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Growing evidence shows that mechanisms controlling CNS plasticity extend beyond the synapse
and that alterations in myelin can modify conduction velocity, leading to changes in neural
circuitry. Although it is widely accepted that newly generated oligodendrocytes (OLs) produce
myelin in the adult CNS, the contribution of preexisting OLs to functional myelin remodeling is
not known. Here, we show that sustained activation of extracellular signal-regulated kinases 1
and 2 (ERK1/2) in preexisting OLs of adult mice is sufficient to drive increased myelin
thickness, faster conduction speeds, and enhanced hippocampal-dependent emotional learning.
Although preexisting OLs do not normally contribute to remyelination, we show that sustained
activation of ERK1/2 renders them able to do so. These data suggest that strategies designed to
push mature OLs to reinitiate myelination may be beneficial both for enhancing remyelination in

demyelinating diseases and for increasing neural plasticity in the adult CNS.
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PREFACE

Myelin is a crucial regulator of CNS plasticity, function, and repair. Although it is generally
accepted that new myelin production in the adult CNS is initiated by newly generated
oligodendrocytes (OLs), great interest remains in additionally driving mature preexisting OLs to
make myelin. The ability to induce myelination by the larger population of preexisting OLs
carries the potential for enhanced remyelination in demyelinating diseases and increased neural
plasticity in the adult CNS. Here, we show that sustained activation of the extracellular signal-
regulated kinases 1 and 2 (ERK1/2) signaling pathway is sufficient to drive mature OLs in the

adult mouse CNS to reinitiate myelination, leading to new myelin wraps and functional changes.
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1.0 INTRODUCTION

Myelin, the specialized membrane that wraps concentrically around axons, greatly speeds
neurotransmission by enabling efficient action potential propagation. In the CNS, myelin is
produced by oligodendrocytes (OLs), the majority of which develop from a proliferative
population of oligodendrocyte progenitor cells (OPCs) early in postnatal development. However,
a small population of OPCs (5% of all CNS cells; Dawson et al., 2003) persists throughout
adulthood and provides a continual source of new OLs that generate myelin (Young et al., 2013).
Myelination is dynamically regulated by neuronal activity (Demerens et al., 1996; Stevens et al.,
1998; Stevens et al., 2002; Dimou et al., 2008; Rivers et al., 2008; Psachoulia et al., 2009; Wake
et al.,, 2011; McKenzie et al., 2014) and changes in myelin thickness, length, and axonal
coverage patterns are thought to contribute to fine tuning of neuronal networks by altering the
synchronicity of impulse conduction between distant cortical regions (Waxman, 1980, 1997). In
fact, new myelin produced by recently differentiated OPCs is required for motor skill learning in
mice (McKenzie et al., 2014). New myelin is also generated throughout life in humans, but the
low rate of OL turnover suggests that myelin remodeling is performed primarily by mature OLs
(Yeung et al., 2014). MRI studies show that white matter changes occur in association with
cognitive development (Fields, 2008), during language learning (Schlegel et al., 2012), and after
a few weeks of practicing a new skill (Bengtsson et al., 2005; Scholz et al., 2009). Together,

these studies point to a role for myelin plasticity in learning and memory. The extent to which



functional myelin remodeling in the adult CNS is mediated by newly generated OLs compared
with new membrane produced by preexisting OLs remains unclear. A series of recent, elegant
studies show that remyelination, the regenerative response to demyelination in the CNS, is also
mediated by newly generated OLs (Kang et al., 2010; Tripathi et al., 2010; Zawadzka et al.,
2010), with no contribution from preexisting OLs (Gensert and Goldman, 1997; Keirstead and
Blakemore, 1997; Fancy et al., 2004; Crawford et al., 2016). Because differentiating OPCs often
become arrested at premyelinating stages during the progressive phase of demyelinating diseases
such as multiple sclerosis (Chang et al., 2002; Sim et al., 2002) and the pool of OPCs present in
the adult brain is relatively small, it is important to investigate whether the large pool of existing
OLs retains any potential for myelin production in the adult CNS. We and others have shown
that the extracellular signal-regulated kinases 1 and 2 (ERKZ1/2) are critical for proper
myelination during development (Ishii et al., 2012; Fyffe-Maricich et al., 2013; Ishii et al.,
2013). In the adult, sustained activation of ERK1/2 in OPCs improves remyelination (Fyffe-
Maricich et al., 2013) and ERK1/2 signaling is crucial for the maintenance of myelin (Ishii et al.,
2014). In this study, we investigated the effects of sustained ERK1/2 activation in preexisting
adult OLs by using tamoxifen-inducible transgenic mice that express a constitutively active
variant of the ERK1/2 upstream kinase, MEKZ1, specifically in proteolipid protein (PLP)-
expressing OLs (Plp-CreERT;Mek1DD/). We found that increased levels of activated ERK1/2 in
mature OLs resulted in increased myelin thickness, faster conduction speeds, and enhanced
contextual fear conditioning. Sustained activation of ERK1/2 also enabled preexisting OLs to
contribute to remyelination. Although it is accepted that newly differentiated OLs contribute to

myelin plasticity and repair, our studies provide what is, to our knowledge, the first direct



evidence that myelin derived from preexisting OLs can also lead to functional changes in both

the injured and uninjured adult CNS.

11 THE ROLE OF ENHANCED ERK1/2 ACTIVATION

IN MATURE OLIGODENDROCYTES OF THE ADULT CNS

1.1.1 Sustained activation of ERK1/2 in OLs of adult mice drives myelin sheath expansion

through the addition of new myelin to existing sheaths

WT:;MekiDD/+ (WT) and Plp-Cre®T:Mek1DD/+ (MUT) littermate mice were injected with
tamoxifen at adulthood (P60) to induce recombination and the subsequent expression of
MEK1DD. Mice were harvested either 21 days (dpi) or 2 months post-injection (mpi).
Immunostaining using antibodies against CC1 (a marker of mature OLs) and GFP (a reporter of
MEK1DD expression) indicated that ~60% of OLs expressed MEK1DD in both spinal cord
white matter and the corpus callosum, consistent with recombination rates reported in previous
studies using Plp-Cref®T mice (Guo et al., 2010). To confirm that the expression of MEK1DD
drove enhanced phosphorylation of ERK1/2 (pERK1/2) in mature OLs, tissue sections from the
corpus callosum and spinal cord at 2 mpi were double-immunostained with antibodies against
CC1 and pERKZ1/2. The percentage of mature OLs that co-labeled for pERK1/2 in Pip-
CrefRT; Mek1DD/+ mice was significantly increased compared to littermate controls in both the

spinal cord (WT = 15.5 + 2.9%, MUT = 55.0 + 3.2%, p = 0.0001) and corpus callosum (WT =

