mutant mice, Erk2 is abro-
gated in neuronal and glial cells derived from nestin-
positive neural stem cells [14]. In order to confirm Erk2
deletion, we used Cre reporter mice (B6. Cg-Tg [CAG-
floxed Neo-EGFP]) crossbred with Nestin-Cre®® mice, in
which the fluorescent reporter protein EGFP was
expressed in progenies of cells in which Cre recombin-
ation had occurred. In these transgenic mice, after
1 week of cuprizone feeding, we observed EGFP in neu-
rons and astrocytes, but not in microglia, which are de-
velopmentally derived from bone marrow (Fig. 2a).

We then evaluated the efficacy of Erk2 ablation after
cuprizone intoxication. Western blotting analysis of the
corpus callosum showed adequate Erk2 ablation in Erk2

cKO mice (Fig. 2b). Immunohistologically, after 3 weeks
of cuprizone feeding, Erk1/2 phosphorylation in the cor-
pus callosum was found to be lessened in Erk2 cKO
mice (Fig. 2c) relative to the Erk2-floxed background
strain. These results indicate that cuprizone-induced
Erk2 activation in the corpus callosum was prominently
reduced in Erk2 cKO mice.

Erk2 cKO mice showed preserved white matter and better
motor function in the cuprizone model

To assess the effects of Erk2 deletion on cuprizone-
induced demyelination, LFB-stained sections from
Erk2 80 and Erk2 ¢KO mice were scored on a scale of
0 (normal myelination) to 3 (complete demyelination).
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Fig. 2 Deletion of Erk2 in neural cell population. a Immunohistochemical
staining of samples of cortex taken from adult Nestin-Cre'%: CAG-floxed
Neo-EGFP mice confirms that recombination occurs in neurons
(NeuN+) and astrocytes (GFAP+) (a, arrowhead) but not in microglia
(Iba-14). b, € Nestin-Cre'%: Erk2™°% (Erk2 cKO) mice treated with
cuprizone. Western blotting of phospho-Erk shows selective deletion
of Erk2 (b). Immunoreactivity of phospho-Erk is also reduced in corpus
callosum in cuprizone-treated Erk2 cKO mice (c). Note that antibody
against phospho-Erk reacts with both phospho-Erk1 and phospho-Erk2.
The lines in ¢ indicate the boundary of the corpus callosum. Scale bars:
a, 50 um; ¢, 100 pm

Erk2 cKO mice showed significant reductions in demye-
lination after 4, 5, and 6 weeks of cuprizone treatment
(Fig. 3a, b). Immunohistological analysis using MBP stain-
ing also showed the myelin protein reduction after cupri-
zone treatment in Erk2 1°¥1°% while samples from Erk2
cKO showed relative preservation of the myelin protein
even after cuprizone treatment (Fig. 4a, b). The preserva-
tion of myelin proteins in the tissue indicates two possibil-
ities: the delay in removal of degenerated myelin or
preservation of mature oligodendrocytes. To test these
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possibilities, we examined the number of CCl-positive
mature oligodendrocytes in the demyelination model. We
found more CCl-positive cells were observed in Erk2
cKO mice than Erk2 1% after cuprizone treatment
(Fig. 4c, d). This result indicates the ablation of Erk2 sig-
naling leads to amelioration of oligodendrocytes loss in
the demyelinating model.

Further, to test the effect of Erk2 deletion on motor
function, we assessed rota-rod test performances in
Erk2 10X and Erk2 c¢KO mice after demyelination.
We found no significant group differences at the be-
ginning of cuprizone feeding (and after the 2-week
training period). In Erk2 "°¥1°* mice, the rota-rod
scores gradually decreased after the start of cuprizone
feeding (35 % reduction at 4 weeks), then showed an
improving trend after 5 weeks. However, the Erk2
c¢KO mice maintained their scores during cuprizone
feeding and showed a significant superiority to the
Erk2 fox/flox pice after 3 weeks (Fig. 5). These find-
ings suggest that Erk2 deletion ameliorates demyelination
and motor dysfunction in the cuprizone demyelination
model.

