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Akt Signals through the Mammalian Target of Rapamycin
Pathway to Regulate CNS Myelination
S. Priyadarshini Narayanan, Ana I. Flores, Feng Wang, and Wendy B. Macklin
Department of Neurosciences, Lerner Research Institute, Cleveland Clinic, Cleveland, Ohio 44195

Mammalian target of rapamycin (mTOR), a well known Akt substrate, regulates multiple cellular functions including cell growth and
protein synthesis. The current study identifies a novel role of the Akt/mTOR pathway as a regulator of CNS myelination. Previously, we
showed that overexpressing constitutively active Akt in oligodendrocytes in a transgenic mouse model induces enhanced CNS myelination, with no changes in the proliferation or survival of oligodendrocyte progenitor or mature cells. The present study focused on the
signaling mechanisms regulating this hypermyelination induced by Akt. Activation of mTOR and its downstream substrates (p70S6
kinase and S6 ribosomal protein) was observed in Akt-overexpressing oligodendrocytes. When mTOR signaling was inhibited chronically in vivo with rapamycin starting at 6 weeks of age, the observed hypermyelination was reduced to approximately the amount of
myelin seen in wild-type mice. mTOR inhibition had little impact on wild-type myelination between 6 and 12 weeks of age, suggesting that,
in normal adults, myelination is relatively complete and is no longer regulated by mTOR signaling. However, when mTOR was chronically
inhibited in young adult wild-type mice, myelination was reduced. These results suggest that, during active myelination, the major Akt
signal regulating CNS myelination is the mTOR pathway.

Introduction
Myelination is a complex developmental process involving the
interaction between neurons and glial cells in the CNS. In the
CNS, myelin is produced by the differentiation of the oligodendrocyte plasma membrane, and it is essential for normal nervous
system development. Oligodendrocyte death and myelin loss are
observed in many dysmyelinating and demyelinating diseases,
such as multiple sclerosis. We therefore generated transgenic
mice that overexpressed constitutively active Akt (Flores et al.,
2008), with the intention of generating mice with oligodendrocytes that would survive better in a demyelinating condition. Akt
is a serine/threonine kinase that regulates multiple cellular functions by phosphorylating numerous downstream targets in a cellspecific manner. It has been implicated in cell survival, cell proliferation, and cell differentiation in multiple cell systems (Brazil
et al., 2004). Unexpectedly, using these transgenic mice that overexpress constitutively active Akt in oligodendrocytes (PlpAkt-DD mice), we found that rather than impacting oligodendrocyte survival, Akt signaling plays an important role in
regulating CNS myelination (Flores et al., 2008). Early and enhanced myelination is observed in Plp-Akt-DD brains, with no
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change in oligodendrocyte number. Thus, although Akt is often
considered an important regulator of cell survival, in the developing oligodendrocyte lineage, its overexpression appears to
have little impact on oligodendrocyte cell number (Flores et al.,
2008). Rather, Akt appears to regulate the amount of myelin
generated, producing excess myelin, and this active myelination
process continues into adulthood in Plp-Akt-DD mice. At all
ages, this hypermyelination is a result of increased myelin production per oligodendrocyte, not increased numbers of oligodendrocytes or their progenitors. In the present study, we focus
on the signaling mechanism regulating the Akt-induced hypermyelination observed in Plp-Akt-DD mice.
Specific Akt substrates vary depending on physiological stimulus or cell context (Endersby and Baker, 2008). Mammalian
target of rapamycin (mTOR), an important downstream Akt
substrate, is a serine/threonine kinase that regulates diverse biological processes important for cell growth, including ribosome
biogenesis and protein translation. mTOR activation resulting
from phosphatase and tensin homolog deleted on chromosome
10 (PTEN) deficiency in transgenic mice leads to neuronal hypertrophy (Kwon et al., 2003), and significant hyperactivation of
mTOR has been reported in numerous human cancers, many of
which affect the CNS, including Lhermitte–Duclos disease, tuberous sclerosis complex, and neurofibromatosis type 1 (Sandsmark et al., 2007).
In the current study, we investigated the signal transduction
mechanisms by which Akt regulates CNS myelination. We identified mTOR as a major pathway through which Akt signaling
regulates CNS myelination. Activation of mTOR and its downstream substrates was observed in Plp-Akt-DD oligodendrocytes,
and when mTOR signaling was inhibited in vivo with rapamycin,
the enhanced myelination normally seen in Plp-Akt-DD mice
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was reduced. Indeed, when actively myelinating young wild-type
(WT) mice were treated with rapamycin, myelin accumulation
was reduced. These results suggest that controlled induction of
the Akt–mTOR signaling pathway may be a useful target in the
development of remyelinating therapies for demyelinating
diseases.

Materials and Methods
Materials. Antibodies were obtained from Abcam [2⬘,3⬘-cyclic nucleotide 3⬘-phosphodiesterase (CNPase), myelin oligodendrocyte glycoprotein (MOG), myelin-associated glycoprotein (MAG), and p-p27KIP1],
Millipore Bioscience Research Reagents [myelin basic protein (MBP)],
and Cell Signaling Technology [mTOR, phospho-mTOR, p70S6 kinase
(p70S6K), phospho-p70S6K, S6 ribosomal protein (S6RP), phosphoS6RP, phospho-glycogen synthase kinase (GSK)-3␤, phospho-forkhead
homolog in rhabdomyosarcoma class O1/class O3a (FOXO1/FOXO3a),
and phospho-Bcl-Xl/Bcl-2 associated death promoter (BAD)]. The proteolipid/DM20 protein-specific AA3 clone was originally obtained from
Dr. Steven Pfeiffer (University of Connecticut, Farmington, CT) and is
grown in this laboratory. Olig2 antibody was a gift from Dr. David Rowitch (Children’s Hospital, Boston MA). Rapamycin was obtained from
LC Laboratories, and polyethylene glycol (PEG)-400 and Tween 80 were
received from Sigma-Aldrich.
Transgenic mice and rapamycin injections. Generation of Plp-Akt-DD
mice was described previously (Flores et al., 2008). These mice express
constitutively active Akt (Akt-DD) in oligodendrocyte lineage cells.
