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Strength of ERK1/2 MAPK Activation Determines Its Effect
on Myelin and Axonal Integrity in the Adult CNS
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Myelin growth is a tightly regulated process driven by multiple signals. ERK1/2-MAPK signaling is an important regulator of myelin
thickness. Because, in demyelinating diseases, the myelin formed during remyelination fails to achieve normal thickness, increasing
ERK1/2 activity in oligodendrocytes is of obvious therapeutic potential for promoting efficient remyelination. However, other studies
have suggested that increased levels of ERK1/2 activity could, in fact, have detrimental effects on myelinating cells. Because the strength,
duration, or timing of ERK1/2 activation may alter the biological outcomes of cellular responses markedly, here, we investigated the effect
of modulating ERK1/2 activity in myelinating cells using transgenic mouse lines in which ERK1/2 activation was upregulated condition-
ally in a graded manner. We found enhanced myelin gene expression and myelin growth in the adult CNS at both moderate and
hyperactivated levels of ERK1/2 when upregulation commenced during developmental myelination or was induced later during adult-
hood in quiescent preexisting oligodendrocytes, after active myelination is largely terminated. However, a late onset of demyelination
and axonal degeneration occurred at hyperelevated, but not moderately elevated, levels regardless of the timing of the upregulation.
Similarly, myelin and axonal pathology occurred with elevated ERK1/2 activity in Schwann cells. We conclude that a fine tuning of ERK1/2
signaling strength is critically important for normal oligodendrocyte and Schwann cell function and that disturbance of this balance has
negative consequences for myelin and axonal integrity in the long term. Therefore, therapeutic modulation of ERK1/2 activity in demy-
elinating disease or peripheral neuropathies must be approached with caution.
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Introduction
Myelin is a multilamellar sheath generated by oligodendrocytes
in the CNS and by Schwann cells in the PNS. Among its many

functions are rapid impulse conduction, trophic support of ax-
ons, and serving as a form of neural plasticity for adaptation of
brain functions to environmental stimuli (Fields, 2015; Simons
and Nave, 2015). Damage to the myelin sheaths, as in multiple
sclerosis, leads to severe neurological deficits. Although limited
remyelination occurs in humans and rodents, the myelin sheath
formed is thinner than normal (Ludwin and Maitland, 1984;
Franklin, 2002). Further, the loss of axonal integrity, attributed in
significant part to the loss of trophic support from oligodendro-
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Significance Statement

ERK1/2-MAPK activation in oligodendrocytes and Schwann cells is an important signal for promoting myelin growth during
developmental myelination. Here, we show that, when ERK1/2 are activated in mature quiescent oligodendrocytes during adult-
hood, new myelin growth is reinitiated even after active myelination is terminated, which has implications for understanding the
mechanism underlying plasticity of myelin in adult life. Paradoxically, simply increasing the “strength” of ERK1/2 activation
changed the biological outcome from beneficial to detrimental, adversely affecting myelin and axonal integrity in both the CNS
and PNS. Therefore, this study highlights the complexity of ERK1/2-MAPK signaling in the context of oligodendrocyte and
Schwann cell function in the adult animal and emphasizes the need to approach potential therapeutic modulation of ERK1/2
activity with caution.
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cytes and myelin, is a major cause of long-term disability in mul-
tiple sclerosis (Trapp et al., 1998; Nave and Trapp, 2008).
Therefore, it is critical to identify specific factors that promote
efficient growth of the myelin sheath during remyelination and,
conversely, to identify molecules and mechanisms that are crucial
for the long-term axoglial interactions required for efficient neu-
ronal functions during adulthood.

Recently, genetic loss- and gain-of-function studies have
shown that ERK1/2–MAPK signaling in oligodendrocytes and
Schwann cells is an important conserved mechanism that pro-
motes both CNS and PNS myelin growth during developmental
myelination (Ishii et al., 2012; Ishii et al., 2013; Sheean et al.,
2014). Specifically, the gain-of-function studies showed that a
modest increase of ERK1/2 activity in oligodendrocytes of
heterozygous transgenic mice, with constitutively active Mek1
(Mek/�), an upstream activator of ERK1/2, resulted in increased
myelin thickness during developmental myelination and during
remyelination (Fyffe-Maricich et al., 2013; Ishii et al., 2013). Fur-
ther, we showed recently that ERK1/2 continues to be expressed
in myelin of adult mice and plays a key role in maintaining the
integrity of myelin and axons throughout adult life (Ishii et al.,
2014). These findings together indicate a therapeutic potential of
elevating ERK1/2 activity for restoring normal myelin thickness
and perhaps improving axonal survival in human demyelinating
disease. However, it is believed that the biological outcome of
ERK1/2 activation can depend on the strength, duration, and
timing of ERK1/2 activation (Dikic et al., 1994; Ebisuya et al.,
2005; Katz et al., 2007). Further, several studies have suggested
that ERK1/2 activity could, in fact, have detrimental effects on
oligodendrocytes and Schwann cells (Fressinaud et al., 1995;
Bansal and Pfeiffer, 1997; Canoll et al., 1999; Harrisingh et al.,
2004; Ogata et al., 2004; Napoli et al., 2012). Therefore, before
investigating its therapeutic application, an important question
to address is whether increasing the strength and/or altering the
timing of ERK1/2 activation would result in increased but normal
myelin growth or if it would lead to adverse effects on myelin and
axonal integrity in the long term.

To address these questions, we generated and examined lines
of transgenic mice in which ERK1/2 were upregulated condition-
ally in oligodendrocytes in a graded manner (Mek/� and Mek/
Mek), either commencing early during active developmental
myelination or induced later during adulthood in quiescent oli-
godendrocytes, after active myelination is largely terminated. We
found that, regardless of the time when ERK1/2 upregulation
commenced, myelin gene expression and growth were enhanced
at both the Mek gene dosages in the adult animals. However, a
late onset of demyelination and axonal degeneration, accompa-
nied by a partial loss of oligodendrocytes, significant inflamma-
tory reaction, and neurological deficit, occurred only in the Mek/
Mek, not in the Mek/� mice. Similarly, elevated ERK1/2 activity
adversely affected myelinating Schwann cells in the adult mice.
Together, these studies suggest that the strength of ERK1/2 acti-
vation plays a predominant role in determining the outcome of
ERK1/2 activation.

Materials and Methods
Mouse lines
Rosa26StopFlMek1DD,EGFP mice (generated and described in Srinivasan et al.,
2009) were appropriately crossed with PlpCreERT transgenic mice (proteo-
lipid protein; Jackson Laboratory; Doerflinger et al., 2003) in which
Cre is induced by intraperitoneal injection of 4-hydroxytamoxifen (Tm;
Sigma-Aldrich) to generate heterozygous and homozygous mice
(PlpCre ERT �/ �;Rosa26StopFl Mek1DD,EGFP/� and PlpCre ERT �/ �;

Rosa26StopFlMek1DD , EGFP/Mek1DD , EGFP, referred to as PlpCreERT;Mek/�
and PlpCreERT;Mek/Mek, respectively). The Rosa26StopFlMek1DD,EGFP mice
were also crossed with CnpCre/� (Lappe-Siefke et al., 2003; 2�-3� cyclic nu-
cleotide 3�-phosphodiesterase, CNP) to generate heterozygous and homozy-
gous mice (Cnp Cre/�;Rosa26StopFl Mek1DD,EGFP/� and Cnp Cre/�;
Rosa26StopFlMek1DD , EGFP/Mek1DD , EGFP, referred to here as CnpCre;Mek/�
and CnpCre;Mek/Mek, respectively; note that we previously referred to
CnpCre;Mek/� mice as CnpCre;MekDD in Ishii et al., 2013). In these trans-
genic mice, Cre-mediated excision of floxed STOP cassette leads to the ex-
pression of constitutively active Mek1 and enhanced green fluorescent
protein (EGFP). This results in sustained activation of ERK1/2, downstream
mediators of Mek1 in the MAPK pathway, in CNP- or proteolipid protein
(PLP)-expressing oligodendrocyte and Schwann cells (Gravel et al., 1998;
Yuan et al., 2002; Doerflinger et al., 2003; Leone et al., 2003). Littermate mice
with no Cre were used as controls, facilitating comparisons among the ge-
notypes. The tamoxifen-inducible PlpCreERT approach has allowed us to
generate mice in which the Mek1 gene is conditionally induced in a tempo-
rally controlled manner, thus providing us with a means to investigate the
effect of overstimulation of ERK1/2 during developmental myelination after
Tm injection at postnatal day 10 (P10) or during adulthood (2 months).
Genotyping of different lines of mice of both sexes was performed by PCR
analysis using the appropriate primers, as described previously (Furusho et
al., 2011; Ishii et al., 2012, 2013, 2014).

Immunolabeling and histology
As described previously (Kaga et al., 2006; Furusho et al., 2012; Ishii et al.,
2012), perfused (PBS or 4% paraformaldehyde/PBS) mice of both sexes
were subjected to postfixation overnight in 4% paraformaldehyde/PBS
and then another postfixation overnight in 20% sucrose/PBS. Cryostat
transverse sections (15 �m) of cervical spinal cord and longitudinal sec-
tions (10 �m) of sciatic nerves were cut. Before immunolabeling with
anti-phospho-ERK1/2 (1:400; Cell Signaling Technology), CC1 antibody
(1:40; Millipore), anti-cleaved caspase-3 (1:100; Cell Signaling Technol-
ogy), anti-glial fibrillary acidic protein (anti-GFAP, 1:1000; DAKO), or
anti-IBA-1 (1:1000; Wako Chemicals), spinal cord sections were sub-
jected to antigen retrieval by 5 min of incubation at 95°C in citrate buffer,
pH 6.0, and 10 min at room temperature. Floating sections were used for
EGFP/CC1 double labeling. Anti-GFP (1:200; Invitrogen) labeling was
performed before antigen retrieval and labeling for CC1. Sections were
incubated at 4°C for 24 –72 h in primary antibodies and for 1 h with
appropriate secondary antibodies conjugated to Alexa Fluor 488 (1:500;
Invitrogen) or Cy3 (1:500; Jackson Immuno Research Laboratories) and
nuclei were counterstained with Hoechst blue dye 3342 (1 mg/ml; Sigma-
Aldrich). For phospho-mTOR 2448 immunolabeling, floating sections
were incubated in 5% methanol/1% H2O2 for 10 min, followed by 10%
Triton X-100 for 30 min, and blocked in 10% NGS for 1 h. Incubation in
phospho-mTOR 2448 antibody (1:100; Cell Signaling Technology) di-
luted in 3% bovine serum albumin/0.02% Triton X-100, was performed
for 72 h at 4°C. PBS or TBS containing 100 �M sodium fluoride and
100 �M o-vanadate were used for dilutions and washes. In some cases, the
avidin/biotinylated enzyme complex (ABC) system (Vector Laborato-
ries) was used, and the color was developed by incubation in DAB
(Sigma-Aldrich).

