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Sustained Activation of ERK1/2 MAPK in Oligodendrocytes
and Schwann Cells Enhances Myelin Growth and Stimulates
Oligodendrocyte Progenitor Expansion

Akihiro Ishii, Miki Furusho, and Rashmi Bansal

Department of Neuroscience, University of Connecticut Medical School, Farmington, Connecticut 06030

Myelin is a biologically active membrane receiving and processing signals from axons. Although much is known about its structure and
molecular composition, the intracellular signal transduction pathways, active during specific phases of myelinogenesis for regulating
myelin formation, remain poorly understood. Recent genetic loss-of-function studies have suggested a key role of extracelluar signal-
regulated kinases-1 and -2 (ERK1/2), downstream mediators of mitogen-activated protein kinases (MAPKs), in promoting CNS and PNS
myelination. In contrast, other studies, largely in vitro, have suggested that activation of ERK1/2 pathway can be detrimental for glial cell
function and myelination. Given these conflicting reports, we investigated the effects of cell-autonomous activation of ERK1/2 in glial
cells during developmental myelination in the intact CNS and PNS. Two lines of transgenic mice with sustained activation of ERK1/2 in
oligodendrocyte progenitors (OPCs), oligodendrocytes, and Schwann cells were generated. Consistent with our loss-of-function studies,
gain of ERK1/2 function in oligodendrocyte-lineage cells significantly increased myelin thickness, independent of oligodendrocyte
differentiation or initiation of myelination. Additionally, increased activation of ERK1/2 in OPCs during early development resulted in
transient hyperproliferation and overproduction of OPCs but generation of normal numbers of myelinating oligodendrocytes. Thus,
these in vivo studies suggest a beneficial biphasic requirement of ERK1/2 during developmental myelination in the CNS, deployed first
during early stages of the oligodendrocyte lineage for promoting OPC expansion and then redeployed later in myelinating oligodendro-
cytes for promoting myelin growth. Furthermore, Schwann cells with activated ERK1/2 hypermyelinate PNS axons, suggesting that

ERK1/2 signaling is a conserved mechanism that promotes both CNS and PNS developmental myelination.

Introduction

Oligodendrocytes in the CNS and Schwann cells in the PNS prog-
ress through multiple stages of development and finally wrap
axons with myelin sheaths by elaboration of their plasma mem-
branes, resulting in dramatic increases in nerve conduction rate
and efficiency (Baumann and Pham-Dinh, 2001; Jessen and Mir-
sky, 2005; Fancy et al., 2011). Inadequate myelination, or damage
to the myelin sheaths as in multiple sclerosis, leads to severe
neurological deficits. Limited remyelination of demyelinated le-
sions is characterized by the formation of myelin sheaths that are
thinner than normal (Ludwin and Maitland, 1984; Franklin,
2002). Therefore, identifying signals that regulate myelin sheath
thickness is critically important for therapeutic intervention to
promote efficient remyelination. Several studies have implicated
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the phosphatidylinositol 3-kinase/Akt/mammalian target of
rapamycin (PI3K/Akt/mTOR) pathway as an important regula-
tor of myelin growth (Flores et al., 2008; Goebbels et al., 2010
Harrington et al., 2010; Sherman et al., 2012). We recently
showed a prominent role of ERK1/2-MAPK (mitogen-activated
protein kinase) (Rubinfeld and Seger, 2005), in the regulation of
myelin thickness, independent of oligodendrocyte differentia-
tion, and initiation of myelination (Ishii et al., 2012). In the PNS,
ERK1/2 also play a significant role because ablation of ERK1/2
in Schwann cells arrests their differentiation, resulting in
dramatic hypomyelination (Newbern et al., 2011; Ishii and
Bansal, unpublished).

These genetic loss-of-function studies strongly suggest a pre-
viously unrecognized function of ERK1/2 signaling as a positive
regulator of myelination both in the CNS and PNS. Whether a
converse genetic gain-of-function approach would support this
hypothesis was uncertain because several studies have suggested
that increased levels of ERK1/2 activity could indeed have detri-
mental effects on Schwann cells and oligodendrocytes. For exam-
ple, overactivation of components of the Ras/Raf/Mek/Erk
pathway in isolated Schwann cells or in cocultures prevents their
differentiation, induced dedifferentiation, and demyelination
(Harrisingh et al., 2004; Ogata et al., 2004), and in transgenic
mice, it leads to dedifferentiation of Schwann cells and demyeli-
nation (Napoli et al., 2012). Stimulation of mature oligodendro-
cytes by high doses of soluble neuregulin-1 or fibroblast growth
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factor-2 (FGF-2) in vitro led to strong ERK1/2 activation, con-
comitant with downregulation of myelin proteins and aberrant
cell-cycle reentry (Fressinaud et al., 1995; Bansal and Pfeiffer,
1997; Canoll et al., 1999). In contrast, constitutive activation of
Mekl in oligodendrocyte-lineage cells in vitro increased myelin
protein expression (Du et al., 2006) and enhanced myelination in
oligodendrocyte-neuron cocultures (Xiao et al., 2012), and con-
stitutive activation of Ras in Schwann cells increased PO protein
expression (Rosenbaum et al., 1999), together suggesting a posi-
tive outcome of stimulating this pathway. Given these conflicting
reports, it was important to investigate the effect of elevated
ERK1/2 signaling in oligodendrocytes and Schwann cells in the
complex environment of the intact CNS and PNS.

We therefore generated two lines of conditional transgenic
mice, which expressed constitutively active Mek1, upstream ac-
tivator of ERK1/2, in oligodendrocyte progenitors (OPCs), oli-
godendrocytes, and Schwann cells. Sustained activation of
ERK1/2 in either oligodendrocytes or Schwann cells significantly
enhanced myelin growth, resulting in hypermyelinated axons,
independent of glial cell differentiation or initiation of myelina-
tion. Activation of ERK1/2 early during development in Oligl *
cells resulted in transient hyperproliferation and overproduction
of OPCs, but normal numbers of oligodendrocytes were gener-
ated. Together, these studies suggest that, in the context of the in
vivo environment, cell-autonomous activation of ERK1/2 is ben-
eficial for developmental myelination in the CNS and PNS.