Lack of Erk2 did not alter the initial response to
cuprizone feeding

In cuprizone-induced demyelination, the toxin directly
induces oligodendrocyte cell damage. The cell damage
induces the microglial activation observed at 1 week
of cuprizone feeding, which leads to augmented in-
flammatory reactions involving both microglia and
astrocytes at later time points (most prominently at
3—4 weeks) [17, 23]. To test the possibility that Erk2
deletion exerts its effects before astrocyte activation,
we examined the samples at early time points. In the
early phase of cuprizone intoxication, a reduction in
expression of the messenger RNA (mRNA) of myelin-
related molecules correlated with cuprizone-induced
oligodendrocyte cell damage [1, 6]. We assessed ex-
pression of the mRNA for myelin basic protein
(MBP) and myelin-associated glycoprotein (MAGQG)
during cuprizone intoxication. Quantitative RT-PCR
showed significant reduction of MBP and MAG levels
after 1 week of exposure to cuprizone. However, no
significant difference was found between Erk2 cKO
and Erk2 fo¥/flox mice (Fig. 6a, b). As for the activa-
tion of microglia, western blot analysis showed no signifi-
cant differences between Erk2 cKO and Erk2 flox/flox
mice in the elevations of Iba-1 protein at 1 week of
cuprizone exposure, while significant reduction was
seen in Erk2 cKO mice at 4 weeks (Fig. 6¢, d). These
results indicate that conditional Erk2 deletion in the
CNS altered neither the initial oligodendrocyte dam-
age nor the microglia activation in the early phase of
cuprizone intoxication.



Okazaki et al. Journal of Neuroinflammation (2016) 13:235

Page 7 of 15

A 3 weeks 4 weeks 6 weeks 8 weeks
flox/flox b j e § =
Erk2 2
Erk2 cKO
B
3
a Erk2 f/f
S » Erk2 cKO
§ —
= 2 AMNA A——B A 200 20
g -
£
[}
9 —
ks AA —
21 Tt A ee s mmRmammm A mmRAAEE A
g
S —
n - — —
0 oassEEm AMA BEEE- A ERER B AN EEE
Untreated 1 week 2weeks 3 weeks 4 weeks 5weeks 6 weeks 8 weeks 10 weeks
Cuprizone treatment
Fig. 3 Erk2 cKO mice are less sensitive to cuprizone-induced demyelination. Erk2 cKO or Erk2 12/1°% mice were fed with cuprizone for 1 to
10 weeks before histological examination. a Representative LFB staining shows ameliorated demyelination in Erk2 cKO mice compared with Erk2
flox/flox mice, Scale bar, 50 um. b The severity of demyelination compared between Erk2 cKO and Erk2 /% mice using a demyelination score.
Statistical differences are observed at 4, 5, and 6 weeks of cuprizone feeding (n=3 to 5; Mann-Whitney U test at each time point; *p < 0.05;
**p < 0.01). Individual symbols represent individual animals

Erk2 deletion attenuated gliosis and expression of
mediators of inflammation

The early microglia activation seen in studies of demye-
linating disease is followed by elevated expression of
inflammatory mediators [17, 27]. Therefore, we first
assayed these mediators in demyelinating corpus callo-
sum in our model. Quantitative RT-PCR analysis of the
corpus callosum showed that expression of the mRNA
for pro-inflammatory cytokines (TNF-alpha and IL-1beta)
and chemokines (Ccl-2, Ccl-3, Ccl-5, and Cxcl-10) in-
creased during cuprizone intoxication. In the control
(Erk2 90¥/89%) mice, the data shows that some of the che-
mokines (Ccl-2, Ccl-5, and Cxcl-10) had expression peaks
at both 1 and 4 weeks, while others had a single peak at
4 weeks of cuprizone treatment. On the other hand, in
Erk2 cKO mice, only IL-1beta still showed the peak at
1 week after Erk2 knockout, while at 4 weeks all of the in-
flammatory mediators were reduced (Fig. 7).

In the process of cuprizone-induced demyelination,
the increase in the expression of inflammatory mediators
and gliosis proceeds simultaneously, resulting in aug-
mented, non-specific noxious stimuli against white mat-
ter tissue. Because we observed a marked reduction of
inflammatory mediators in Erk2 cKO at 4 weeks of
cuprizone treatment, we further assessed the effect of
Erk2 ablation on activation of astrocytes and microglia
at that period. Immunohistological analyses revealed an
increase in GFAP immunoreactivity in Erk2 1°/1°% mice

but no significant increase in Erk2 cKO mice after
4 weeks of cuprizone feeding (Fig. 8a, b). Then we evalu-
ated the effect of Erk2 ablation on the accumulation and
activation of microglia. As with the astrocytes, Iba-1 im-
munoreactivity was significantly lower in Erk2 cKO mice
compared with Erk2 /1% mjce after cuprizone feeding
(Fig. 8¢, d). These results indicate that Erk2 deletion ab-
rogates inflammatory responses as well as accumulation
of astrocytes and activated microglia. Taken together
with the observation of white matter preservation in
Erk2 cKO, we assume that the lack of inflammatory glio-
sis at 4 weeks provided a better environment for oligo-
dendrocyte preservation in cuprizone-treated Erk2 cKO
mice.