For Giemsa staining, Giemsa stock solution in glycerol (50%) and
methanol (50%) was diluted in PBS. Longitudinal sections of sciatic
nerves were incubated in the diluted solution (0.1% Giemsa/2.5% glyc-
erol/2.5% methanol/PBS) for 10 min at room temperature. After a 5–10
min wash in PBS, the sections were differentiated in 0.25% acetic acid.
Masson’s trichrome staining was performed as per the manufacturer’s
instructions (catalog #25088; Abcam).

In situ hybridization
Transverse sections of cervical spinal cord were prepared as above and in
situ hybridization was performed as described previously (Furusho et al.,
2011; Furusho et al., 2012; Ishii et al., 2012) using riboprobes specific for
PLP mRNA (Dr. W.B. Macklin, University of Colorado School of Med-
icine, Aurora, CO) or myelin basic protein (MBP) mRNA (Dr. M.
Qiu, University of Louisville, Louisville, KY). Briefly, after incubation in
1 �g/ml proteinase K at 37°C for 30 min, sections were hybridized over-

6472 • J. Neurosci., June 15, 2016 • 36(24):6471– 6487 Ishii et al. • ERK1/2 MAPK Strength Determines Outcome



night at 65°C with digoxigenin-labeled antisense cRNA probe and
washed in 50% formamide, 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% NGS for 1 h,
sections were incubated (overnight) in alkaline-phosphatase-
conjugated antidigoxigenin antibody (1:5000; Roche Diagnostics).
Color was developed with 4-nitroblue tetrazolium chloride and
5-bromo-4-chloro-3-indolylphosphate.

Electron microscopy
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, optic nerves,
and sciatic nerves of transgenic and littermate control mice were post-
fixed 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 micro-
scope (1200CX; JEOL) at 80 kV. For g-ratio analysis, between 100 and
400 axons were measured per genotype from matched regions of the
ventral cervical spinal cord and optic nerve. Quantification of the area of
oligodendrocyte cell bodies, the inner tongue, and associated cytoplas-
mic collars and the corresponding axons was done using the area
measurement function in Adobe Photoshop. Statistical analysis was per-
formed using Student’s t test. Counts of myelin/axon abnormalities in
spinal cords and sciatic nerves was done from images of seminthin sec-
tions. Statistical analysis was performed using Student’s t test or one-way
ANOVA.

Teased fibers were prepared from sciatic nerves dissected from gluteral-
dehyde perfused animals according to the procedure described by Viader et
al. (2011) with slight modifications. Specifically, sciatic nerves were washed
with 0.1 M cacodylate buffer and then incubated in 1% osmium tetroxide and
1.5% potassium ferricyanide in 0.1 M cacodylate buffer for 1 h, followed by
washes in PBS and incubation in 33%, 66%, and 100% glycerol/PBS for 6 h
each. Nerves were then treated with 0.6% Sudan black dissolved in 70%
ethanol at room temperature for 30 min, rinsed with 70% ethanol and water,
and then placed back in 100% glycerol. Finally, nerves were teased in 100%
glycerol and coverslipped for imaging.

Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted using the TRIzol reagent (Invitrogen) from spinal
cords. Then, 1 �g of total RNA was reverse transcribed to cDNA using the
iScript Synthesis Kit (Bio-Rad) according to the manufacturer’s instructions.
qRT-PCR was performed using an Eppendorf Mastercycler ep realplex
Thermal Cycler and the iQ SYBR Green Supermix (Bio-Rad) according to
the manufacturer’s instructions. The following primers were used: PLP for-
ward primer, 5�-GTATAGGCAGTCTCTGCGCTGAT-3�; PLP reverse
primer, 5�-AAGTGGCAGCAATCATGAAGG-3�; MBP forward primer, 5�-
TACCTGGCCACAGCAAGTAC-3�; MBP reverse primer, 5�-GTCA
CAATGTTCTTGAAG-3�; myelin oligodendrocyte glycoprotein (MOG)
forward primer, 5�-CTGTTCTTGGACCCCTGGTT-3�; MOG reverse
primer, 5�-ACCTGCTGGGCTCTCCTT-3�; myelin-associated glycopro-
tein (MAG) forward primer, 5�-TGCTCACCAGCATCCTCACG-3�; MAG
reverse primer, 5�-AGCAGCCTCCTCTCAGATCC-3�; GAPDH forward
primer, 5�-TGTGTCCGTCGTGGATCTG-3�; GAPDH reverse primer, 5�-
CATGTAGGCCATGAGGTCCACCAC-3�. qRT-PCR conditions were as
follows: denaturation at 95°C for 30 s, primer annealing at 55.5°C for 30 s,
and elongation at 72°C for 40 s. Quantification of PCR products was per-
formed using the 2-��Ct method. Quantities of mRNA were normalized to
the housekeeping gene GAPDH.

Immunoblotting
Immunoblotting was performed as described previously (Fortin et al.,
2005). Briefly, equal amounts of total proteins from lysates of spinal cord
white matter and whole sciatic nerves were loaded onto SDS-PAGE,
transferred to PVDF membranes, and immunolabeled for phospho-
ERK1/2 (1:10,000; Cell Signaling Technology) or phospho-mTOR 2448

(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 test.

Motor function tests
Rotarod test. Motor function tests were performed according to Crawley
(2007) with slight modifications as described below. Mice of both sexes
were trained for 2 trials (120 s each) on the rotarod at a constant speed (3
rpm). Subsequent test runs consisted of 3 trials on an accelerating ro-
tarod for up to 300 s (starting at 3 rpm, accelerating to a final speed of 30
rpm). Mice were returned to their home cages for at least 15 min between
trials.

Wire-hanging test. Mice of both sexes were placed on a wire grid, which
was then inverted over the home cage. The latency to when the animals
fell was recorded (in seconds). The performance for each animal was
presented as the average of three trials. Statistical analysis of the data from
both these tests was done using two-tail Student’s t test.

Footprint analysis. The hindpaws of the mouse were dipped in paint.
The mouse was made to walk on a white paper along a narrow corridor to
a goal box. An imprint of footprints was left on the paper as the mouse
walked, giving an indication of its gait.

Results
Increase in constitutively active Mek1 gene dosage correlates
with graded increase in ERK1/2 activity and EGFP expression
in oligodendrocytes
We generated transgenic mice that expressed one or both alleles
of constitutively active Mek1 (and EGFP) conditionally to over-
activate ERK1/2 in oligodendrocytes in a gene-dosage-dependent
manner. We used both the CnpCre and the Tm-inducible
PlpCre ERT lines of mice to generate CnpCre;Mek/�, CnpCre;
Mek/Mek and PlpCre ERT;Mek/�, PlpCre ERT;Mek/Mek mice.

To validate that there was a dose-dependent increase of Mek1/
EGFP and ERK1/2 activity in oligodendrocytes, we first examined
spinal cord sections from control, CnpCre;Mek/�, and CnpCre;
Mek/Mek mice for EGFP expression (Fig. 1A, top). As expected,
EGFP signal intensity was elevated incrementally in the olig-
odendrocyte-like cells of the white matter in the adult CnpCre;
Mek/� and CnpCre;Mek/Mek, but not in the control mice. We
have shown previously that EGFP has a complete overlap (99%)
with the oligodendrocyte marker CC1 in the spinal cords of
CnpCre;Mek/� mice (Ishii et al., 2014), indicating an efficient
transgenic expression of Mek1-EGFP in oligodendrocytes. Im-
munolabeling for phospho-ERK1/2 (Fig. 1A, bottom) showed
increased cellular labeling intensity in the white matter of trans-
genic mice compared with the control.

To activate ERK1/2 in oligodendrocytes during adulthood
after active myelination is largely terminated, we injected
2-month-old control, PlpCre ERT;Mek/�, and PlpCre ERT;Mek/
Mek mice intraperitoneally with Tm (100 �g/g body weight) or
the vehicle (sunflower oil) for 8 consecutive days. To validate that
Tm injection achieved efficient Cre-mediated recombination
and that the expression of Mek1-EGFP in mature oligodendro-
cytes occurred in a Mek1 gene dose-dependent manner, spinal
cord sections were double labeled for EGFP and the oligodendro-
cyte marker CC1 (Fig. 1B, 2-month Tm injection). As expected,
EGFP was not expressed in either sunflower-oil- or Tm-injected
control mice or the sunflower-oil-injected PlpCre ERT;Mek/� and
PlpCre ERT;Mek/Mek mice (data not shown). However, it was ex-
pressed in all regions of the spinal cord white matter in the Tm-
injected PlpCre ERT;Mek/� and PlpCre ERT;Mek/Mek mice (Fig.
1B, ventral region). The EGFP expression overlapped with the
majority of cells expressing CC1 and cell counts showed that
�70% of CC1� oligodendrocytes were also EGFP�. Further, the
EGFP signal intensity was elevated incrementally in the CC1� oli-
godendrocytes in the PlpCreERT;Mek/� and PlpCreERT;Mek/Mek
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mice (Fig. 1B, middle). To activate ERK1/2
in oligodendrocytes during developmental
myelination, Tm was injected to control,
PlpCreERT;Mek/�, and PlpCreERT;Mek/
Mek mice at P10 for 10 consecutive days (33
�g/g body wt). Analysis of spinal cord sec-
tions showed that as expected, EGFP was
not expressed in the controls but its signal
intensity was incrementally elevated in
the PlpCreERT;Mek/� compared with
the PlpCreERT;Mek/Mek mice (Fig. 1B, P10
Tm injection).