Materials and Methods

Generation of transgenic mice. Rosa26StopF mice (generated
and described: Srinivasan et al., 2009) were appropriately crossed with
Cnp®*  (Lappe-Siefke et al., 2003; 2'-3" cyclic nucleotide 3'-
phosphodiesterase) or Oligl“"" mice (Lu et al., 2002) to generate
heterozygous Cnp“"®*;Rosa26Stop FIMKIPP-ECE/+and  Olig1©*/*;
Rosa26$topFlM"k’ DD.EGFP/* mjce (referred to as CnpCre;MekDD and
Oligl Cre;MekDD, respectively). In these transgenic mice, Cre-mediated
excision of floxed STOP cassette leads to the expression of constitutively
active Mek1 and EGFP. This results in sustained activation of ERK1/2 in
CNP-expressing oligodendrocyte-lineage cells and Schwann cells
(Gravel et al., 1998; Toma et al., 2007) or in Oligl-expressing OPCs
earlier in the lineage (Lu et al., 2002). Littermate mice with no Cre were
used as controls. The CnpCre;MekDD or Oligl Cre;MekDD transgenic
mice did not display any obvious loss of coordination and remained
generally healthy. For ablation of ERK1/2 in Oligl * cells, ERK1~/~;
ERK2"¥f°x mjce (obtained from Dr. J. Richards, Baylor College, Hous-
ton) were appropriately crossed with OligI“"“" mice to generate
Oligl Cre/+.ERK 1™/~ ;ERK2f10x/flox (referred to as Oligl Cre;ERK1/2 dKO).
These mice die at birth. Genotyping of different lines of mice of both
sexes was performed by PCR analysis using appropriate primers as de-
scribed previously (Furusho et al., 2011, Ishii et al., 2012).
Immunolabeling. As described previously (Kaga et al., 2006, Furusho et
al., 2012; Ishii et al., 2012), cryostat transverse sections (15 um) of cer-
vical spinal cord and sciatic nerves from unperfused or perfused (4%
paraformaldehyde/PBS) mice of both sexes were cut after overnight fix-
ation in 4% paraformaldehyde/PBS and overnight cryoprotection in
20% sucrose/PBS. For MBP immunolabeling, sections were delipidated
with 100% ethanol for 10 min; washed with PBS (3 times, 10 min);
blocked (1 h) in 10% normal goat serum (Invitrogen), 5% BSA, and 0.1%
fish gelatin; and incubated overnight (4°C) in polyclonal anti-MBP (1:
3000; Dr. E. Barbarese, University of Connecticut) and monoclonal anti-
neurofilament-m (1:200; Millipore Bioscience Research Reagents).
Before immunolabeling with anti-Ki67 (1:250; BD Biosciences PharMin-
gen), anti-Olig2 (1:100; Immuno-Biological Laboratories Co., Ltd.),
anti-pan-ERK1/2 (1:200; Promega), and CC1 antibody (1:40; Millipore),
spinal cord sections were subjected to antigen retrieval by 5 min of incu-
bation at 95°C in citrate buffer, pH 6.0, and 10 min on the bench. Anti-
GFP (1:200; Invitrogen) labeling was performed before antigen retrieval
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and double-labeling with CC1 or Olig2. Sections were incubated (1 h)
with appropriate secondary antibodies conjugated to Alexa 488 (1:500,
Invitrogen) or Cy3 (1:500, Jackson ImmunoResearch), and nuclei were
counterstained with Hoechst blue dye 3342 (1 mg/ml; Sigma). For phos-
pho-ERK1/2 immunolabeling, sections were incubated in 5% metha-
nol/3% H,0O, for 10 min, followed by 10% Triton X-100 for 30 min and
blocked in 10% NGS for 1 h. Incubation in phospho-ERK1/2 antibody
(1:500; Sigma) in 3% BSA/0.02% Triton X-100, was performed for 72 h at
4°C. Tris-buffered saline containing 100 uMm sodium fluoride, 100 um
o-vanadate was used or all dilutions and washes. Sections were incubated
overnight in secondary antibody conjugated to Cy3 (1:1000; Jackson
ImmunoResearch) at 4°C.

Measurements of the white matter area of spinal cords was done by
Photoshop CS4. Images from matched sections of spinal cord from con-
trol and transgenic mice of both sexes were captured. Before measure-
ment of the area, the optional plug-in “PHSPCS4_Cont_LS1” was
installed, and the scale of magnification was set. The lateroventral regions
of the MBP-stained white matter were selected by the Quick selection
tool and applied to the area measurement.

In situ hybridization. Transverse sections of cervical spinal cord were
prepared as described for immunohistochemistry, and in situ hybridiza-
tion was performed as previously described (Furusho et al., 2011, Fu-
rusho et al., 2012; Ishii et al., 2012) using riboprobes specific for
proteolipid protein (PLP) mRNA (Dr. W.B. Macklin, University of Col-
orado School of Medicine), MBP mRNA (Dr. M. Qiu, University of
Louisville), or platelet-derived growth factor receptor-a (PDGFRa)
mRNA (Dr. W.D. Richardson, University College London). Briefly, after
incubation in 1 ug/ml proteinase K at 37°C for 30 min, sections were
hybridized overnight at 65°C with digoxigenin-labeled antisense cRNA
probe and washed in 50% formamide, 2XSSC, and 1% SDS at 65°C for
2-3 h, followed by rinses in 2XSSC and 0.2XSSC at room temperature
and 0.1XSSC at 60°C. After blocking in 1% Tween 20 and 1% normal goat
serum (1 h), sections were incubated (2 h) 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 and nuclei-counterstained with Hoechst blue dye 3342.

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 postfixed in 1% OsO4. Samples were dehydrated
through graded ethanol, stained en bloc with uranyl acetate, and embed-
ded in Poly/Bed812 resin (Polysciences). Thin (1 wm) sections were
stained with toluidine blue, and ultrathin (0.1 um) sections from match-
ing areas of experimental and control tissue blocks were cut and visual-
ized using an electron microscope (JEOL 1200CX) 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, optic nerves, or sci-
atic nerves. Statistical analysis was performed using Student’s ¢ test.

Immunoblotting. Immunoblotting was performed as described previ-
ously (Fortin et al., 2005). Briefly, equal amounts of total proteins from
spinal cord and sciatic nerve homogenates were loaded onto SDS-PAGE,
transferred to PVDF membranes, and immunolabeled for phosphory-
lated ERK1/2 (1:10,000; Sigma) and pan-ERK1/2 (1:5000; Promega).