Microglia-conditioned medium stimulated astrocytes to
produce inflammation-related molecules

Our in vivo study revealed that “primary” oligodendrocyte
cell damage and microglial activation were followed by
“secondary” activation of astrocytes and that lack of Erk2
in astrocytes led to reduced expression of inflammation-
related molecules, reduced gliosis, and ameliorated de-
myelination. In this context, we inferred that astrocytes re-
ceived cell-to-cell signals from the primary responding
cells, that is, microglia, which activated the formers’ intra-
cellular Erk2 signaling pathways. Thus, to evaluate the
contribution of the astrocytic Erk pathway to the produc-
tion of inflammation-related molecules under pathological
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Fig. 4 Mature oligodendrocytes were preserved in Erk2 cKO mice after cuprizone-induced demyelination. Histological samples of corpus callosum
were obtained from either Erk2 cKO or Erk2 12/ mice before and 4 weeks after the start of cuprizone feeding for either MBP staining (a) or
CC1 staining (c). In Erk2 flox/flox mice, immunoreactivity for MBP is decreased at 4 weeks compared to untreated (a left), while such changes are
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conditions, we established separate, purified cultures of

sec microglia and astrocytes from neonatal cortices of C57BL/
180 T T 1 1 T T 1 6 mice. Then, we treated the astrocyte culture with condi-
150 ﬁ_—- 5._-._./.*\._._. tioned medium taken from the LPS-stimulated microglia

culture (stimCM) or medium taken from non-stimulated

120 microglia culture (non-stimCM). First, we examined the
90 effect of stimCM on astrocytic intracellular signals in
60 comparison to the non-stimCM control medium. Western
=m=Erk2 cKO blotting analyses showed that stimCM induces in astro-

30 A Erk2 f cytes the phosphorylation of Erkl1/2, p38 MAPK, and
0 STAT3, concurrently with the degradation of IxBa
Un- 1w 2w 3w 4w 5w 6w 7w 8w (Fig. 9a). Then, quantitative RT-PCR analyses revealed

treated Cuprizone treatment that stimCM induces expression of inflammation-related

Fig. 5 Better motor function of Erk2 cKO mice in the demyelinating molecules in astrocytes (Fig. 9b). To investigate the in-
model. Erk2 cKO or Erk2 "1 mice were fed with cuprizone for volvement of each signaling pathway, the Mek inhibitor
8 weeks with weekly rota-rod test evaluation. Rota-rod test reveals U0126, the p38 MAPK inhibitor SB203580, the JNK in-
that Erk2 cKO mice are able to remain on the cylinder longer than hibitor, and the NF-kB inhibitor SN50 were applied to the

Erk2 "M% mice at 3 to 8 weeks of cuprizone feeding (n = 8; two-way

astrocyte culture individually. Among the various inhibi-
repeated ANOVA followed by post hoc Bonferroni test; *p < 0.05) vt 4 8

tors, we found that the Mek inhibitor U0126 suppressed
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Erk phosphorylation more potently than did the others
(Fig. 9¢). Furthermore, the Mek inhibitor significantly re-
duced expression of TNF-alpha, IL-lbeta, IL-6, Ccl-2,
Ccl-3, and Ccl-5 in a dose-dependent manner (Fig. 9d).
These results indicate that production of inflammation-
related molecules by astrocytes depends on Erk1/2 signal-
ing under pathological conditions.

Production of inflammatory cytokines and chemokines
was reduced in Erk2-ablated astrocytes

To evaluate the specific involvement of Erk2 in expression
of inflammation-related molecules under pathological
conditions, we established purified astrocyte cultures from
embryonic cortices of Erk2 cKO or Erk2 11X mice. We
confirmed Erk2 deletion from the astrocytes by western
blotting analysis (Fig. 10a, b). At 3 h after stimCM treat-
ment, Erk2 deletion resulted in decreased expression of
Ccl-2 and increased expression of TNF-alpha, IL-1beta,
and Ccl-3 compared to Erk2 11 astrocyte culture
(Fig. 10c). In addition, to investigate the possible role of
Erk2 in stimCM-induced proliferation, we quantified
BrdU/GFAP double-positive cells in GFAP-positive astro-
cytes. There was no significant difference in the percent-
ages of BrdU/GFAP double-positive cells between cultures

(Fig. 10d). These findings indicate that Erk2 contributes to
the expression of inflammation-related molecules but not
to the proliferation of astrocytes under pathological
conditions.