Quantification of phospho-ERK1/2 lev-
els by immunoblot analysis of white matter
separated from the spinal cords of the
control and transgenic mice further con-
firmed a statistically significant increase in
ERK1/2 activity in CnpCre;Mek/Mek com-
pared with the CnpCre;Mek/� and control
mice and PlpCreERT;Mek/Mek compared
with the PlpCreERT;Mek/� and control
mice (Fig. 1C).

We conclude that ERK1/2 activation in
oligodendrocytes was elevated incremen-
tally with an increase of constitutively
active Mek1 gene dosage in both lines of
mice. Furthermore, Tm administration
in PlpCre ERT;Mek/� and PlpCre ERT;Mek/
Mek mice induced Cre-mediated rec-
ombination effectively in the majority of
oligodendrocytes.

Incremental trend in myelin gene
expression and size of oligodendrocytes
upon graded upregulation of ERK1/2
activity
We investigated the effect of the graded
increase of ERK1/2 activity on myelin
gene expression in CnpCre;Mek/Mek mice
compared with the CnpCre;Mek/� mice
at 3 months of age (Fig. 2A). In situ hy-
bridization was performed simultane-
ously on all sections to allow overall
comparisons between genotypes. We
found that, compared with the controls,

Figure 1. Increase in constitutively active Mek1 gene dosage in transgenic mice correlates with a graded increase in ERK1/2
activity and EGFP expression in oligodendrocytes. A, Transverse sections of spinal cords from control, CnpCre;Mek/�, and CnpCre;
Mek/Mek mice show graded EGFP signal intensity in the white matter of spinal cords of transgenic but not control mice (top).

4

Sections labeled for phospho-ERK1/2 (bottom) show in-
creased cellular signal in the white matter of transgenic com-
pared with control mice. B, Control, PlpCre ERT;Mek/�, and
PlpCre ERT;Mek/Mek mice were injected with tamoxifen either
at 2 months or P10 for 8 –10 d. Double immunolabeling for
CC1 (red) and EGFP (green) at 1–2 MPI shows graded increase
in EGFP expression in the spinal cords of PlpCre ERT;Mek/� and
PlpCre ERT;Mek/Mek mice. C, Immunoblot analysis for phos-
pho-ERK1/2 in lysates of spinal cord white matter from CnpCre;
Mek/�, CnpCre;Mek/Mek, and littermate control mice or from
PlpCre ERT;Mek/�, PlpCre ERT;Mek/Mek, and littermate control
mice showing a statistically significant increase in its expres-
sion in the Mek/Mek compared with the Mek/� or control
mice. GAPDH is used as a loading control. Error bars indicate
SEM. *p � 0.05, **p � 0.01, one-way ANOVA. n 	 3 for each
condition.
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Figure 2. Incremental trend in myelin gene expression and size of oligodendrocytes upon graded upregulation of ERK1/2 activity. A, Transverse sections of cervical spinal cord from
control, CnpCre;Mek/�, and CnpCre;Mek/Mek mice analyzed at 3 months (M) by in situ hybridization for MBP mRNA expression show elevated signal intensity in the CnpCre;Mek/�
compared with control mice, which appeared to be further increased in the CnpCre;Mek/Mek mice. B, Quantification of mRNA levels for MOG, MBP, MAG, and PLP by qRT-PCR show a
statistically significant increase of MOG and a trend toward an increase of other transcripts in the CnpCre;Mek/Mek compared with CnpCre;Mek/� mice. Compared with controls, both the
transgenics show statistically significant increases. Error bars indicate SEM. *p � 0.05, **p � 0.01. n 	 3– 6 for each condition. C, EM images of ventral cervical spinal cord sections from
control, CnpCre;Mek/�, and CnpCre;Mek/Mek mice at 3 months show that the axons are wrapped by disproportionately thicker myelin sheaths in both the CnpCre;Mek/� and
CnpCre;Mek/Mek mice compared with controls. D, Quantification of myelin thickness by g-ratio analysis in matched regions of the ventral cervical spinal cord confirmed the relative
increase in myelin thickness (lower g-ratios) in both the CnpCre;Mek/� and CnpCre;Mek/Mek mice compared with littermate controls (average g-ratios of axons between 0.5 and 3 �m:
control, 0.752 
 0.003; CnpCre;Mek/�, 0.644 
 0.006; CnpCre;Mek/Mek, 0.607 
 0.007, p 	 0.42 � 10 �46 and p 	 0.3 � 10 �66, respectively; �140 axons were analyzed from at
least 2 mice per group). Comparison of CnpCre;Mek/� and CnpCre;Mek/Mek mice show significant differences only for axons between 0.5 and 1 �m ( p 	 1.5 � 10 �10); other
differences in g-ratios are not statistically significant. E, F, Toulidine-blue-stained semithin sections of cervical spinal cords from 3-month-old mice show a trend toward an increase in
the size of oligodendrocytes (OLs) in the CnpCre;Mek/Mek compared with CnpCre;Mek/� mice (outlined in red). Compared with controls, both the transgenic mice show statistically
significant increases in the size of OL cell bodies. Areas (�m 2) of at least 60 cell bodies was measured per group from at least 2 mice per group. G, Anti-CC1-immunolabeled transverse
sections also show this trend. H, EM images of the spinal cord of control and CnpCre;Mek/Mek mice show enlarged cytoplasmic inner tongue and associated periaxonal collar of myelin
(colored). The axon identified by red asterisks in C is shown at higher magnification in H. I, Quantification of the relative area of the cytoplasmic inner tongue with associated periaxonal
collar and the area of the axon (ratio of area) shows that the increase in CnpCre;Mek/Mek is statistically significant compared with control mice. Approximately 145 axons were analyzed
per group from at least two mice per group. Error bars indicate SEM. **p � 0.01. WM, White matter; GM, gray matter.
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there was an increase in the intensity of MBP mRNA signal in the
CnpCre;Mek/� mice, which appeared to be further increased in
the CnpCre;Mek/Mek mice. Quantification of the mRNA levels of
major myelin genes (MBP, MOG, MAG, and PLP) by qRT-PCR
showed that, in all cases, there was an increase of �20 –50% in the
CnpCre;Mek/Mek compared with the CnpCre;Mek/� mice,
showing a trend toward an elevation with increased ERK1/2 ac-
tivity, although statistical significance was reached only for
MOG. However, compared with controls, both CnpCre;Mek/�
and CnpCre;Mek/Mek mice showed a statistically significant in-
crease (Fig. 2B).

To determine whether graded elevation of ERK1/2 in CnpCre;
Mek/� and CnpCre;Mek/Mek mice affected the numbers of dif-
ferentiated oligodendrocytes, we performed in situ hybridization
for PLP mRNA to identify and quantify mature oligodendrocytes
in the whole lateroventral white matter of the spinal cords at 3
months of age. We found that, compared with controls, there was
no statistically significant change in the numbers of oligodendro-
cytes in the CnpCre;Mek/Mek or CnpCre;Mek/� mice (control 	
994 
 84; CnpCre;Mek/�	 824 
 74; CnpCre;Mek/Mek 	
1075 
 33; N 	 3). Therefore, the increase in PLP mRNA (above)
must be due to an increase per oligodendrocyte. A similar in-
crease in PLP mRNA per oligodendrocyte was also observed pre-
viously in CnpCre;Mek/� during developmental myelination
(Ishii et al., 2013).

To determine the effect of ERK1/2 elevation on myelin thick-
ness and ultrastructure of myelinated fibers, ventral cervical spi-
nal cord sections from control, CnpCre;Mek/�, and CnpCre;
Mek/Mek mice were examined at 3 months of age by EM analysis
(Fig. 2C). The micrographs showed that the axons were wrapped
by disproportionately thicker myelin sheaths in both the CnpCre;
Mek/� and CnpCre;Mek/Mek mice compared with controls.
Morphometric quantification of myelin thickness by g-ratio
analysis (ratio of individual axon diameters to myelinated fiber
diameters) in matched regions of the ventral cervical spinal cord
confirmed the relative increase in myelin thickness (lower
g-ratios; Fig. 2D). When CnpCre;Mek/� and CnpCre;Mek/Mek
mice were compared with littermate controls the most significant
differences were observed for axons ranging between 0.5 and 3
�m (average g-ratios: control, 0.752 
 0.003; CnpCre;Mek/�,
0.644 
 0.006; CnpCre;Mek/Mek, 0.607 
 0.007, p 	 0.42 �
10�46 and p 	 0.3 � 10�66, respectively; �140 axons were ana-
lyzed from at least two mice per genotype). However when
CnpCre;Mek/� were compared with CnpCre;Mek/Mek mice, the
most significant differences were seen only for axons between 0.5
and 1 �m (p 	 1.5 � 10�10). The p-values for other subgroups
were lower and therefore were considered to show no significant
decreases or increases in myelin thickness. Therefore, a general
correlation of Mek1 gene dosage with myelin thickness for all
diameter fibers could not be made.

Examination of semithin sections from the spinal cords of
3-month-old control and CnpCre;Mek/� mice showed oligoden-
drocyte hypertrophy in the CnpCre;Mek/� mice, similar to that
reported recently (Fyffe-Maricich et al., 2013). Quantification
showed that, compared with control, there were statistically sig-
nificant increases in the sizes of oligodendrocytes in both CnpCre;
Mek/� and CnpCre;Mek/Mek mice. Increasing the level of
ERK1/2 activation in the CnpCre;Mek/Mek mice showed a trend
toward a further increase compared with the CnpCre;Mek/�
mice, but did not reach statistical significance (Fig. 2E,F). Oligo-
dendrocytes identified by CC1 immunolabeling in the spinal
cords of these mice also showed this trend of increase in their sizes
(Fig. 2G).