Results

Expression and activation of ERK1/2 in myelinating
oligodendrocytes correlates with the period of active
myelination in the spinal cords of normal mice

Conditional loss of ERK1/2 function in oligodendrocyte-lineage
cells suggested that ERK1/2 signaling might significantly influ-
ence the myelinogenic potential of mature oligodendrocytes dur-
ing the period of active myelination (Ishii et al., 2012). To
determine whether the normal temporal and cellular pattern of
ERK1/2 expression in vivo is consistent with a role of ERK1/2
signaling during this period, normal mice were harvested at P6,
P9, P15, P30, and P60, and transverse sections of cervical spinal
cord were double-labeled for pan-ERK1/2 and CC1, a marker of
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Figure 1.  Expression and activation of ERK1/2 in myelinating oligodendrocytes correlate with the period of active myelination in the spinal cords of normal mice, and ERK1/2 activity is elevated
in oligodendrocytes of CnpCre;MekDD mice. A, Transverse sections of cervical spinal cord from normal mice at P6, P9, P15, P30, and P60, double-immunolabeled for CC1 (red), a marker of
oligodendrocytes, and pan-ERK1/2 (green), show a comparable overlap (yellow) of ERK1/2 expression with CC1 * in oligodendrocytes (P6 = 60%, P9 = 68%, P15 = 73%, P60 = 62%; N = 3).
B, Schematic representation of the Rosa26StopFIe<™> 7 transgene. Sections of spinal cords from control and CnpCre;MekDD mice, double-labeled for EGFP and CC1, show that almost all CC1 *
cells are colabeled with EGFP in the white matter, indicating efficient excision of the floxed STOP cassette by CnpCre recombinase and expression of constitutive active Mek-1 and EGFP in
oligodendrocytes of transgenic mice. C, Sections double-labeled with anti-phospho-ERK1/2 and EGFP show that, in the control mice, there is an easily detectable level of phospho-ERK1/2 expression
inthe white matter of the spinal cord at P30, which becomes almost undetectable by P60. In the CnpCre;MekDD mice, phospho-ERK1/2 expression remains elevated, even at P60, and colocalizes with
86% of EGFP * oligodendrocytes. Representative images of 3 mice per genotype are shown. D, Inmunoblot analysis of P45 spinal cord lysates shows significantly higher levels of phospho-ERK1/2
expression in the (npCre;MekDD (MekDD) mice compared with controls (normalized to actin levels). Pan-ERK1/2 levels remain unchanged. Scale bars: 4, 50 pum; B, 25 um; C; top, 10 um; €, bottom,
25 pm. Error bars indicate SEM. *p << 0.05. N = 3. Arrowheads show examples of double-labeled cells.

oligodendrocytes (Fig. 1A). We found that, at all the ages ex-
amined, the majority of mature CCI" oligodendrocytes
strongly colabeled for pan-ERK1/2 (P6 = 60%, P9 = 68%,
P15 = 73%, P60 = 62%) and represented the predominant

white matter was detected in oligodendrocytes between P9 and
P30, a period of active myelination. Importantly, analysis of ac-
tive ERK1/2 expression over longer periods (up to 5 months)
showed that, subsequent to the period of active myelination,

ERK1/2-expressing population of cells in the white matter. A
recent study showed that phospho-ERK1/2 also predominantly
colocalizes with the vast majority of CC1 * oligodendrocytes but
is rarely detected in PDGFRa ™ OPCs in the spinal cords and
brains of normal mice (Xiao et al., 2012). When we labeled spinal
cord sections for phospho-ERK1/2, we found that consistent with
this study, the highest intensity of phospho-ERK1/2 signal in the

phospho-ERK1/2 expression progressively declined with age and
was barely detectable at P60 (Fig. 1C; compare phospho-ERK1/2
intensity in “Controls” at P30 and P60). We conclude that
ERK1/2 activation in oligodendrocytes correlates temporally
with the period of active myelination, which is consistent with the
notion that ERK1/2 signaling in myelinating oligodendrocytes
plays a significant role in myelination during this period.
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Figure2.  Myelin sheath thickness is increased in the spinal cords of CpCre;MekDD mice, but initiation of myelination is unaltered. EM micrographs of ventral cervical spinal cords from CnpCre;MekDD and
littermate controls are shown at P4, P15, P30, and P60. 4, At P4, ensheathment of axons by thin myelin sheaths appears similar in controls and transgenic mice. Quantification of the percentages of myelinated
and unmyelinated axons shows no difference between CnpCre;MekDD and littermate control mice. B, At P15, myelin thickness appears similar, but by P30 and P60, axons are wrapped by thicker myelin sheaths
in the CnpCre;MekDD mice compared with littermate controls. €, High-magnification images of myelin wrapped around axons of similar diameter show that the ultrastructure and periodicity of myelin wraps
appear similar in the control and transgenic mice. D, Quantification of g-ratios of individual fibers in relation to respective axon diameters (presented as scatter plots) at P15, P30, and P60 confirms that myelin
thicknessis significantly increased in CnpCre;MekDD at P30 and P60 compared with littermate controls (P30: control = 0.78 == 0.003, transgenic = 0.72 == 0.003,p = 0.19 X 10 ~37:P60: control = 0.76 ==
0.004, transgenic = 0.69 = 0.004,p = 0.3 X 10 )., Quantification, presented as myelin thickness (.um) in relation to respective axon diameters, shows that, in the (npCre;MekDD mice, disproportionately
thicker myelin sheaths wrap the majority of axons. For g-ratio measurements, at each time point, ~300—500 axons were measured from 3 mice of each genotype per time point. Quantification of percentages

of myelinated or unmyelinated axons was done from ~1000 axons from 3000< EM images of 3 mice per genotype. Scale bars: 4, B, 1 um; €, 50 nm

Elevation of ERK1/2 signaling in oligodendrocytes increases
myelin sheath thickness, but the initiation of myelination is
unaltered

Analysis of mice lacking ERK1/2 signaling in oligodendrocytes
has shown that, after normal axonal ensheathment and initiation
of myelination, myelin growth is arrested, resulting in reduced
thickness of the myelin sheath in these mice (Ishii et al., 2012).
This raises the important question of whether elevating ERK1/2
activity in oligodendrocytes will conversely stimulate myelin
growth (a question that has obvious therapeutic implications for
stimulating remyelination). Therefore, we generated mice that
conditionally expressed constitutively active Mekl (and EGFP),
an upstream activator of ERK1/2, in CnpCre-expressing oligo-
dendrocytes (CnpCre;MekDD; Fig. 1B, see Materials and Meth-
ods). Double-immunolabeling of spinal cord sections from
CnpCre;MekDD mice for EGFP and CCl showed a complete
overlap (99%) of CC1 with EGFP expression (Fig. 1B), indicative
of transgenic expression of Mek1-EGFP in oligodendrocytes. To
validate that the ERK1/2 activity was elevated in oligodendrocytes
of CnpCre;MekDD mice relative to controls, we double-labeled
spinal cord sections for phospho-ERK1/2 and EGFP (Fig. 1C). At
P30, phospho-ERK1/2 expression appeared quite strong in both
control and transgenic mice; therefore, it was difficult to identify

obvious differences in the intensities at this age. But at P60, when
phospho-ERK1/2 expression was normally downregulated in the
controls, the elevated intensity of phospho-ERK1/2 labeling was
easily detectable in 86% of EGFP * oligodendrocytes of CnpCre;
MekDD mice. Furthermore, immunoblot analysis for the expres-
sion of phospho-ERK1/2 in lysates from control and transgenic
spinal cords showed that, at P45, there was a moderate but sig-
nificant increase of phospho-ERK1/2 (~1.6-fold) in heterozy-
gous CnpCre;MekDD compared with littermate control mice
(Fig. 1D).

