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During differentiation, oligodendrocyte precursor cells (OPCs) extend a network of processes that make contact with axons and ini-
tiate myelination. Recent studies revealed that actin polymerization is required for initiation of myelination whereas actin depoly-
merization promotes myelin wrapping. Here, we used primary OPCs in culture isolated from neonatal rat cortices of both sexes and
youngmale and female mice with oligodendrocyte-specific deletion of mechanistic target of rapamycin (mTOR) to demonstrate that
mTOR regulates expression of specific cytoskeletal targets and actin reorganization in oligodendrocytes during developmental mye-
lination. Loss or inhibition of mTOR reduced expression of profilin2 and ARPC3, actin polymerizing factors, and elevated levels of
active cofilin, which mediates actin depolymerization. The deficits in actin polymerization were revealed in reduced phalloidin and
deficits in oligodendrocyte cellular branching complexity at the peak of morphologic differentiation and a delay in initiation of mye-
lination.We further show a critical role formTOR in expression and localization ofmyelin basic protein (Mbp) mRNA andMBP pro-
tein to the cellular processes where it is necessary at the myelin membrane for axon wrapping.Mbp mRNA transport deficits were
confirmed by single molecule RNA FISH. Moreover, expression of the kinesin family member 1B, anMbpmRNA transport protein,
was reduced in CC11 cells in the mTOR cKO and in mTOR inhibited oligodendrocytes undergoing differentiation in vitro. These
data support the conclusion that mTOR regulates both initiation of myelination and axon wrapping by targeting cytoskeletal reor-
ganization andMBP localization to oligodendrocyte processes.
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Significance Statement

Myelination is essential for normal CNS development and adult axon preservation and function. The mechanistic target of
rapamycin (mTOR) signaling pathway has been implicated in promoting CNS myelination; however, there is a gap in our
understanding of the mechanisms by which mTOR promotes developmental myelination through regulating specific down-
stream targets. Here, we present evidence that mTOR promotes the initiation of myelination through regulating specific cytos-
keletal targets and cellular process expansion by oligodendrocyte precursor cells as well as expression and cellular localization
of myelin basic protein.

Introduction
Progression through specific stages of oligodendrocyte differen-
tiation has been well characterized and involves extensive mor-
phologic changes in preparation for axon contact and initiation
of myelination (for reviews, see Michalski and Kothary, 2015;
Snaidero and Simons, 2017; Brown and Macklin, 2020).
Oligodendrocyte precursor cells (OPCs) transition into imma-
ture oligodendrocytes characterized by increased number and
length of cellular processes to contact axons and initiate

myelination. Final maturation of oligodendrocytes requires the
cell membrane to flatten out to wrap axons in the process of
myelination (Nawaz et al., 2015; Zuchero et al., 2015). The inabil-
ity of OPCs to differentiate contributes to impaired developmen-
tal myelination as well as to reduced myelin repair after
demyelination in diseases such as multiple sclerosis (for reviews,
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see Franklin and Ffrench-Constant, 2017; Snaidero and Simons,
2017; Abu-Rub and Miller, 2018).

The evolving morphology of oligodendrocytes during cellular
differentiation and myelination requires a dynamic cytoskeleton
(for reviews, see Michalski and Kothary, 2015; Snaidero and
Simons, 2017; Thomason et al., 2019; Brown and Macklin, 2020).
The actin cytoskeleton exists in monomer and filament form; the
balance between polymerization and depolymerization is tightly
regulated and controls cytoskeletal reorganizations. Numerous
laboratories have contributed to our current understanding of
cytoskeletal dynamics in developing oligodendroglia. Prior reports
support two phases of developmental myelination involving
opposing cytoskeletal processes in differentiating oligodendro-
cytes; phase I requires actin polymerization for growth cone for-
mation mediated process extension (Fox et al., 2006; Zuchero et
al., 2015), whereas phase II requires actin depolymerization for
proper axon wrapping and myelination (Nawaz et al., 2015;
Zuchero et al., 2015). Actin binding proteins that regulate actin
cytoskeletal reorganization include the actin polymerizing pro-
tein profilin, the ARP2/3 branched actin nucleator complex, and
the depolymerizing protein family actin depolymerizing factor
(ADF)/cofilin1. The ARP2/3 complex in oligodendroglia is
known to regulate axon ensheathment (Zuchero et al., 2015). In
contrast, ADF/cofilin1 regulates filamentous actin (F-actin) turn-
over for proper myelin wrapping; however, it is hypothesized
that F-actin at the membrane leading edge provides the driving
force needed for myelin growth (Nawaz et al., 2015). Moreover,
the involvement of F-actin at the inner tongue of myelinating
cells helps create the balance between myelin compaction and
cytoplasmic channels (Snaidero and Simons, 2017). The presence
of myelin basic protein (MBP) in the oligodendrocyte processes
also has been proposed to be important in the wrapping phase of
myelination to enable MBP to displace cofilin at the membrane
(Zuchero et al., 2015). The membrane displacement of cofilin
then may facilitate actin depolymerization necessary for wrap-
ping (Zuchero et al., 2015).