Another interesting phenotype observed by EM analysis of
spinal cords from 3-month-old CnpCre;Mek/Mek and, to a lesser
extent, CnpCre;Mek/� mice was that, compared with control,
there was a striking enlargement of the cytoplasmic inner tongue
and associated periaxonal collar of myelin that is consistent with
new myelin growth (Fig. 2H). Quantification of the sizes of these
enlargements showed a statistically significant increase compared
with controls (Fig. 2I).

We conclude that, because the levels of several major myelin
genes show a clear trend toward an increase in the Mek/Mek
compared with the Mek/� mice, it is likely that the strength of
ERK1/2 activation may have an impact on myelin gene expres-
sion in oligodendrocytes. However, because, quantitatively, not
all increases reached statistical significance, it precludes us from
unequivocally correlating the two. Furthermore, a general corre-
lation of Mek gene dosage to myelin thickness could not be made
because statistically significant increases were not reached for all
diameter fibers. It is possible that a more robust dose-dependent
increase could not be seen because the positive influence of in-
creased ERK1/2 activation was partly negated when ERK1/2 were
hyperactivated (see below).

Elevation of ERK1/2 activity during adulthood reactivates
quiescent mature oligodendrocytes to upregulate myelin gene
expression and reinitiate active myelin growth
After developmental myelination, active myelin growth slows
down dramatically during adulthood and the levels of ERK1/2
and major myelin genes are downregulated to a basal level. Given
our finding suggesting a role of ERK1/2 in the regulation of my-
elin gene expression during active myelination in vivo (Ishii et al.,
2012), we investigated whether elevation of ERK1/2 activity in
mature oligodendrocytes in adulthood could potentially “re-
awaken” the normally downregulated myelin gene expression
and reinitiate myelin growth. We therefore analyzed the levels of
myelin gene expression in the control, PlpCre ERT;Mek/�, and
PlpCre ERT;Mek/Mek mice, in which ERK1/2 were overstimulated
incrementally after Tm injections specifically in adulthood (2
months), after adult myelin structure is largely established (Fig.
3). In situ hybridization was performed simultaneously on spinal
cord sections at 3, 6, and 8 months postinjection (MPI) (3 MPI is
shown in Fig. 3A). We found that, compared with controls, there
was an increase in the intensity of MBP mRNA signal in both the
PlpCre ERT;Mek/� and PlpCre ERT;Mek/Mek mice. Consistent
with these observations, the quantification of mRNA levels by
qRT-PCR showed an elevation of MBP transcripts in both the
transgenic mice compared with control mice at all 3 ages (Fig.
3B). PLP mRNA expression also showed an increase in gene ex-
pression in the transgenic mice compared with control mice at
each of the time points (Fig. 3C).

To determine the effect of ERK1/2 elevation on reinitiation of
myelin growth, we next examined myelin thickness in the ventral
cervical spinal cord sections from control and PlpCre ERT;Mek/�
adult mice using EM analysis (Fig. 3D,E). Morphometric quan-
tification of myelin thickness by g-ratio analysis in matched re-
gions of the ventral cervical spinal cord at 6 MPI showed that,
compared with control, there was an increase in myelin thickness
(lower g-ratios) in the PlpCre ERT;Mek/� mice (average g-ratios:
control, 0.74 
 0.003; PlpCre ERT;Mek/�, 0.68 
 0.004, p 	
4.29 � 10�26; �500 axons were analyzed from at least two mice
per group).

To investigate whether ERK1/2 activation in adult oligodendro-
cytes could reinitiate myelin growth in other regions of the CNS, we
examined optic nerves of PlpCreERT;Mek/� and littermate control

6476 • J. Neurosci., June 15, 2016 • 36(24):6471– 6487 Ishii et al. • ERK1/2 MAPK Strength Determines Outcome



mice at 6 MPI using EM analysis (Fig.
3F,G). An increase in myelin thickness
quantified by g-ratio analysis was observed
in the optic nerves of these mice, similar to
that seen in the spinal cords (average g-ra-
tios: control, 0.78 
 0.002; PlpCreERT;
Mek/�, 0.73 
 0.004, p 	 0.19 � 10�10;
599 control and 397 PlpCreERT;Mek/� ax-
ons were analyzed from at least 2 mice per
group). Enlargement of the cytoplasmic in-
ner tongue and associated enlargement of
periaxonal collar of myelin, consistent with
new myelin growth (Snaidero et al., 2014),
were observed in the PlpCreERT;Mek/�
mice (Fig. 3H, colored). Quantification of
the sizes of these enlargements showed a
statistically significant increase compared
with controls (Fig. 3I). Numerous axons
with thick myelin sheaths and enlarged
periaxonal collars were also observed in
PlpCreERT;Mek/Mek mice (data not shown).

From these data, together with the ob-
servation that the number of mature oligo-
dendrocytes remained unchanged in the
PlpCreERT;Mek/� compared with control
mice (see below), we conclude that even
moderate elevation of ERK1/2 activity dur-
ing adulthood upregulates myelin gene
expression and reinitiates new myelin
growth in the adult CNS from preexisting
oligodendrocytes.

ERK1/2 overactivation upregulates
mTOR in oligodendrocytes of the
adult CNS
Given the similarities that we observed in
the phenotypes of transgenic mice with
overstimulation of the ERK1/2-MAPK
and PI3K/Akt/mTOR pathways, such as
increased size of oligodendrocytes and re-
initiation of myelin growth during adult-

Figure 3. Elevation of ERK1/2 activity during adulthood can reactivate quiescent mature oligodendrocytes to upregulate myelin
gene expression and myelin growth. A, Control, PlpCre ERT;Mek/�, and PlpCre ERT;Mek/Mek mice injected with tamoxifen at 2
months of age, analyzed at 3 MPI by in situ hybridization, show that the signal intensity of MBP mRNA expression is increased in the
spinal cords of PlpCre ERT;Mek/� and PlpCre ERT;Mek/Mek mice compared with littermate controls. B, C, Quantification of MBP and
PLP mRNA levels by qRT-PCR at 3, 6, and 8 MPI shows a significant increase in their levels in both PlpCre ERT;Mek/� and PlpCre ERT;
Mek/Mek mice compared with controls at all time points. Control values are normalized to 1. Error bars indicate SEM. *p � 0.05,
**p � 0.01. n 	 3– 4 for each condition. WM, White matter; GM, gray matter. D, E, EM images and quantification of myelin
thickness by g-ratio analysis (scatter plot) in ventral cervical spinal cord sections from control and PlpCre ERT;Mek/� mice at 6 MPI
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show a relative increase in myelin thickness (lower g-ratios) in
the PlpCre ERT;Mek/� compared with littermate controls (av-
erage g-ratios: control, 0.74 
 0.003; PlpCre ERT;Mek/�,
0.68 
 0.004, p 	 4.29 � 10 �26; �500 axons were ana-
lyzed per genotype from at least 2 mice in each group). F, G,
EM images and quantification of myelin thickness by g-ratio
analysis (scatter plot) in optic nerve sections from control and
PlpCre ERT;Mek/� mice at 6 MPI show an increase in myelin
thickness (lower g-ratios) in the PlpCre ERT;Mek/� compared
with littermate controls (average g-ratios: control, 0.78 

0.002; PlpCre ERT;Mek/�, 0.73 
 0.004, p 	 0.19 � 10 �10;
�500 axons were analyzed from at least two mice per group).
H, EM images from optic nerves show enlarged cytoplasmic
inner tongue and associated periaxonal collar of myelin (col-
ored) in PlpCre ERT;Mek/� compared with control mice. I,
Quantification of the relative area of the cytoplasmic inner
tongue with associated periaxonal collar and the area of the
axon, (ratio of area) shows that the increase is staistically sig-
nificant. Approximately 85 axons per group from at least two
mice per group were analyzed. Error bars indicate SEM. **p �
0.01.
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hood (Goebbels et al., 2010; Snaidero et al., 2014), we next
investigated whether overstimulation of ERK1/2 in mature oligo-
dendrocytes would have an impact on the expression of mTOR
(Fig. 4). Spinal cord sections from control, PlpCre ERT;Mek/�,
and PlpCre ERT;Mek/Mek mice were immunolabeled for
phospho-mTOR at 1 MPI. Weak cellular staining of phospho-
mTOR was observed in the white matter of control mice, as is
expected by this age. However, a clear increase in the intensity of
the signal was observed in both transgenic mice compared with
the controls. The signal was slightly higher in the homozygotes
relative to heterozygotes (Fig. 4A). Quantification of phospho-
mTOR levels by immunoblot analysis of white matter separated
from the spinal cords of the control and transgenic mice further
showed that compared with controls there was a statistically sig-
nificant increase in phospho-mTOR levels in both PlpCre ERT;
Mek/� and PlpCre ERT;Mek/Mek mice. A trend toward an
increase was also observed in the PlpCre ERT;Mek/Mek compared
with PlpCre ERT;Mek/� mice, but did not reach statistical signif-
icance (Fig. 4B).

We conclude that mTOR activity is upregulated in the quies-
cent oligodendrocytes of the adult CNS by overactivation of
ERK1/2.