WT and Plp-Akt-DD mice (6 – 8 weeks of age or postnatal day 21) were
used in rapamycin experiments. Transgenic mice and their littermate
controls were divided into rapamycin-injected or vehicle-injected treatment groups. Rapamycin was dissolved in 100% ethanol and stored at
⫺20°C until use. Immediately before injection, the rapamycin was diluted in vehicle solution to get a final concentration in 5% PEG-400, 5%
Tween 80, and 4% ethanol. Mice received intraperitoneal injections of
rapamycin (10 mg/kg body weight) or vehicle 5 d per week for a period of
6 weeks (6-week-old WT or Plp-Akt-DD mice) or 3 weeks [postnatal day
21 (P21) WT mice]. Body weights were recorded weekly. At the end of
treatment, mice were either killed for protein or RNA preparation, or
perfused and analyzed by immunohistochemistry.
Immunohistochemistry. Perfusion of mice and immunostaining for
myelin proteins were performed as described previously (Trapp et al.,
1997). Immunohistochemistry for phosphorylated antibodies was done
using the protocol of Sgambato et al. (1998), with some modifications.
Tris-buffered saline (TBS) containing 100 nM sodium fluoride (TBSS)
was used for all dilutions and washes. On day 1, brain sections (30 m)
were prepared with a sliding microtome. Sections were washed three
times in TBSS, incubated in 5% methanol and 3% H2O2 for 10 min,
washed two times, and then incubated in 10% Triton X-100 for 20 min.
Sections were blocked in 10% NGS for 1 h. Primary antibodies were
diluted in 3% bovine serum albumin (BSA) containing 0.02% Triton
X-100, and sections were then incubated for 72 h. On day 4, sections were
washed three times in TBSS, followed by overnight incubation in secondary antibodies (1:1000) at 4°C. On day 5, sections were washed three
times (10 min each) in TBSS and mounted using Vectashield (Vector
Laboratories).
Western blotting. Cerebrum extracts were prepared in 20 mM MOPS
(4-morpholinepropanesulfonic acid)/0.3 M sucrose, pH 7.4, containing
1% Triton X-100 with protease inhibitor (Roche Diagnostics) and phosphatase inhibitor (Calbiochem) mixtures. Proteins were quantified and
analyzed by SDS-PAGE, after which proteins were transferred onto
PVDF (polyvinylidene fluoride) membrane and blocked for 1 h with
either 3% BSA or 5% milk. Primary antibodies directed against
phosphorylated epitopes [p-mTOR(Ser 2448), p-p70S6K(Thr 389),
p-S6RP(Ser 235/236), p-GSK-3 ␤ (Ser 9), p-FOXO1(Thr 24)/
FOXO3a(Thr 32), p-BAD(Ser 136), and p-p27(Thr187)] were diluted in
3% BSA, whereas the antibodies directed against nonphosphorylated
epitopes [CNPase, MAG, MOG, proteolipid protein (PLP)/DM20, MBP,
mTOR, P-70S6K, S6RP, Olig2, and actin] were diluted in 5% milk, and
the blots were incubated overnight at 4°C. HRP-conjugated secondary
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antibodies (GE Healthcare) were used at a 1:5000 dilution. Proteins were
visualized by chemiluminescence (Thermo Fisher Scientific or GE
Healthcare).
Electron microscopy. Mice were perfused with 4% paraformaldehyde.
Optic nerves were dissected and fixed in 4% paraformaldehyde/2.5%
glutaraldehyde, postfixed in 1% osmium tetroxide, dehydrated in a
graded ethanol series, and Epon embedded. Ultrathin sections (85 nm)
were cut and then stained with uranyl acetate and lead citrate. Electron
micrographs were taken on a Philips 201 transmission electron microscope at 60 kV.
Calculation of g ratio. g ratios of myelinated fibers were calculated as
the ratio of the diameter of the axon to the diameter of the myelinated
fiber derived from measuring the respective perimeter using ImageJ software (http://rsb.info.nih.gov/ij/index.html). A minimum of 250 axons
per condition was quantified, analyzing samples from three animals per
condition.
Quantification of brain section area and corpus callosum area. The area
of coronal brain sections (at 0.48 mm bregma) or of corpus callosum
from those same sections was imaged and quantified using Adobe Photoshop. The area of coronal sections from cerebrum was quantified by
measuring the area of the hemisphere section using Abode Photoshop
and multiplied by 2 to obtain the entire area per section.
RNA extraction and quantitative real-time PCR. Isolation of RNA and
real-time PCR were performed as described by Pedraza et al. (2008).
Total RNA from WT or Plp-Akt-DD (treated with rapamycin or vehicle)
cerebrum tissue was isolated using TRIzol reagent (Invitrogen). cDNA
was generated from 1 to 3 g of total RNA by Retrotranscriptase II
(Invitrogen) and the transcripts were detected and amplified by quantitative real-time PCR in a LightCycler machine (Roche Diagnostics), following the manufacturer’s instructions. Glyceraldehyde 3-phosphatase
dehydrogenase (GAPDH) was used as the internal control. All primers
were from Sigma-Aldrich (Sigma-Genosys).
Statistical analysis. All statistical analyses were performed using Student’s t tests.

Results
Enhanced myelination in Plp-Akt-DD mice
Plp-Akt-DD mice exhibit early and enhanced myelination, which
continues into adulthood (Flores et al., 2008). Increased expression of the major myelin proteins PLP, DM20, and the MBPs was
described in our previous study (Flores et al., 2008), and in this
study, we investigated additional critical myelin proteins. As
shown in Figure 1, the myelin proteins CNPase and MOG were
also elevated in 2-month-old Plp-Akt-DD mice compared with
WT mice.
Phosphorylation of FOXO1/O3, GSK3, BAD, and p27 was
unchanged in Plp-Akt-DD mice
Akt and its downstream substrates that regulate cell proliferation,
cell survival, cell cycle events, and other cellular functions have
been well characterized (Kim et al., 2005). In the present study,
we focused on identifying the targets involved in the regulation of
Akt-induced hypermyelination of the CNS. A subset of Akt substrates that are involved in regulating apoptosis, gene transcription, or the cell cycle (Fig. 2 A) have been shown to impact oligodendrocyte development. For example, GSK-3␤ has been shown
to regulate cell cycle events in oligodendrocyte progenitor cells
(Frederick et al., 2007; Yang et al., 2007), and p27kip1, another
Akt substrate, also regulates oligodendrocyte development
(Casaccia-Bonnefil et al., 1999; Larocque et al., 2005). IGF
(insulin-like growth factor) regulates oligodendrocyte progenitor cell survival in optic nerve through Akt signaling and BAD
phosphorylation (Pang et al., 2007). Thus, these were all relevant
Akt substrates that could potentially regulate the hypermyelination seen in Plp-Akt-DD mice, and we therefore investigated
whether these signaling partners were involved in the enhanced
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Figure 1. Enhanced myelination in Plp-Akt-DD mice. A, B, Coronal sections of cerebrum from
2-month-old WT and Plp-Akt-DD mice stained with antibodies against myelin proteins CNPase
(A) and MOG (B). Note enhanced expression of both myelin proteins in Plp-Akt-DD brain relative
to WT brain. A minimum of three animals were analyzed per genotype, and representative
images are shown. Scale bar, 100 m. C, D, Western blot data showing greater expression of
CNPase (C) and MOG (D) in Plp-Akt-DD mice compared with WT mice at 2 months of age. CNPase
expression relative to actin was 1.20 ⫾ 0.08 (Plp-Akt-DD) compared with 0.97 ⫾ 0.04 (WT);
MOG expression relative to actin is 1.01 ⫾ 0.11 (Plp-Akt-DD) compared with 0.71 ⫾ 0.05 (WT).