12.4 + 2.8%, MUT = 30.9 + 1.9%, p = 0.008) (Fig. 1A-B). Interestingly, the percentage of



pERK1/2+ OLs was significantly lower in the corpus callosum than in the spinal cord of mutant
mice (p = 0.0007), despite the fact that recombination rates were similar in both tissues.
Additionally, analysis of pERK immunostaining intensity in individual CC1+ cells confirmed
that mutant mice displayed a significant 176.59% increase in pERK levels in the spinal cord and
34.27% increase in the corpus callosum. Finally, numbers of mature OLs did not differ between
Plp-Cre®®:Mek1DD/+ and control littermates in either the dorsal column of the spinal cord (WT
=83.1+£7.1 MUT =89.2 £4.2, p=0.51) or corpus callosum (WT =78.4 £ 4.1, MUT =78
6.3, p = 0.96), suggesting that increased levels of pERK1/2 do not affect baseline OL survival
(Fig. 1C).

To determine whether increased pERK1/2 expression was sufficient to cause
hypermyelination and white matter tract expansion, matched sections from spinal cord and brain
were immunostained for proteolipid protein (PLP), a major myelin protein. Plp-
CrefRT:Mek1DD/+ mice displayed a dramatic expansion of the thoracic spinal cord white matter
accompanied by subtle expansion of the medial and lateral aspects of the corpus callosum (Fig.
1D). Myelin thickness was assessed using electron microscopy (EM) followed by g-ratio
calculation (axon diameter/total outer diameter of myelinated fiber). Plp-Cre®*;Mek1DD/+
mice demonstrated significantly lower g-ratios (thicker myelin) at 21 dpi in both spinal cord (WT
= 0.754 +£0.003, MUT = 0.719 +0.004, p = 9.69 x 101) and corpus callosum (WT = 0.768 +-
0.003, MUT = 0.746 + 0.003, p = 4.18 x 10®) (Fig. 1E, G-J). Additionally, myelin thickness
increased slowly over time in the mutant spinal cord as demonstrated by a decrease in the g-ratio
with increasing age (21 dpi MUT = 0.719 + 0.004, 2 mpi MUT = 0.701 + 0.004, p = 0.002) (Fig.
1G, I). Average g-ratios in the corpus callosum showed a similar trend of decreasing over time

(21 dpi MUT = 0.746 + 0.003, 2 mpi MUT = 0.738 + 0.004, p=0.06) (Fig. 1H, J). High power



magnification revealed similar myelin ultrastructure between mutant mice and control
littermates, demonstrating that the increased myelin thickness was due to the addition of new
myelin wraps (Fig. 1F). Importantly, similar numbers of mature OLs in Plp-Cre®":Mek1DD/+
and control littermates suggests that the increased myelin thickness in mutants resulted from
enhanced myelin production by individual OLs (Fig. 1C).

The adult corpus callosum contains >70% unmyelinated axons (Sturrock, 1980), making
it difficult to determine whether sustained ERK1/2 activation drove myelination of normally
unmyelinated axons or addition of myelin to existing sheaths. To distinguish between these
possibilities, we examined adult mouse optic nerve, which consists almost entirely of myelinated
axons (Bartsch et al., 1997; Dangata and Kaufman, 1997; Honjin et al., 1977). If excess
pERK1/2 solely enabled OLs to myelinate normally unmyelinated axons, then we would not
expect to see hypermyelination in the optic nerve. However, EM analysis of optic nerve at 2 mpi
revealed significantly decreased g-ratios in Plp-Cre®";MeklDD/+ mice compared to control
littermates (WT = 0.750 + 0.003, MUT = 0.714 + 0.003, p = 8.73 x 107%%), suggesting that
increased pERK1/2 drives addition of new myelin to existing sheaths (Fig. 1K-M). Furthermore,
analysis of electron micrographs from 2 mpi spinal cord and corpus callosum revealed no
significant differences in the relative numbers of unmyelinated axons between Plp-
CrefRT:Mek1DD/+ and WT:MekIDD/+ mice (Fig. 1M). These data indicate that sustained
ERK1/2 activation induces addition of new myelin to existing sheaths rather than de novo

myelination of naked axons.
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Figure 1. Plp-CrefRT; Mek1DD/+ mice demonstrate increased myelin thickness as a result of
the addition of new myelin wraps to existing myelin sheaths.

A, Matched corpus callosum (CC) sections from adult WT;MekiDD/+ (WT) and Plp-
CrefRT:Mek1DD/+ (MUT) mice at 2 months post-tamoxifen injection (mpi) stained with CC1

(green) and pERK (red). Scale bar, 25 um. B, Quantification confirms a significant increase in



the percentage of CC1+ cells that co-labeled with pERK in MUT mice in both spinal cord (SC)
and CC. C, Quantification of the total number of CC1+ mature OLs in the dorsal column of the
SC and the CC at 2 mpi demonstrates no significant difference between WT and MUT mice. D,
Matched SC and CC sections immunolabeled with anti-PLP reveal enlargement of white matter
structures in MUT mice. Arrows point to expanded areas of the CC. Scale bars, 500 um. E,
Electron micrographs of SC and CC show increased myelin thickness in MUT mice compared to
control littermates at 21 days post injection (dpi) and at 2 mpi. Arrows indicate example axons of
similar diameter. Scale bar for SC, 2 um; CC, 1 um. F, High magnification electron micrographs
reveal that the additional myelin wraps seen in MUT mice appear ultrastructurally normal. Scale
bar, 100 nm. G-H, Analysis of SC electron micrographs by g-ratio calculation shows
significantly decreased g-ratios (thicker myelin) in both 21 dpi MUT (pink) and 2 mpi MUT
(red) mice compared to WT (blue) controls, with a significant decrease from 21 dpi to 2 mpi. 1-J,
G-ratio calculation from CC electron micrographs indicates significantly decreased g-ratios in
both 21 dpi MUT (pink) and 2 mpi MUT (red) mice compared to WT (blue) controls. K,
Analysis of optic nerve (ON) EM micrographs shows significantly decreased g-ratios in 2 mpi
MUT (red) mice compared to WT (blue) controls. L, Average ON g-ratios show overall
significantly decreased g-ratios observed in MUT (red) mice versus WT (blue) controls. M,
Examining the number of unmyelinated axons in SC and CC electron micrographs shows no
difference between WT (blue) and 2 mpi MUT (red) mice. ****p<0.0001, ***p<0.001, *p<0.05.
Data are mean £ SEM. NS = not significant. At least 3 mice per genotype were used for all

analyses; at least 100 axons per mouse were analyzed for g-ratio calculations.



