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Abstract

Neurotrophin-3 (NT-3) regulates oligodendrocyte (OLG) differentiation by mechanisms that
remain poorly understood. Exposure of OLGs to NT-3 induces a significant increase in the levels
of myelin basic protein (MBP). However, we found that this stimulation occurs in the absence of
measurable effects on MBP gene promoter activation or mRNA expression, suggesting that NT-3
up-regulates MBP protein expression by a posttranscriptional mechanism. Furthermore, NT-3 also
causes an increase in the levels of myelin associated glycoprotein (MAG) and myelin
oligodendrocyte glycoprotein (MOG), raising the possibility of a more general effect on myelin
protein synthesis. Surprisingly, 3°S-methionine incorporation into total OLG proteins
demonstrated a 50% increase in labeling following only a brief, 15 minute treatment with NT-3.
Such a remarkably fast response is unlikely due to transcriptional activation, reinforcing the
possibility that NT-3 may play a crucial role in regulating protein expression by a
posttranscriptional mechanism. In support of this idea, we found that NT-3 stimulates the
phosphorylation of essential regulators of the initiation machinery, eukaryotic initiation factor 4E
(elF4E) and its inhibitory binding partner 4E binding protein 1 (4EBP1), two crucial players in
controlling cap-dependent protein synthesis. This stimulation involves the activation of pathways
mediated by ERK1/2 and PI3K/mTOR, implicating these two kinase systems as modulators of
protein synthesis in developing OLGs. Altogether, these observations show for the first time that
NT-3 has the capacity of targeting the translational machinery and suggest a potential stimulatory
effect of this neurotrophin on myelination by direct action on protein translation in the OLGs.
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INTRODUCTION

Myelin, the insulating sheath that wraps around the axons facilitating the rapid saltatory
conduction of impulses, is made in the central nervous system (CNS) by the
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oligodendrocytes (OLGs), cells which also play a crucial role in establishing axoglial
interactions responsible for clustering of sodium channels at the nodes of Ranvier (Dupree et
al. 1999; Rasband and Trimmer 2001). The importance of the OLGs and myelin is
underscored by the clinical disability resulting from demyelinating diseases such as multiple
sclerosis (MS). Because a single OLG forms multiple myelin internodes, loss of even few
cells leads to demyelination of several axons. Thus, the ideal MS treatment should address
the loss of both myelin and functional myelinating OLGs. During embryogenesis, OLGs
arise from a pool of progenitors within the ventricular and subventricular zone (SVZ)
(LeVine and Goldman 1988). These highly proliferative cells migrate throughout the CNS
and undergo a series of well established maturational steps prior to becoming fully
differentiated myelin-producing OLGs (Armstrong 1998). Importantly, subsets of
undifferentiated cells persist within the mature CNS as adult OLG progenitors that can be
recruited to demyelinated areas in experimental demyelination and in MS (Chang et al.
2000; Keirstead and Blakemore 1999). However, myelin regeneration is often incomplete, a
problem aggravated by the fact that remyelination protects from axonal degeneration (Irvine
and Blakemore 2008), a major cause of disability and a hallmark of progressive MS
(Bjartmar et al. 2003). Failure to remyelinate has been attributed in part to aging (Irvine and
Blakemore 2006) and decreased efficiency in recruitment of progenitors and their
differentiation into OLGs (Sim et al. 2002). However, the mechanisms that control these
processes remain poorly understood. OLG development is influenced by a variety of
molecules, including platelet derived growth factor, basic fibroblast growth factor, insulin-
like growth factor-1 and neurotrophins (Barres et al. 1993; Dubois-Dalcq and Murray 2000;
McKinnon et al. 1990; McKinnon et al. 1993; Rogister et al. 1999).