N ⫽ 3 and p ⬍ 0.05 in both cases.

myelination of our transgenic mouse model. However, Western
blot analysis of cerebrum lysates taken from Plp-Akt-DD and WT
mice at 2 months of age showed no differences in the phosphorylation of the Akt substrates GSK-3␤, FOXO1/FOXO3a, p27, or
BAD (Fig. 2 B). Similar studies were conducted on WT and PlpAkt-DD mice at P21, the time of active myelination (supplemental Fig. S1, available at www.jneurosci.org as supplemental material), and again no difference was observed in the activation of
these Akt substrates. These data indicated that, although these
important Akt substrates are phosphorylated in the developing
and adult brain, the Akt signaling that regulates enhanced CNS
myelination in Plp-Akt-DD mice does not involve these
substrates.
Activation of mTOR signaling in Aktoverexpressing oligodendrocytes
Another major Akt substrate, mTOR, is known to regulate protein translation, with a central role in cell growth regulation (Mamane et al., 2006; Dann et al., 2007). Its upregulation mediates
hypertrophy in PTEN-deficient neurons in vivo (Kwon et al.,
2003). However, little information is currently available on its
role in oligodendrocyte development or myelination. As demonstrated in our previous study (Flores et al., 2008), the enhanced
myelination observed in Plp-Akt-DD mice does not result from
changes in the number of oligodendrocytes or their progenitors,
but rather from increased amounts of myelin generated per oligodendrocyte, which would likely need increased translation of
myelin mRNAs. Hence it was reasonable to hypothesize that
there was a significant role for mTOR signaling in Akt-induced
CNS hypermyelination, and we therefore investigated whether
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Figure 2. Phosphorylation status of Akt substrates in Plp-Akt-DD brain. A, Schematic diagram indicating downstream substrates of Akt that regulate multiple cellular functions. B,
Western blot analyses of cerebrum lysates from 2-month-old WT and Plp-Akt-DD mice for the
Akt substrates GSK-3␤, FOXO1/O3, p27, and BAD showed no differences in their phosphorylation status in Plp-Akt-DD samples, relative to WT. A minimum of three animals were analyzed
per genotype, and representative blots are shown.

mTOR was activated in Plp-Akt-DD brain. Enhanced phosphorylation of mTOR (Ser 2448) was seen in Plp-Akt-DD brain on
Western blot analysis (Fig. 3A). A key downstream mTOR substrate that regulates protein synthesis is the p70 ribosomal protein S6 kinase (p70S6K) (Jastrzebski et al., 2007), with the major
substrate of p70S6K being S6RP. We observed enhanced phosphorylation of p70S6K and S6RP in Plp-Akt-DD brain lysates
(Fig. 3 A, B). However, the difference was not statistically significant, likely because of the fact that these samples contain multiple
cell types (neurons, astrocytes, and microglia) in addition to oligodendrocytes. Given that fact, it was important to demonstrate
by immunohistochemistry whether the activation of the mTOR
pathway was in Plp-Akt-DD oligodendrocytes. Indeed, enhanced
expression of p-mTOR, p-p70S6K, and p-S6RP in oligodendrocytes in the Plp-Akt-DD corpus callosum was observed (Fig. 3C).
The mTOR inhibitor rapamycin effectively inhibited mTOR
signaling in brain
Although it was evident that the mTOR pathway was activated in
Plp-Akt-DD oligodendrocytes, it was unclear whether this was
the major signaling pathway regulating the enhanced CNS myelination in this mouse model. To address this question, we inhibited the mTOR pathway in vivo and studied myelination in
normal and Plp-Akt-DD mice. Inhibitors of mTOR are being
used in cancer therapies (Gridelli et al., 2008) and are proposed
for use in several neurologic disorders (Zemke et al., 2007). Inhibition of mTOR signaling by rapamycin is effective in mouse
models in vivo (Kwon et al., 2003; Zeng et al., 2008). We therefore
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inhibition reduced brain weight by ⬃13%
and brain size by ⬃20%. The exact reason
for the reduction in brain size was not
studied. However, it is likely that many
cells in the nervous system are regulated by
mTOR modulation of protein translation.
In particular, we noted that the size of neurons in rapamycin-treated WT (supplemental Fig. S3, available at www.jneurosci.org as
supplemental material) and Plp-Akt-DD
(data not shown) mice was smaller compared with vehicle-treated controls as assessed by NeuN staining, and they appeared
more densely packed than in vehicle-treated
controls.
Enlargement of corpus callosum was
reduced in rapamycin-treated
Plp-Akt-DD mice
We previously showed that the corpus callosum in Plp-Akt-DD transgenic mice is
enlarged relative to WT controls (Flores et
al., 2008), which is one of the striking features associated with the enhanced CNS
myelination in these mice. This difference
in the size of the corpus callosum becomes
apparent at ⬃6 – 8 weeks of age in PlpAkt-DD mice. In the present study, we analyzed whether the enlargement of the corpus callosum was reversed in Plp-Akt-DD
brains after inhibiting the mTOR pathway
with rapamycin. To perform a more proficient analysis of the increase in corpus
callosum area, and to more accurately obFigure 3. Activation of the mTOR pathway in Plp-Akt-DD brain. A, Representative Western blots showing the activation of
serve any changes resulting from rapamymTOR, p70S6K, and S6RP in cerebrum lysates of 2-month-old Plp-Akt-DD samples and WT samples. B, Quantification of the
amount of phosphorylated mTOR, p70S6K, and S6RP relative to the expression of their respective total protein levels. Note the cin treatment, Plp-Akt-DD/Plp-EGFP and
increased phosphorylation of these proteins in Plp-Akt-DD mice compared with WT mice. N varies from 3 to 5. Error bars represent WT/Plp-EGFP littermates with green oliSEM. C, Immunohistochemistry of p-mTOR, p-p70S6K, and p-S6RP in 2-month-old WT and Plp-Akt-DD corpus callosum. Increased godendrocytes (Mallon et al., 2002; Flores
expression of these phosphorylated proteins in oligodendrocytes in Plp-Akt-DD corpus callosum confirmed that the activation of et al., 2008) were studied for better imagmTOR signaling in Plp-Akt-DD samples resulted from increased expression in oligodendrocytes. A minimum of three animals were ing of corpus callosum (Fig. 5 A, B). The
analyzed per condition, and representative data are shown. The upper edge of the corpus callosum is outlined for WT samples (thin corpus callosum area was calculated for
white line), but the corpus callosum fully fills the field in Plp-Akt-DD samples. Scale bar, 50 m. The insets show oligodendrocytes WT and Plp-Akt-DD mice treated with veimmunostained for respective phosphoproteins, taken at high magnification. Scale bar, 20 m.