Discussion

The results of our study demonstrated that (i) Erk1/2
is activated in astrocytes at 4 weeks after starting
cuprizone feeding, when the increased expression of
inflammation-related molecules is accompanied by
progression of gliosis and demyelination in the corpus
callosum and that (ii) deletion of Erk2 in astrocytes
ameliorated these pathological reactions. The results
with cultured astrocytes confirmed the role of astro-
cytic Erk2 in connecting stimuli from microglia to the
production of inflammatory molecules from astro-
cytes. We infer that Erk2 within astrocytes plays a
pivotal role in the progression of inflammation lead-
ing to demyelination.

The role of astrocytes in inflammatory demyelination

Astrocytes maintain CNS homeostasis under physio-
logical conditions, whereas they act as reactive astrocytes
in the inflammatory environment. Gliosis, now defined
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Fig. 7 Cuprizone-induced inflammation is attenuated in Erk2 cKO
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as activation of astrocytes and microglia, is regarded not
only as static scar tissue remaining after pathological
events but also as an active component of the progres-
sion of diseases. In specimens from patients with mul-
tiple sclerosis, it has been reported that astrocytes
surrounding demyelinated plaques express chemokines,
which promote infiltration of inflammatory cells leading
to exacerbated inflammation [28]. Because the astrocyte
itself is not an immune cell, its role in inflammation is
recognized in the context of cross talk with immune
cells such as microglia. Several studies have reported
interaction between microglia and astrocytes in the pro-
gression of inflammation [29, 30]. Although the precise
pathogenic mechanism of the cuprizone model remains
elusive, it has been perceived that cuprizone induces the
primary event of oligodendrocyte cell death, which is
followed by microglial accumulation [1, 23]. Our results
reoreactivity characteristic of brain-resident microglia is
increased at 1 week after cuprizone treatment and that
these initial changes are similar between Erk2 c¢KO and

Page 10 of 15

control mice. In accordance with other reports, we ob-
served increased immunoreactivity of both microglia (Iba-
1+) and astrocytes (GFAP+) in control mice starting
3 weeks after the onset of cuprizone treatment [17, 31].
The progressive gliosis plays a part in removal of myelin-
debris, as well as inducing further damages to oligoden-
drocytes as we observed in Fig. 4. We found that the pro-
gressive gliosis occurred to a much lesser extent in Erk2
cKO mice. Because nestin-driven deletion of Erk2 does
not affect microglia and because Erk activation is confined
to astrocytes, we infer that functional changes in astro-
cytes are responsible for the observed reduction of inflam-
matory molecule expression and ameliorated gliosis.

Role of Erk2 in inflammation

As a member of the Erk family of intracellular signaling
molecules, Erk2 has various roles depending on the con-
text. In the CNS, it has been reported that Erk2 is
involved in stem cell proliferation, oligodendrocyte dif-
ferentiation, and extracellular matrix production by as-
trocytes [32, 33]. Several results from cultured astrocytes
indicate the involvement of Erk1/2 in cytokine and che-
mokine production by these cells. Pedrazzi et al. re-
ported that the nuclear factor high-mobility group box 1
(HMGB1) activates the Erk1/2 signaling pathway via the
receptor for advanced glycation end products (RAGE),
promoting expression of Cxcl-1, Cxcl-2, Ccl-2, and Ccl-
5 [10]. In addition, Panenka et al. reported that activa-
tion of the P2X, receptor on astrocytes induces expres-
sion of the chemokine monocyte chemoattractant
protein-1 (MCP-1) in an Erk1/2-dependent manner [34].
Based on selective deletion of ERK2, our current results
provide information about the specific role of Erk2. The
conditioned medium from microglial culture induced
several chemokines and cytokines. Among them, we
found that expression of Ccl-2 is dependent on Erk2.
The Erk2-dependent expression of Ccl-2 was recapitu-
lated in vivo in the cuprizone model, in which Ccl-2 ex-
pression was also reduced in reactive gliosis tissue at
3 weeks after onset of the treatment. In accordance with
the pro-inflammatory role of Ccl-2 [35-37], the reduced
expression of Ccl-2 in vivo is accompanied by amelior-
ation of microglia accumulation. It is noteworthy that in
specimens from patients with multiple sclerosis, astro-
cytes surrounding demyelinating lesions express Ccl-2
[28]. Taken together, these data suggest that a lack of
Erk2 in astrocytes results in a reduced production of
chemokines, including at least Ccl-2, which further ame-
liorates the accumulation of inflammatory cells.