Neurotrophin-3 (NT-3) in particular, has positive effects at multiple stages of OLG
development. NT-3 induces survival and proliferation of OLG progenitors both in vitro and
in vivo (Barres and Raff 1994; Barres et al. 1994). Developing OLGs express the NT-3
receptor TrkC and knockout mice lacking TrkC or NT-3 have fewer numbers of OLG
progenitors as well as attenuated expression of OLG markers (Cohen et al. 1996; Kahn et al.
1999; Kumar et al. 1998). NT-3 has been shown to diminish the susceptibility of cultured
OLGs to glutamate induced excitotoxicity (Kavanaugh et al. 2000), and studies with animal
models indicate that NT-3 may play an important role regulating OLG number and
remyelination following CNS injury and demyelination (Jean et al. 2003; McTigue et al.
1998). Importantly, NT-3 was also shown to influence OLG differentiation (Heinrich et al.
1999) and cultured OLG precursor cells transfected with the NT-3 gene showed a dramatic
increase in myelin production (Rubio et al. 2004). Nevertheless, the molecular mechanisms
responsible for NT-3 action on OLG maturation and myelin formation have yet to be
elucidated.

We now found that NT-3 induces in OLGs a simultaneous stimulation in the expression of
several myelin proteins, including the four major myelin basic protein (MBP) isoforms,
myelin associated glycoprotein (MAG) and myelin OLG glycoprotein (MOG). Moreover,
the present results suggest that NT-3 could play a major role in upregulating myelin protein
synthesis by targeting the initiation factor 4E (elF4E) and its inhibitory protein 4E binding
protein 1(4EBP1), two key players of the translation initiation machinery. Phosphorylation
of these factors in response to NT-3 involves the activation of phosphatidylinositol-3-kinase
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(PI3K)/mammalian target of rapamycin (mTOR) and extracellular signal-regulated kinase
(ERK)-dependent signaling cascades. These results show for the first time that NT-3 has a
direct effect on components of the initiation complex and uncover potential pathways that
may be crucial in stimulating protein synthesis in OLGs both during normal development
and remyelination.

MATERIALS AND METHODS

Materials

Percoll and culture medium components were from Sigma-Aldrich (St Louis, MO).
Reduced-growth factor Matrigel was from Becton Dickinson (Franklin Lakes, NJ). NT-3
was from Peprotech (Rocky Hill, NJ). LY294002, PD98059 and rapamycin were from
Calbiochem (San Diego, CA). Anti-protein kinase B (Akt), anti-phosphorylated Akt (P-
Akt), anti-phosphorylated eukaryotic initiation factor 4E (P-elF4E), anti-phosphorylated 4E
binding proteinl (P-4EBP1), anti-elF4E, and anti-4EBP1 antibodies were from Cell
Signaling Technology (Danvers, MA). Anti-MBP and anti-MAG antibodies were from
Chemicon (Temecula, CA). Anti-MOG antibody (8-18C5) was a kind gift from Dr. Jeff
Dupree. Anti-p-actin was from Sigma-Aldrich. Anti-phosphorylated ERK, anti-ERK and all
secondary antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Electrophoresis reagents were from Bio-Rad Laboratories (Hercules, CA).

Isolation and culture of OLGs

OLGs were isolated from 7-day-old Sprague—Dawley (Harlan Laboratories) rat brains using
a Percoll gradient and differential adhesion (Sato-Bigbee et al. 1999). OLGs were plated in
plates coated with Matrigel and maintained overnight in chemically defined medium (CDM)
[Dulbecco’s modified Eagle’s medium (DMEM)/F-12 medium (1:1; Invitrogen, Grand
Island, NY) with 1 mg/ml fatty acid-free bovine serum albumin, 50 pg/ml transferrin, 5
pg/ml insulin, 30 nM sodium selenite, 0.11 mg/ml sodium pyruvate, 10 nM biotin, 20 nM
progesterone, 15 nM triiodothyronine, and 100 uM putrescine]. These cultures are
comprised of immature OLGs many of which can be already labeled with the O4 antibody
(Sato-Bigbee et al. 1999). Astroglial contamination, assessed by glial fibrillary acid protein
staining, was less than 5%. Animal use was conducted in accordance with guidelines from
the National Institutes of Health and Virginia Commonwealth University Animal Care and
Use Committee.