1.1.2  Global hypermyelination in Plp-CreERT;Mek1DD/+ mice is largely mediated by

preexisting mature OLs

Although the Plp promoter is active primarily in mature OLs, adult Plp-Cre®R™ mice also express
Cre recombinase in a small percentage (5-20%) of OPCs (Guo et al., 2010). These data raise the
possibility that the hypermyelination observed in the Pip-Cre®":MekIDD/+ mice may be
mediated by excess myelin generated by a small population of recently differentiated MEK1DD+
adult OPCs rather than by pre-existing OLs. To address this question, we used an inducible
Pdgfra-CrefRT (Kang et al., 2010) to express MEK1DD specifically in adult OPCs. Tamoxifen
was administered to adult (P60) WT:MekiDD/+ (WT) and Pdgfia-Cre*RT; Mek1DD/+ (MUT2)
mice to induce recombination. Double-immunostaining for GFP and the OPC marker NG2 in
MUT2 mouse corpus callosum confirmed that a large number (~55%) of OPCs had recombined
following injection with tamoxifen (Fig. 2A). Over the course of 2 months, these recombined
OPCs differentiated into mature CC1+ OLs that expressed high levels of pERK1/2 (Fig. 2B) and
made up ~20% of the total mature OL population, in line with previous work examining adult
OPC differentiation in WT mice (Young et al., 2013). These results suggest that the increased
pERK did not result in accelerated differentiation, which is also in line with previously published
in vivo studies (Fyffe-Maricich et al., 2013; Ishii et al., 2013). Immunostaining of matched
spinal cord sections at 2 mpi using antibodies against myelin basic protein (MBP) revealed that
the overall size of the white matter appeared similar across genotypes, suggesting that
upregulation of pERK1/2 in adult OPCs is not sufficient to cause white matter expansion within
this time frame (Fig. 2C). Additionally, EM analysis of the corpus callosum at 2 mpi
demonstrated comparable g-ratios between WT;Mekl1DD/+ and Pdgfra-Cre®T;: Mekl1DD/+ mice

(WT = 0.770 £ 0.002,, MUT2 = 0.771 + 0.003, p = 0.72) (Fig. 2D-E). Therefore, we conclude
8



that new myelin generated by pre-existing, mature OLs in the Plp-Cre®"; Mek1DD/+ mice must
contribute significantly to the hypermyelination phenotype.

Although overall myelin thickness was not altered in the Pdgfra-Cre®*";MeklDD/+
mice, we hypothesized that increased levels of pERK1/2 were sufficient to drive increased
thickness of new myelin sheaths that was undetectable globally. To test this hypothesis, Pdgfra-
CrefRT:Mek1DD/+ mice were crossed to reporter mice that express a membrane bound GFP
following Cre-mediated recombination (7Tau-lox-mGfp-Ires-Nls-LacZ-pA) (Hippenmeyer et al.,
2005) so that myelin generated by newborn OLs is labeled green. Myelin produced by newborn
OLs with sustained activation of ERK1/2 (mGFP signal localized to the inner tongue, but was
excluded from compact myelin as seen in (Young et al., 2013)) appeared thick, visualized by an
expansion of the MBP signal when compared to adjacent axons of similar caliber that were
mGFP negative (Fig. 2F). More than 70 mGFP+ myelinated axons were visually analyzed and
compared to non-mGFP+ myelinated axons. The majority of mGFP+ myelinated axons appeared
visibly thicker (79.92 £ 1.37%), and those that did not were likely the result of de novo
myelination that had just begun. These data suggest that increased levels of pERK1/2 are
sufficient to drive excess myelin production by newly generated OLs in the adult CNS in line
with previously published studies using Cnp-Cre,; Mekl1DD/+ mice (Fyffe-Maricich et al., 2013;
Ishii et al., 2013), however, due to the fact that the amount of new myelin produced over the 2
month period is such a small percentage of the total amount of CNS myelin, the

hypermyelination remains undetectable on a global level.
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Figure 2. Increased pERKZ1/2 in adult OPCs, but not pre-existing OLs, does not cause
global hypermyelination.

A, Immunostaining of Pdgfira-Cre®":Mek1DD/+ corpus callosum with antibodies against NG2
(red) and GFP (green) confirms that adult OPCs have recombined to activate the expression of
MEK1DD and the GFP reporter. DAPI marks cell nuclei in blue. Scale bar, 10 um. B, CC1,
GFP, and pERK triple immunostaining of 2 mpi Pdgfra-Cre®":Mek1DD/+ corpus callosum
confirms that MEK1DD expressing adult OPCs differentiate into mature oligodendrocytes with
elevated pERK1/2. DAPI marks cell nuclei in blue. Scale bar, 10 pm. C, MBP immunostaining
of matched spinal cord sections from WT;MekIDD/+ and Pdgfra-Cre®R"; Mek1DD/+ mice at 2
mpi demonstrates that there is no significant expansion of the white matter tracts. Scale bar, 500
pm. D, Electron micrographs from the corpus callosum at 2 mpi reveals comparable myelin
thickness in WT:MekiDD/+ and Pdgfra-Cre®®";MekiDD/+ mice. Scale bar, 2 um. Arrows
indicate representative axons. E, Scatter plot depicting similar g-ratios from WT;Mekl1DD/+
(blue) and Pdgfira-CrefRT; Mek1DD/+ (red) mice in relation to axon diameter. F, Immunostaining
with antibodies against MBP and mGFP reveals thicker myelin produced by a recombined
newly-generated OL versus an unrecombined OL. Scale bar, 1 um. At least 3 mice per genotype

were used for all analyses; at least 100 axons per mouse were analyzed for g-ratio calculations.