Molecular targets for regulating inflammatory
demyelination

Because prolonged inflammation within the CNS results
in demyelination, regulating inflammation is a reasonable
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therapeutic strategy. In studies with the cuprizone model,
various kinds of molecules, most of them related to in-
flammation, have been found to play pivotal roles in the
inflammatory processes. Delayed demyelination has been
reported in TNF-alpha, LT-alpha, LT-beta, and MIP1-
alpha knockout mice [25, 38, 39, 27]. While these mice
display degrees of demyelination similar to wild type at
later experimental time points, our results shows that
Erk2 c¢KO mice manifest milder demyelination all
throughout the experimental period. Contrary to previous
reports, Erk2 is not a humoral factor but an intracellular
signaling molecule controlling many target genes. Al-
though we identified Ccl-2 as a putative target of Erk2, it
is possible that other molecules are also reduced in Erk2

cKO mice. Therefore, the prominent effect of Erk2 dele-
tion in the cuprizone model indicates that intervention
against molecules located relatively upstream in the in-
flammatory cascade may have relatively greater thera-
peutic potential.

Application of the cuprizone model to CNS diseases

The cuprizone model is regarded as a model of multiple
sclerosis [1, 18, 40]. Although there are several differ-
ences between the two pathologies, especially in the type
of infiltrating inflammatory cells, both pathologies fea-
ture elevation of inflammatory molecules together with
activation and proliferation of microglia and astrocytes,
called gliosis. However, the full details of the hierarchy
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Fig. 9 Cultured astrocytes produce inflammatory molecules in a Mek-Erk-dependent manner. A primary astrocyte culture is treated with medium
conditioned with lipopolysaccharide (LPS)-stimulated microglia (stimCM) or non-stimulated microglia (non-stimCM). a Various signaling pathways
including Erk1/2 are activated by stimCM. b Messenger RNA expression levels for cytokines and chemokines are elevated at 24 h after stimCM
treatment. The results are shown as fold values relative to GAPDH. ¢ The Mek inhibitor U0126 suppresses stimCM-induced Erk1/2 phosphorylation,
while also modifying phosphorylation of p38 and degradation of lkappa B-alpha. Other inhibitors, SB203580 and SN50, have minimal effects on
phosphorylation of Erk1/2 (control: DMEM; LPS: DMEM supplemented with LPS). d Inhibition of Erk1/2 phosphorylation leads to lessened expression of
TNF-alpha, IL-1beta, Ccl-2, Ccl-5, and Cxcl-10 in a dose-dependent manner (n = 3)

of inflammation, gliosis, and demyelination remain elu-
sive. Our results show that inhibition of Erk2-dependent
inflammatory-molecule production in astrocytes leads to
reduced gliosis and demyelination, suggesting that acti-
vation of astrocytes is an upstream event occurring prior
to the other two phenomena. Because gliosis is observed
in many other disease models, the same intervention
targeted to Erk2 functioning in astrocytes may have
therapeutic effects in many diseases by reducing inflam-
mation and gliosis formation. This is an issue for future
research arising from our study.

Limitations of the current model

In this study, we used a nestin promoter-driven Cre-
expressing system, which removes the ERK2 gene from
all cell types in the neural lineage [20]. Although we ob-
served that Erk activation is confined to astrocytes fol-
lowing cuprizone treatment, it is possible that functions
of Erk2 in neurons and oligodendrocytes are also altered.
Erk2 has been reported to play a part in the proliferation
and maturation of oligodendrocytes and in the survival

of neurons [32]. Because these functions of Erk2 may
provide protective effects in models of inflammatory de-
myelination, we would anticipate that a lack of Erk2 in
neurons and oligodendrocytes exacerbates tissue dam-
age. However, our finding that Erk2 cKO mice mani-
fested better tissue preservation than the control strain
indicates that the function of Erk2 in neurons and oligo-
dendrocytes has limited significance in this model.

As for cuprizone model, we adopted a 6-week feeding
protocol while other groups use a 5-week feeding proto-
col [31]. We attempted to refer to previous works in
gliosis after cuprizone treatment in which 6-week proto-
col were used [17, 22]. Because spontaneous remyelina-
tion starts from 5 weeks after treatment, the caution
should be paid to compare our data of 5 weeks or later
with data from 5-week-protocol experiment. However,
because the progression of gliosis and inflammation be-
comes prominent by 4 weeks, we assume that our find-
ing is also relevant in a 5-week feeding protocol.