hicle or rapamycin. The enlargement of
corpus callosum normally seen in Plptreated adult WT and Plp-Akt-DD littermates (6 – 8 weeks of age)
Akt-DD mice was significantly reduced in rapamycin-treated
with rapamycin or vehicle (5 d per week) for 6 weeks. Western
Plp-Akt-DD mice (34.69 ⫾ 4.86 ⫻ 1000 m 2) relative to vehicletreated Plp-Akt-DD mice (52.12 ⫾ 2.99 ⫻ 1000 m 2), and was
blot analysis of brain lysates from rapamycin-treated and vehiclecomparable with the area of the vehicle-treated WT samples
treated animals showed a dramatic reduction in the phosphory(32.16 ⫾ 3.69 ⫻ 1000 m 2) (Fig. 5C). In the WT group treated
lation of S6RP, the downstream substrate of mTOR, in the
with rapamycin, there was a slight reduction in corpus callosum
rapamycin-treated groups of both WT and Plp-Akt-DD mice
area (30.94 ⫾ 3.11 ⫻ 1000 m 2), but this change was not statis(Fig. 4 A), demonstrating the effective inhibition of the mTOR
tically significant.
pathway in vivo after this regimen of rapamycin treatment. No
body weight loss was observed in any group at any stage of treatMyelin g ratios were significantly increased in rapamycinment (supplemental Fig. S2, available at www.jneurosci.org as
treated Plp-Akt-DD mice
supplemental material). However, after 6 weeks of treatment,
Analysis of g ratio is a measure of myelin thickness. Optic nerves
there was a notable decrease in brain size (Fig. 4 B, C) and a sigfrom rapamycin-treated or vehicle-treated mice were analyzed by
nificant reduction in the brain weight (Fig. 4 D) in both
electron microscopy (Fig. 5 D, E), and myelin in rapamycinrapamycin-treated WT and Plp-Akt-DD mice, relative to vehicletreated Plp-Akt-DD optic nerve appeared thinner than in vehicletreated controls. The area of coronal sections of cerebrum was
treated optic nerve, whereas the myelin in the rapamycin-treated
also quantified, and it was significantly reduced in both
or vehicle-treated optic nerves from WT mice seemed unaffected.
rapamycin-treated WT and Plp-Akt-DD mice (Fig. 4 E). The reThe g ratios of myelin in electron micrographs of optic nerves
duction in brain section area was slightly greater in the Plpfrom WT and Plp-Akt-DD mice treated with rapamycin or vehiAkt-DD group. Thus, in both WT and Plp-Akt-DD mice, mTOR
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Figure 4. Chronic rapamycin treatment impacted both WT and Plp-Akt-DD brains. Littermate WT and Plp-Akt-DD mice at 6 – 8 weeks of age were treated with rapamycin for 6 weeks.
A, Representative Western blot showing decreased phosphorylation of S6RP in the brain lysates
of rapamycin-treated WT and Plp-Akt-DD mice, compared with vehicle-treated WT and PlpAkt-DD mice. N varies from 5 to 7 per condition. B, C, Representative images of WT (B) and
Plp-Akt-DD (C) (12 weeks of age) brains after treatment with vehicle or rapamycin for 6 weeks.
Relative to vehicle-treated animals, a reduction in the brain size of rapamycin-treated animals
was noted for both WT and Plp-Akt-DD mice. N varies from 9 to 12 per condition. Scale bar, 5
mm. D, Quantification of the reduction in brain weight in rapamycin-treated WT and PlpAkt-DD mice, compared with vehicle-treated animals. N varies from 9 to 12 per condition. *p ⬍
0.005. E, Quantification of the reduction in brain sectional area for both rapamycin-treated WT
and Plp-Akt-DD mice. Three consecutive sections from three different animals per condition
were used for quantification. *p ⬍ 0.005. Error bars represent SEM.

cle were quantified. In rapamycin-treated Plp-Akt-DD optic
nerve, the thickness of myelin was significantly reduced compared with vehicle-treated Plp-Akt-DD optic nerve. Thus, the g
ratio was significantly higher in rapamycin-treated Plp-Akt-DD
optic nerve (0.708 ⫾ 0.036), relative to vehicle-treated PlpAkt-DD optic nerve (0.606 ⫾ 0.026) ( p ⬍ 0.05). However, in the
WT group, only very minimal change in g ratio was observed.
Thus, in the WT group, the g ratio was 0.750 ⫾ 0.008 in vehicletreated optic nerve, compared with 0.767 ⫾ 0.007 in rapamycintreated WT samples. Scatter plots of the g ratio versus axon diameter (Plp-Akt-DD and WT) highlight the fact that the g ratios
were higher in the rapamycin-treated Plp-Akt-DD optic nerve,
compared with vehicle-treated Plp-Akt-DD optic nerve (Fig. 5G).
In WT samples, the scatter plots for vehicle-treated and
rapamycin-treated groups overlapped, showing little difference
in their g ratios (Fig. 5F ). In all cases, axon diameters remained
unaltered. These results confirm the reversal of the enhanced
myelination in Plp-Akt-DD mice on inhibition of the mTOR
signaling pathway and suggest that WT samples were relatively
unaffected by chronic rapamycin treatment, with respect to
myelination.
Changes in the expression of myelin proteins with
rapamycin treatment
As previously shown (Flores et al., 2008) (Fig. 1), the enhanced
CNS myelination in Plp-Akt-DD mice is characterized by in-
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creased expression of myelin proteins relative to WT littermates.