Treatment with NT-3

One day after isolation, cells were incubated for various times in CDM with or without
different concentrations of NT-3. Clultures were then processed for western blotting,
promoter reporter assays or real-time RT-PCR as described below. In experiments
evaluating the role of different kinases, cells were pre-incubated for 10 min with the
following specific kinase inhibitors: PD98059 (mitogen extracellular signal regulated kinase
kinase (MEK) inhibitor, 10 pM), LY294002 (PI3K inhibitor, 30 uM) or rapamycin (mTOR
inhibitor, 25 nM). Cultures were then incubated for 15 min in the presence of either 50
ng/ml NT-3 or the kinase inhibitor or a combination of both. Control media contained the
same volume of vehicle in which inhibitors were dissolved (DMSO). Inhibitor
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concentrations were in agreement with those previously used to inhibit these kinases in
OLGs (Baron et al. 2000; Coelho et al. 2007; Cui et al. 2006; Flores et al. 2000; Sato-Bigbee
et al. 1999).

MBP promoter reporter assay

The -1323-luc construct containing MBP gene sequences from —1,323 to +30 upstream of
the luciferase coding region in pGL3Basic was a generous gift of Dr. Robin Miskimins
(Miskimins et al. 2002). For transfection, 60% confluent cultures in 24 well plates were
incubated for 3 hrs. with 1 pg/well luciferase-MBP construct and 1.5 pl GeneJammer
reagent (Stratagene, La Jolla, CA), following the manufacturer’s recommendations. After
overnight incubation in fresh CDM, the cells were incubated for various times in CDM with
or without 50 ng/ml NT-3. Cell extracts were then prepared and assayed for luciferase
activity (Luciferase Assay System, Promega, Madison, WI). B-Actin levels were determined
by western blotting to ensure equal cell numbers for each condition.

Real-time reverse transcriptase polymerase chain reaction (RT-PCR)

Total RNA was isolated from OLG cultures using the RNeasy Micro Kit (Qiagen, Valencia,
CA). For real-time gRT-PCR, oligo(dT)-primed cDNAs were synthesized using the
Sensiscript RT kit (Qiagen). PCR was performed on a Chromo 4 Four-Color Real-Time
System (BioRad) using the iQ SYBR Green Supermix. The following primer pairs were
used at 60°C annealing temperatures: MBP (exon 2 containing isoforms) forward (5’
ACTTGGCCACAGCAAGTACCATGGACC-3), reverse (5-TTG TAC ATG TGG CAC
AGC CCG GAC-3') and MBP (all isoforms) forward (5-GTG ACA CCT CGT ACA CCC
CCT CCA T-3'), reverse (5'-GCT AAA TCT GCT GAG GGA CAG GCC T-3'). For
normalization, amplification of cyclophilin was performed: forward (5-GGA GAC GA
ACCT GTA GGA CG -3), reverse (5-GAT GCT CTT TCC TCC TGT GC-3'), 60°C. PCR
conditions were as follows: 95°C for 15 min followed by 34 cycles at 94°C for 15 sec,
annealing temperature for 20 s, and 72°C for 20 s. The AACT method was used (Livak and
Schmittgen 2001) for relative comparison of MBP mRNA levels in the presence or absence
of NT-3.

Western blotting

Cultures containing equivalent numbers of cells per well were lysed in 60 mM Tris-HCI
buffer (pH 6.8) with 10% glycerol, 2% sodium dodecyl sulfate (SDS), and 5% 2-
mercaptoethanol. Samples for analysis of MAG were prepared under non-reducing
conditions in absence of 2-mercaptoethanol. Fifteen pl samples were subjected to SDS-
polyacrylamide gel electrophoresis in 12% acrylamide, proteins were electrotransferred to
nitrocellulose, and the membranes were then subjected to immunoblot analysis (Saini et al.
2005). Non-specific antibody binding was blocked by incubation for 1 hr. in 10 mM
NayHPOy, 2.7 mM KCl and 137 mM NaCl, pH 7.4, phosphate buffered saline (PBS)
containing 3% nonfat dry milk and 0.05% Tween-20 (blocking solution). Blots were then
incubated overnight with one of the following primary antibodies: anti-MBP (dil. 1:100),
anti-MAG (dil. 1:1,000), anti-MOG (dil. 1:25), anti-phospho-Akt (dil. 1:1,000), anti-Akt
(dil. 1:1,000), anti-phospho-ERK (dil. 1:1,000), anti-ERK (dil. 1:2,000), anti-phospho-elF4E
(dil. 1:1,000), anti-phospho-4EBP1 (dil. 1:1,000), anti-elF3E (dil:1,000), or anti-4EBP1
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(1:1000). After rinsing with PBS, blots were incubated for 30 min in blocking solution, and
for 3 hrs with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibody
(dil.1:1,000) in blocking buffer. After extensive washing, the immunoreactive bands were
detected by chemiluminescence with Super Signal West Dura reagent (Pierce, Rockford,
IL). B-Actin levels detected with anti-B-actin antibody (dil. 1:2,000) were used as controls to
normalize results for protein loading. The relative amount of immunoreactive protein in each
band was determined by scanning densitometric analysis of the X-ray films using the NIH
Image J program.