It should also be noted that the type of inflammation
varies between diseases [41]. Therefore, the role of Erk2 in
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astrocytes may differ between the cuprizone model and
other demyelination models or human multiple sclerosis.
Our finding is applicable when Erk2 is activated in astro-
cytes located within areas of reactive gliosis. Further study
is required to compare different disease models and to
provide a more generalized model of inflammatory gliosis.

Conclusions
In conclusion, in the cuprizone-induced inflammatory
demyelination model, astrocytes are activated together

with microglia. Erk2 signaling contributes to the pro-
gression of the gliosis, partially by promoting cytokines
and chemokines production from astrocytes. Ablating
Erk2 signaling leads to both the reduction of gliosis and
the preservation of oligodendrocytes Therefore, inter-
vention to modify Erk2 functioning is a possible strategy
for interfering with progressive inflammatory gliosis and
can provide the insights needed to identify promising
therapeutic molecular targets in inflammatory demyelin-
ating diseases.



Okazaki et al. Journal of Neuroinflammation (2016) 13:235

Acknowledgements
We thank K. Nakanishi and N. Kume for the technical supports.

Funding

This work was supported in part by grants-in-aid (JSPS KAKENHI JP26282159)
from the Ministry of Education, Culture, Sports, Science and Technology of
Japan (MEXT) and MEXT-Supported Program for the Strategic Research Foun-
dation at Private Universities, 2015-2019 from the MEXT (51511017).

Availability of data and materials
All data generated or analyzed during this study are included in this
published article.

Authors’ contributions

RO and TD performed animal and cell-culture experiments. MH, KH, KM, YS,
and MN provided technical supports in the analyses. Ol and TO made the
concept and design of the study. KT and ST helped the data interpretation.
All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
All animal experiments were approved by the ethical committee of the
National Rehabilitation Center for Persons with Disabilities.

Author details

1Department of Rehabilitation for Movement Functions, Research Institute,
National Rehabilitation Center for Persons with Disabilities, 4-1 Namiki,
Tokorozawa, Saitama 359-8555, Japan. “Department of Orthopaedic Surgery,
The University of Tokyo, 3-7-1, Hongo, Bunkyo-ku, Tokyo, Japan. *Department
of Biochemistry, National Defense Medical College, 3-1, Namiki, Tokorozawa,
Saitama, Japan. *Department of Physiology, Toho University, 5-21-16,
Ohmorinishi, Ohta-ku, Tokyo, Japan.

Received: 26 February 2016 Accepted: 20 August 2016
Published online: 05 September 2016

References

1. Liu L, Belkadi A, Darnall L, Hu T, Drescher C, Cotleur AC, Padovani-Claudio D,
He T, Choi K, Lane TE, et al. CXCR2-positive neutrophils are essential for
cuprizone-induced demyelination: relevance to multiple sclerosis. Nat
Neurosci. 2010;13:319-26.

2. Dutta R, Trapp BD. Mechanisms of neuronal dysfunction and degeneration
in multiple sclerosis. Prog Neurobiol. 2011;93:1-12.

3. Steinman L. Multiple sclerosis: a coordinated immunological attack against
myelin in the central nervous system. Cell. 1996;85:299-302.

4. Patel J, Balabanov R. Molecular mechanisms of oligodendrocyte injury in
multiple sclerosis and experimental autoimmune encephalomyelitis. Int J
Mol Sci. 2012;13:10647-59.

5. Ghasemi M, Fatemi A. Pathologic role of glial nitric oxide in adult and pediatric
neuroinflammatory diseases. Neurosci Biobehav Rev. 2014;45C:168-82.

6. Jana M, Pahan K: Down-regulation of myelin gene expression in human
oligodendrocytes by nitric oxide: implications for demyelination in multiple
sclerosis. Journal of clinical & cellular immunology. 2013;4. J Clin Cell
Immunol. doi:10.4172/2155-9899.1000157.

7. Volterra A, Meldolesi J. Astrocytes, from brain glue to communication
elements: the revolution continues. Nat Rev Neurosci. 2005,6:626-40.

8. Holley JE, Gveric D, Newcombe J, Cuzner ML, Gutowski NJ. Astrocyte
characterization in the multiple sclerosis glial scar. Neuropathol Appl
Neurobiol. 2003;29:434-44.

9. Norton WT. Quantitative aspects of reactive gliosis: a review. Neurochem
Res. 1992;17:877-85.

10.  Pedrazzi M, Patrone M, Passalacqua M, Ranzato E, Colamassaro D, Sparatore B,
Pontremoli S, Melloni E: Selective proinflammatory activation of astrocytes by
high-mobility group box 1 protein signaling. The Journal of Immunology
2007, 179:8525-8232

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

Page 14 of 15

Williams A, Piaton G, Lubetzki C. Astrocytes—friends or foes in multiple
sclerosis? Glia. 2007;55:1300-12.