To investigate whether onset of axon ensheathment and the
initial wrapping of the myelin sheath were affected by elevation of
ERK1/2 activity in the CnpCre;MekDD mice, we performed EM
analysis and examined the ventral spinal cords from CnpCre;
MekDD mice and littermate controls at P4 (Fig. 2A). This is a
good time to examine alterations in the onset and extent of my-
elin formation because, in the mouse spinal cord, axonal fibers
are first myelinated in the ventral spinal cord around the time of
birth and then gradually increase in numbers with age. We ob-
served that transgenic and control mice showed a similar pattern
of axonal ensheathment by thin myelin sheaths. Quantification
of the percentages of myelinated and unmyelinated axons from
EM micrographs showed that there was no difference between
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Figure 3. Increase in myelin sheath thickness also occurs in other regions of the (NS of
(npCre;MekDD mice. A, EM micrographs of P60 optic nerves show that, in the CnpCre;MekDD
mice, axons are wrapped by thicker myelin sheaths, compared with littermate controls. High-
magnification images of myelin wrapped around axons of similar diameter show that the ul-
trastructure and periodicity of myelin wraps appear similar in the control and transgenic mice.
B, Scatter plots of g-ratios measurements of ~250 axons from 3 mice of each genotype show a
statistically significant increase in myelin thickness in the optic nerves of (npCre;MekDD mice
compared with littermate controls (average g-ratios: controls, 0.82 == 0.003; transgenic,
0.77 = 0.003; p = 6.7 X 10 ~%%). Scale bars: 4, top, 0.5 wm; A, bottom, 0.1 m.

the transgenic and control mice (Fig. 2A). Furthermore, as shown
later (Fig. 4A, P4), immunolabeling of P4 spinal cord sections
from CnpCre;MekDD and control mice with anti-MBP and
neurofilament-m also showed similar patterns of MBP * myelinated
fibers in the controls and transgenic mice, together indicating that
elevation of ERK1/2 activity in oligodendrocytes did not alter the
initiation of myelin formation in the spinal cords of transgenic mice.

To determine the effect of ERK1/2 elevation on myelin thick-
ness and ultrastructure of myelinated tracks, ventral cervical spi-
nal cord sections from control and CnpCre;MekDD mice were
examined at P15, P30, and P60 by EM analysis. The micrographs
showed that the thickness of myelin was comparable in control
and CnpCre;MekDD mice at P15, but by P30 and P60, it appeared
to be progressively thicker (Fig. 2B). High-magnification im-
ages showed that the periodicity of compact myelin appeared
similar in the transgenic and control mice (Fig. 2C). Morpho-
metric quantification of myelin thickness by g-ratio analysis
(ratio of individual axon diameters to myelinated fiber diam-
eters) in matched regions of the ventral cervical spinal cord
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confirmed the relative increase in myelin thickness (lower
g-ratios) in the CnpCre;MekDD mice compared with litter-
mate controls at both P30 and P60 (Fig. 2D). At P30, the most
striking difference in g-ratios was detected in axons of diam-
eter <4 um (P30: control = 0.78 * 0.003, transgenic = 0.72 =
0.003; p = 0.19 X 10 =37, By P60, the difference became even
more pronounced in this group (P60: control = 0.76 = 0.004,
transgenic = 0.69 = 0.004; p = 0.3 X 10 >°). Similarly, when
myelin thickness (um) was plotted as a function of axon diameter
(Fig. 2E), it showed that, in the transgenic mice, the majority of
axons were wrapped by disproportionately thicker myelin
sheaths.

To examine whether elevation of ERK1/2 signaling has a gen-
eral effect on myelin thickness in different regions of the CNS or
is specific to the spinal cord, we analyzed myelin thickness in the
optic nerves of CnpCre;MekDD and littermate control mice at
P60 (Fig. 3A, top). As for the spinal cord, EM analysis showed that
the myelin thickness was also increased in the optic nerves of the
transgenic compared with control mice. The ultrastructure and
periodicity of compact myelin in the transgenic mice appeared to
be similar to controls (Fig. 34, bottom). Quantification of myelin
thickness by g-ratio analysis (Fig. 3B) confirmed the increase of
myelin thickness in the optic nerves of CrnpCre;MekDD mice (av-
erage g-ratios: controls = 0.82 = 0.003; transgenic = 0.77 *
0.003, p = 6.7 X 10 7%, N = 264,245).

We conclude that the overall increase of myelin thickness re-
sults from increased number of myelin wraps.

The size of myelinated white matter in the spinal cord is
increased, but the total numbers of oligodendrocytes remain
unchanged in the CnpCre;MekDD mice

Variations in the thickness of myelin sheath are often reflected as
increased or decreased area of the myelinated white matter tracks
(Flores et al., 2008; Goebbels et al., 2010; Harrington et al., 2010;
Furusho et al., 2012; Ishii et al., 2012). Therefore, we examined
transverse sections of cervical spinal cord from CnpCre;MekDD
mice and littermate control mice at P4, P14, P30, and P60 by
immunolabeling for the myelin marker MBP and the axonal
marker neurofilament-m (Fig. 4A) or by MBP in situ hybridiza-
tion (Fig. 4B). Although the pattern of myelination and the area
of myelinated white matter appeared to be comparable in the
control and transgenic mice at P4 and P14, it progressively be-
came larger with age in the CnpCre;MekDD mice. This was con-
firmed by measurement of the MBP-labeled lateroventral white
matter area, which showed significant increases at P30 and P60 in
the transgenic compared with control mice (P30: control =
0.99 = 0.05 mm?, transgenic = 1.20 = 0.07 mm?* N = 3, p =
0.04; P60: control = 1.17 = 0.09 mm?, transgenic = 1.68 = 0.11
mm?, N = 3, p = 0.02). Similar differences in the sizes of the
white matter between control and transgenic spinal cords were
apparent by MBP in situ hybridization. In addition, the inten-
sity of MBP mRNA expression appeared to be somewhat
higher in the transgenic compared with control mice at P30
and P60 (Fig. 4B).