Progressive motor function impairment is caused at later ages
in the PlpCre ERT;Mek/Mek, but not PlpCre ERT;Mek/�, mice
The motor function of both the PlpCre ERT;Mek/� and
PlpCre ERT;Mek/Mek mice appeared normal up to �3 MPI. How-
ever, by �6 MPI, the PlpCre ERT;Mek/Mek mice began to display
obvious motor deficits. Therefore, we analyzed control, PlpCre-
ERT;Mek/�, and PlpCre ERT;Mek/Mek mice to quantify potential
defects in neuromotor coordination and strength by the rotarod
(Fig. 5A) and wire-hanging tests (Fig. 5B). At 2–3 MPI, the con-
trol and both transgenic mice were able to stay on the rotating rod

or inverted wire grid for the same amount of time before falling.
However, at 6 MPI, the PlpCre ERT;Mek/Mek mice fell signifi-
cantly more rapidly than the PlpCre ERT;Mek/� or control mice in
both of the tests. These defects became progressively worse by 8
MPI. The impairment of motor function was accompanied by a
visible clinical defect in the gait of the PlpCre ERT;Mek/Mek mice.
Specifically, the hind limbs appeared to drag as the mutant mice
walked. To further document this defect in gait, we dipped the
hindpaws of control, PlpCre ERT;Mek/�, and PlpCre ERT;Mek/
Mek mice in paint and examined their footprints as they walked
on paper (Fig. 5C). Although the paw imprints of the control and
PlpCre ERT;Mek/� mice indicated normal gait, those of the
PlpCre ERT;Mek/Mek mice indicated a dragging motion of their
hind feet. We conclude that hyperactivation of ERK1/2 activity in
adult oligodendrocytes of the PlpCre ERT;Mek/Mek mice gives rise
to progressive impairment of their motor functions at later ages.

Increasing the strength of ERK1/2 activation in
oligodendrocytes results in myelin and axonal pathology at
higher dose (Mek/Mek) but not at lower dose (Mek/�)
regardless of the timing of its activation
Given the observed motor deficits in the PlpCre ERT;Mek/Mek
mice, we examined myelin ultrastructure in the PlpCre ERT;
Mek/� and PlpCre ERT;Mek/Mek mice for potential myelin and
axonal defects. Toluidine-stained semithin sections and EM im-
ages of spinal cord ventral–lateral white matter from PlpCre ERT;
Mek/� and PlpCre ERT;Mek/Mek mice injected with Tm at 2
months of age and analyzed at 3, 6, and 8 MPI revealed significant
myelin and axonal deficits in Tm-injected PlpCre ERT;Mek/Mek,
but not PlpCre ERT;Mek/� or control mice (Fig. 6A, 3 and 8 MPI
are shown). These include widespread demyelination and axonal
degeneration, indicated by the presence of abnormal myelin fig-
ures such as darkly stained ovals and empty spaces surrounded by

Figure 4. ERK1/2 overactivation upregulates phospho-mTOR in oligodendrocytes of the adult CNS. A, Spinal cord sections from control, PlpCre ERT;Mek/�, and PlpCre ERT;Mek/Mek mice injected
with tamoxifen at 2 months and analyzed at 1 MPI by immunolabeling for phospho-mTOR 2448 show that the intensity of cellular staining in the white matter increases in the PlpCre ERT;Mek/� and
PlpCre ERT;Mek/Mek compared with control mice. Representative images from the analysis of three animals per genotype are shown. Arrowheads point to phospho-mTOR� cell bodies B,
Immunoblot analysis for phospho-mTOR 2448 in lysates of spinal cords white matter from control, PlpCre ERT;Mek/�, and PlpCre ERT;Mek/Mek mice show statistically significant increases in its
expression in both the PlpCre ERT;Mek/� and PlpCre ERT;Mek/Mek mice compared with controls and a trend toward an increase in the PlpCre ERT;Mek/Mek compared with PlpCre ERT;Mek/� mice.
GAPDH is shown as the loading control. Error bars indicate SEM. **p � 0.01, one-way ANOVA. n 	 3 for each condition.

6478 • J. Neurosci., June 15, 2016 • 36(24):6471– 6487 Ishii et al. • ERK1/2 MAPK Strength Determines Outcome



thin myelin (Fig. 6A, arrowheads, asterisk). High-magnification
EM images of spinal cords from PlpCre ERT;Mek/Mek mice
showed these defects more clearly, including: (1) unmyelinated
and thinly myelinated axons indicative of ongoing demyelination
and remyelination, (2) a degenerated axon with degenerating
myelin, and (3) a degenerating axon with an unraveling, deteri-
orating myelin sheath. These abnormalities were observed in the
white matter of the spinal cords from as early as 3 MPI, becoming
progressively worse at 6 and 8 MPI. Consistent with the EM
images, quantification of these darkly stained ovals at 3 MPI
showed a statistically significant increase in PlpCre ERT;Mek/Mek
compared with PlpCre ERT;Mek/� or control mice (Fig. 6B). Fur-
ther, quantification of myelinated and unmyelinated axons
showed that there were significantly more unmyelinated axons in
the spinal cords of PlpCre ERT;Mek/Mek mice (�31%) compared
with controls and PlpCre ERT;Mek/� mice (�9%) and that my-
elinated axons were significantly lower (Fig. 6C).

It is possible that myelin and axonal pathology in the
PlpCre ERT;Mek/Mek mice injected with Tm at 2 months could
have been triggered by untimely strong reactivation of ERK1/2 in
quiescent oligodendrocytes after myelination has been largely
terminated. We therefore next investigated whether the com-
mencement of ERK1/2 elevation beginning earlier—that is, dur-

ing developmental myelination—would also lead to a similar
pathology during adulthood. We therefore injected Tm at P10 to
induce conditionally the activation of constitutively active Mek1
earlier and examined semithin toluidine-stained sections and EM
images from spinal cords of control, PlpCre ERT;Mek/�, and
PlpCre ERT;Mek/Mek mice (Fig. 6D). Similar to the 2-month
Tm-injected mice, the P10 Tm-injected PlpCre ERT;Mek/Mek
mice also displayed clear signs of myelin and axonal pathology at
8 MPI. As shown in Figure 6, Da–Dc, degenerating myelinated
axons at various stages of deterioration were prevalent. Figure
6Da displays a myelinated profile that lacks an axon most likely as
a result of axonal fallout. The adjacent myelin profile exhibits an
axon that displays degenerating organelles and is highly vacuo-
lated consistent with an earlier stage of axonal fallout. Figure 6,
Db and Dc, present additional examples of persistent myelin pro-
files that lack axons consistent with axonal degeneration. In
contrast to the homozygous PlpCre ERT;Mek/Mek mice, the
heterozygous PlpCre ERT;Mek/� mice did not show any myelin/
axonal pathology at this age. We also examined the CnpCre;
Mek/� and CnpCre;Mek/Mek mice at 4 months of age and
obtained similar results (data not shown).

We conclude from these data that, regardless of the time when
graded ERK1/2 elevation first commences, myelin and axonal
pathology occurred at higher doses (Mek/Mek), but not at lower
doses (Mek/�).

Viability of oligodendrocytes is partially affected at later ages
in the PlpCre ERT;Mek/Mek, but not PlpCre ERT;Mek/�, mice
Given the observed demyelination in the PlpCre ERT;Mek/Mek
mice, we next investigated whether the viability of the oligoden-
drocytes was affected in these animals compared with the
PlpCre ERT;Mek/� mice. Spinal cord sections from control, Plp-
Cre ERT;Mek/�, and PlpCre ERT;Mek/Mek mice that were Tm in-
jected at 2 months of age were double labeled with CC1 and EGFP
at 1, 3, 6, and 8 MPI (Fig. 7). We found that, at 1 MPI, the
numbers of EGFP� (recombined) oligodendrocytes were not
significantly different in the PlpCre ERT;Mek/� and the PlpCre-
ERT;Mek/Mek mice (Fig. 7B). However, by 3, 6, and 8 MPI, pro-
gressively fewer EGFP� oligodendrocytes were found in the
PlpCre ERT;Mek/Mek mice compared with the PlpCre ERT;Mek/�
mice. This could potentially be attributed to a partial loss of
EGFP� “recombined” oligodendrocytes with time or due to a
downregulation of EGFP expression within oligodendrocytes.
Although we cannot completely rule out the latter, because no
reduction in EGFP� cells was noted in the PlpCre ERT;Mek/�
even up to 8 MPI, this suggests that EGFP expression is unlikely
to be downregulated with time to undetectable levels in the line of
mice used in our study. Further, to determine whether there were
any obvious signs of cell death in the spinal cord white matter, we
immunolabeleled sections for cleaved caspase-3 as a marker of
apoptotic cells. We found that, whereas the presence of cleaved
caspase-3� cells was almost nonexistent in the control and
PlpCre ERT;Mek/� mice, a statistically significant increase in the
incidence of cleaved caspase-3� cells was observed in the
PlpCre ERT;Mek/Mek mice (Fig. 7D).

Concurrent with the reduction in the EGFP� cells there was
an increase in the numbers of CC1� cells at 6 and 8 MPI in the
PlpCre ERT;Mek/Mek compared with control and PlpCre ERT;
Mek/� mice (Fig. 7C). Double-labeled images of CC1 and EGFP
showed that many of the CC1� cells were EGFP� at these time
points (Fig. 7A, bottom). It is plausible that in response to the
partial loss of EGFP� “recombined” oligodendrocyte, there was
a partial repopulation and replacement by newly generated “non-