1.1.3 ERK1/2 signaling in mature OLs drives the production of both myelin proteins and

lipids

Previous studies from our lab and others show that ERK1/2 signaling is necessary for
transcription of MBP and PLP (Ishii et al., 2014; Ishii et al., 2012) and for translation of MBP
after demyelination (Michel et al., 2015). To determine whether sustained ERK1/2 activation in

11



mature OLs of the adult CNS is sufficient to drive increased transcription and/or translation of
major myelin proteins, we quantified protein expression from Plp-Cre®®":Mek1DD/+ and
WT;Mek1DD/+ cortex and underlying corpus callosum at 2 mpi using western blot analysis.
Mutant mice exhibited significant increases in myelin oligodendrocyte glycoprotein (MOG) and
PLP expression compared to control littermates (Fig. 3A-B). While overall levels of MBP were
not significantly increased (p = 0.27), separate examination of heavy (21.5 kDa) and light (18
kDa) MBP isoforms revealed a significant increase specifically in the 18 kDa isoform (27.9 +
10.7%, p = 0.04) (Fig. 3B). In order to determine whether these changes in myelin protein
expression were the result of transcriptional changes, we next performed gRT-PCR and found
significant increases in Mog and Plp mRNA expression (Fig. 3C). However, Mbp levels were
comparable between Plp-Cre®";MekiDD/+ and WT:MekiDD/+ controls, suggesting that
regulation of MBP occurs at the level of translation in these mice (Fig. 3C).

While myelin is composed of roughly 20% protein, the remaining 80% is made up of
lipids, one of which is galactosylceramide (GalC), a glycosphingolipid commonly used to
identify OLs. GalC and its sulfated derivative make up nearly 30% of the lipid content of myelin
(Norton and Cammer, 1984). To determine whether elevated levels of pERK1/2 in OLs increase
myelin lipids, GalC species were quantified in the Plp-CrefRT;Mek1DD/+ corpus callosum at 2
mpi. Total GalC (defined as the sum of the four most prevalent GalC species in the CNS;
d18:1/22:1, d18:1/24:1, d18:1/22:0, and d18:1/24:0) was increased by 68.3 + 12.5% (p = 0.007)
in mutants compared to littermate controls. Separate analysis of each of the GalC species also
revealed significant increases in d18:1/22:0, d18:1/22:1, and d18:1/24:1 (Fig. 3D).

Deletion of Erki/2 from mature OLs of adult mice causes downregulation of myelin regulatory

factor (Myrf), a master transcriptional regulator of myelin proteins, and ceramide UDP-

12



galactosyltransferase (Cgf), an enzyme critical for GalC synthesis (Ishii et al., 2014). To
determine whether sustained ERK1/2 activation upregulated Myrf and/or Cgt transcription, we
performed QqRT-PCR using cDNA from cortex and underlying corpus callosum of
WT;Mek1DD/+ and Plp-Cre®®":Mek1DD/+ mice at 2 mpi. Myrf and Cgt transcript levels were
increased by 36.9 + 6.5% (p = 0.04) and 122.5 + 33.3% (p = 0.03), respectively, in Plp-
CrefRT:Mek1DD/+ mice (Fig. 3E). Since these transcriptional changes were observed at the
relatively late time point of 2 mpi, we wondered whether Myrf and Cgt were likely to be direct
targets of ERK1/2 or whether they were simply upregulated as a secondary consequence of
actively growing myelin sheaths. To address this question, transcript levels were quantified from
corpus callosum using gRT-PCR 4 days after the last dose of tamoxifen (14 dpi). At this
relatively early time point, Myrf mMRNA levels were comparable in Plp-Cre®®T; Mek1DD/+ mice
and control littermates, while Cgr transcript levels were increased by 47.8 + 11.9% (p = 0.04)
(Fig. 3F). These data show that ERK1/2 activation in OLs of adult mice causes early and
sustained increases in Cgt transcription, leading to increased production of the major myelin lipid
GalC. The fact that changes in Myrf transcript levels are not detected at the early time point

suggests that Myrf' may not be a primary target of ERK1/2 signaling.

13
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Figure 3. Enhanced ERK1/2 signaling in mature OLs of adult mice drives the synthesis of
excess myelin proteins and lipids.

A-B, Western blot analysis of corpus callosum and overlying cortex at 2 mpi reveals increased
levels of the myelin proteins MOG, PLP, and the 18.5 kDa isoform of MBP in Pip-

CrefRT:Mek1DD/+ (MUT) mice compared to WT:MekiDD/+ (WT) littermate controls. C,

14



Quantitative RT-PCR from corpus callosum and overlying cortex at 2 mpi shows significantly
increased Mog and Plp transcripts in MUT (red) mice compared to WT (blue) controls. D,
Quantification of the major myelin lipid galactosylceramide (GalC) species using mass
spectrometry shows a significant increase in the relative concentration of GalC in MUT (red)
compared to WT (blue) corpus callosum, each d18:1 species is normalized to itself in WT. E,
Quantitative RT-PCR results demonstrate a significant upregulation of Myrf'and Cgt at 2 mpi in
MUT (red) mice. F, Similar quantitative RT-PCR analysis at an earlier time point of 14 dpi
indicates a significant increase in Cgt but not Myrf'in MUT (red) corpus callosum compared to
littermate (blue) controls. ***p<0.001, **p<0.01, *p<0.05. Data are mean + SEM. Four to five
mice per genotype were used for Western blot analysis; at least 3 mice per genotype were used

for gRT-PCR and LC-MS/MS analysis.