The function of specific intracellular signaling pathways in
the developmental progression of oligodendroglia has been the
focus of numerous publications (Sperber et al., 2001; J. Zou et al.,
2011; Ishii et al., 2012; Bercury et al., 2014; Dai et al., 2014; Wahl
et al., 2014; Furusho et al., 2017). However, it is unknown how
these pathways orchestrate the morphologic changes observed
during differentiation and myelination. Moreover, the studies on
actin dynamics in developing oligodendrocytes and myelination
did not identify upstream regulators (Nawaz et al., 2015;
Zuchero et al., 2015). Studies in a variety of other cell types
including neutrophils, fibroblasts, and tumor cells demonstrate a
role for the mechanistic target of rapamycin (mTOR) pathway in
regulating the cytoskeleton (Jacinto et al., 2004; Sarbassov et al.,
2004; Liu et al., 2008; He et al., 2013); however, these studies have
provided little information on specific cytoskeletal targets down-
stream of mTOR. Our previous studies revealed that mTOR regu-
lates oligodendrocyte differentiation, initiation of myelination and
myelin thickness in the spinal cord (Tyler et al., 2009; Bercury et
al., 2014; Wahl et al., 2014). Collectively, these findings led us to
hypothesize that mTOR regulates cytoskeletal dynamics in oligo-
dendrocytes necessary for initiation of myelination and for proper
myelin wrapping.

The goal of the studies presented here was to determine the
function of mTOR signaling in regulating cytoskeletal reorgan-
ization during oligodendrocyte development. We show that
loss or inhibition of mTOR alters expression of cytoskeletal
proteins involved in actin polymerization in differentiating

oligodendrocytes in vitro and in vivo. Moreover, we demonstrate
that mTOR in oligodendroglia regulates the localization of MBP
to oligodendrocyte processes during myelination, through pro-
moting transport ofMbpmRNAs.

Materials and Methods
Experimental animals
All mouse protocols were conducted in accordance with Rutgers
University Institutional Animal Care and Use Committee and the
National Institute of Health guidelines for care and use of laboratory ani-
mals. Mice were housed in a barrier facility with a 12 h light/dark cycle.
The CNP-Cre/mTOR conditional knock-out (mTOR cKO) mouse line
carrying CNP-Cre and floxed alleles for Mtor was described previously
(Wahl et al., 2014).

Mice homozygous for Mtor floxed and heterozygous for CNP-Cre
were used for breeding to generate Cre1 or Cre- littermates for experi-
ments. The PLP-Cre/mTOR inducible cKO (icKO) line was established
by crossingMtor fl/fl mice (C. H. Lang et al., 2010; S. A. Lang et al., 2010;
Carr et al., 2012; Wahl et al., 2014) with PLP-CreERT mice (The Jackson
Laboratory, 005975; RRID:IMSR_JAX:005975), henceforth referred to as
PLP-mTOR icKOmice. Mice homozygous forMtor floxed and heterozy-
gous for PLP-CreERT were used for breeding to generate Cre1 or Cre�
littermates for experiments. Tamoxifen was injected intraperitoneally
(60mg/kg) for 4 consecutive days to induce recombination at P7.
Tamoxifen was dissolved in a 9:1 ratio of sesame oil–100% ethanol. Both
males and females were used in all analyses. All strains were on a
C57BL/6 background.

All zebrafish experiments were approved by the Institutional Animal
Care and Use Committee at the University of Colorado School of
Medicine. Embryos were raised at 28.5°C in embryo media (EM) and
staged according to hours postfertilization (hpf), days postfertilization
(dpf), and morphologic criteria (Kimmel et al., 1995). Rapamycin
(Tocris Bioscience) was dissolved in 100% DMSO at a concentration of
20 mM. Drugs were diluted in EM to make a working concentration of 5
mM with a final concentration of 1%DMSO. Control solutions contained
1% DMSO in EM. Tg(nkx2.2a:mEGFP) zebrafish embryos were collected
following timed matings. Embryos were sorted for GFP, dechorionated
and treated with rapamycin or DMSO control. Zebrafish drug treatments
were initiated at 48 hpf until 56 hpf, when zebrafish were anesthetized
using tricaine (MS-222). Embryos weremounted laterally in 1% low-melt
agarose and tricaine and imaged directed above the yolk sac extension on
a Leica DM-6000 confocal. Individual oligodendrocytes were analyzed
using IMARIS image analysis software (Bitplane).

Preparation and isolation of primary oligodendrocytes
OPCs were purified from cortical mixed glial cultures isolated from post-
natal days (P)0–P2 Sprague-Dawley rat pups by established methods
and cultured as described previously (McCarthy and Vellis, 1980; Tyler
et al., 2009). To initiate OPC differentiation, we followed an established
mitogen withdrawal protocol in the presence of 30ng/ml triiodothyro-
nine (T3) and plus or minus the addition of rapamycin (15 nM) as for
prior studies (Tyler et al., 2009). In some experiments, we initiated dif-
ferentiation for 48 h prior to adding rapamycin. For all experiments, dif-
ferentiation medium plus/minus rapamycin was replenished every 48 h
except as noted for Figure 1.