To examine whether elevation of ERK1/2 in CnpCre;MekDD
affected the numbers of differentiated oligodendrocytes, we per-
formed in situ hybridization for PLP mRNA to identify and quan-
tify mature oligodendrocytes in the whole lateroventral white
matter of the spinal cords at P14, P30, and P60 (Fig. 4C). We
found that the total numbers of oligodendrocytes remained un-
changed between controls and transgenic mice at each of the ages
examined. However, the density of oligodendrocytes was reduced
at P30 and P60, as expected, because the size of the lateroventral
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Figure4. Thesize of the myelinated white matter in the spinal cord is increased, but the total numbers of oligodendrocytes remain unchanged in CnpCre;MekDD mice. A, B, Transverse sections
of cervical spinal cord from CnpCre;MekDD and littermate control mice were analyzed at P4, P15, P30, and P60 to examine the progression of myelination by immunolabeling for the myelin marker
MBP (green) and the axonal marker neurofilament-m (red) (4) and by in situ hybridization for MBP mRNA (B). At P4 and P15, the pattern of MBP-immunolabeled myelinated fibers and the size of
white matter appear similar in the (npCre;MekDD and littermate control mice. At P30 and P60, measurement of MBP-labeled lateroventral white matter area shows that it is significantly larger in
the transgenic mice compared with their littermate controls (P30: control = 0.99 + 0.05 mm?, transgenic = 1.20 == 0.07 mm?, *p < 0.05, SEM, N = 3; P60: control = 1.17 + 0.09 mm?,
transgenic = 1.68 = 0.11mm?,*p << 0.05, SEM, N = 3). Similarincreases in white matter sizes at P30 and P60 are shown by MBP in situ hybridization. Representative images from 3 mice of each
group are shown. C, Spinal cord sections were analyzed at P14, P30, and P60 by in situ hybridization for PLP mRNA expression, as a marker of mature oligodendrocytes. Quantification of the total
numbers of PLP mRNA * oligodendrocytes in the whole lateroventral ( L—) white matter of the cervical spinal cords shows no differences in the total numbers of oligodendrocytes between control
and transgenic mice at any of the ages. Three sections each from 3 mice of each genotype were analyzed at each age. Error bars indicate SEM. N = 3. Scale bars, 200 pm.
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white matter had increased in the transgenic mice at these ages
(P30: control = 1353 =+ 22/mm?, transgenic = 1146 * 12/mm?
P60: control = 971 * 34/mm?, transgenic = 802 * 24/mm?).
We conclude that hypermyelination in the CnpCre;MekDD
is not caused by increases in the numbers of differentiated
oligodendrocytes.

Conditional activation of ERK1/2 in Oligl Cre;MekDD mice
results in transient hyperproliferation and overproduction of
OPCs, but the generation of myelinating oligodendrocytes
remains largely unaffected

Several in vitro studies have implicated elevation of ERK1/2 ac-
tivity in OPCs (usually by growth factor stimulation) with stim-
ulation of OPC proliferation. We asked whether genetically elevating
ERK1/2 activity in OPCs in vivo would also stimulate their prolif-
eration and increase their numbers. Because our initial analysis
showed that in the spinal cords of the CnpCre;MekDD line, trans-
gene expression in OPCs was not very efficient (determined by
EGFP expression), we generated a second line of conditional
transgenic mice using the OliglCre driver, which is known to
recombine with higher efficiency in OPCs and the recombination
occurs earlier during development. To validate the efficiency of
transgene expression in OPCs in the Oligl Cre;MekDD mice, we
double-labeled spinal cord sections at P2 with EGFP and Olig2
(pan-marker for oligodendrocyte lineage cells that primarily
marks white matter OPCs at P2). As expected, in the heterozy-
gous Olig] Cre;MekDD line, the vast majority of Olig2 * cells ex-
pressed EGFP (Fig. 5A), indicating that the transgene is expressed
in OPCs with a high level of Oligl Cre-mediated recombination
efficiency (99%). Therefore, this line of mice was used subse-
quently to investigate the effects of activating ERK1/2 on OPC
proliferation and differentiation during the first 2 postnatal
weeks in the spinal cords.

To examine potential alterations in the proliferation capacity
of OPCs and determine the effects of ERK1/2 elevation on the
numbers of OPC, we analyzed spinal cords from OliglCre;
MekDD and littermate control mice at P2, P6, and P14. Spinal
cord sections were double-labeled for Olig2 and the proliferation
marker Ki67 to quantify proliferating cells. To determine the
total numbers of OPCs at each time point, we used in situ hybrid-
ization to identify OPCs by the expression of PDGFRa mRNA.
These cells were quantified from the whole lateroventral white
matter area of the spinal cords from controls and transgenic mice.
Total numbers of Olig2 * cells were also counted similarly at each
time point. We found that, at P2 and P6, the percentage of pro-
liferating Olig2 * cells (%Ki67 */Olig2 * /total Olig2 " cells) and the
total numbers of Olig2 " and PDGFRa mRNA ™ cells were all
significantly increased in the Oligl Cre;MekDD mice compared
with controls. However, by P14, although the total numbers of
PDGFRa mRNA * and Olig2 * cells still remained elevated in the
OliglCre;MekDD mice, the percentage of Ki67 */Olig2* cells
normalized to control levels.

We next investigated the effect of ERK1/2 elevation on OPC
differentiation in the Oligl Cre;MekDD mice (Fig. 5C). The num-
bers of oligodendrocytes, identified by in situ hybridization for
PLP mRNA expression, were quantified at P2, P6, and P14 in
equivalent areas of the whole lateroventral white matter of spinal
cords from the Olig] Cre;MekDD and littermate control mice. At
P2, there was a transient delay in the appearance of differentiated
oligodendrocytes (perhaps resulting from temporary delay in ex-
iting from the cell cycle); however, it was readily normalized
within a few days, and similar numbers of oligodendrocytes ap-
peared at P6 and P14 in the Oligl Cre;MekDD and control mice.
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Together, we conclude that conditional activation of ERK1/2
in OPCs over the normal threshold level results in hyperprolif-
eration and overproduction of OPCs in the spinal cords of
Oligl Cre;MekDD mice. However, despite increased numbers of
OPCs and a transient delay, overall OPC differentiation into my-
elinating oligodendrocytes was not affected in the OliglCre;
MekDD line, and normal numbers of myelinating oligodendrocytes
were generated during the period of active myelination, as was ob-
served in the CnpCre;MekDD line.

Loss of ERK1/2 function at Oligl * stage in the
OliglCre;ERK1/2 dKOs reduces OPC proliferation and
numbers but does not directly reduce their capacity to
differentiate into oligodendrocytes