1.1.4 Plp-CreERT;Mek1DD/+ mice develop expanded paranodal regions but shorter nodes

of Ranvier

Nodes of Ranvier along myelinated axons are small regions between individual myelin
internodes where the axonal membrane and its clustered Na® channels are exposed to the
extracellular space. During myelin growth, the innermost tongue of the myelin sheath spirally
wraps the axon, resulting in addition of new myelin layers with lateral cytoplasm-containing
edges. Each new layer then extends longitudinally, pushing the lateral cytoplasmic loops toward
the edges of the myelin sheath until they finally align in a set of closely apposed paranodal loops
(Snaidero et al., 2014). Therefore, we set out to determine whether the increased levels of
pPERK1/2 re-initiated myelin growth in mature OLs by driving the inner tongue forward, creating
excess myelin wraps and additional paranodal loops. If this were true, then we would expect to
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find expanded paranodal regions in Plp-Cre®RT; Mek1DD/+ mice. Coronal brain sections of Pip-
CrefRT:Mek1DD/+ mice and littermate controls at 2 mpi were immunostained using antibodies
against contactin-associated protein (CASPR) and Na* channel 1.6 (NaV1.6) in order to visualize
and then measure paranodal and nodal lengths, respectively, in the corpus callosum (Fig. 4A).
CASPR immunostaining was significantly longer in Plp-Cre®"; Mek1DD/+ mice compared to
littermate controls (WT = 3.68 + 0.05 pm, MUT = 3.87 £ 0.05 um, p = 0.04) (Fig. 4C), while
NaV1.6 immunostaining was significantly shorter (WT = 1.14 + 0.01 pm, MUT = 1.02 + 0.02
pm, p = 0.02) (Fig. 4D). The absolute number of nodes of Ranvier, however, was unchanged
(WT =87.8 +3.3, MUT = 83.4 £ 6.5, p = 0.60) (Fig. 4B). These data suggest that the average
internode length increases slightly in Pip-Cre®7;Mek1DD/+ mice due to an expansion of the
paranodal region, which is in contrast to the decrease in the length of myelin internodes produced
by newly generated OLs in the adult CNS (Young et al., 2013). EM analysis of the paranodal
regions in the corpus callosum demonstrated suitable adhesion between the innermost paranodal
loops and the axolemma in mutant mice and did not reveal any notable ultrastructural
abnormalities (Fig. 4E). These data indicate that sustained ERKZ1/2 activation in Plp-
CrefRT:Mek1DD/+ mice drives addition of new myelin wraps to existing sheaths, resulting in
new paranodal loops that are appropriately anchored to the axon accompanied by concurrent
shortening of the nodal region. Together, these changes result in an overall stable density of

nodes.
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Figure 4. ERK1/2-mediated hypermyelination results in reciprocal changes to the length of
the nodal and paranodal regions.

A, CASPR (red) and NaV1.6 (green) immunostaining of matched sections of corpus callosum
from WT:Mek1DD/+ (WT) and Plp-Cre®®7: Mek1DD/+ (MUT) littermates at 2 mpi. Scale bar, 5
pm. B, Quantification of the number of Nodes of Ranvier demonstrates a comparable overall

density of nodes in WT and MUT mice. C, Measurement of the length of CASPR staining
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indicates an increase in paranode length in MUT mice, while measurement of NaV1.6 staining
(D) reveals a concurrent decrease in node length in MUT corpus callosum. E, High
magnification electron micrographs of representative paranodes from corpus callosum
demonstrate a comparable ultrastructure of WT and MUT paranodes. Ax = axon, N = node, P =
paranode. Scale bars, 400 nm. *p<0.05. Data are mean + SEM. At least 3 mice per genotype
were used for all analyses; at least 100 nodes or paranodes per mouse were measured for length

analysis.

1.2 THE FUNCTIONAL CONSEQUENCES OF
SUSTAINED ERK1/2 ACTIVATION IN MATURE

OLIGODENDROCYTES OF THE ADULT CNS

1.2.1 ERKZ1/2-induced myelin expansion results in increased conduction velocity (CV)

We hypothesized that the increased myelin thickness along with the changes in nodes of Ranvier
would lead to increased conduction velocity (CV) in Plp-Cre®RT; Mek1DD/+ mice. In particular,
the observed shortening of the node length likely results in increased Na® channel clustering,
leading to changes in axonal membrane ion permeability that affect the speed of signal
propagation (Arancibia-Carcamo and Attwell, 2014). Since temporal accuracy is particularly
critical in the auditory system (Seidl, 2014), we chose to measure in vivo auditory brainstem

recordings (ABRS) to obtain a sensitive, non-invasive measure of potential electrophysiologic

differences in 2 mpi Plp-Cref®?; Mek1DD/+ mice. Recording from five anatomical areas (|

auditory nerve, 1l = cochlear nucleus, Il = cochlear nucleus/superior olivary complex, IV
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lateral lemniscus, V = inferior colliculus) along the auditory pathway uncovered a significant
increase in CV in the CNS of Plp-CreRT; Mek1DD/+ mice (Fig. 5A). Recordings made after 80
dB click stimulation showed significant decreases in absolute latency to peaks Il (WT = 2.08 +
0.06 ms, MUT =1.90 £ 0.05 ms, p = 0.03), Il (WT =2.91+£0.03 ms, MUT =2.79 £ 0.02 ms, p
= 0.002), and V (WT = 4.84 + 0.08 ms, MUT = 4.59 + 0.08 ms, p = 0.04) of the CNS as
visualized by a leftward shift for peaks I1-V (corresponding to the CNS portions of the pathway)
(Fig. 5A-B). Additionally, a significant decrease in the interpeak latency (IPL) between peaks I
and V was observed (WT = 3.56 + 0.06 ms, MUT = 3.34 + 0.07 ms, p = 0.02) (Fig. 5C). These
data provide evidence that ERK1/2-induced changes in myelin thickness have functional

consequences, as they result in increased CV in the adult CNS.
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Figure 5. Plp-CreERT;Mek1DD/+ mice exhibit increased conduction velocity in the CNS that
does not significantly affect motor function but does enhance specific forms of
hippocampal-based learning.

A, Average auditory brainstem recording (ABR) traces from WT;MekiDD/+ (WT, blue) and
Plp-Cre®®T:Mek1DD/+ (MUT, red) mice at 2 mpi following 80dB click stimulation shows a
visible leftward shift of the peaks in MUT mice, demonstrating increased conduction speed along
axons. B, Quantification of results shown in A reveals a statistically significant decrease in the
absolute latency to peaks I, 11l, and V of MUT (red) mice compared to WT (blue) controls. C,
The interpeak latency following 16 kHz stimulation between peaks II-1V is also decreased in
MUT (red) mice. D, Data from open field test shows no differences in the distance (cm) traveled
over blocks of time (5 minutes each) between WT (blue) and MUT (red) mice at 2 mpi. E,
Complex ladder analysis shows no significant differences in the number of footslips made by
WT (blue) MUT (red) mice over 3 consecutive trials. F, Rotarod testing shows no differences
between WT (blue) and MUT (red) mice in their latency to fall over the course of 5 training
days, revealing no differences in motor coordination or learning. G, Novel object recognition
(NOR) testing shows no difference in % time exploring the novel object between WT (blue) and
MUT (red) mice, suggesting no differences in novelty discrimination. H, Conditioned fear data
does not show a difference in % freezing between WT (blue) and MUT (red) mice in the cue
trial, but does indicate a significant difference in % freezing between WT and MUT mice in the
context trial. **p<0.01, *p<0.05. Data are mean + SEM. Ten mice of each genotype were used
for most analyses, including ABR trials; at least 7 mice of each genotype were used for