Protein isolation andWestern immunoblotting
Plated cells from OPC isolation were harvested in TRIS-triton buffer (10
mm Tris, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100,
10% glycerol, 0.1% SDS, 0.5% deoxycholate) supplemented with phos-
phatase and protease inhibitors (5 mM NaF, 1 mM PMSF, 1% protease in-
hibitor cocktail, 1 mM Na3V04), then sonicated. Protein concentrations
were determined using the Bio-Rad protein assay and separated by SDS-
PAGE. Primary antibodies were as follows: Rb-profilin2 (1:250; Novus
Biologicals, NBP1-87 426;RRID:AB_11007824),Rb-p-cofilin(1:1000;Cell
Signaling Technology, 3313; RRID:AB_2080597), Rb-total cofilin (1:1000;
Cell Signaling Technology, 5175; RRID:AB_10622000), Rb-Kif1b (1:500;
Abcam, ab69614; RRID:AB_1860749), Rb-ARPC3 (1:500; Novus
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Biologicals,NBP1-89 016;RRID:AB_11003588),Rb-MBP(1:1000;Abcam,
ab40390; RRID:AB_1141521), and Ms-beta-actin (1:10 000; Sigma-
Aldrich,A5441;RRID:AB_476744). Secondary antibodieswere as follows:
(Gt anti-Rb 1:2000 for all Rb antibodies, Jackson ImmunoResearch, 111-
035-144;RRID:AB_2307391)or(Gtanti-Ms1:5000forbeta-actin, Jackson
ImmunoResearch,115-035-003;RRID:AB_10015289).

For filamentous to globular (F/G) actin analysis, proteins were har-
vested from control or rapamycin treated cells following differentiation in
T3 supplemented differentiationmedia as detailed in the previous section.
F/G actin ratios were performed according to the manufacturer’s instruc-
tions(Cytoskeleton,BK037).

Tissue preparation and immunofluorescent staining
Animals at P7 and P14 were rapidly decapitated, and spinal cords were dis-
sected and drop fixed in 3% PFA at 4°C, overnight. Tissues were then dehy-
drated in 30% sucrose and frozen in OCT for cryosectioning. Mounted
cryosections (25mm) were rinsed in 0.1% PBST and incubated in 50 mM

ammonium chloride for 1 h at room temperature. Slides were washed in
0.1% PBST 3� 10 min. Sections were then permeabilized and blocked in
10% BSA/5% NGS in 0.1% PBST for 1 h at room temperature. Primary and
secondary antibodies were added to 1% BSA/5% NGS in 0.1% PBST.
Sections were incubated in primary antibody in a humid chamber, over-
night at 4°C. Primary antibodies were obtained as described in the previous
section and used at the indicated dilutions: profilin2 (1:50), ARPC3 (1:100),
Kif1b (1:200), MBP (1:200), CC1 (1:100; Millipore, OP80; RRID:AB_
2057371), a-Tubulin (1:500; Sigma-Aldrich, T6199; RRID:AB_477583),
Acti-Stain 488 Fluorescent Phalloidin (100 nM; Cytoskeleton, PHDG1), and
mouse-neurofilament (NF) 200 (1:20; Sigma-Aldrich, N5389; RRID:AB_
260781). Secondary antibodies purchased from Jackson ImmunoResearch

were as follows: goat anti-rabbit 647 (1:500; 111-
605-144; RRID:AB_2338078), mouse biotin
(1:100; 200-002-211; RRID:AB_2339006), and
streptavidin 405 (1:300; 016-470-084; RRID:AB_
2337248).

Following primary antibody incubation, sec-
tions were washed in 0.1% PBST and incubated
in the appropriate secondary antibody (described
above) for 2 h at room temperature at the follow-
ing dilutions: goat anti-rabbit 647 (1:500) or
mouse biotin (1:100). Sections were washed in
0.1% PBST and incubated with streptavidin 405
(1:300) for 2 h at room temperature followed by
washes in 0.1% PBST and PBS and coverslipped
with either Fluorogel or Prolong Gold.

For cell staining in vitro, media was removed
from cultured cells in well-slides. Slides were
rinsed with PBS, fixed in 3% PFA for 15 min,
washed with PBS and permeabilized with 0.3%
triton X-100 for 15 min. Cells were blocked in
4% BSA/3% goat serum in PBS for 1 h and incu-
bated overnight with primary antibody in block-
ing solution. Following washes in PBS, cells were
incubated in secondary antibody for 1 h at room
temperature. Cells were then washed in PBS and
incubated in DAPI for 5 min, washed again in
PBS and coverslipped with Fluorogel. For F-actin
visualization, cells were incubated in 100 nM
Acti-Stain 488 Fluorescent Phalloidin at room
temperature in the dark for 30min prior to
DAPI incubation.

In situ hybridization
Mice were intracardially perfused with 4% PFA
in PBS; spinal cords were dissected and post-
fixed with 4% PFA overnight, cryoprotected
with 30% sucrose-PBS buffer overnight and fro-
zen. Mounted cryosections were prepared at
20mm thickness. In situ hybridization was per-
formed as described previously (Hashimoto et
al., 2016) with slight modifications. The follow-

ing plasmids containing mouse cDNA were used to generate cRNA
probes: Plp (full coding region; Harlow et al., 2014) and Mbp (nucleo-
tides 683–1286 corresponding to NM_010777.3). Briefly, the sections
were treated with proteinase K (2mg/ml for 15min at room tempera-
ture) and hybridized overnight at 63°C with DIG-labeled antisense
riboprobes in a hybridization solution consisting of 50% formamide, 20
mM Tris-HCl, pH 7.5, 600 mM NaCl, 1 mM EDTA, 10% dextran sulfate,
200mg/ml yeast tRNA and 1� Denhardt’s solution. After the sections
were washed in buffers with decreasing stringency, they were incubated
with an alkaline phosphatase-conjugated anti-DIG antibody (1:5000;
Roche Diagnostics). The color was developed in the presence of 4-nitro-
blue tetrazolium chloride and 5-bromo-4-chloro-3-indolylphosphate
(Roche Diagnostics) in the dark at room temperature.