Ballif BA, Blenis J. Molecular mechanisms mediating mammalian
mitogenactivated protein kinase (MAPK) kinase (MEK)-MAPK cell survival
signals. Cell Growth Differ. 2001;12:397-408.

Boulton TG, Nye SH, Robbins DJ, Ip NY, Radziejewska E, Morgenbesser SD,
DePinho RA, Panayotatos N, Cobb MH, Yancopoulos GD. ERKs: a family of
protein-serine/threonine kinases that are activated and tyrosine
phosphorylated in response to insulin and NGF. Cell. 1991,65:663-75.
Satoh Y, Endo S, Nakata T, Kobayashi Y, Yamada K, lkeda T, Takeuchi A,
Hiramoto T, Watanabe Y, Kazama T. ERK2 contributes to the control of social
behaviors in mice. J Neurosci. 2011;31:11953-67.

Imamura O, Satoh Y, Endo S, Takishima K. Analysis of extracellular signal-
regulated kinase 2 function in neural stem/progenitor cells via nervous
system-specific gene disruption. Stem Cells. 2008,26:3247-56.

Neary JT, Kang Y, Willoughby KA, Ellis EF. Activation of extracellular signal-
egulated kinase by stretch-induced injury in astrocytes involves extracellular ATP
and P2 purinergic receptors. J Neurosci Off J Soc Neurosci. 2003;23:2348-56.
Hiremath MM, Saito Y, Knapp GW, Ting JP-Y, Suzuki K, Matsushima GK.
Microglial/macrophage accumulation during cuprizone-induced
demyelination in C57BL /6 mice. J Neuroimmunol. 1998,92:38-49.
Torkildsen O, Brunborg LA, Myhr KM, Bo L. The cuprizone model for
demyelination. Acta Neurol Scand Suppl. 2008;188:72-6.

Satoh Y, Endo S, lkeda T, Yamada K, Ito M, Kuroki M, Hiramoto T, Imamura O,
Kobayashi Y, Watanabe Y, et al. Extracellular signal-regulated kinase 2 (ERK2)
knockdown mice show deficits in long-term memory; ERK2 has a specific
function in learning and memory. J Neurosci. 2007;27:10765-76.

Isaka F, Ishibashi M, Taki W, Hashimoto N, Nakanishi S, Kageyama R. Ectopic
expression of the bHLH gene Math1 disturbs neural development. Eur J
Neurosci. 1999;11:2582-8.

Matsumura H, Hasuwa H, Inoue N, lkawa M, Okabe M. Lineage-specific cell
disruption in living mice by Cre-mediated expression of diphtheria toxin A
chain. Biochem Biophys Res Commun. 2004;321:275-9.

Morell P, Barrett CV, Mason JL, Toews AD, Hostettler JD, Knapp GW,
Matsushima GK. Gene expression in brain during cuprizone-induced
demyelination and remyelination. Mol Cell Neurosci. 1998;12:220-7.
Matsushima GK, Morell P. The neurotoxicant, cuprizone, as a model to study
demyelination and remyelination in the central nervous system. Brain
Pathol. 2001;11:107-16.

Fujiyoshi K, Yamada M, Nakamura M, Yamane J, Katoh H, Kitamura K,
Kawai K, Okada S, Momoshima S, Toyama Y, Okano H. In vivo tracing of
neural tracts in the intact and injured spinal cord of marmosets by diffusion
tensor tractography. J Neurosci Off J Soc Neurosci. 2007,27:11991-8.

Plant SR, locca HA, Wang Y, Thrash JC, O'Connor BP, Arnett HA, Fu YX,
Carson MJ, Ting JPY. Lymphotoxin receptor (Lt R): dual roles in demyelination
and remyelination and successful therapeutic intervention using Lt R-lg
protein. J Neurosci. 2007,27:7429-37.

Harsan LA, Steibel J, Zaremba A, Agin A, Sapin R, Poulet P, Guignard B,
Parizel N, Grucker D, Boehm N, et al. Recovery from chronic demyelination
by thyroid hormone therapy: myelinogenesis induction and assessment by
diffusion tensor magnetic resonance imaging. J Neurosci. 2008,28:14189-201.
Mcmahon EJ, Cook DN, Suzuki K, Matsushima GK. Absence of macrophage-
inflammatory protein-1 delays central nervous system demyelination in the
presence of an intact blood-brain barrier. J Immunol. 2001;167:2964-71.
Tanuma N, Sakuma H, Sasaki A, Matsumoto Y. Chemokine expression by
astrocytes plays a role in microglia/macrophage activation and subsequent
neurodegeneration in secondary progressive multiple sclerosis. Acta
Neuropathol. 2006;112:195-204.