behavioral analyses.
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1.2.2 ERKZ1/2-induced hypermyelination leads to enhanced hippocampal-dependent

emotional learning

Temporal accuracy of neuronal communication is essential to ensure appropriate information
processing (Gerstner et al., 1997). The global hypermyelination and enhanced conduction
velocity in the CNS seen in Plp-Cre®®:Mek1DD/+ mice might therefore improve learning and
memory or motor skills. Alternatively, these changes might disrupt the delicate balance in
signaling synchrony and lead to behavioral deficits. To address these possibilities, we performed
behavioral tests focused on exploring both motor function and learning and memory. Plp-
CrefRT:Mek1DD/+ mice showed general activity levels that were comparable to littermate
controls when measured in an open field apparatus (Fig. 5D), and performed equally well
compared to WT;Mek1DD/+ controls when scored on the wire hang test (time hanging; WT =
447+79s, MUT =40.0 £ 7.5, p=0.67) and dowel walk test (side touches; WT =6 + 0.61,
MUT = 6.5 + 0.5, p = 0.45). These data suggest that ERK1/2-induced hypermyelination does not
affect motor strength or coordination. Mutant mice also did not exhibit differences in number of
footslips when scored on a complex ladder task over the course of three consecutive trials,
showing similar motor coordination and working memory to control mice (Fig. 5E).
Additionally, results from a motor learning accelerating rotarod assay did not reveal any
significant differences between WT;Mekl1DD/+ and Plp-Cre®®";Mek1DD/+ mice in latency to
fall on the initial day of testing (WT =85.1+8.1s, MUT =94.3 + 7.2 s, p = 0.96) or over five
days of training (Day 5, WT = 1129 £ 6.2 s, MUT = 126.1 £ 9.8 5, p = 0.83), indicating that

mutant mice do not have altered motor coordination or learning (Fig. 5F).

22



Plp-Cre®®: Mek1DD/+ mice were next examined using novel object recognition (NOR),
a classic memory test where mice tend to spend a greater percentage of time exploring a novel
object over a familiar object. Mutant mice were found to perform comparably to WT;Mek1DD/+
control littermates (Fig. 5G). To assess associative memory formation, we performed the
conditioned fear (CF) test in WT:MekiDD/+ and Plp-Cre*®":MekIDD/+ mice, in which a
noxious stimulus (foot shock) is paired with a cue (tone) or with the surrounding context
(environment). The successful association of these stimuli with the foot shock elicits a
measurable fear freezing response from trained mice that are placed into the associated context
or exposed to the associated cue 24 hours later. While mutant mice performed comparably to WT
controls during the cue trial, a significant increase in freezing by Plp-Cre®®:Mekl1DD/+ mice
was observed after they were placed into a conditioned environment, suggesting that they
experienced increased hippocampal-dependent associative emotional memory formation (Fig.

5H).

1.3 THE ROLE OF INCREASED ERK1/2 ACTIVATION
IN MATURE OLIGODENDROCYTES IN

REMYELINATION OF THE ADULT CNS

1.3.1 Preexisting OLs with sustained activation of ERK1/2 contribute to remyelination

Several studies have demonstrated that mature, pre-existing OLs do not normally contribute to
myelin repair (Blakemore and Keirstead, 1999; Crawford et al., 2016; Keirstead and Blakemore,

1997). In order to determine whether forced activation of ERK1/2 in pre-existing mature OLs
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enabled these cells to contribute to remyelination, we crossed Plp-Cre®*T; Mek1DD/+ mice to a
membrane bound GFP (mGFP) reporter strain (Hippenmeyer et al., 2005). Tamoxifen
administered to ~3 month old Plp-Cre®®7;+/+:mGFP (control; CTRL) and Pip-
CrefRT; Mek1DD/+;mGFP (MUT) mice activated mGFP and MekIDD expression in mutants and
mGFP in control mice. Fourteen days later, demyelination was induced via lysolecithin (LPC)
injection into the dorsal column of the thoracic spinal cord. This strategy enabled us to visualize
and identify new myelin generated by pre-labeled surviving OLs following a demyelinating
lesion. At 2 days post-lesion (dpl), both genotypes exhibited comparable lesions with very little
mGFP or MBP immunoreactivity within the lesion, indicating a similar loss of pre-existing
myelin (Fig. 6A,B). Small areas of mGFP and MBP immunoreactivity remained in mice of both
genotypes likely due to incomplete clearance of myelin debris at this early time point. In support
of previous work showing that enhanced activation of ERK1/2 in oligodendrocytes does not alter
OL survival following LPC-induced demyelination (Fyffe-Maricich et al., 2013), we found
similar numbers of oligodendrocyte lineage transcription factor 2 (OLIG2) positive cells in the
lesioned dorsal column at 2 dpl (CTRL =64.78 £ 14.09, MUT = 67 £ 13.09, p = 0.91) (Fig. 6C-
D). To investigate whether there were changes in OPC proliferation in response to injury in the
mutant mice, we administered the thymidine analog 5-ethylnyl-2’-deoxyuridine (EdU) to mice at
1 and 2 dpl before sacrifice, thereby labeling cycling cells across this time period via its
incorporation into DNA during replication. We found that the percentage of EAU+ OLIG2+ cells
in the lesioned dorsal column did not differ between Plp-Cref®T;+/+;mGFP and Plp-
CrefRT: Mek1DD/+;mGFP mice (CTRL = 19.77 + 0.84%, MUT = 25.04 + 3.88%, p = 0.31) (Fig.
6C,E), indicating no significant differences in OPC proliferation similar to what has been