Quantification of Plp1 cell numbers were performed using ImageJ
(National Institutes of Health) on 63� control (n= 3) and mTOR cKO
(n= 4) ventral whitematter fields. Cells were counted on at least three sec-
tions per animal. Quantification of Mbp mRNA intensity in the ventral
white matter was performed using ImageJ on 63� control (n= 3) and
mTOR cKO (n= 4). The average intensity was measured in at least three
sections per animal, and the results were expressed as arbitrary units.

FISH
A set of 50 (20 nt long) probes was designed to hybridize to the coding
sequence of the Mbp mRNA using freely available software at LGC
Biosearch Technologies as described previously (Batish et al., 2011). The
oligos were ordered with the 39 terminal nucleotide having an amino
modification. All the modified oligos were pooled in equimolar concen-
tration and coupled en mass with AlexaFluor 594 dye. The labeled

Figure 1. mTOR inhibition downregulates expression of cytoskeletal targets in differentiating OPCs in vitro. A,
Experimental paradigm of OPC differentiation and protein harvest from primary rat OPCs in vitro. Western blot shows reduc-
tion in pS6RP in the presence of rapamycin (R) versus control (C) from D1 to D3 of differentiation with rapamycin added at
the onset of differentiation. B–D, Control (C) or rapamycin (R) treated OPC cultures were analyzed for levels of profilin2
(PFN2; B); n= 4, control versus rapamycin *p= 0.013 at D2; *p= 0.038 at D3; p/t-cofilin (C); n= 3, control versus rapamy-
cin *p= 0.019 at D2, *p= 0.022 at D3; or ARPC3 (D); n= 4, control versus rapamycin *p= 0.044 at D3. Representative
Western blots are presented in B–D. All values are expressed as6SEM.

Musah et al. · mTOR Regulates the Oligodendrocyte Cytoskeleton J. Neurosci., April 8, 2020 • 40(15):2993–3007 • 2995

https://scicrunch.org/resolver/AB_11003588
https://scicrunch.org/resolver/AB_1141521
https://scicrunch.org/resolver/AB_476744
http://antibodyregistry.org/AB_2307391
https://scicrunch.org/resolver/AB_10015289
https://scicrunch.org/resolver/AB_2057371
https://scicrunch.org/resolver/AB_2057371
https://scicrunch.org/resolver/AB_477583
https://scicrunch.org/resolver/AB_260781
https://scicrunch.org/resolver/AB_260781
https://scicrunch.org/resolver/AB_2338078
https://scicrunch.org/resolver/AB_2339006
https://scicrunch.org/resolver/AB_2337248
https://scicrunch.org/resolver/AB_2337248


probes were purified from unlabeled oligos and unbound dye using a
C14 reverse phase hydrophobic HPLC column as described previously
(Batish et al., 2011). Primary rat OPCs were grown on glass coverslips
under differentiation conditions as described in the section, Preparation
and isolation of primary oligodendrocytes,615 nM of rapamycin for 7 d
with media change every 48 h. The cells were fixed using 4% paraformal-
dehyde for 10min, permeabilized with 70% ethanol at 4°C and hybri-
dized overnight at 37°C with the labeled probes. The coverslips were
washed multiple times to remove any unbound probes, stained with
DAPI and mounted using deoxygenated media (Batish et al., 2011;
Markey et al., 2014). The coverslips were imaged using 100� oil objec-
tive in a Nikon TiE inverted automated fluorescence microscope
equipped with cooled CCD Pixis 1024b camera. The z stacks of 3mm
with 0.2mm apart were acquired using MetaMorph software and the
images were analyzed using custom written programs in MATLAB
(MathWorks; Batish et al., 2012; Markey et al., 2014). At least 100 cells
for each treatment were quantified.

Isolation of O4-positive cells
Spinal cord tissue dissociation was performed according to manufac-
turer’s instructions using a neural dissociation kit (Miltenyi Biotec, 130-
092-628). The O41 oligodendrocytes were isolated from spinal cords
using O4 microbeads (Miltenyi Biotec, 130-094-543) and MS columns
(Miltenyi Biotec, 130–042-201) and used for protein or RNA isolation.

RNA isolation and RT-PCR analysis
RNA isolation from O4-positive cells was completed using RNeasy
Plus Micro Kit (Qiagen, 74 034) and the Quick-StartProtocol. RNA
concentration was measured using a NanoDrop spectrophotometer
(ThermoFisher Scientific); 50–80 ng of RNA was used to reverse
transcribe cDNA using Superscript II (Invitrogen). For RT-PCR,
1.5–2 ml of cDNA per well was used in reactions containing 1�
SYBR Green detection master mix and 1� QuantiTect primer mix
to detect mRNA levels. Amplification was normalized to expression
levels of b -actin (IDT) for each sample.

Data analysis and statistics
At least three animals per genotype were used to investigate cytoskeletal
or lineage marker protein expression at all ages. Cells were counted on at
least four nonadjacent rostral and caudal sections, with a minimum of
eight sections per animal. Images (10�) were taken using an Olympus
AX70 microscope of dorsal white matter (DWM) and ventral white mat-
ter (VWM) to count CC11 cells. Absolute numbers of CC11 cells in
defined ROIs were normalized to number of cells/mm2. Images (20�)
were taken of DWM and VWM to count percentage of cells expressing
the protein-of-interest. A MATLAB software code described previously
was used to count cells (Gould et al., 2018). Additional spinal cord sam-
ples from P14 were collected to address variability observed in analyses
of CC11 cells observed in original cohorts. At least three images of
VWM regions were analyzed. Using ImageJ, the VWMwas outlined and
defined as the ROI. The “Adjust Threshold” function was used to high-
light CC11 cell bodies. The number of CC11 cells was automatically
quantified using the “Analyze Particles” function to define upper (infin-
ity) and lower (10mm) size limits.