Liu W, Tang Y, Feng J. Cross talk between activation of microglia and
astrocytes in pathological conditions in the central nervous system. Life Sci.
2011;89:141-6.

Skripuletz T, Hackstette D, Bauer K, Gudi V, Pul R, Voss E, Berger K, Kipp M,
Baumgartner W, Stangel M. Astrocytes regulate myelin clearance through
recruitment of microglia during cuprizone-induced demyelination. Brain J
Neurol. 2013;136:147-67.

Schmidt T, Awad H, Slowik A, Beyer C, Kipp M, Clarner T. Regional
heterogeneity of cuprizone-induced demyelination: topographical aspects
of the midline of the corpus callosum. J Mol Neurosci MN. 2013;49:80-8.
Fyffe-Maricich SL, Karlo JC, Landreth GE, Miller RH. The ERK2 mitogen-
activated protein kinase regulates the timing of oligodendrocyte
differentiation. J Neurosci. 2011;31:843-50.


http://dx.doi.org/10.4172/2155-9899.1000157

Okazaki et al. Journal of Neuroinflammation (2016) 13:235

33.

34.

35.

36.

37.

38.

39.

40

4

Heffron DS, Landreth GE, Samuels IS, Mandell JW. Brain-specific deletion of
extracellular signal-regulated kinase 2 mitogen-activated protein kinase
leads to aberrant cortical collagen deposition. Am J Pathol. 2009;175:2586-99.
Panenka W, Jijon H, Herx LM, Armstrong JN, Feighan D, Wei T, Yong VW,
Ransohoff RM, MacVicar BA. P2X7-like receptor activation in astrocytes
increases chemokine monocyte chemoattractant protein-1 expression via
mitogen-activated protein kinase. J Neurosci. 2001;21:7135-42.

Babcock AA, Kuziel WA, Rivest S, Owens T. Chemokine expression by glial
cells directs leukocytes to sites of axonal injury in the CNS. J Neurosci.
2003;23:7922-39.

Thompson WL, Van Eldik LJ: Inflammatory cytokines stimulate the
chemokines CCL2/MCP-1 and CCL7/MCP-7 through NFkB and MAPK
dependent pathways in rat astrocytes. Brain Research 2009, 1287:47-57.
Kohl B, Fischer S, Groh J, Wessig C, Martini R. MCP-1/CCL2 modifies axon
properties in a PMP22-overexpressing mouse model for Charcot-Marie-
tooth 1A neuropathy. Am J Pathol. 2010;176:1390-9.

Arnett HA, Mason J, Marino M, Suzuki K, Matsushima GK, Ting JPY. TNFa
promotes proliferation of oligodendrocyte progenitors and remyelination.
Nat Neurosci. 2001;4:1116-22.

Plant SR, Arnett HA, Ting JP. Astroglial-derived lymphotoxin-alpha
exacerbates inflammation and demyelination, but not remyelination. Glia.
2005;49:1-14.

Kipp M, Clarner T, Dang J, Copray S, Beyer C. The cuprizone animal model:
new insights into an old story. Acta Neuropathol. 2009;118:723-36.
Skripuletz T, Gudi V, Hackstette D, Stangel M. De- and remyelination in the
CNS white and grey matter induced by cuprizone: the old, the new, and
the unexpected. Histol Histopathol. 2011;26:1585-97.

Page 15 of 15

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals and reagents
	Cuprizone treatment
	Histological analysis
	Quantitative real-time PCR
	Western blotting
	Behavioral analysis
	Cell culture
	Statistical analysis

	Results
	Erk activation in astrocytes during cuprizone intoxication
	Selective deletion of Erk2 in neural cells including astrocytes but not in microglia
	Erk2 cKO mice showed preserved white matter and better motor function in the cuprizone model
	Lack of Erk2 did not alter the initial response to cuprizone feeding
	Erk2 deletion attenuated gliosis and expression of mediators of inflammation
	Microglia-conditioned medium stimulated astrocytes to produce inflammation-related molecules
	Production of inflammatory cytokines and chemokines was reduced in Erk2-ablated astrocytes

	Discussion
	The role of astrocytes in inflammatory demyelination
	Role of Erk2 in inflammation
	Molecular targets for regulating inflammatory demyelination
	Application of the cuprizone model to CNS diseases
	Limitations of the current model

	Conclusions
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References