Hence it was anticipated that, when the enhanced myelination
observed in Plp-Akt-DD mice was reversed by rapamycin treatment, the elevated myelin protein levels would also be reduced in
Plp-Akt-DD mice. To study changes in myelin proteins with
rapamycin treatment, the expression levels of PLP, DM20, MBP,
CNPase, MOG, and MAG were analyzed in rapamycin-treated
and vehicle-treated WT and Plp-Akt-DD mice. The expression of
CNPase, MOG, and MAG in rapamycin-treated Plp-Akt-DD
mice was significantly reduced compared with vehicle-treated
Plp-Akt-DD mice (Fig. 6 A, B). This was further confirmed by
immunohistochemistry of coronal sections of cerebrum from
rapamycin-treated and vehicle-treated Plp-Akt-DD mice, and a
reduction in immunostaining of CNPase and MOG in the outer
cortex of Plp-Akt-DD sections was noted (data not shown). However, in WT mice, the expression of these proteins was only
slightly altered when analyzed by both immunoblotting (Fig. 6 A)
and immunohistochemistry (data not shown). This was consistent with the minimal changes in myelination observed in
rapamycin-treated WT animals (Fig. 5).
Although PLP, DM20, and the MBPs are dramatically increased in expression in Plp-Akt-DD brain at all ages, relative to
WT brain (Flores et al., 2008), the amounts of these two proteins
did not decrease in rapamycin-treated Plp-Akt-DD mice (Fig.
6C), despite that fact that all other measures of myelination in
these mice were reduced. This lack of reduction in these proteins
was confirmed by immunostaining cerebrum sections for PLP/
DM20 and MBP, which also showed no obvious differences in the
expression of these proteins in rapamycin-treated Plp-Akt-DD
brains (data not shown). This unexpected series of results could
result from at least two different mechanisms. First, it may be
that, since these are the two most abundant classes of myelin
proteins, their expression is already extremely high by 2 months
of age. This is consistent with the observation that the relative
increase in these proteins in untreated Plp-Akt-DD mice between
6 and 12 weeks is difficult to detect by Western blot (Fig. 6 D).
Thus, it would be difficult to quantify differences in these proteins within this time frame. Second, it is possible that these two
sets of proteins are regulated by a different pathway than the
mTOR pathway. This explanation seems less likely, since all myelin mRNAs, including PLP/DM20 and MBP, were significantly
downregulated in rapamycin-treated mice relative to vehicletreated Plp-Akt-DD mice (Fig. 6 E). Thus, CNP, MOG, and MAG
mRNAs and the PLP/MBP mRNAs were expressed at much lower
levels in rapamycin-treated Plp-Akt-DD brains than vehicletreated brains, and their levels approached those in WT animals.
Again, little effect of rapamycin was noted on the expression of
any myelin mRNAs in the WT mice (Fig. 6 E).
Rapamycin treatment reduced Olig2 expression in
Plp-Akt-DD mice
It was surprising that inhibition of mTOR, which is primarily
associated with regulating protein translation, had such a dramatic effect in reducing the level of the myelin mRNAs in PlpAkt-DD mice (Fig. 6 E). We therefore analyzed its impact on
regulatory proteins in oligodendrocytes. Olig2 is a major transcription factor that is essential for normal oligodendrocyte specification and differentiation. However, as animals mature, Olig2
protein expression is reduced and it was not detected in adult WT
oligodendrocytes (Fig. 7A, top panels). However, as with the myelin proteins, Olig2 protein was upregulated in Plp-Akt-DD
brains, and after rapamycin treatment, its expression in oligodendrocytes was reduced, as measured by immunohistochemistry
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Activation of mTOR is important for
myelination in WT oligodendrocytes
The current data demonstrate that mTOR
and its downstream substrates were not
highly activated in WT oligodendrocytes
at 2 months of age (Fig. 3) and that inhibition of mTOR signaling with rapamycin
had little impact on the amount of myelin
or myelin protein/RNA in 12-week-old
WT brains (Fig. 6). It seemed unlikely,
however, that mTOR had no impact on
normal myelination in WT mice. Our previous data indicated that expression of
myelin mRNAs continues to increase in
WT mice through P21 but then drops off,
whereas in Plp-Akt-DD mice, it continues
to increase into adulthood (Flores et al.,
2008). We therefore analyzed whether
mTOR might be expressed at high levels at
the time of active myelination in WT oligodendrocytes. WT and Plp-Akt-DD
brain sections were analyzed for mTOR
and S6RP expression at P21, and phosphorylated mTOR and phosphorylated
S6RP were both clearly expressed in oligodendrocytes in the P21 WT corpus callosum (Fig. 8 A, C) as well as in Plp-Akt-DD
P21 cells (Fig. 8 B, D). When phosphomTOR expression in WT oligodendrocytes at P21 was compared with that in WT
oligodendrocytes at 2 months of age,
clearly higher levels of phospho-mTOR
Figure 5. Rapamycin treatment reduced the enhanced myelination in Plp-Akt-DD brains. Littermate WT and Plp-Akt-DD mice were expressed at P21 (supplemental Fig.
at 6 – 8 weeks of age were treated with rapamycin for 6 weeks. A, B, Confocal images showing the size of the corpus callosum in S4, available at www.jneurosci.org as suprapamycin-treated (R) Plp-Akt-DD sections (DD; bottom) or WT sections (WT; top), relative to vehicle-treated sections (V). Scale plemental material). Thus, it appears that
bar, 500 m. C, Quantification of corpus callosum area, showing a significant reduction in rapamycin-treated Plp-Akt-DD animals, mTOR signaling is elevated in normal olicompared with the vehicle-treated group. N ⫽ 3; *p ⬍ 0.001. The small reduction in corpus callosum area in the WT group, godendrocytes during active myelination,
however, was not significant. D, Electron micrograph images of optic nerves from vehicle-treated and rapamycin-treated WT that it likely impacts active myelination
mice, showing no obvious differences in the thickness of myelin after treatment. N ⫽ 3. Magnification, 10,000⫻. E, Electron during normal development in WT mice,
micrographs of optic nerves from vehicle-treated and rapamycin-treated Plp-Akt-DD mice, showing a reduction of the enhanced that it is reduced as normal oligodendromyelination after rapamycin treatment. N ⫽ 3. Magnification, 10,000⫻. F, G, Quantification of the g ratios from myelinated
cytes cease active myelination, but that acaxons in the rapamycin-treated and vehicle-treated groups of WT and Plp-Akt-DD optic nerves. In rapamycin-treated Plp-Akt-DD
tive myelination regulated by mTOR conoptic nerves, the g ratio was significantly increased, confirming the reduction in myelin thickness. N ⫽ 3; *p ⬍ 0.005. However,
there was only a slight increase in the g ratio in rapamycin-treated WT optic nerve, compared with vehicle-treated samples. Error tinues in Plp-Akt-DD mice as they age. In
addition to the activation of the mTOR
bars represent SEM.