Phalloidin and tubulin intensity measurements and Sholl analy-
ses were performed on individual primary OPCs using Fiji/NIH
Image. For intensity measurements, corrected total cell fluorescence
was calculated by integrated density – (area of cell � mean fluores-
cence of background).

For analysis of confocal images of ARPC3 and NF staining, three z
stacks ranging from the surface of the tissue to the end of NF anti-
body penetration in rostral VWM regions from each sample were
taken with a 60� oil objective using a Nikon A1R confocal micro-
scope. The maximum intensity projection of each z stack was used to
analyze the number of interactions between ARPC3 and NF immuno-
staining in each image of VWM. An interaction was defined as an
ARPC31 soma or process in contact with �50% of the circumference
of a NF1 axon. The absolute number of interactions was normalized
to the area of the image, 12, 683 mm2.

In vitro experiments were performed on at least three preparations of
rat primary OPCs representing biological replicates. Numbers of animals
and in vitro biological replicates were determined based on our prior
studies using control and mTOR cKO mice or primary rat OPCs to
quantify changes in expression of RNA or proteins. In some cases when
pilot studies indicated high variability, a power analysis was performed
to determine the number of biological replicates necessary for statistical
power. Student’s unpaired t test was used to statistically compare groups
for all two group comparisons. An unpaired t test with Welch’s correc-
tion was performed for Sholl analyses in Figure 3, for cell area by tubulin
staining in Figure 8, and for Mbp RNA analyses in Figure 10 because of
unequal variances between groups. One-way or two-way analysis of var-
iance assays (ANOVAs) were used for multigroup comparisons across
time points where specified; adjusted p values were determined using
Sidak’s multiple-comparison test.

Results
mTOR signaling regulates actin polymerization during early
oligodendrocyte morphologic differentiation in vitro
Actin binding proteins that regulate actin cytoskeleton reorgan-
ization include profilins that promote actin polymerization, the
ARP2/3 complex that mediates branched actin nucleation, and
the actin depolymerizing factor family (ADF)/cofilin. Profilin
interaction with formin proteins regulates polymerization of
long actin cables necessary for polarity (Evangelista et al., 2002;
Romero et al., 2004; Winder and Ayscough, 2005; Kovar et al.,
2006; Suarez et al., 2015). Profilin exchanges the ADP bound to
G-actin with ATP for addition to the growing end of the fila-
ment. In contrast, the ADF/cofilin family regulates actin filament
turnover by binding to ADP bound F-actin at the negative end
of the filament to facilitate filament depolymerization (Kanellos
and Frame, 2016). Phosphorylation of cofilin results in its inacti-
vation, inhibiting it from binding to and depolymerizing actin
filaments (Arber et al., 1998; Mizuno, 2013).

To determine the impact of mTOR signaling on actin poly-
merization during oligodendrocyte differentiation, we initially
determined levels of profilin2 and of phospho/total cofilin in pri-
mary rat OPCs undergoing differentiation in the presence or ab-
sence of the mTOR inhibitor rapamycin. Profilin2 is highly
expressed in the brain (Witke et al., 1998), and its RNA expres-
sion is induced transiently in newly formed oligodendrocytes
(Zhang et al., 2014). For these in vitro experiments, we used a
standard mitogen withdrawal protocol to induce differentiation
of rat OPCs with or without rapamycin to inhibit mTOR signal-
ing as determined by phosphorylation of S6-ribosomal protein
(Fig. 1A). Using this paradigm, we found that profilin2 protein
expression decreased by day (D)2 of differentiation in the pres-
ence of rapamycin (D1: p = 0.093, t = 1.99, df = 6; D2: p = 0.013,
t = 3.48, df = 6; D3: p= 0.038, t = 2.64, df = 6; Fig. 1B). Moreover,
mTOR inhibition also decreased p-cofilin, the inactive form of
cofilin, whereas total cofilin expression levels were unchanged
(p/t cofilin, D1: p = 0.271, t = 1.27, df = 4; D2: p = 0.019, t = 3.77,
df = 4; D3: p=0.022, t = 3.61, df = 4; Fig. 1C).

Whereas profilins have a major role in polymerization of lin-
ear actin filaments, the ARP2/3 complex is a branched nucleation
factor that binds to the side of an existing actin mother filament
and forms a nucleation core from which new daughter filaments
are formed (Pollard et al., 2001; Rouiller et al., 2008). The
ARPC3 subunit of the ARP2/3 complex is necessary for nuclea-
tion core formation (Yae et al., 2006). A study on oligodendro-
cyte cytoskeleton and myelination demonstrated that deletion of
Arpc3 in oligodendroglia impaired initiation of myelination
(Zuchero et al., 2015). Inhibiting mTOR significantly reduced
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ARPC3 expression by D3 of differentiation in vitro (D1: p =
0.898, t = 0.13, df = 6; D2: p = 0.520, t = 0.68, df = 6; D3:
p=0.043, t= 2.54, df = 6; Fig. 1D), later than the reduction in pro-
filin2 and p-cofilin expression suggesting that mTOR regulates
ARPC3 expression subsequent to initial actin polymerization.