Although elevation of ERK1/2 activity in Oligl™ cells (Fig. 5)
resulted in hyperproliferation and expansion of the OPC popu-
lation, our recent studies showed that loss of ERK1/2 signaling in
NG2* cells did not conversely decrease OPC numbers or their
proliferative capacity (Ishii et al., 2012). Because the NG2 * stage
is slightly later than the Oligl ™ stage of OPC maturation (Ligon
et al., 2006; Whitman et al., 2012), one probable reason for this
difference might be that signaling by ERK1/2 is significant at the
Oligl * stage but becomes dispensable once the cells have reached
the more mature NG2 * stage. To test this possibility, we gener-
ated mice where ERK1/2 were ablated using the OliglCre driver
line (OligI™**; ERKI '~ ;ERK2"M~  referred as OliglCre;
ERK1/2 dKO). These mice die soon after birth; so, analysis was
performed at PO only (Fig. 6). Proliferation and numbers of
OPCs were determined by double-labeling and quantification of
Olig2 " and Ki67 * cells in equivalent areas of the whole lat-
eroventral regions of spinal cords from Oligl Cre;ERK1/2 dKO
and littermate control mice (Fig. 6A). We found that the percent-
age of proliferating OPCs (%Ki67 "/Olig2 ") was significantly
decreased in the spinal cords of Oligl Cre;ERK1/2 dKO compared
with their littermate controls. The total numbers of Olig2 * cells,
quantified similarly and expressed as percentage of controls, were
also significantly decreased in the Oligl Cre;ERK1/2 dKO com-
pared with controls (Fig. 6A). Because proliferation was reduced
and cell viability (TUNEL assay) remained unaffected (data not
shown), we conclude that reduced proliferation is at least in part
responsible for the reduction in OPC numbers in the OligICre;
Erk1/2 dKO mice. Whether alterations in lineage decisions addi-
tionally contribute toward the reduction in OPC numbers
remains to be determined in future studies by the analysis of OPC
generation in the embryonic spinal cords and brains of these
mutant mice.

To examine the effects of ERK1/2 ablation from Oligl *
cells on OPC differentiation, we first performed in situ hybrid-
ization for PLP mRNA expression on spinal cord sections from
Oligl Cre;ERK1/2 dKOs and littermate control mice and counted
the total numbers of PLP mRNA * oligodendrocytes in equiva-
lent areas of the whole lateroventral regions of spinal cords (Fig.
6B). We found that the numbers of oligodendrocytes were also
significantly reduced in the Oligl Cre;ERK1/2 dKOs. Because the
relative reduction of OPCs and oligodendrocytes in Oligl Cre;
ERK1/2 dKOs was similar (~25-35% of controls), it suggested
that the reduction of oligodendrocytes was most generation and
not the result of reduced probability of OPC differentiation
into oligodendrocytes. To investigate this further, we double-
immunolabeled sections for CC1 and Olig2. Quantification of
labeled cells confirmed that the proportion of Olig2 * cells that
differentiated into CC1 ™ oligodendrocytes at PO was similar
in both Oligl Cre;ERK1/2 dKOs and controls.
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Figure 5.  Conditional activation of ERK1/2 in Olig7Cre;MekDD mice results in transient hyperproliferation and overproduction of OPCs, but the generation of myelinating oligodendrocytes
remains largely unaffected. 4, Transverse sections of P2 spinal cords from control and Olig7Cre;MekDD mice, double-labeled for EGFP and Olig2 (which primarily marks OPCs at P2), show an almost
complete overlap (yellow) in the white matter of the cervical spinal cord, indicating efficient excision of the floxed STOP cassette by Olig1Cre recombinase and expression of Mek1-EGFP in OPCs of
transgenic mice. B, Transverse sections of P2, P6, and P14 spinal cords from Olig1Cre;MekDD and littermate controls were analyzed by immunolabeling for the proliferation marker Ki67 and Olig2 and
by in situ hybridization for the OPC marker PDGFRa mRNA. Quantification of Ki67 *; Olig2 * double-labeled cells (expressed as percentage of Olig2 * cells) and the total numbers of Olig2 * or
PDGFRae mRNA ™ cells quantified from the whole lateroventral (L—V) region of the spinal cord show that, at P2 and P6, there is a significant increase in both the percentages of proliferating cells
(Ki67 */0lig2 ™) and total numbers of PDGFRc mRNA * and Olig2 * cellsiin the Olig1Cre;MekDD mice compared with littermate controls. At P14, the numbers of PDGFRc: mRNA ™ and 0lig2 ™ cells
remain elevated in the Olig7Cre;MekDD mice, but the percentage of proliferating cells (Ki67 */0lig2 ™) is normalized to similar levels s in the controls. €, Transverse sections of cervical spinal cords
from P2, P6, and P14 0lig1Cre;MekDD and littermate control mice were analyzed by in situ hybridization for PLP mRNA to identify differentiated oligodendrocytes. Quantification of the total numbers
of PLPmRNA ™ oligodendrocytes in the whole lateroventral white matter of the spinal cords shows that, at P2, there s a transient decrease in oligodendrocyte numbers in the transgenic mice, which
is readily normalized, and the numbers of oligodendrocytes become comparable at P6 and P14 in transgenic and control mice. Two or 3 sections each from 3 mice of each genotype were analyzed
at each time point. Error bars indicate SEM. *p < 0.05. **p < 0.01. N = 3. Scale bars, 50 m. VWM, Ventral white matter.
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Together, we conclude that, although loss of ERK1/2 function
atthe NG2 " stage does not affect OPC proliferation or differen-
tiation (Ishii et al., 2012), the loss of ERK1/2 function at the
earlier Oligl ™ stage of OPC maturation does reduce the expan-
sion of the OPC population and in turn reduces the appearance of
oligodendrocytes. However, regardless of whether ERK1/2 were
ablated at the NG2 ™" or Oligl * stage, its loss does not directly
reduce the capacity of OPCs to differentiate into oligodendro-
cytes in vivo.

Hypermyelination also occurs in the PNS by elevation of
ERK1/2 activity in Schwann cells

Because Cnp-Cre is also expressed by Schwann cells in addi-
tion to oligodendrocytes (Gravel et al.,, 1998; Toma et al.,
2007), the Schwann cells of the CnpCre;MekDD mice should
also have constitutive activation of Mekl1 and sustained eleva-
tion of ERK1/2 activity. This was validated by immunoblotting
and quantification of phosphorylated ERK1/2 levels, which
showed a 1.5-fold increase in P14 sciatic nerves. Further,
transgene expression in the PNS was confirmed by demonstra-
tion of EGFP expression in the sciatic nerves of CnpCre;Me-
kDD mice (Fig. 7A).

Ki67*; Olig2*

CC1*; Olig2*

Loss of ERK1/2 function at Olig1 * stage in the Olig 1Cre;ERK1/2 dKOs reduces OPC proliferation and numbers but does
not directly reduce their capacity to differentiate into oligodendrocytes. 4, To identify proliferating OPCs, transverse spinal cord
sections from Olig7Cre;ERK1/2 dK0 and their littermate controls were double-labeled for Ki67 and Olig2 at P0. Quantification of the
percentages of Ki67 *;0lig2 * double-labeled cells of total Olig2 ™ cells in the whole lateroventral white matter area of the spinal
cord shows a significant decrease in both the percentage of proliferating OPCs and the total numbers of Olig2 ™ OPCs in the
0lig1Cre;ERK1/2 dKOs compared with their littermate controls. B, Numbers of mature PLP mRNA * oligodendrocytes counted
similarly also show a significant reduction in the Olig7Cre;ERK1/2 dKOs compared with controls (expressed as percentage of
controls). Quantification of cells double-immunolabeled for CC1 and 0lig2 shows that the percentages of Olig2 ™ cells that differ-
entiate into CC1 ™ oligodendrocytes are similar in controls and Olig1Cre;ERK1/2 dKOs, indicating that the reduction in oligoden-
drocytes is a reflection of reduced OPC generation. Three sections each from 3 mice of each genotype were analyzed at each time
point. Error bars indicate SEM. *p << 0.05. **p << 0.01. N = 3. Arrowheads show examples of double-labeled cells. VWM, Ventral
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To determine the effect of sustained
activation of ERK1/2 in Schwann cells on