In vitro measurement of protein synthesis using [3°S]Methionine

OLGs were plated in 24-well plates coated with 25 pl/well Matrigel and after overnight
incubation, the CDM was replaced by F12 medium. After 3 hrs, the cells were incubated for
15 min in medium containing 10pCi 35S- Methionine (1,000 Ci/mmol sp. activity) with or
with 50 ng/ml NT-3. Cultures were then rinsed three times with ice cold PBS and lysed by
incubation for 30 min in 250 pl 0.5M NaOH at 37° C. Lysates were then collected in
microcentrifuge tubes and proteins were precipitated by addition of 250 ul 20%
trichloroacetic acid (TCA) followed by incubation on ice for 1-2 hrs. After centrifugation,
the pellet was washed twice with 5% TCA and solubilized by addition of 100 pl 70% formic
acid and incubation for 1 hr at 37° C. Aliquots were used to determine the radioactivity by
liquid scintillation counting.

Statistical Analysis

RESULTS

Statistical analysis was performed by one-way analysis of variance (ANOVA), ad hoc
Tukey—Kramer test and Student’s t-test (GraphPad Prism). Unless otherwise indicated,
results are the mean from 3 independent experiments carried out in triplicate and standard
errors were calculated considering n:3. Differences were considered statistically significant
when p-values were < 0.05.

Treatment of OLGs with NT-3 upregulates MBP expression without altering MBP gene
promoter activation or MBP mRNA levels

In agreement with previous reports (Du et al. 2003; Rubio et al. 2004), our results showed
that NT-3 is a potent inducer of MBP expression. In these experiments, developing OLGs
were cultured for 3 days in the presence or absence of different concentrations of NT-3. As
shown in Figure 1, treatment of the cells with this neurotrophin causes a dose-dependent
increase in MBP expression, attaining levels that were about 10-fold higher than those
observed in controls.

To understand the mechanisms underlying this stimulatory action of NT-3, we next
investigated whether this neurotrophin could have an effect on MBP gene activity. For this,
cells were transfected with a reporter construct containing the luciferase gene under the
control of the MBP gene promoter, and were then incubated for different times in media
with or without NT-3. Since the cells were exposed to a medium that induces OLG
differentiation (Sato-Bigbee et al. 1999), an expected time-dependent increase in MBP gene
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promoter activity was observed, even in controls cultured in absence of NT-3 (Figure 2).
Surprisingly, the results indicated that in spite of the dramatic elevation in MBP protein
levels observed in cultures treated with NT-3, this neurotrophin did not cause any significant
increase in MBP gene promoter activity at any time point studied.

Furthermore, comparison with controls demonstrated that OLGs treated with NT-3 did not
exhibit any major differences in MBP mRNA levels (Figure 3). The different MBP isoforms
are generated by alternative splicing of a single gene (de Ferra et al. 1985) and both MBP
gene activity and splicing are developmentally regulated (Campagnoni 1988). Because MBP
species expressed during early OLG maturation are predominantly represented by the
exon-2 containing isoforms, real-time RT-PCR analysis in these studies used two different
sets of primers to distinguish between all MBPs and exon-2 containing MBP mRNA
transcripts. As shown in Figure 3, no major differences in MBP mRNA levels between
controls and treated cells could be detected at any time of NT-3 exposure and regardless of
isoform-specific exon expression. As with the above luciferase reporter experiments,
additional treatment times with NT-3 failed to reveal any significant effects (data not
shown).