To determine F-actin levels in early oligodendrocyte develop-
ment, we quantified phalloidin intensity during OPC differentia-
tion in the presence or absence of rapamycin (Fig. 2). Two-way
ANOVA revealed a main effect of treatment and time (F(2,80) =
15.08, p, 0.0001 and F(2,80) = 9.35, p=0.003, respectively).
Phalloidin intensity was highest in control cells at D2 of differen-
tiation and then decreased dramatically by D3 [adjusted (adj) p
values: D1 vs D2, p= 0.101; D1 vs D3, p= 0.036; D2 vs D3,
p, 0.0001; Fig. 2A,B]. Similarly, phalloidin decreased in rapa-
mycin-treated cells at D3 (adj p values: D1 vs D2, p= 0.788; D1
vs D3, p=0.049; D2 vs D3, p= 0.045; Fig. 2A,B). However, inhi-
bition of mTOR significantly reduced phalloidin intensity at D2
(adj p values: D1, p=0.940; D2, p= 0.002; D3, p=0.526; Fig. 2A,

B). In contrast with phalloidin, two-way ANOVA of tubulin in-
tensity showed a main effect only of time (F(2118) = 14.74,
p, 0.0001). Tubulin intensity decreased from D1 to D2 in both
control and rapamycin-treated cells (adj p values: control D1 vs
D2, p = 0.002; control D1 vs D3, p = 0.001; control D2 vs D3, p =
0.997; rapamycin D1 vs D2, p = 0.029; rapamycin D1 vs D2, p =
0.004; rapamycin D2 vs D3, p = 0.854; Fig. 2, but was unchanged
by mTOR inhibition at any time point from D1 to D3 (adj p val-
ues: D1, p. 0.999; D2, p=0.758; D3, p=0.999; Fig. 2C). These
data suggest that mTOR increases F-actin in early oligodendro-
cyte development by promoting actin polymerization and/or
decreasing actin depolymerization.

We further analyzed actin dynamics by measuring cellular F/
G actin ratios to determine whether the changes in phalloidin
with mTOR inhibition were reflected in changes in cellular F/G
actin. Rapamycin treatment reduced the F/G actin ratio at D2 of
differentiation (D1: p= 0.643, t=0.49, df = 6; D2: p=0.005,
t= 4.25, df = 6; Fig. 2D), indicating reduced actin polymerization.

Figure 2. mTOR inhibition during differentiation reduces F-actin assembly in differentiating OPCs in vitro. A, Images show representative primary rat oligodendroglia stained with phalloidin
from 1 to 3 d of differentiation plus or minus rapamycin. Scale bar, 20mm. B, Quantification of phalloidin intensity in individual cells in control (black bars) and rapamycin (Rapa; gray bars)
conditions from D1 to D3 of differentiation. n= 13–15 per group; #p= 0.036 control D1 versus D3 and p, 0.0001 control D2 versus D3; *p= 0.049 rapamycin D1 versus D3 and p= 0.045
rapamycin D2 versus D3; **p= 0.002 control versus rapamycin D2. C, Quantification of tubulin intensity in individual cells in control (black bars) and rapamycin (Rapa; gray bars) conditions
from D1 to D3 of differentiation. n= 13-15 per group; #p= 0.002 control D1 versus D2; p = 0.001 control D1 versus D3; p = 0.029 rapamycin D1 versus D2; p = 0.004 rapamycin D1 versus
D3. D, Representative Western blot and quantification of F/G actin ratio in control C, (black bars) and rapamycin-treated R, (Rapa; gray bars) cells from D1 to D2 of differentiation. n= 4,
*p= 0.005 control versus rapamycin D2; All values are expressed as6 SEM.
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By D3 of differentiation, the F/G actin ratio was highly variable
(data not shown) consistent with the rapid decrease in phalloidin
fromD2 to D3 (Fig. 2B). Together, these data support the conclu-
sion that mTOR transiently induces F-actin linear polymerization
that is critical for inducing early process outgrowth by increasing
expression of profilin2 and decreasing active cofilin. mTOR sig-
naling subsequently induces ARPC3 that is necessary for nucleat-
ing branched actin filaments. Our data also suggest that mTOR
signaling is not a major regulator of tubulin expression although
we cannot rule out an effect on microtubule branching or nuclea-
tion important for oligodendrocyte cellular process extension and
myelination (Song et al., 2001; Fu et al., 2019; Lee and Hur, 2020).

Inhibiting mTOR reduces oligodendrocyte branching
complexity
To directly determine whether mTOR inhibition impacts cellular
branching during differentiation, we performed Sholl analyses
on differentiating rat OPCs cultured with or without rapamycin
in vitro (Fig. 3). We used tubulin immunostaining for measuring
cellular branching complexity, because tubulin intensity was
unchanged with mTOR inhibition (Figs. 2C, 3A). The number of

Sholl intersections was equivalent between control and mTOR
inhibited cells at D1 of differentiation (Fig. 3. By D2 the number
of Sholl intersections was reduced in rapamycin-treated cells
(Fig. 3A,C). The reduction in process complexity persisted
through D3 and D5 and was particularly apparent in the regions
proximal to the cell body (Fig. 3A,D,E). Quantification of the
area under the curve of the Sholl intersection plots confirmed a
significant reduction in complexity from D2 to D5 in mTOR
inhibited cells (D1: p= 0.749, t= 0.32, df = 122.5; D2: p=0.005,
t= 2.88, df = 72.3; D3: p=0.041, t= 2.07, df = 115.4; D5: p=0.006,
t= 2.81, df = 178.1; Fig. 3F). Interestingly, the Sholl analyses indi-
cated that mTOR inhibition compromised cellular branching
complexity in proximal regions but that linear extension of the lon-
gest processes was unaffected or even trended toward longer with
rapamycin treatment at later time points (average radii length: D1
control =53.9613.2mm, rapamycin=52.5613.9mm, p=0.835; D2
control = 61.7613.7 mm, rapamycin = 50.0613.1mm, p= 0.131;
D3 control=44.6617.4mm, rapamycin=58.8617.9mm, p=0.062;
D5 control =53.8626.0mm, rapamycin=60.5618.9mm, p=0.491).
These data suggest the possibility that another pathway may be
compensating to promote linear actin polymerization in the mTOR