pathway at P21, elevated expression of
Olig2 protein was also observed in WT oligodendrocytes at P21 (Fig. 8 E), compared
with its expression at 3 months of age (Fig.
and Western blot analysis (Fig. 7 A, B). These data are important
7A, top panels). Intriguingly, the expression of Olig2 per cell
since extensive studies have shown that Olig2 is required for oliappeared increased in Plp-Akt-DD oligodendrocytes compared
godendrocyte production and differentiation, but this is the first
with WT oligodendrocytes at P21 (Fig. 8 E, F, note inset images).
report that Olig2 expression remains elevated during active myThus, at times of active myelination, both in WT oligodendroelination and is downregulated when active myelination ceases.
cytes [P21 (Fig. 8 E)] and Plp-Akt-DD oligodendrocytes [P21
Interestingly, although the Olig2 protein was reduced by rapamy(Fig. 8 F); 12 weeks (Fig. 7A)], Olig2 was highly expressed in
cin treatment of Plp-Akt-DD mice, the Olig2 mRNA concentraoligodendrocytes, but it was downregulated as cells shift into a
tion was not reduced after rapamycin treatment (Fig. 7C). Thus,
“maintenance” phase in the adult brain.
during active myelination in these hypermyelinating mice, Olig2
continued to be translated and it regulated myelination presumInhibition of mTOR signaling in young WT
ably by regulating myelin gene transcription. Inhibiting the
impacted myelination
mTOR pathway in Plp-Akt-DD mice blocked translation of Olig2
To pursue the role of mTOR signaling during normal active myprotein, which reduced the overall amount of the myelin mRNAs
elination, we began studies inhibiting mTOR signaling in
as well as their proteins, although the Olig2 protein apparently
younger animals. We noted that, whereas mTOR activity was not
had no impact regulating its own mRNA.
high in adult oligodendrocytes (Fig. 3C; supplemental Fig. S4,
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available at www.jneurosci.org as supplemental material), it was quite high in oligodendrocytes at P21 (supplemental Fig.
S4, available at www.jneurosci.org as supplemental material). WT mice starting at
P21 were therefore treated with rapamycin
for 3 weeks and changes in myelination
were studied (Fig. 9). The impact of
chronic rapamycin treatment on the expression of different myelin proteins and
mRNAs in young WT mice was studied by
immunohistochemistry, Western blotting, and RNA analysis. The expression of
all myelin proteins studied, CNPase,
MOG, PLP, DM20 (Fig. 9A), and MBPs
(supplemental Fig. S5, available at www.
jneurosci.org as supplemental material)
was reduced. Although the reduction observed in CNPase and MOG was statistically significant, the decrease in the expression of major myelin proteins PLP, DM20,
and MBPs was not statistically significant
(Fig. 9B; supplemental Fig. S5B, available
at www.jneurosci.org as supplemental material). Immunohistochemistry of coronal
brain sections also showed clear reduction
in myelin in rapamycin-treated WT mice,
when stained by CNPase, PLP/DM20 (Fig.
9C), or MBP (data not shown). Additionally, quantitative analysis of myelin mRNAs showed reduced levels of all myelin
RNAs studied: PLP, MBP, MAG, and
CNPase. As with the proteins, the reduction was not statistically significant for
PLP and MBP mRNAs (Fig. 9D). These
results demonstrate the important role of
mTOR signaling during active myelination in normal animals, in addition to its
role in modulating hypermyelination induced in Plp-Akt-DD transgenic mice.

Discussion

Figure 6. Inhibition of mTOR signaling resulted in changes in the expression of myelin proteins and RNA levels in Plp-Akt-DD
brains. Littermate WT and Plp-Akt-DD mice at 6 – 8 weeks of age were treated with rapamycin for 6 weeks. A, Western blot
analysis showing the expression of the myelin proteins CNPase, MOG, and MAG in the rapamycin-treated WT and Plp-Akt-DD
brains, compared with vehicle-treated controls for each group. N ⫽ 3 per condition, and representative data are shown. B,
Quantification of Western blots showing a significant reduction in CNPase, MOG, and MAG in the brains of rapamycin-treated
Plp-Akt-DD mice. N ⫽ 3; *p ⬍ 0.05. C, Western blot data showing no apparent change in the expression levels of the major myelin
proteins PLP, DM20, and different MBP isoforms in the rapamycin-treated WT and Plp-Akt-DD samples, relative to vehicle-treated
samples for each group. N ⫽ 3. D, Western blot analysis showing that the expression of the major myelin proteins PLP and DM20
does not detectably increase between the ages of 6 and 12 weeks in Plp-Akt-DD mice. E, Quantification of myelin RNA levels
(CNPase, MOG, MAG, PLP, and MBP) using real-time PCR from the cerebrum samples of rapamycin-treated and vehicle-treated WT
and Plp-Akt-DD brains. All myelin RNAs studied were downregulated in rapamycin-treated Plp-Akt-DD samples, compared with
vehicle-treated controls. However, there were no significant changes in the levels of myelin RNAs in the rapamycin-treated WT
samples. Quantification was performed relative to a standard RNA, GAPDH, and then expressed relative to the level of vehicletreated WT sample, which was given an arbitrary value of 1.0. N ⫽ 3 per condition. *p ⬍ 0.05. Error bars represent SEM.

Our previous study using this Plp-Akt-DD
transgenic mouse model demonstrated a
role for Akt activation in CNS myelination
(Flores et al., 2008). Akt signaling regulates
a variety of cellular functions by mediating
extracellular and intracellular signals. More than 30 Akt substrates are implicated in cell survival, growth, differentiation, migration, and metabolism (Kim et al., 2005; Somanath et al., 2006).
Akt has been shown to regulate oligodendrocyte progenitor cell
cycle (Frederick et al., 2007; Yang et al., 2007) and oligodendrocyte progenitor cell survival (Flores et al., 2000; Pang et al., 2007).