 30- —I— developmental myelination in the PNS,
= 20 * sciatic nerve cross-sections from control
E and CnpCre;MekDD mice were examined
\‘: 10 at P4, P15, and P30. Toluidine blue-
<o stained semithin sections of sciatic nerves
Cont dKO showed that at P4, Schwann cells in trans-
<100 = genic mice appeared to ensheath and wrap
z 75. axons in a similar manner as in the control
8 50l - mice (Fig. 7B). Examination of EM mi-
& o) crographs at P15 and P30 showed that the
2 thickness of the myelin sheath was clearly
O Ot dKo increased in the transgenic mice com-
pared with controls (Fig. 7C). Morpho-
S metric quantification of myelin thickness
£ 100 *} by g-ratio analysis confirmed this and
o 754 showed a significant increase in myelin
% 50 *k thickness (lower g-ratios) in the CnpCre;
E 25. MekDD mice compared with littermate
E 0 controls at P15 and P30 (P15: p = 3.6 X
Cont dKO 10 %% P30: p = 7.2 X 10 *). Similarly,
- when myelin thickness (um) was plotted
3 40- - asa fgnction of axon diamete.r, it s.howed
& that, in transgenic mice, myelin thickness
5 20- was disproportionately increased relative
S to axon diameter.
2 O Cont ako

Discussion

Here, we demonstrate that elevation of
ERK1/2 activity in CNP * oligodendrocyte-
lineage cells stimulates myelin growth and
increases myelin thickness without affecting
oligodendrocyte differentiation or en-
sheathment of axons, whereas overstimula-
tion or, conversely, loss of ERK1/2 function
early during development in Oligl © OPCs,
leads to defects in the production of normal
numbers of OPCs. Thus, these studies reveal
a critical requirement of ERK1/2 signaling
first during very early stages for OPC expan-
sion and then again during later stages of
myelinogenesis for promoting myelin growth. In the PNS, activation
of ERK1/2 in Schwann cells also leads to hypermyelination, suggest-
ing a conserved mechanism underlying myelin wrapping between
the CNS and PNS. Interestingly, this regulatory mechanism is also
evolutionarily conserved in myelinating glia of Drosophila (Fran-
zdéttir et al., 2009).

It has been suggested that an important determinant of the bio-
logical consequence of ERK1/2 activation is the strength and dura-
tion of ERK-MAPK activation; e.g., sustained elevation of ERK1/2
activity led to neurite extension in PCI2 cells (Marshall, 1995;
Ramos, 2008). Thus, enhanced extension of the myelin sheath resulting
from sustained elevation of ERK1/2 activity in oligodendrocytes in the
CnpCre;MekDD mice is consistent with this notion. In normal mice, the
fact that ERK1/2 activity remains elevated in oligodendrocytes during
the period of active myelination is also consistent with its role in myelin
growth. In addition, in vitro studies have linked elevated ERK1/2
activation with enhanced myelin protein expression in oligoden-
drocytes (Du et al., 2006) and with increased myelination in
oligodendrocyte-neuron cocultures (Xiao et al., 2012).

Although these studies suggest that activation of ERK1/2 is
beneficial for promoting myelination, there is also strong evi-
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Hypermyelination also occurs in the PNS by sustained activation of ERK1/2 in Schwann cells of CnpCre;MekDD mice. A, Longitudinal sections of sciatic nerves from control and

(npCre;MekDD mice at P14 show EGFP expression in the transgenic mice, indicative of transgene expression. Elevation of ERK1/2 activity in sciatic nerves of these mice is shown by immunoblotting
for phospho-ERK1/2 in lysates of P14 sciatic nerves. Error bars indicate SEM. *p << 0.05. N = 3. B, Toludine blue-stained semithin sections of sciatic nerves show that, at P4, Schwann cells from
(npCre;MekDD mice appear to ensheath and wrap axons in a similar manner as in the control mice. ¢, EM micrographs of sciatic nerves from (npCre;MekDD and littermate controls at P15 and P30
show that axons of transgenic mice are wrapped by myelin sheaths that are thicker compared with littermate controls. Morphometric quantification of g-ratios of individual fibers in relation to
respective axon diameters (presented as scatter plots) shows significantly increased myelin sheath thickness in the (npCre;MekDD mice compared with littermate controls at both the ages examined
(P15:p =3.6 X 10 ~>3;P30:p = 7.2 X 10 ~>*). Similarly, myelin thickness (wm), plotted as a function of axon diameter, shows that myelin thickness is disproportionately increased relative to
axon diameter in the transgenic mice. Approximately 100 —300 axons each were measured from 3 mice per genotype at each age. Scale bars: 4, 50 m; B, 5 um; €, 2 um.

dence that suggests a negative effect of increased activation of this
pathway. For example, in vitro activation of ERK1/2 signaling or
overexpression of Ras or Raf, upstream of ERK1/2, prevents
Schwann cell differentiation in response to cAAMP; induces down-
regulation of myelin proteins in already differentiated Schwann
cells; and causes demyelination in Schwann cell-DRG cocultures
(Harrisingh et al., 2004; Ogata et al., 2004), and in vivo activation
of ERK1/2 in differentiated Schwann cells of the adult peripheral
nerves leads to their dedifferentiation and demyelination (Napoli
et al., 2012). In the CNS, there is also correlative evidence that
predicts a detrimental role for ERK1/2 activation in oligodendro-
cytes. Specifically, exposure of differentiated oligodendrocytes
in vitro, to high doses of glial growth factor, an isoform of
neuregulin-1, or to FGF-2, results in ERK1/2 activation along
with phenotypic reversion of oligodendrocytes, downregulation
of myelin proteins, and aberrant reentry into the cell cycle (Fres-
sinaud et al., 1995; Bansal and Pfeiffer, 1997; Canoll et al., 1999).
One possible explanation for the difference between our study
and recent in vivo study (Napoli et al., 2012) is that, when ERK1/2
is continuously activated during developmental myelination, as
in our study, it promotes myelination, whereas when it is termi-
nated and then reactivated in differentiated myelinating cells it
triggers demyelination. Thus, ERK1/2 activation in myelinating
glia can be either promyelinating or demyelinating, depending
on the context of activation. Further, in the present study,
ERK1/2 were only moderately elevated (<2-fold), which may
simply represent a potentiation of the normal function of ERK1/2
in promoting myelination. It remains to be investigated whether

continued long-term elevation of ERK1/2 or increasing the
threshold of ERK1/2 activation in oligodendrocytes or Schwann
cells would result in continued myelin growth and/or would be-
come detrimental in the long run.