The stimulatory effect of NT-3 is not restricted to MBP expression

The lack of promoter activation or significant changes in mMRNA levels, suggested that NT-3
up-regulates MBP expression by a posttranscriptional mechanism. Such possibility also
raised the question of whether NT-3 could have a more general effect, also stimulating the
expression of other oligodendroglial proteins. To test this possibility, we next investigated
the action of NT-3 on the expression of two additional myelin proteins, MAG and MOG.

Similar to the results observed for MBP, exposure to NT-3 resulted in a significant increase
in the levels of both MAG and MOG (Figure 4). Furthermore, a 3°S-methionine
incorporation assay demonstrated that, even within only 15 min of NT-3 treatment, there is
already a 50% increase in 35S labeling of the total OLG protein (Figure 5). Such a
remarkably fast response and measurable increase in protein synthesis is unlikely due to
transcriptional activation or reduced turnover. Although this necessarily short-term protocol
is not sensitive enough to label individual OLG proteins, these results and our previous
observations reinforced the possibility that NT-3 may play a crucial role in regulating
protein expression by a posttranscriptional mechanism.

NT-3 induces the phosphorylation of factors that control the initiation of mMRNA translation

The results described above lead us to investigate whether NT-3 could stimulate some of the
steps involved in mMRNA translation, in particular the initiation phase, a key regulatory step
in eukaryotic protein synthesis (Sonenberg and Gingras 1998). Among the factors that
regulate initiation, eukaryotic initiation factor 4E (elF4E) and its inhibitory binding partner
4E binding protein 1 (4EBP1) are known to be essential players in mediating cap-dependent
protein synthesis (Svitkin et al. 2005). Phosphorylation of 4EBP1 releases elF4E into the
cytoplasm, step which is followed by elF4E phosphorylation and binding to the mRNA cap.
This cascade of events triggers the initiation machinery, allowing the beginning of
translation (Raught and Gingras 1999).
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In support of a role for NT-3 in stimulating protein synthesis initiation, we found that OLGs
incubated with this neurotrophin exhibited a sustained increased in elF4E phosphorylation
(Figure 6A). Furthermore, treatment with NT-3 was also accompanied by a robust increase
in phosphorylation of 4EBP1 (Figure 6B). On the other hand, exposure to NT-3 did not
cause any significant changes in the total levels of these two regulatory factors.

NT-3 stimulates elF4E and 4EBP1 phosphorylation by ERK and PI3K/mTOR mediated

pathways

In agreement with previous results from this and other laboratories (Cohen et al. 1996;
Johnson et al. 2000; Kumar et al. 1998; Ness et al. 2002), treatment of OLGs with NT-3
induces rapid activation of ERK1/2 and Akt (Figures 7A and 8A). However, the role of
these two kinases as regulators of protein synthesis in OLGs has never been investigated
before. Because both ERK1/2 and Akt were implicated in the control of the initiation phase
of protein synthesis in a variety of cells, we next examined their involvement as mediators in
the induction of elF4E and 4EBP1 phosphorylation by NT-3. Studies in cells transformed by
ras- or src- oncogenes demonstrated a role of the MAPK/ERK pathway in elF4E
phosphorylation (Frederickson et al. 1991; Rinker-Schaeffer et al. 1992). In agreement with
this function, the capacity of NT-3 to induce elF4E phosphorylation in the OLGs was
significantly reduced by PD98059, an inhibitor that blocks MEK, the kinase that activates
ERKZ1/2 (Fig 7B). Unexpectedly, inhibition of MEK also blocked NT-3 ability to stimulate
4EBP1 phosphorylation (Fig 7C), suggesting that in OLGs, signaling through an ERK
mediated pathway also plays a key role in regulating 4EBP1.

Several lines of evidence also showed that the intracellular signaling cascade leading to
4EBP1 phosphorylation involves components of the PI3K pathway and its downstream
effector Akt (Gingras et al. 1998). In addition, 4EBP1 phosphorylation was also shown to be
dependent upon the FKBP12-rapamycin associated protein/mammalian target of rapamycin
(FRAP/mTOR) kinase (Brunn et al. 1997a; Brunn et al. 1997b; Burnett et al. 1998; Hara et
al. 1997). Therefore, we used LY294002, a specific inhibitor of the PI3K/Akt pathway as
well as the mTOR inhibitor rapamycin to investigate the role of these two kinase systems in
the induction of phosphorylation of 4EBP1 by NT-3. The results indicated that both
LY294002 (Figure 8C) and rapamycin (Figure 8E) prevented the stimulation of 4EBP1
phosphorylation by NT-3. Interestingly, rapamycin also dramatically decreased the control
values to negligible levels of detection, suggesting that an mTOR mediated pathway also
plays a crucial role in maintaining basal levels of protein synthesis in the OLGs.