Figure 5. Progressive motor function impairment is caused at later ages in the PlpCre ERT;
Mek/Mek mice, but not in the PlpCre ERT;Mek/� mice. Rotarod (A) and wire-hanging (B) tests
performed at 2–3, 6, and 8 MPI show that PlpCre ERT;Mek/Mek, but not PlpCre ERT;Mek/�, mice
display a progressive reduction in the latency to fall. C, Imprints of hindpaws taken at 6 MPI
show that, whereas the control and PlpCre ERT;Mek/� mice have a normal gait, the PlpCre ERT;
Mek/Mek mice show a dragging motion of their hind feet. Error bars indicate SEM. **p � 0.01.
n 	 4 –9.
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Figure 6. Increasing the strength of ERK1/2 activation in oligodendrocytes results in myelin and axonal pathology at higher doses (Mek/Mek), but not at lower doses (Mek/�) regardless of the
timing of its activation. A, Transverse semithin sections of ventral spinal cord from control, PlpCre ERT;Mek/�, and PlpCre ERT;Mek/Mek mice injected with Tm at 2 months of age and analyzed at 3 and
8 MPI show abnormal myelin profiles with darkly stained ovals (red arrowheads) and degenerating axons, which often appeared as empty spaces surrounded by thin wraps of myelin (green asterisk)
in the PlpCre ERT;Mek/Mek, but not in the PlpCre ERT;Mek/� or control mice. High-magnification EM images of ventral spinal cords from PlpCre ERT;Mek/Mek mice at 8 MPI show unmyelinated (red
asterisk) and thinly myelinated axons (Aa), redundant or collapsed myelin profiles representing myelin remaining after axonal loss (Ab), and a degenerating axon with deteriorating myelin sheath
(Ac) . B, Quantification of darkly stained ovals in half sections of lateral–ventral (L–V) white matter of spinal cord from mice injected with Tm at 2 months and analyzed at 3 MPI show a statistically
significant increase in the PlpCre ERT;Mek/Mek mice compared with the PlpCre ERT;Mek/� and control mice. C, Quantification of myelinated and unmyelinated axons from EM images of ventral
spinal cords shows that the percentage of unmyelinated axons is significantly higher in the PlpCre ERT;Mek/Mek mice (�31%) compared with control (Figure legend continues.)
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recombined” oligodendrocytes (which have not undergone Cre-
mediated recombination and therefore constitutive activation
of Mek1), thus explaining the presence of a population of
CC1�EGFP� cells in the PlpCre ERT;Mek/Mek mice. A similar
phenomenon of repopulation by “nonrecombined” oligoden-
drocytes after death of “recombined” oligodendrocytes has also
been observed previously by others in another PlpCre ERT line of
mice in which Tm was injected in adults (Koenning et al., 2012).
In addition, we observed an increase in Olig2� cell number (data
not shown) and signs of remyelination (thinner myelin) of the
preserved demyelinated axons in the PlpCre ERT;Mek/Mek mice at
later ages (Fig. 6Aa), which is consistent with the notion that,
after the partial loss of recombined oligodendrocytes, there is a
partial replacement by newly generated oligodendrocytes derived
from nonrecombined oligodendrocyte progenitors. In contrast
to the PlpCre ERT;Mek/Mek, in the PlpCre ERT;Mek/� mice, the
total numbers of CC1� cells or the EGFP� cells remained largely
unchanged at all the ages examined, suggesting that EGFP expres-
sion is maintained in oligodendrocytes over long periods and
that these EGFP� recombined oligodendrocytes remain via-
ble. Although we favor the interpretation that the viability of
oligodendrocytes is partially affected at later ages in the Plp-
Cre ERT;Mek/Mek mouse, the alternate interpretation that
EGFP expression may be downregulated within oligodendro-
cytes is also a possibility.

Strong microglial activation and reactive astrocytosis occur in
PlpCre ERT;Mek/Mek, but not PlpCre ERT;Mek/�, mice
To assess potential secondary responses such as microglia activa-
tion and reactive astrocytosis to oligodendrocyte loss, demyelina-
tion, and/or axonal degeneration, we immunolabeled spinal cord
sections from control, PlpCre ERT;Mek/� and PlpCre ERT;Mek/
Mek mice with antibodies against markers of astrocytes (GFAP)
and microglia (IBA1; Fig. 8). PlpCre ERT;Mek/Mek mice showed
clear signs of progressive reactive astrogliosis with increased ex-
pression of GFAP both in the gray and white matter (Fig. 8A).
Similarly, strong staining for IBA1 was observed in the
PlpCre ERT;Mek/Mek mice at 6 and 8 MPI in the white and gray
matter in activated microglia, characterized by thicker, shorter,
less-branched processes compared with resting microglia in the
controls, which have thinner, longer, more-branched processes
(Fig. 8B). In contrast to the strong IBA1 and GFAP immunostain-
ing in the PlpCre ERT;Mek/Mek mice, the PlpCre;Mek/� mice
showed only slight increases by 8 MPI. Increased astrocytosis and
microglial activation were also observed in CnpCre;Mek/Mek, but
not CnpCre;Mek/�, mice (data not shown).

We also examined microglial activation in the corpus cal-
losum of control PlpCre ERT;Mek/� and PlpCre ERT;Mek/Mek
mice at 6 MPI. Similar to the spinal cord, an increase in IBA1
expression was observed in the corpus callosum of PlpCre ERT;
Mek/Mek, but not PlpCre ERT;Mek/�, mice compared with
controls (Fig. 8C).

We conclude that oligodendrocyte/myelin/axonal pathology
caused by superactivation of ERK1/2 in mature oligodendrocytes
of the adult CNS leads to secondary pathological effects and an
overall disruption of CNS homeostasis in the long term.

Myelin/axonal pathology occur in the PNS by elevation of
ERK1/2 activity in Schwann cells
Because Cnp-Cre is also expressed by Schwann cells, in addition
to oligodendrocytes (Gravel et al., 1998; Yuan et al., 2002; Doer-
flinger et al., 2003; Leone et al., 2003), the Schwann cells of the
CnpCre;Mek/� and CnpCre;Mek/Mek mice should also show
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(Figure legend continued.) and PlpCre ERT;Mek/� mice (�9%) and the number of myelin-
ated axons is significantly lower; 911 (control), 1284 (Mek/�), and 1442 (Mek/Mek) axons
from two animals of each group were examined. D, Transverse semithin sections of ventral
spinal cord from control, PlpCre ERT;Mek/�, and PlpCre ERT;Mek/Mek mice injected with Tm at
P10 and analyzed at 8 MPI also show abnormal myelin profiles with darkly stained ovals (red
arrowheads) and degenerating axons in the PlpCre ERT;Mek/Mek, but not in the PlpCre ERT;
Mek/� or control mice. High-magnification EM images from PlpCre ERT;Mek/Mek (Da–Dc)
show myelinated axonal profiles with axons in varying stages of degeneration. Multiple images
of semithin and ultrathin sections from two to three mice per group were analyzed.

Figure 7. Viability of oligodendrocytes is partially affected at later ages in the PlpCre ERT;
Mek/Mek, but not in the PlpCre ERT;Mek/�, mice. Spinal cord transverse sections from control,
PlpCre ERT;Mek/�, and PlpCre ERT;Mek/Mek mice injected with Tm at 2 months were analyzed at
1, 3, 6, and 8 MPI. A, Double immunolabeling shows CC1 (red), EGFP (green), and merged image
(yellow; 8 MPI time point is shown). B, Quantification of the total numbers of EGFP� oligoden-
drocytes in half-sections of lateral–ventral (L–V) white matter shows that their numbers are
progressively reduced in the PlpCre ERT;Mek/Mek compared with PlpCre ERT;Mek/�, reaching
significance by 6 and 8 MPI. C, The numbers of CC1� oligodendrocytes (OLs) in the PlpCre ERT;
Mek/� are comparable to the control and remain largely unchanged at all the time points,
whereas in the PlpCre ERT;Mek/Mek mice, they show an increase at 6 MPI and reach significance
at 8 MPI. D, Spinal cord sections immunolabeled for cleaved caspase-3 show significantly in-
creased numbers of labeled cells in the PlpCre ERT;Mek/Mek mice compared with PlpCre ERT;
Mek/� or control mice, indicative of increased cell death due to apoptosis. Three to four
sections, each from three to five mice of each genotype, were analyzed. Error bars indicate SEM.
*p � 0.05, **p � 0.01. n 	 3–5.
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graded elevation of ERK1/2 activity. This
was validated by immunoblotting and
quantification of phospho-ERK1/2 levels,
which showed a statistically significant in-
crease in ERK1/2 activity in the sciatic
nerves of CnpCre;Mek/Mek compared
with the CnpCre;Mek/� or control mice
(Fig. 9A).

We and others showed previously
that moderate elevation of ERK1/2 in
Schwann cells of Mek/� mice resulted in
increased myelin thickness during devel-
opmental myelination (Ishii et al., 2013;
Sheean et al., 2014). Here, we investigated
the long-term effects of increasing the
strength and/or duration of sustained
ERK1/2 activation on myelin and axonal
integrity during adulthood. Sciatic nerve
cross-sections from control, CnpCre;
Mek/�, and CnpCre;Mek/Mek mice
were examined at 3 and 8 months of age.
At 3 months, the toluidine-blue-stained
semithin sections and EM images from
CnpCre;Mek/Mek mice showed examples
of abnormal myelin overgrowth forming
numerous myelin figures with infoldings
and outfoldings compressing axons and
eventually leading to their degeneration
(Fig. 9B,C). A milder pathology was ob-
served in the CnpCre;Mek/� mice at this
age (Fig. 9B, top), which became more
pronounced by 8 months of age (Fig. 9B,
second panel). These observations were
confirmed by the quantification of my-
elin/axon abnormalities in seminthin
sections of sciatic nerves showing a sta-
tistically significant increase in the
CnpCre;Mek/�, and CnpCre;Mek/Mek
mice compared with control mice, as well
as a statistically significant increase in the
CnpCre;Mek/Mek mice compared with
CnpCre;Mek/� mice (percentage of total
axons showing pathology, 3 months: con-
trol, 2.3 
 0.2; CnpCre;Mek/�, 26.5 

1.6; CnpCre;Mek/Mek, 48.3 
 2.7, one-
way ANOVA p � 0.01. 8 months: control,
3.2 
 0.6; CnpCre;Mek/�, 38.3 
 2.5; p �
0.01, 10 fields at 100� per genotype were
analyzed from at least 2 mice per group).

Abnormal myelin growth with focal
myelin thickening originating at the para-
nodes, referred to as “tomacula,” is a fea-
ture observed in the PNS of other mutant
mice and human inherited peripheral
neuropathies (Sander et al., 2000; Scherer and Wrabetz, 2008;
Goebbels et al., 2012). To determine whether the abnormal my-
elin growth seen in cross-sections of the sciatic nerves (above)
had tomacula-like features, we examined teased fiber prepara-
tions of sciatic nerves from control and CnpCre;Mek/� mice by
Sudan black staining (Fig. 9B, second panel). A dramatically ab-
normal myelin staining pattern was observed at the paranodal
region, indicating focal thickening of myelin and formation of
tomacula in these mice.