Figure 3. mTOR inhibition during differentiation reduces morphologic complexity in differentiating OPCs in vitro. A, Images show representative primary rat oligodendroglia stained with
tubulin at D2 or D3 of differentiation plus or minus rapamycin. Scale bar, 20mm. B–E, Individual cells were analyzed using NIH ImageJ to quantify the number of Sholl intersections at D2, D3,
and D5, error bars are SEM. F, Area under curve (arbitrary units): D1, Control (Ctl): 338.76 26.49, Rapamycin (Rapa): 323.46 39.76, p= 0.749; D2, Ctl: 563.36 59.89, Rapa: 372.26 28.72,
*p= 0.005; D3, Ctl: 480.96 58.66, Rapa: 346.26 28.38, *p= 0.041; D5, Ctl: 779.26 84.06, Rapa: 479.06 66.07, *p= 0.006.
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inhibited cells. Studies in other cell types indicate there are multiple
actin polymerization pathways; for example, there is evidence for a
zyxin-dependent actin polymerization system that is independent
of the ARP2/3/WASP polymerization pathway in HeLa cells
(Fradelizi et al., 2001).

We next extended our analyses of the effect of mTOR on OPC
branching complexity into zebrafish.Theuseof zebrafish for under-
standing cell developmental processes has been on the rise over the
past decade. The quick developmental timeline and transparent
exterior of zebrafish makes it an ideal in vivo model to investigate
complex cellularmorphology in real time. To further determine the
function ofmTOR inOPCbranchingmorphology in an in vivo set-
ting, we analyzed oligodendrocyte complexity in amembrane-teth-
ered transgenic zebrafish line Tg(nkx2.2a:mEGFP) that labels
OPCswithGFP (Fig. 4). Transgenic zebrafish embryoswere treated
with a vehicle control or with 5mM of themTOR inhibitor rapamy-
cin from 48 to 56 hpf (Fig. 4A). This timeline targets dorsally
migrating OPCs prior to differentiation andmimics our in vitro rat
OPC differentiation paradigm (Fig. 1A). Analysis was completed
above the yolk sac extension in the dorsal spinal cord of the zebra-
fish embryo (Fig. 4B). Zebrafish treated with 5 mM of rapamycin
exhibited decreased numbers of OPC terminal points, indicating
fewer OPC branches (p=0.0001, t=5.9, df = 50; Fig. 4C–E) as well
as a decrease in Sholl intersections, indicating a decrease in overall
OPC morphologic complexity (p=0.0011, t=3.694, df = 24; Fig.
4F). These data suggest that mTOR similarly regulates the actin cy-
toskeleton in rodent and zebrafish oligodendrocytes; however, no
antibodies were available that detected profilin or ARPC3 in the
zebrafish to quantify changes in the zebrafish proteins. Overall,
these data support the conclusion thatmTOR signaling is a positive

regulator of OPC branching complexity and
morphologic differentiation in both fish and
rodents.

mTOR signaling regulates expression of
profilin2 and ARPC3 in vivo
Loss of mTOR in developing OPCs in vivo
results in a delay in initiation of myelina-
tion (i.e., reduced numbers of myelinated
axons early in developmental myelination)
as well as reduced myelin thickness in the
spinal cord (Wahl et al., 2014). From these
data and our in vitro findings, we proposed
the hypothesis that the absence of mTOR
in differentiating OPCs results in defects
in process extension and initial axon con-
tact. To test whether these defects involve
alterations in cytoskeletal proteins similar
to what we observed in vitro with mTOR
inhibition, we determined levels of profi-
lin2 and ARPC3 in CC11 cells in develop-
ing mTOR cKO spinal cords. At P7, we
observed a 50% reduction in the number
of CC11 cells in mTOR cKO spinal cords
in VWM (p = 0.022, t=3.27, df = 5; Fig.
5A–C), but a nonsignificant 10% reduction
in DWM (p = 0.794, t=0.28, df = 5; Fig.
5D). Regardless of region, the percent-
age of CC11 cells that were profilin21
was significantly reduced (p = 0.016,
t = 3.54, df = 5; Fig. 5E–G). Similarly, we
observed a significant reduction in the
percentage of CC11 cells that expressed
ARPC3 in the mTOR cKO at P7 (p =

0.024, t = 3.54, df = 4; Fig. 5H–J). In contrast to profilin and
ARPC3, there was no significant difference in CC11 cells
expressing p-cofilin at P7 (data not shown).