previously reported in CNP-Cre; MekIDD mice at 2dpl (Fyffe-Maricich et al., 2013). In
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agreement with previous work showing that pre-existing OLs do not contribute to repair in
wildtype mice (Crawford et al., 2016), Pip-Cre®®":+/+;mGFP control mice exhibited very little
mGFP+ myelin in the lesioned area at 42 dpl, when remyelination is virtually complete (Fig.
7A,B, left panels). In contrast, Plp-Cre"R"; Mek1DD/+;mGFP mice showed a dramatic increase
in GFP+ immunoreactivity in the previously demyelinated area, particularly around the edges of
the lesion (Fig. 7A,B, right panels). Small amounts of mGFP immunoreactivity were
occasionally seen scattered throughout the lesion in control mice (Fig. 7D) because the Pip
promoter is expressed in ~5% of OPCs in adult mice that are greater than 3 months old (Guo et
al., 2010). Therefore, a very small fraction of myelin from newly generated OLs is green in both
control and mutant mice. When mGFP+ regions in Plp-Cre®®":Mek1DD/+;mGFP mice were
examined at a higher magnification, colocalization of mGFP and MBP was apparent in rings
around axons (Fig. 7D), suggesting that the sustained activation of ERK1/2 in pre-existing
mature OLs enables them to contribute to remyelination. Areas of MBP+ but mGFP negative
myelin rings in the Plp-Cre®";MekIDD/+;mGFP mice (particularly near the center of the
lesion), however, demonstrate that even though pre-existing OLs contributed to remyelination, a
significant amount of myelin was still produced by newly generated OLs. Taken together, these
data indicate that the sustained activation of ERK1/2 is sufficient to enable pre-existing OLs to

extend processes into lesioned areas and contribute to myelin repair by wrapping axons.
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Figure 6. Sustained activation of ERK1/2 in mature oligodendrocytes does not alter the
immediate consequences of toxin-induced demyelination.

A, Immunostaining with antibodies against mGFP at 2 days post- LPC lesion (2 dpl) indicates
loss of pre-existing myelin (demyelination) leading to a lesioned area within the dorsal column
of the spinal cord (SC). Scale bar, 100 um. Dotted lines demarcate the dorsal column. B, MBP
immunostaining at 2 dpl confirms an equivalent demyelinated area in the dorsal column of the
SC in Plp-Cref®T:+/+, mGFP and Plp-Cre®RT:Mek1DD/+;mGFP mice. Scale bar, 100 um.
Dotted elliptical demarcates the lesioned area. C, Co-labeling the lesioned dorsal column with
EdU and OLIG2 reveals EdU+, OLIG2+ co-labeled cells. Scale bar, 50 um. D-E, Sustained
activation of ERK1/2 in OLs does not lead to a change in the total number of OLIG2+ cells or in
the percentage of EdU+, OLIG2+ co-labeled cells divided by the total number of OLIG2+ cells
at 2dpl, revealing no differences in OL survival or OPC proliferation between Plp-Cref®7; +/+,
mGFP (blue) and Plp-Cre®T;Mek1DD/+;mGFP (red) mice. Three to five mice per genotype

were used for all analyses.
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Figure 7
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Figure 7. Sustained activation of ERK1/2 in pre-existing mature oligodendrocytes enables
them to contribute to remyelination following toxin-induced demyelination.

A, At 42 dpl, control mice exhibit no visible mGFP+ process extension into the lesioned area,
while Plp-Cre®7: Mek1DD/+;mGFP mice show considerable mGFP+ process extension by pre-
existing OLs into the previously demyelinated area. Scale bar, 100 um. B, Higher magnification
images of 42 dpl mGFP immunostaining further exemplifies data seen in A. DAPI marks cell
nuclei in blue. Scale bar, 100 um. Dorsal column is demarcated by dotted lines. C, MBP
immunostaining at 42 dpl indicates complete remyelination in both Pip-Cre®®";+/+;mGFP and
Plp-Cre®®T:Mek1DD/+;mGFP spinal cord dorsal columns. Scale bar, 100 um. D, MUT mice
exhibit mGFP+ process extension into the lesioned area with nearby axons surrounded by
MBP+, mGFP+ rings indicated by arrows (see also: inset panels); these appear rarely in WT

controls. Scale bar, 50 um. Three to five mice per genotype were used for all analyses.

1.4 DISCUSSION

1.4.1 Discussion

Synaptic plasticity and integration require that action potential arrival times occur with
millisecond precision (Dan and Poo, 2006). Therefore, the regulation of conduction time is a
critical variable for the formation and maintenance of important neuronal networks. Myelin
greatly affects the speed of action potential propagation, promoting recent attention to how
changes in myelin may contribute to nervous system plasticity, cognitive processing, and

learning (recently reviewed by (Chang et al., 2016) and (Fields, 2015)). While it is widely
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accepted that newly differentiated OLs contribute to myelin plasticity and repair, whether pre-
existing OLs can also lead to functional changes in both the injured and uninjured adult CNS
remains unknown. In this study we used transgenic mice with sustained activation of ERK1/2 in
mature OLs to demonstrate that pre-existing OLs can re-initiate active myelination in the adult
CNS, resulting in increased conduction velocity that leads to enhanced contextual fear learning
and contributes to remyelination.

Increased levels of pERKZ1/2 trigger myelin growth that results in global CNS
hypermyelination. We determined that this hypermyelination was mediated primarily by pre-
existing OLs since increasing pERK1/2 in adult OPCs, but not pre-existing OLs, did not lead to
white matter expansion. Interestingly, the majority of myelin growth occurs within the first 21
days after ERK1/2 activation and the accompanying white matter expansion is more robust in the
spinal cord compared to the corpus callosum. Myelin thickness continues to increase over time
but does so at such a slow rate that even after 2-3 months, the modest accumulation of myelin
does not appear to become pathologic. These data are in contrast to the excessive myelin
overgrowth and abnormalities observed in transgenic mice that overexpress AKT (Flores et al.,
2008), lack PTEN (Harrington et al., 2010), or over-activate MAPK signaling in the peripheral
nervous system (Sheean et al., 2014). It is possible that inhibitory factors such as phosphatases
provide continuous negative regulation of ERK1/2 signaling by counteracting the effects of
constitutively active MEKZ1; further studies are needed to address this issue.