Several growth factors, such as neuregulin-1 type III, IGF-1,
FGFs, and brain-derived neurotrophic factor (BDNF), which are
implicated in the regulation of myelination, activate the Ras/
Mek/ERK-MAPK pathway. Although neuregulin-1 and IGF1 are
thought to signal primarily via the P13K/Akt pathway, activation
of ERK1/2 downstream of these growth factors may also (directly
or indirectly) play a role in promoting myelination. The link of
FGF and BDNF with ERK1/2 signaling in the regulation of my-
elination is better understood. Specifically, mice lacking FGF
receptors-1 and -2 in oligodendrocytes show reduced ERK1/2
phosphorylation and arrest of myelin growth, similar to that ob-
served in the ERK1/2 knock-out mice (Furusho et al., 2012).
Although such a cell-autonomous connection of BDNF/TrkB
with ERK1/2 activity for myelin growth has not yet been estab-
lished in vivo, BDNF is reported to increase myelin protein
expression in isolated oligodendrocytes and enhance myelina-
tion in oligodendrocyte-neuron cocultures through the ERK-
MAPK pathway (Du et al., 2006; Xiao et al., 2012). Thus,
ERK1/2 may serve to integrate signals for myelin growth from
multiple growth factors. Additionally, because ERK1/2 are ac-
tivated by several other extracellular signals that play a role in
myelination (Rubinfeld and Seger, 2005; Piaton et al., 2010),
ERK1/2 activation in oligodendrocytes may have wider impli-
cations for myelination.
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The molecular mechanisms by which ERK1/2-MAPK pro-
mote myelin growth are challenging to fully predict at this point.
ERK1/2 are known to integrate multiple upstream signals into
numerous downstream substrates, including nuclear transcrip-
tion factors, cytoskeletal proteins, signaling proteins, and recep-
tors (Roux and Blenis, 2004). Regulation of the transcription of
myelin genes by downstream effectors of MAPK pathways, such
as transcription factors, Elk1, AP2-complex, or CREB, is a poten-
tial mechanism. For example, CREB-dependent myelin protein
expression in oligodendrocytes has been shown to require MAPK
activation (Palacios et al., 2005). Because ERK1/2 are well-known
transcriptional activator by themselves, they may directly phos-
phorylate key myelination-specific transcription factors; e.g.,
YY1 phosphorylation in Schwann cells by ERK1/2 is important
for neuregulin-induced activation of peripheral myelination (He
etal., 2010). Similarly, phosphorylation of the transcription fac-
tor Olig2 at its putative tyrosine phosphorylation sites by ERK1/2
could potentially regulate its function, as shown recently by phos-
phorylation of its threonine phosphorylation sites (Li et al., 2011;
Sun et al., 2011). Moreover, it is plausible that cross talk between
the PI3K/Akt/mTOR or Mek1/ERK1/2-MAPK pathways may ex-
ist in oligodendrocytes and Schwann cells, perhaps converging at
central regulators of the translation machinery, driving myelin
growth. One possible point of interaction of ERKs with the PI3K/
Akt/mTOR pathway is at the TSC1/2 suppressor complex. Both
ERK-RSK and Akt negatively regulate the TSC1/2 complex,
which in turn regulates mTORCI, a key regulator of both CNS
and PNS myelination (Wullschleger et al., 2006; Narayanan et al.,
2009, Sherman et al., 2012). In addition, ERK-RSK are also
known to directly interact with other proteins involved in protein
translation (Shahbazian et al., 2006; Steelman et al., 2011). Future
studies are required to determine whether P13K/Akt/mTOR and
Mek/ERK1/2-MAPK are independent parallel pathways or
whether they cooperate with each other to facilitate myelin
growth.

Several in vitro studies, including ours (Bhat and Zhang, 1996;
Canoll et al., 1999; Baron et al., 2000; Bansal et al., 2003; Du et al.,
2006; Cui and Almazan, 2007; Van’t Veer et al., 2009), have
shown that one of the most robust responses of isolated OPCs
upon exposure to several growth factors is the activation of
ERK1/2 and proliferation. Our studies show that, in the in vivo
context of the intact CNS, cell-autonomous elevation or loss of
ERK1/2 activity in Oligl™ cells can increase or decrease OPC
proliferation and numbers, respectively. This suggests that a strict
control of ERK1/2 levels is critically important to produce nor-
mal numbers of OPCs during the early stages of development in
the spinal cord, as shown recently for the production of astrocytes
(Tien et al., 2012). Interestingly, the analysis of mice with condi-
tional loss of ERK1/2 signaling in NG2" or CNP™ cells did show
a significant effect on OPC proliferation (Ishii et al., 2012). It is
possible that the Oligl * stage is more proliferative and regulated
by more than one mitogenic intracellular signal (ERK1/2 being
one major signal), whereas the NG2 " stage is less proliferative,
requiring fewer mitogenic signals. Thus, loss of ERK1/2 at the
Oligl * stage has a bigger impact than at the NG2 * stage where
OPCs are in the process of exiting the cell cycle and entering
terminal differentiation. Thus, it appears that, in vivo, the re-
quirement of ERK1/2 signaling at the Oligl © stage becomes
largely dispensable as cells progress to more mature NG2 * and
CNP " stages of development. Whether elevation of ERK1/2 ac-
tivity in NG2 * cells will show increased proliferation, as observed
by its elevation in Oligl * cells, remains to be established. How-
ever, regardless of the stage of maturation, modulation of ERK1/2
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in OPCs does not directly alter their capacity to differentiate and
generate myelinating oligodendrocytes. Collectively, these stud-
ies have revealed a critically important, stage-specific, “early”
function of ERK1/2 for OPC expansion in addition to its “later”
function in the regulation of myelin growth.

In summary, one of the main conclusions drawn from the
present genetic gain-of-function studies, which are consistent
with our previous loss-of-function studies (Ishii et al., 2012), is
that ERK1/2 signaling plays a central role in the regulation of
myelin growth and that this is a common mechanism used by
both oligodendrocytes and Schwann cells. In the future, it will be
important to define the molecular mechanisms by which intra-
cellular signaling by ERKs in turn influences the expression and
activity of downstream effectors, such as transcriptional regula-
tors, epigenetic regulators, and microRNAs, to efficiently orches-
trate the complex process of developmental myelination.
Further, because a fine balance of ERK1/2 levels may be critically
important for normal function, a better understanding of the
regulation (or dysregulation) of this exquisitely controlled signal-
ing system is required before manipulation of ERK1/2 activity for
therapeutic intervention in demyelinating diseases or peripheral
nerve injury will be possible.
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