We also examined the sciatic nerves of PlpCre ERT;Mek/� and
PlpCre ERT;Mek/Mek mice injected with Tm at P10 (Fig. 9D). Sim-
ilar to the findings described above, the toluidine-blue-stained
semithin sections at 8 MPI showed myelin and axonal pathology
in the PlpCre ERT;Mek/Mek mice and to a lesser extent in the
PlpCre ERT;Mek/� mice. EM images showing examples of these
abnormalities in the PlpCre ERT;Mek/Mek mice include a myelin-
ated axon that has completely degenerated, leaving only an un-
raveling myelin sheath, and axons with myelin sheaths with

Figure 8. Strong microglial activation and reactive astrocytosis occur in PlpCre ERT;Mek/Mek, but not in the PlpCre ERT;Mek/�,
mice. Transverse sections of cervical spinal cord from control, PlpCre ERT;Mek/�, and PlpCre ERT;Mek/Mek mice immunolabeled for
GFAP (A) or IBA-1 (B) at 3, 6, and 8 MPI show marked presence of reactive astrocytes and activated microglia, respectively, at 6 and
8 MPI in the gray and white matter of PlpCre ERT;Mek/Mek, but only a mild increase in the PlpCre ERT;Mek/�, by 8 MPI compared
with control mice. C, Coronal sections from corpus callosum at 6 MPI mice also show increased IBA1 staining in the PlpCre ERT;Mek/
Mek, but not in the PlpCre ERT;Mek/� and control mice. n 	 3; representative sections are shown. WM, White matter; GM, gray
matter.
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apparently abnormal membranous in-
folding and outfoldings appearing as
concentric rings of myelin. These obser-
vations were confirmed by the quantifica-
tion of the abnormalities in seminthin
sections of sciatic nerves showing a
statistically significant increase in the
PlpCre ERT;Mek/� and PlpCre ERT;Mek/
Mek compared with control mice, as
well a statistically significant increase in
the PlpCre ERT;Mek/Mek compared with
PlpCre ERT;Mek/� mice (percentage of to-
tal axons showing pathology, 8 MPI: con-
trol, 3.1 
 0.8; PlpCre ERT;Mek/�, 10.6 

1.2; PlpCre ERT;Mek/Mek, 22.3 
 2.5; p �
0.01, 10 fields at 100� per genotype were
analyzed from at least 2 mice per group).

The enlargement of the extracellular
space (Fig. 9B) and size of the sciatic nerve
(Fig. 10A) observed for the CnpCre;Mek/�
and CnpCre;Mek/Mek mice was not obvious
for the PlpCreERT;Mek/� and PlpCreERT;
Mek/Mek mice. Although the reason for this
difference is not clear, it is possible that this
phenomenon may be related to an earlier
activation of Mek1 in Schwann cells using
Cnp-Cre compared with the Tm-induced
activation at P10 using Plp-Cre mice. A sim-
ilar phenomenon was also observed when
Mek1 was activated in another line of trans-
genic mice using Egr2-Cre, which is ex-
pressed very early in Schwann cells (Sheean
et al., 2014).

We conclude that, as in the CNS, in-
creasing the strength of ERK1/2 activation

Figure 9. Myelin/axonal pathology occur in the PNS by elevation of ERK1/2 activity in Schwann cells. A, Immunoblot analysis of
phospho-ERK1/2 in lysates of sciatic nerves from control, CnpCre;Mek/�, and CnpCre;Mek/Mek mice at P 21 shows a statistically
significant graded elevation of ERK1/2 activity with increased dosage of constitutively active Mek1 gene. Error bars represent SEM.
**p � 0.01, one-way ANOVA. n 	 3. B, Toludine-blue-stained semithin sections of sciatic nerves at 3 months (M) show numerous
abnormal myelin figures (examples shown by arrowheads) in the CnpCre;Mek/Mek and to a lesser extent in the CnpCre;Mek/�

4

mice. By 8 months of age, myelin figures appear more pronounced
in the CnpCre;Mek/� mice as well (percentage of total axons
showingpathology,3months:control,2.3
0.2;CnpCre;Mek/�,
26.5 
 1.6; CnpCre;Mek/Mek, 48.3 
 2.7. p � 0.01 8 months:
control, 3.2 
 0.6; CnpCre;Mek/�, 38.3 
 2.5. p � 0.01,
10 fields at 100� per genotype were analyzed from at least
two mice per group). Aa, Ab, Sudan black staining of teased
fiber preparation of sciatic nerve shows thickening of myelin
(tomacula) at the paranodes in the CnpCre;Mek/� mice, but
not in the control mice. C, EM images of sciatic nerves at high
magnification from 8-month-old CnpCre;Mek/Mek mice show-
ing examples of abnormal myelin infoldings and axonal de-
generation. D, Toludine-blue-stained semithin sections of
sciatic nerves from control, PlpCre ERT;Mek/�, and PlpCre ERT;
Mek/Mek mice injected with Tm at P10 and analyzed at 8 MPI
show numerous abnormal myelin figures (arrowheads show
examples) in the PlpCre ERT;Mek/Mek mice and, to a lesser ex-
tent, in the PlpCre ERT;Mek/� (percentage of total axons
showing abnormal myelin figures: control, 3.1 
 0.8; PlpCre-
ERT;Mek/�, 10.6 
 1.2; PlpCre ERT;Mek/Mek, 22.3 
 2.5; p �
0.01, 10 100� fields per genotype were analyzed from at least
two mice per group). EM images show a myelinated axon that
has completely degenerated leaving only an unraveling my-
elin sheath (Da) and axons with myelin sheaths with appar-
ently abnormal membranous infolding and outfoldings
appearing as concentric rings of myelin (Db, DC). Representa-
tive images are shown from two mice per genotype.
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in myelinating Schwann cells leads to
abnormal myelin formation and axonal
degeneration in the PNS. In addition, be-
cause, with age, these defects tend to be-
come more prominent in the Mek/� mice
as well, it is likely that the duration of sus-
tained ERK1/2 activation may also play a
role in determining the outcome of
ERK1/2 activation in the PNS.

Increased collagen deposition and mast
cell infiltration occur in the sciatic
nerves by elevation of ERK1/2 activity
in Schwann cells
In addition to the abnormalities described
above, we consistently observed that the
sciatic nerves were abnormally larger in
the CnpCre;Mek/� and even more so in
the CnpCre;Mek/Mek mice compared
with controls (Fig. 10A). Furthermore, as
shown earlier, compared with controls,
the CnpCre;Mek/Mek mice and, to a lesser
extent, the CnpCre;Mek/� mice showed
enlargement of extracellular space with
increased spacing between axons (Fig. 9B,
top). We therefore hypothesized that in-
creased deposition of extracellular matrix
proteins such as collagen could in part
lead to this enlargement as a result of
ERK1/2 overstimulation in Schwann cells.
We therefore examined the relative levels
of collagen deposition by Masson’s
trichrome staining (blue) in longitudinal
sections of sciatic nerves from control,
CnpCre;Mek/� and CnpCre;Mek/Mek
mice (Fig. 10B). At 3 months of age, an
increase in the deposition of collagen was
observed in the CnpCre;Mek/Mek and, to
a lesser extent, in CnpCre;Mek/� mice
compared with controls. By 8 months
of age, strong staining of Masson’s
trichrome also appeared in the CnpCre;
Mek/� mice. The presence of collagen fi-
bers was confirmed by EM analysis of
sciatic nerves of mutant mice (Fig. 10B).

A role of mast cells in the development
of Schwann-cell-mediated nerve pathol-
ogy has been proposed (Monk et al.,
2007). We therefore examined potential
mast cell infiltration by Giemsa staining
(blue) of longitudinal sections of sciatic
nerves from control, CnpCre;Mek/�, and
CnpCre;Mek/Mek mice (Fig. 10C). At 3
months of age, a significant number of mast
cells were observed in CnpCre;Mek/Mek
and, to a lesser extent, in CnpCre;Mek/�
mice compared with controls (number of mast cells/field: con-
trol, 0.6 
 0.3; CnpCre;Mek/�, 5.5 
 0.3; CnpCre;Mek/Mek,
9.9 
 0.3. p � 0.01, �9 fields at 20� were counted from 3
animals per genotype). By 8 months of age, the increase in
mast cells became more obvious in CnpCre;Mek/� mice, as
well (12.5 
 1.8 cells/field). EM analysis confirmed the pres-
ence of mast cells in the sciatic nerves of these mice (Fig. 10C).

We conclude that a disrupted axon–Schwann cell interaction
caused by hyperactivation of ERK1/2 in Schwann cells is accom-
panied by increased collagen deposition and inflammatory reac-
tions such as mast cell infiltration.

Discussion
Here, we show that moderate upregulation of ERK1/2 activity
(Mek/�) in quiescent oligodendrocytes during adulthood upregu-

Figure 10. Increased collagen deposition and mast cell infiltration occur in the sciatic nerves by superelevation of ERK1/2
activity in Schwann cells. A, Gross micrographs showing enlargement of sciatic nerves of CnpCre;Mek/� and CnpCre;Mek/
Mek mice compared with controls at 3 months of age (M). B, Collagen deposition, shown by Masson’s trichrome staining
(blue) in longitudinal sections of sciatic nerves at 3 months, is enhanced in the CnpCre;Mek/Mek compared with the
CnpCre;Mek/� mice. By 8 months, staining intensity also increases in the CnpCre;Mek/� mice. EM image of sciatic nerve
shows collagen fibers in the CnpCre;Mek/Mek mice. C, Mast cell infiltration, shown by Giemsa staining (blue) in longitudinal
sections of sciatic nerves, is increased at 3 months in the CnpCre;Mek/Mek compared with the CnpCre;Mek/� mice (number
of mast cells/field: control, 0.6 
 0.3; CnpCre;Mek/�, 5.5 
 0.3; CnpCre;Mek/Mek, 9.9 
 0.3. p � 0.01, �9 fields at 20�
were counted from 3 animals per genotype. By 8 months, mast cell numbers are further increased in the CnpCre;Mek/�
mice, as well (12.5 
 1.8 cells/field). EM image shows mast cells in the sciatic nerves of these mice. Representative images
are shown from three mice per genotype.
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lates myelin gene expression and reinitiates new myelin growth by
preexisting oligodendrocytes even after active myelination is largely
terminated. Paradoxically, regardless of whether commenced dur-
ing developmental myelination or during adulthood, hyperactiva-
tion of ERK1/2 (Mek/Mek) led to progressive neurological deficits,
demyelination and dysmyelination, and axonal degeneration ac-
companied by inflammatory reactions in the adult CNS and PNS.