To our knowledge, the involvement of the Akt and mTOR pathways in controlling elFAE
activation remains unknown. However, our results demonstrated a significant reduction in
the NT-3-mediated activation of elF4E in the presence of LY294002 (Fig 8B) and
rapamycin (Fig 8D), indicating that Akt and mTOR pathways do play a role in regulating
elF4E activation in response to NT-3 stimulation.

Altogether, these results indicate the involvement of both ERK and PI3K/mTOR mediated
cascades in regulating the translation initiation machinery in OLGs, with both of these
pathways participating in the mechanisms leading to phosphorylation of elF4E and 4EBP1
in response to NT-3 stimulation (Figure 9). Furthermore, these observations suggest that
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NT-3 could play a crucial role in upregulating protein expression in myelinating OLGs by
modulating the activity of factors critical to the control of protein synthesis initiation.

DISCUSSION

NT-3 plays multiple roles in OLG development, ranging from stimulation of survival and
proliferation (Barres et al. 1994; Barres et al. 1993; Bertollini et al. 1997; Johnson et al.
2000; Kumar et al. 1998; Robinson and Miller 1996; Wilson et al. 2003) to the enhancement
of cell differentiation (Coelho et al. 2007; Du et al. 2003; Heinrich et al. 1999; Yan and
Wood 2000). However, while several studies investigated the signaling pathways mediating
effects of NT-3 on survival and proliferation (Cohen et al. 1996; Heinrich et al. 1999;
Johnson et al. 2000; Ness et al. 2002; Saini et al. 2005; Saini et al. 2004), little is known
about the mechanisms underlying the actions of this neurotrophin on OLG maturation and
myelination.

In our attempt to investigate the signals involved in increasing protein expression during
OLG differentiation in response to NT-3, we have now uncovered a novel effect of this
neurotrophin as a regulator of the eukaryotic initiation factor elF4E and its inhibitory partner
4EBP1. These two proteins are key players in the initiation phase, the first and rate
controlling step of protein translation (Hershey 1991). The initiation phase is a multi-step
process that begins with recruitment of the heterotrimeric complex elF4F to the mRNA 5’-
end cap, finally causing unwinding of the mRNA and recruitment of the 40S ribosomal
subunit. Binding of the elF4F complex to the mRNA is mediated by its cap-binding subunit
elFAE (Gingras et al. 1999), a factor that is normally maintained at limiting levels by
controlled gene transcription (Lynch et al. 2005; Schmidt 2004) and proteosome-dependent
degradation (Murata and Shimotohno 2006).

The present observation of a stimulatory effect of NT-3 on elFAE phosphorylation at serine
209 is particularly important because phosphorylation at this site was shown to increase both
elF4E affinity for capped mRNA and its binding to elF4G, an associated scaffolding protein
required in the assembly of the initiation machinery (Bu et al. 1993; Minich et al. 1994).
Furthermore, we showed that NT-3 could also stimulate elFAE activity and concomitant
translational initiation through the observed increase in 4EBP1 phosphorylation. 4EBP1
plays a crucial role as a negative regulator of translation because it dimerizes with elFAE,
competitively blocking its binding to elF4G (reviewed by Gingras et al. 1999). However,
this inhibitory effect on the assembly of the translational machinery is known to be reversed
by 4EBP1 phosphorylation, a process that results in disruption of elF4E-4EBP1 complex
formation.