However, our studies in Plp-Akt-DD mice demonstrated no significant differences in oligodendrocyte progenitor proliferation
or survival, or in the number of mature oligodendrocytes compared with WT (Flores et al., 2008). Thus, the hypermyelination
in these mice does not result from changes in the survival or
proliferation of oligodendrocyte progenitors or mature cells.
This was corroborated with our current observation that many
Akt substrates that are particularly involved in cell survival, such
as BAD, p27KIP1, GSK-3␤, and FOXO1/FOXO3, showed no obvious changes in phosphorylation in Plp-Akt-DD mice.

The only Akt substrate that was activated in Plp-Akt-DD mice
was mTOR. mTOR regulates protein synthesis and cell size in
numerous cell types (Ruvinsky et al., 2006). The enhanced myelination in Plp-Akt-DD mice results from increased myelin gene
expression generating increased myelin membrane by Aktoverexpressing oligodendrocytes. Therefore, activation of the
mTOR pathway in Plp-Akt-DD oligodendrocytes is consistent
with enhanced myelination in these mice. In other studies,
mTOR activation occurs in neuronal hypertrophy in PTENdeficient mice because of elevated Akt activity (Kwon et al.,
2003), and in increased growth of pancreatic ␤-cells expressing
constitutively active Akt1 (Alliouachene et al., 2008). These data
are consistent with mTOR being the primary target of Akt signaling leading to hypermyelination in Plp-Akt-DD mice.
mTOR can exist in two heteromeric and functionally distinct
protein complexes called mTORC1 and mTORC2, based on its
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Figure 7. Expression of Olig2 is reduced in rapamycin-treated Plp-Akt-DD brains. Littermate
WT and Plp-Akt-DD mice at 6 – 8 weeks of age were treated with rapamycin for 6 weeks. A,
Immunohistochemistry showing Olig2 expression (red) in the corpus callosum of vehicletreated and rapamycin-treated WT (WT; top) and Plp-Akt-DD (DD; bottom) coronal brain sections. Plp-Akt-DD and WT were crossed with Plp-EGFP mice to optimize visualization of green
oligodendrocyte cell bodies. Olig2 expression was noted in Plp-Akt-DD oligodendrocytes but
was undetectable in WT oligodendrocytes at this age. Olig2 was downregulated in rapamycintreated Plp-Akt-DD oligodendrocytes. Scale bar, 50 m. B, Western blot analysis using cerebrum lysates from vehicle-treated and rapamycin-treated WT and Plp-Akt-DD samples, showing reduced expression of Olig2 in the rapamycin-treated Plp-Akt-DD mice, compared with
vehicle-treated Plp-Akt-DD controls. C, Quantitative real-time PCR analysis showing no changes
in the expression of Olig2 RNA in rapamycin-treated Plp-Akt-DD or WT compared with vehicletreated controls. Quantification was performed relative to a standard RNA, GAPDH, and then
expressed relative to the level of vehicle-treated WT sample, which was given an arbitrary value
of 1.0. N ⫽ 3 per condition. Error bars represent SEM.

association with Raptor and Rictor, respectively (Bhaskar and
Hay, 2007). mTORC1 regulates numerous cellular processes
such as protein translation, autophagy, and microtubule dynamics (Harris and Lawrence, 2003; Swiech et al., 2008), whereas
mTORC2 regulates actin cytoskeleton organization, and also regulates Akt activity itself (Jacinto et al., 2004; Sarbassov et al., 2005;
Frias et al., 2006; Woo et al., 2007). Regulation of protein translation by mTORC1 involves two independent, cell-specific pathways: activation of ribosomal S6 kinase (S6K) and suppression of
the elongation factor 4E-BP-1 (4E binding protein 1) (Ruvinsky
and Meyuhas, 2006; Sandsmark et al., 2007; Choo et al., 2008). In
our system, activation of mTORC1 and its substrates p70S6K and
S6RP was observed in Plp-Akt-DD oligodendrocytes at 2 months
of age. Activation of the Akt/mTOR/S6K pathway also occurs in
insulinoma formation (Alliouachene et al., 2008), glial cell transformation (Nakamura et al., 2008), vascular malformations
(Shirazi et al., 2007), lung carcinoma (Han et al., 2006), and
intestinal epithelial cell transformation (Jastrzebski et al., 2007).
Although mTOR signaling has been implicated in many cellular functions in diverse cell types, few studies have focused on a
specific role for Akt/mTOR signaling in oligodendrocyte devel-
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Figure 8. Phospho-mTOR and Olig2 expression in WT and Plp-Akt-DD brains at P21. A, B,
Immunohistochemistry of WT (A) and Plp-Akt-DD (B) corpus callosum analyzing p-mTOR expression showing the activation of mTOR in WT oligodendrocytes at P21. The upper edge of the
corpus callosum is outlined for both WT and Plp-Akt-DD samples (thin white line). The expression of p-mTOR in P21 WT cells appeared comparable with that in P21 Plp-Akt-DD cells. Scale
bar, 25 m. C, D, Immunohistochemistry showing similar expression levels of p-S6RP in oligodendrocytes of WT (C) and Plp-Akt-DD (B) at P21, further confirming activation of the mTOR
pathway in WT oligodendrocytes during active myelination. Scale bar, 25 m. E, F, Expression
of Olig2 in corpus callosum of WT (E) and Plp-Akt-DD mice (F ) at P21. Scale bar, 50 m. The
Olig2 expression in WT oligodendrocytes was significantly higher at P21 compared with 3
months of age (Fig. 7A). Additionally, the expression level of Olig2 appeared higher in PlpAkt-DD cells at P21 than in P21 WT cells (note inset images; scale bar, 25 m).

opment. The studies reported here and by Tyler et al. (2009) are
the first to establish a role for mTOR in oligodendrocyte differentiation and myelination. Studies in the Wood Laboratory show
that the mTOR pathway is essential for the differentiation of
oligodendrocyte progenitors (Tyler et al., 2009). In our previous
work with this transgenic model, we demonstrated that there is
an early enhancement of myelination (Flores et al., 2008). Thus,
the overexpression of Akt, and thus mTOR, in these mice leads to
early differentiation of oligodendrocytes, consistent with the
conclusion that mTOR is essential for oligodendrocyte differentiation. However, there was no change in the number of progenitor cells or mature oligodendrocytes in young or adult animals.
Thus, the signals regulating the final number of cells are apparently separate from this Akt/mTOR signaling pathway, and they
are limiting. Identifying these signaling pathways is an important
future question.