Our findings that ERK1/2 activation can induce adult oligo-
dendrocytes to upregulate myelin gene expression and reinitiate
new myelin growth during adulthood is consistent with the no-
tion that mature quiescent oligodendrocytes retain a certain
amount of plasticity and that, given the right signal, they can
return to a more metabolically active state to assemble new my-
elin, even after active myelination is largely terminated. Recent
studies suggest that myelination can serve as a form of plasticity
to adapt brain function to environmental stimuli and that alter-
ing myelin growth to neuronally derived signals (activity or
growth factor) is one potential mechanism (Fields, 2008; Liu et
al., 2012; Makinodan et al., 2012; Mckenzie et al., 2014; Fields,
2015; Purger et al., 2015). For example, social isolation of adoles-
cent or adult mice resulted in behavioral and cognitive dysfunc-
tion that correlated with reduced myelin gene expression and
reduced myelin thickness in the prefrontal cortex, which were
normalized upon social reintegration (Liu et al., 2012; Makino-
dan et al., 2012). It is possible that ERK1/2 signaling may be part
of the overall molecular mechanism underlying myelin plasticity
during adulthood. Interestingly, reinitiation of myelin growth
was also observed when the P13K pathway was overstimulated in
adult oligodendrocytes (Goebbels et al., 2010; Snaidero et al.,
2014). It is possible that the ERK1/2-MAPK and P13K pathways
converge within oligodendrocytes at one or more levels to corpo-
rate with each other or may act as independent parallel pathways
to promote the reinitiation of myelination in adulthood.

It is known that, after demyelination, myelin fails to attain
normal thickness during remyelination (Ludwin and Maitland,
1984; Franklin, 2002). Our previous and present genetic loss- and
gain-of-function studies have strongly implicated a role of
ERK1/2 in the regulation of myelin gene expression and myelin
thickness during developmental myelination and during adult-
hood (Ishii et al., 2012; Ishii et al., 2013; Ishii et al., 2014). Further,
moderate stimulation of ERK1/2 activity, at least in the CnpCre;
Mek/� mice, was shown to increase myelin thickness and accel-
erate remyelination (Fyffe-Maricich et al., 2013). Together, these
studies suggest that activation of ERK1/2 is a beneficial signal for
normal growth and maintenance of myelin and for remyelina-
tion. However, there is also correlative evidence that predicts a
detrimental role for ERK1/2 activation in oligodendrocytes. Spe-
cifically, exposure of differentiated oligodendrocytes in vitro to
high doses of glial growth factor, an isoform of neuregulin 1, or to
FGF2 results in ERK1/2 activation, along with phenotypic rever-
sion of oligodendrocytes, downregulation of myelin proteins,
and aberrant reentry into the cell cycle (Fressinaud et al., 1995;
Bansal and Pfeiffer, 1997; Canoll et al., 1999). Similarly, there is
strong evidence that suggests a negative effect of increased acti-
vation of this pathway in Schwann cells (Harrisingh et al., 2004;
Ogata et al., 2004; Napoli et al., 2012). We hypothesized that one
reason for these paradoxical observations could be that when
elevation of ERK1/2 activity commences during developmental
myelination, it would result in increased but normal myelin
growth, whereas when it is induced during adulthood, after active
myelination is largely terminated, it would trigger myelin break-
down. Alternatively, the outcome of ERK1/2 activation could
depend on the strength of its activation, such that moderate

increase would lead to increased myelin growth, but when hyper-
activated over an optimal threshold, it would become detrimen-
tal. Our present studies addressed both of these possibilities and
found that hyperactivation of ERK1/2, either during develop-
mental myelination or during adulthood resulted in myelin
breakdown and axonal degeneration, whereas no such negative
effects were seen in either of the heterzygote mice (Mek/�), in
which ERK1/2 activity was moderately elevated either early or
late. We therefore suggest that the strength of the ERK1/2 signal
generated within the mature oligodendrocytes is a key determi-
nant of the outcome of its activation regardless of the timing of
ERK1/2 stimulation. This may account for the variability among
earlier studies reporting both beneficial and detrimental effects of
ERK1/2 activation. More importantly, this study suggests that the
strength of ERK1/2 upregulation will need to be considered care-
fully before applying it as a therapeutic tool to promote remyeli-
nation in humans.

What may be the mechanism of demyelination or dysmyeli-
nation that occurs after hyperactivation of ERK1/2 over a critical
threshold in the PlpCre ERT;Mek/Mek mice? One possibility is that
overproduction of myelin may eventually result in an overall
destabilization of already established myelin structure, leading to
its eventual breakdown and degeneration of axons. Interestingly,
overexpression of Ras, an upstream mediator of ERK1/2 signal-
ing, also showed adverse effects on myelin in transgenic mice
(Mayes et al., 2013). Further, we have observed a reduction in the
numbers of recombined oligodendrocytes with age in the
PlpCre ERT;Mek/Mek, but not the PlpCre ERT;Mek/� and control
mice. Therefore, progressive death of mature oligodendrocytes
could also contribute to progressive myelin breakdown and de-
myelination. Nevertheless, regardless of the mechanism, these
studies clearly show a detrimental outcome of ERK1/2 hyperac-
tivation on oligodendrocytes, myelin, and axons, underscoring
the need for a potential termination signal to downregulate
ERK1/2 activity in oligodendrocytes once active myelination is
normally completed. Although mechanisms of termination of
ERK1/2 activity have been proposed (Dickinson and Keyse,
2006), the termination signal in oligodendrocytes remains to be
investigated, as Dlg1-PTEN has been suggested for the P13K
pathway, at least in Schwann cells (Cotter et al., 2010; Goebbels et
al., 2012).

The observed ERK1/2 dose-dependent increase in oligoden-
drocyte size in the Mek/� and Mek/Mek mice suggests a direct or
indirect involvement of ERK1/2 in maintaining oligodendrocyte
cell size. The regulation of cell size is a dynamic process, balancing
protein synthesis and degradation pathways, together providing
homeostasis, dysregulation of which contributes to human pa-
thologies (Lloyd, 2013). A well characterized pathway shown to
regulate cell growth and size is the PI3K/Akt/mTOR pathway
(Laplante and Sabatini, 2012; Tumaneng et al., 2012). In fact,
hypertrophy of oligodendrocytes was shown to occur when this
pathway was overstimulated (Goebbels et al., 2010). mTORC1 is
a central mediator of multiple growth signals, and its increased
activity promotes multiple protein and lipid biogenic processes
(Locasale and Cantley, 2011). Therefore, our current data show-
ing that mTOR activity is increased in oligodendrocytes in the
PlpCre ERT;Mek/� and PlpCre ERT;Mek/Mek mice suggest that this
could be one potential mechanism by which ERK1/2 activity
could modulate oligodendrocyte cell size.

Previous studies have shown that moderate activation of
ERK1/2 in Schwann cells in the Mek/� mice led to increased
myelin growth in the PNS (Ishii et al., 2013; Sheean et al., 2014).
Our present studies show that, when ERK1/2 activity in Schwann
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cells is hyperelevated, as in the Mek/Mek mice, it leads to strong
adverse effects on myelin and axonal integrity in the PNS. The
dramatic myelin pathology, including hypermyelination, myelin
outfolding, and tomacula-like structures, that we observed in the
sciatic nerves of Mek/Mek mice is very similar to that seen in the
conditional Pten knock-out mice (Goebbels et al., 2012). It was
proposed that these neuropathological features occur due to
overstimulation of Akt/mTOR in Schwann cells and resemble
those seen in a diverse group of inherited peripheral neuropathies
such as human Charcot-Marie-Tooth disease and Hereditary
Neuropathy with liability to Pressure Palsies (Sander et al., 2000;
Goebbels et al., 2012). Given the similarity in the phenotypes of
Mek/Mek and Pten knock-out mice, it is plausible that ERK1/2
may also directly or indirectly contribute to the manifestation of
these neuropathological features of human diseases. Other ad-
verse outcomes have also been attributed to overactivation of
ERK1/2 in the PNS. Specifically, superactivation of Raf in adult
Schwann cells led to Schwann cell dedifferentiation, demyelina-
tion, and infiltration of immune cells, similar to that seen after
nerve injury but without damage to axons (Napoli et al., 2012).
Our Mek/Mek mice also showed an increase in mast cell infiltra-
tion, in addition to myelin pathology (above). The fact that all of
these phenotypes were more pronounced and appeared at an
earlier age in the Mek/Mek compared with the Mek/� mice rein-
forces the idea that the strength of ERK1/2 activation plays an
important role in determining the biological outcome in both the
CNS and PNS.

In summary, we show here that ERK1/2 activation in mature
quiescent oligodendrocytes during adulthood is capable of reini-
tiating new myelin growth by preexisting oligodendrocytes, even
after active myelination is terminated. These findings have im-
portant implications for understanding the molecular mecha-
nisms underlying plasticity of myelin in adult life. Paradoxically,
increasing the “strength” of ERK1/2 activation adversely affects
myelin and axonal integrity in both the CNS and PNS. Therefore,
a fine tuning of ERK1/2 signaling strength is critically important
for optimal myelin growth and maintenance. Disturbance of this
balance can result in detrimental rather than beneficial out-
comes. Therefore, achieving a critical threshold of ERK1/2 acti-
vation will have to be considered carefully before its potential
therapeutic application in demyelinating diseases or peripheral
neuropathies.
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