In agreement with different studies investigating other cell systems and stimuli (Brunn et al.
1997a; Brunn et al. 1997b; Burnett et al. 1998; Hara et al. 1997), we found that NT-3
upregulates 4EBP1 phosphorylation in the OLGs by a PI3K/mTOR dependent pathway.
Interestingly, our results showed that the NT-3 dependent phosphorylation of 4EBP1 is also
dependent on MEK, suggesting that at least in OLGs, an ERK mediated pathway also
controls 4EBP1 activity. Likewise, we found that both ERK and PI3K/mTOR dependent
pathways are also involved in the NT-3 dependent phosphorylation of elF4E. Studies have
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shown that an ERK-mediated pathway can induce elF4E phosphorylation by activation of
MAP kinase interacting kinases 1 and 2 (reviewed by Gingras et al. 1999). It is possible to
hypothesize that the observed participation of a PI3K/mTOR pathway on elFAE
phosphorylation reflects the sequestration of this factor by 4EBP1. This is because a
decrease in 4EBP1 phosphorylation due to inhibition of the PI3K/mTOR pathway would
result in increased 4EBP1-elFAE complex formation.

The present results in OLGs add to a growing list of studies supporting the role of
translation initiation as a crucial regulatory mechanism in CNS development and function.
Another neurotrophin, BDNF, was shown to upregulate local protein synthesis in primary
cultured neurons by inducing phosphorylation of elF4E and 4EBP1 (Takei et al. 2001).
Moreover, translational control by both ERK and mTOR signaling has been implicated in
the induction of long-lasting synaptic plasticity and memory (Banko et al. 2006; Banko and
Klann 2008; Gelinas et al. 2007; Kelleher et al. 2004; Tang et al. 2002). It is important to
point out that although several lines of evidence indicate that translational control
mechanisms play a crucial role in cell development (de Moor and Richter 2001), little is
known about the importance of these regulatory processes in OLG biology and myelination.
Interestingly, recent studies from Lin et al. (Lin et al. 2008) showed that another component
of the initiation machinery, elF2a, a complex that interacts with the methionyl initiator
tRNA, was involved in the regulation of the integrated stress response in OLGs, a process
that is responsible for the protective effects of interferon-y (IFN-v) in experimental
autoimmune encephalomyelitis, an animal model of MS (Lin et al. 2007). These authors
demonstrated that IFN-y could promote OLG survival in immune-mediated demyelination
by activation of the pancreatic endoplasmic reticulum kinase (PERK) and subsequent
phosphorylation of the a subunit of the elF2 complex. Moreover, the importance of
translational initiation in OLGs is underscored by the observation that alterations in elF2a
kinases in these cells have been linked to schizophrenia (Carter 2007), and defects of
initiation elF2B complex in OLGs may be responsible for childhood ataxia with CNS
hypomyelination or vanishing white matter leukoencephalopathy, a fatal brain disorder
(Richardson et al. 2004).

The present results show for the first time that ERK and PI3K/mTOR mediated pathways
target the translation initiation machinery in developing OLGs. The PI3K/Akt pathway has
been previously implicated as a mediator of survival signals in OLGs (Cui and Almazan
2007; Ebner et al. 2000; Flores et al. 2000; Ness et al. 2002). Interestingly, a recent report
showed that transgenic mice overexpressing constitutively active Akt in OLGs exhibit
enhanced myelination in the absence of changes in proliferation or survival of the cells
(Flores et al. 2008). Based on our results, it may be possible to speculate that this
enhancement of myelination may in part reflect upregulation of protein translation
downstream of Akt.

Myelination by OLGs involves a dramatic upregulation of protein synthesis and while
several studies have focused on understanding the transcriptional control of this process,
there is a lack of information regarding the role of translational mechanisms. The present
findings support the idea that activation of the translational machinery by NT-3 could play a
crucial role stimulating protein synthesis during OLG maturation and myelination. These
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observations offer the possibility of new targets to stimulate efficient myelin protein
synthesis, and therefore remyelination, in demyelinating diseases such as MS.
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Figure 1. Treatment of OL Gswith NT-3 resultsin increased MBP expression
OLGs were incubated for 3 days in CDM with or without 5, 10, 25, 50 ng/ml NT-3. MBP

levels were determined by western blotting using p-actin levels as loading controls. Figures
correspond to representative experiments. Results in the bar graph are expressed as
percentage of controls (0 ng/ml NT-3) and represent the mean + SEM from 3 independent
experiments performed in triplicate. * p<0.005
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Figure 2. NT-3 does not induce significant changesin M BP gene promoter activity
OLGs were transfected with a reporter construct containing the luciferase gene under control