Rapamycin is a specific inhibitor of mTOR, which has been
used both in vitro and in vivo to block mTOR function (Dancey
2005). Rapamycin acts primarily through mTORC1, although
prolonged rapamycin treatment can also interfere with mTORC2
and affect Akt activity (Sarbassov et al., 2006). Several studies
have shown the importance of mTOR as a therapeutic target, and
rapamycin and rapamycin analogs [everolimus (RAD001), deforolimus (AP-23573), temsirolimus (CC1-779)] are recommended for cancer therapy as well as in brain injury, brain tu-
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mors, and other neurological disorders
(Erlich et al., 2007; Sandsmark et al., 2007;
Swiech et al., 2008). Although the rapamycin dosage used in our studies was similar
to that in other in vivo animal studies
(Kwon et al., 2003; Meikle et al., 2008), it
was 15- to 100-fold above typical clinical
doses (Galanis et al., 2005; Stallone et al.,
2005; Pandya et al., 2007), and it was delivered intraperitoneally rather than
orally. Nevertheless, it must be noted that,
even though these animals exhibited no
clinical signs during treatment, significant
reduction in brain size and weight in both
WT and Plp-Akt-DD rapamycin-treated
mice was clearly evident (Fig. 4). This suggests that long-term clinical treatment
with rapamycin or other mTOR inhibitors
should be undertaken with caution.
When mTOR signaling was inhibited
in vivo with rapamycin treatment, the enhanced myelination that is normally seen
in Plp-Akt-DD mice was significantly reduced. In contrast, no altered myelination
was seen in adult rapamycin-treated WT
mice. This would seem inconsistent with
the concept that mTOR signaling regulates
normal myelination. However, this apparently results from the timing of the rapamycin treatment. Enhanced levels of
p-mTOR and its substrates were present in
WT oligodendrocytes during active myelination at P21, and when rapamycin treatment was started at P21, reduction of myelin proteins and mRNAs was seen (Fig. 9).
Thus, active myelination was regulated by
mTOR in both WT and transgenic mice.
In Plp-Akt-DD mice, the expression of
constitutively active Akt maintained oligodendrocytes in an active myelination state,
which was sensitive to rapamycin inhibition, whereas young WT mice had reduced
myelin when treated with rapamycin. In
contrast, WT mice expressed little
p-mTOR in oligodendrocytes as adults
(Fig. 3C), when myelination was relatively
complete and the amount of myelin was
insensitive to mTOR inhibition. Thus,
myelin maintenance does not require
mTOR activity, whereas active myelination does require it.
The current study appears to contrast
with a study showing that rapamycin/
RAD001 treatment of mice with a neuronal model of tuberous sclerosis increased
myelination. However, the defective myelination in that model resulted from impaired neuronal signals inducing myelination (Meikle et al., 2007, 2008). In that
study, rapamycin was given at early ages
and the improvement in neuronal function led to increased myelination. Intriguingly, the myelin in the control mice
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Figure 9. Impact of mTOR inhibition in WT mice during active myelination. A, Western blot analysis showing the reduction of
myelin proteins (CNPase, MOG, PLP, and DM20) when P21 WT animals were treated with rapamycin (⫹R) for 3 weeks compared
with vehicle-treated controls (⫹V). B, Quantification of Western blots showing the reduction in myelin proteins with rapamycin
treatment. The reduction in CNPase and MOG are significant (*p ⬍ 0.05), whereas the decrease observed in PLP and DM20 was
not statistically significant. N ⫽ 2 per genotype. C, Immunohistochemistry of coronal brain sections from WT mice treated with
vehicle (⫹V) or rapamycin (⫹R) demonstrating the reduction of myelinated fibers when stained for CNPase or PLP/DM20. N ⫽
3 per genotype; representative images are shown. Scale bar, 100 m. D, Real-time PCR quantification of myelin RNAs in WT
animals (P21) treated with vehicle (⫹V) or rapamycin (⫹R) for 3 weeks. There is a significant reduction in the expression of
CNPase and MAG in the group treated with rapamycin (*p ⬍ 0.05), whereas the reduction observed in PLP and MBP RNAs was not
statistically significant. N ⫽ 2 per genotype. Error bars represent SD.
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treated with rapamycin was clearly reduced relative to control
vehicle-treated mice [Meikle et al. (2008), their Fig. 4]. Thus,
although this study demonstrates that reducing a neuronal pathology with rapamycin can increase myelination, they clearly
show, but do not note, that rapamycin treatment per se reduces
myelin in control animals.
It was unexpected that we observed reduction in the increased
levels of the minor myelin proteins but could not demonstrate
changes in the expression of the abundant myelin proteins PLP,
DM20, and the MBPs. This likely resulted from the very high
expression of these proteins in brain such that changes over a 6
week time frame could not be detected by Western blotting (Fig.
6 D) or immunohistochemistry. This was further supported by
our studies on P21 mice treated with rapamycin, in which the
reduction of the minor proteins was statistically significant, but
not the reduction in PLP and MBP. The possibility does exist that
translation of these abundant myelin proteins may be regulated
by another signaling pathway. However, it must be noted that
rapamycin treatment reduced the significant increases in all myelin mRNAs, including PLP and MBP that are normally seen in
Plp-Akt-DD mice (Flores et al., 2008). Considering the central
role of mTOR signaling in the translational machinery, the activation of mTORC1 in Plp-Akt-DD oligodendrocytes likely regulates translation of transcription factors that regulate myelin gene
transcription. Our study identifies Olig2 as one such molecule.
Many studies have shown that Olig2 is essential for oligodendrocyte specification and differentiation (Zhou et al., 2001; Fu et al.,
2002; Wang et al., 2006), but very few have focused on its role in
myelination via transcriptional regulation of myelin genes per se.
Liu et al. (2007) demonstrated that overexpression of Olig2 induced premature oligodendrocyte differentiation by inducing
Sox10 and Nkx2.2 expression, thereby increasing myelin gene
transcription. Gokhan et al. (2005) demonstrated a direct effect
of Olig2 on transcription of the MBP promoter only in conjunction with other transcription factors such as Sox10 and E47. The
current in vivo study suggests that Olig2 indeed is a participant in
active transcription of myelin genes. Olig2 is normally downregulated in WT cells when they mature, but it remains elevated
in actively myelinating cells in Plp-Akt-DD mice until they are
prevented from active myelination by rapamycin treatment. Together, the current studies demonstrate that mTOR signaling is
essential for active myelination and that, in addition to regulating
translation of myelin mRNAs, it may regulate translation of oligodendrocyte transcription factors, thereby regulating myelin
mRNA expression itself.
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