Re-initiation of myelination seen in adult Plp-Cref®;MeklDD/+ mice supports the
earlier finding that myelin growth can be experimentally reactivated in adult mice by
conditionally deleting PTEN to activate PI3K/AKT signaling (Goebbels et al., 2010). How is it

that new myelin membrane can be added to previously formed sheaths? Recent studies show that
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an elaborate system of cytoplasmic channels exists within the growing myelin sheath to enable
the trafficking of newly synthesized myelin membrane components to the leading edge of the
expanding sheath (Snaidero et al., 2014). Importantly, these channels are dynamic and can
reopen during adulthood in response to PI3K activation along with elevated levels of its lipid
product phosphatidyl inositol triphosphate (PI1(3,4,5)P3) (Snaidero et al., 2014). Additionally,
new myelin growth appears to be driven from the inner tongue as a result of actin cytoskeleton
rearrangement (Snaidero et al., 2014; Zuchero et al., 2015) and it has been hypothesized that
release of gelsolin and cofilin from membrane-bound PIP2 triggers actin depolymerization
necessary for myelin wrapping (Zuchero et al., 2015). It is possible that ERK1/2 signaling
similarly drives myelin wrapping through the regulation of actin dynamics. Furthermore, the
parallel consequences of upregulating or downregulating PI3K/AKT/mMTOR and ERK1/2
signaling pathways on myelination during development (Bercury et al., 2014; Flores et al., 2008;
Goebbels et al., 2010; Ishii et al., 2013; Ishii et al., 2012; Lebrun-Julien et al., 2014; Wahl et al.,
2014) suggests significant crosstalk between these two pathways (Dai et al., 2014; Gaesser and
Fyffe-Maricich, 2016). While the mechanisms behind how ERKZ1/2 drives myelin wrapping
remain unclear, it seems likely that this pathway acts in conjunction with PISBK/AKT/mTOR
signaling at multiple points of convergence to regulate myelination. The specific mechanisms
and downstream targets of ERK1/2 that control myelin wrapping represent important areas for
future research.

New findings suggest that myelin abnormalities occur in a variety of psychiatric illnesses
and neurodevelopmental disorders, such as autism, implicating myelin in cognitive function
(Fields, 2008; Liu et al., 2012; Makinodan et al., 2012). The correlation of myelin abnormalities

with cognitive deficits in these diseases, however, is complicated by the fact that significant
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primary neuronal dysfunction occurs concurrently. Here, our genetic mouse model of ERK1/2-
mediated hypermyelination provided a unigue opportunity to assess the consequences of primary
increases in myelin thickness on mouse behavior in the absence of significant neuronal
pathology. Cognitive function testing using the novel object recognition assay (NOR) revealed
that mutants performed comparably to control littermates. NOR is an established test of
recognition memory involving the hippocampus and portions of the medial temporal lobe, such
as the perirhinal cortex and parahippocampal gyrus (Antunes and Biala, 2012). Short-term
retention intervals similar to what we used in this study are thought to primarily involve
hippocampal-independent mechanisms of recognition (Balderas et al., 2008; Hammond et al.,
2004; Oliveira et al., 2010). Therefore our data suggest that hippocampal-independent
recognition memory is unaffected by ERKZ1/2-induced hypermyelination. Conditioned fear
testing focuses on long-term learning and memory based in the hippocampus and amygdala and
relies on the association of a cue or environment with a noxious stimulus (foot shock) (Phillips
and LeDoux, 1992). Interestingly, the conditioned freezing response is known to depend on
activity-dependent plasticity mechanisms (Fanselow and Kim, 1994; Maren et al., 2003; Rozeske
et al., 2015; Sindreu et al., 2007). Plp-Cre®®";MekiDD/+ mice did not exhibit changes in
freezing during the cue trial, indicating no abnormalities in memory formation involving the
amygdala. In the context trial which relies heavily on hippocampal-based memory formation
(Sanders et al.,, 2003), however, mutant mice exhibited significantly increased freezing,
suggesting that hippocampal-based emotional memory is enhanced in mice with ERK1/2-
induced hypermyelination. Future studies will address why the hippocampus seems to be more

sensitive to increased myelination compared to other structures. Additional experiments
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investigating the consequences of hypermyelination on more complex behaviors such as social
interaction, anxiety, and depression are currently underway.

Surprisingly, Plp-Cre®RT; Mek1DD/+ mice did not exhibit changes in general activity or
motor coordination and strength, despite a significant expansion of the spinal cord white matter.
Together, the results from our behavioral analyses demonstrate that subtle global
hypermyelination does not lead to obvious motor or cognitive deficits. Despite increased myelin
thickness and accompanied faster conduction speeds, it seems that the synchronicity of impulses
was not sufficiently altered to negatively affect a number of behaviors in the Plp-
Cref®T:Mek1DD/+ mice. These data are in contrast to the detrimental effects that occur
following the loss of myelin, including deficits in motor function, social behavior, and cognitive
function (Fields, 2008; Gootjes et al., 2004; Ishii et al., 2014; Kujala et al., 1997; Liu et al., 2012;
Makinodan et al., 2012). The fact that the CNS appears to be somewhat tolerant of global
increases in myelin thickness is promising from a therapeutic standpoint. For example, in
patients with multiple sclerosis, demyelinated lesions appear throughout the CNS and are
variable in their location. Without invasive brain surgery, even specialized small molecule
therapeutics targeting the OL population would inevitably lead to new myelin production in both
affected and unaffected areas throughout the CNS.

In addition to positive effects on associative emotional memory formation, the ability to
re-initiate myelination appears beneficial in the context of demyelinating injury. We show that
pre-existing OLs do not normally contribute to remyelination, a finding that agrees with data
from a number of previous studies (Blakemore and Keirstead, 1999; Carroll et al., 1998;
Crawford et al., 2016; Gensert and Goldman, 1997; Keirstead and Blakemore, 1997), but that

sustained ERK1/2 activation enables them to extend process into the lesion area and contribute to
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remyelination. Studies are currently underway to determine whether these MBP+, mGFP+ wraps
contribute in a functional way to the process of myelin repair. Although surviving OLs in Plp-
CreRT: Mek1DD/+,mGFP mice were clearly able to extend processes that surround axons within
the area of demyelination, a large number of remyelinated axons were covered by MBP positive,
mMGFP negative wraps (particularly in the center of the lesioned area where pre-existing OLs do
not survive), demonstrating that they were generated by newly generated OLs. This suggests that
myelin generated solely by pre-existing OLs is unlikely to be sufficient for complete
remyelination, and that any strategy designed to harness the potential of these pre-existing cells
should also aim to target newly generated OLs. Fortunately, CNP-Cre; Mekl1DD mice that have
increased levels of pERK1/2 in both pre-existing and newly generated OLs show accelerated
myelin repair after injury and are able to generate thick myelin sheaths around remyelinated
axons (Fyffe-Maricich et al., 2013). In light of our observations here, it is tempting to speculate
that myelin generated by both pre-existing and newly born OLs contributed to the enhanced
myelin repair seen in CNP-Cre; Mek1DD mice.

In summary, our results illuminate the potential of downstream effectors in the ERK1/2
signaling pathway as novel therapeutic targets for enhancing myelin plasticity and myelin repair
in a broad range of neural disorders. Future work will focus on determining these key OL-

specific ERK1/2 downstream targets.
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