of the MBP gene promoter, and incubated for 12, 24 and 48 hrs in CDM in the absence
(control) or presence of NT-3 (50 ng/ml). The luciferase activity in the samples is expressed
as optical units. The results are the mean + SEM from 3 independent experiments performed
in triplicate.
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Figure 3. Treatment of OL G cultureswith NT-3 does not have a significant effect on MBP
MRNA levels
OLGs cultures were incubated for 12, 24 and 48 hrs in CDM with or without NT-3 (50 ng/

ml). MBP mRNA levels were determined by real-time RT-PCR using appropriate primers.
Cyclophilin mMRNA levels were used for normalization. Bar graphs represent steady-state
levels of MBP mRNA relative to controls (not treated with NT-3) which have been set to 1.
(A) Total MBP mRNA levels, (B) Exon-2 containing MBP mRNA levels. Results are the
mean + SD from two independent experiments done in duplicates.
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Figure4. Treatment of OL Gswith NT-3 resultsin increased expression of MAG and MOG
OLGs were incubated for 3 days in CDM with or without 5, 10, 25, 50 ng/ml NT-3. MAG

and MOG levels were determined by western blotting. Figures correspond to representative
experiments. Results are expressed as percentage of controls (0 ng/ml NT-3) and represent
the mean + SEM from two independent experiments performed in triplicate. * p< 0.05,

**1<0.005
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Figure5. NT-3 increases 3°s- methionineincorporation in OLG proteins
OLGs were incubated for 15 min in F12 medium containing 10 uCi/well 3°S- methionine, in

the presence or absence of 50 ng/ml NT-3. 35S methionine incorporation into total protein
was estimated by scintillation counting as described under “Materials and Methods”. Results
are the mean = SEM from 3 independent experiments done in triplicate. *p<0.005
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Figure 6. Treatment of OL Gswith NT-3 induces phosphorylation of el F4E and 4EBP1
Cells were incubated in DMEM/F12 with or without 50 ng/ml NT-3. P-elF4E and elF4E

(A), or P-4EBP1 and 4EBP1 (B) levels were determined by western blotting. Figures
correspond to representative experiments. Results are expressed as percentage of controls (0
time) and represent the mean + SEM from 3 independent experiments performed in
triplicate. *p<0.05, **p<0.005
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Figure 7. The stimulation of el FAE and 4EBP1 phosphorylation by NT-3 involves an ERK -

dependent pathway

Cells were incubated for 15 min with or without 50 ng/ml NT-3 in the presence or absence
of 10 uM PD98059 (MEK;). P-ERK and ERK (A), P-elF4E and elF4E (B), and
P-4EBP1land 4EBP1 (C) levels were determined by western blotting. Results are expressed
as percentage of controls (0 time for A, DMEM/F12 alone for B and C) and represent the
mean + SEM from 3 independent experiments performed in triplicate. *p<0.05, **p<0.005,

***p<0.0001
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Figure 8. The NT-3-dependent induction of el FAE and 4EBP1 phosphorylation isinhibited by
LY 294002 and rapamycin

Cells were incubated for 15 min with or without 50 ng/ml NT-3 in the presence or absence
of 30 pM LY294002 (PI3K inhibitor) (B and C) or 25 nM rapamycin (mTOR inhibitor) (D
and E). P-Akt and Akt (A), P-elF4E and elF4E (B and D), and P-4EBP1 and 4EBP1 (C and
D) levels were determined by western blotting. Results are expressed as percentage of
controls (0 time for A, DMEM/F12 alone for B, C, D and E) and represent the mean + SEM
from 3 independent experiments performed in triplicate. * p<0.05, **p<0.005
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Figure 9. Proposed mechanism of NT-3 action as a stimulator of trandation initiation in OLGs
Binding of NT-3 to the TrkC receptor activates a classical ERK pathway involving Ras-

GTP/Raf, MEK1/2, ERK 1/2 and MNK 1/2 as well as the PI3K/Akt/mTOR cascade leading
to the phosphorylation of elF4E and 4EBP1. Phosphorylation of 4EBP1 releases elFAE
allowing the binding of this factor to elF4A and elF4G to form the elF4F initiation complex
and resulting in the initiation of protein translation.
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