The number of CC11 cells had largely recovered by P14 in
the mTOR cKO VWM; we observed only a modest nonsignifi-
cant reduction in CC11 cells in both DWM (14% decrease;
p= 0.223, t=1.39, df = 5; Fig. 6A) and VWM (11% decrease;
p= 0.203, t=1.34, df = 13; Fig. 6B at this time. Regardless of
region, there were also no significant differences at P14 in the
percentage of CC11 cells that expressed profilin2 (p= 0.95,
t= 0.05, df = 5; Fig. 6C), ARPC3 (p=0.78, t=0.28, df = 4; Fig. 6D)
or p-cofilin (data not shown), indicating recovery in the number
of morphologically differentiated cells. However, because the
previous studies from Zuchero et al. (2015) showed the involve-
ment of ARPC3 in axon ensheathment, we costained sections
from P14 spinal cords for ARPC3 and NF. Confocal image analy-
sis revealed that the number of interactions between ARPC31
processes and NF1 axons was significantly reduced in the
mTOR cKO spinal cord compared with controls (p= 0.004,
t= 4.48, df = 6; Fig. 6E–G). These data support our previous ob-
servation that there are fewer myelinated axons present in
mTOR cKO spinal cords at P14 (Wahl et al., 2014).

mTOR inhibition decreasesMbpmRNA expression and
number of Plp-positive cells
The results above collectively demonstrate that mTOR signaling
regulates actin polymerization, cellular branching and axon
ensheathment during early oligodendrocyte differentiation. To
determine if mTOR also regulates the later process of myelin

Figure 4. mTOR inhibition decreases OPC morphologic complexity in zebrafish embryos. A, Individual OPCs were analyzed
in Tg(nkx2.2a:mEGFP) zebrafish embryos treated with vehicle control or with 5 mM rapamycin from 48 to 56 hpf. B,
Zebrafish were placed in live imaging media and mounted in low-melt agarose. All images are a lateral view taken above
the yolk sac extension (black box). C, D, Control or rapamycin-treated cells displayed different morphologic complexities.
Scale bar, 25mm. E, F, Individual cells were analyzed using IMARIS software to quantify the number of OPC terminal points
(E), a representation of the number of OPC branches, ****p, 0.0001, error bars are SD, or the number of Sholl intersections
(F), error bars are SEM. Area under curve (arbitrary units): Control 298.26 16.49, Rapamycin 200.86 12.48, p= 0.0011.
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wrapping that is hypothesized to be
modulated in part through expression and
membrane localization of MBP, we ini-
tially performed in situ hybridization
(ISH) to determine mRNA expression of
the myelin proteins MBP and PLP in con-
trol and mTOR cKO spinal cords at P7
(Fig. 7). The intensity ofMbpmRNAs was
reduced in the mTOR cKO spinal cords (p
= 0.004, t =�5.08, df = 5; Fig. 7A–C), as
well as the intensity of mRNA staining in
the processes surrounding each cell body
(Fig. 7A,B). However, because overallMbp
mRNA expression was reduced, it was not
possible to accurately quantify expression
in the processes versus cell bodies from
these data. ISH for Plp mRNA revealed a
reduction in number of Plp-positive cells (p
= 0.002, t =�5.90, df=5; Fig. 7D–F), consist-
ent with the reduction in number of CC11
cells in VWMat P7 (Fig. 5A–C).

Inhibiting mTOR signaling disrupts
MBP localization and membrane
expansion
To better analyze the effect of mTOR inhi-
bition on myelin wrapping, we deter-
mined the extent of myelin membrane
sheet expansion in primary OPCs differ-
entiated for 8 d in vitro in the presence or
absence of rapamycin (Fig. 8A). We
observed a significant reduction in the
area of MBP1 myelin membrane in rapa-
mycin-treated cells (Fig. 8B–D; p=0.007,
t= 3.19, df = 12). We also confirmed the
effect of mTOR inhibition on overall cell
size by calculating cell area from the tubu-
lin stained cells at D5 used for previous analyses (Fig. 3). These
analyses demonstrated that rapamycin decreased cell size bymore
than twofold at D5 (p=0.004, t=3.142, df = 27; Fig. 8E). Even
more striking was the accumulation of MBP protein in the cyto-
plasm and proximal processes in rapamycin-treated cells that was
not observed in control cells (Fig. 8B,C,F; p= 0.0007, t=4.29,
df = 14). In addition, the cell bodies were significantly smaller with
mTOR inhibition (p= 0.028, t= 2.44, df = 14; Fig. 8G) confirming
the contribution of mTOR signaling to cell size documented in
other cell types (Edinger and Thompson, 2002; Fingar et al., 2002;
Kim et al., 2002; Fingar andBlenis, 2004; Lloyd, 2013).

We next examined MBP intensity in white matter in mTOR
cKO and control mice at P7. As expected based on the reduction
in CC11 cells at this age in VWM, there was a significant reduc-
tion in MBP intensity (Fig. 8H–J; p=0.030, t= 2.97, df = 5) and a
decrease in white matter area in mTOR cKO mice (p=0.013,
t=3.76, df = 5; Fig. 8K). However, despite the recovery in cytos-
keletal targets and in CC11 cells to 90% normal numbers at P14,
the extent of MBP expression surrounding axons was reduced at
P14 (Fig. 8L–O).

mTOR promotes Kif1b expression in oligodendrocytes in the
spinal cord
The cytoplasmic MBP accumulation with mTOR inhibition in
vitro suggests a possible defect in Mbp mRNA transport to the
processes where it is normally translated (Colman et al., 1982;

Ainger et al., 1993). In zebrafish oligodendrocytes, Lyons et al.
(2009) demonstrated that the kinesin family member 1B (KIF1B)
transports Mbp mRNAs in a vesicle from the cytoplasm to the
periphery where it is locally translated, and lack of KIF1B leads
toMbpmRNA translation in the cell body. We therefore investi-
gated whether KIF1B is downstream of mTOR signaling in
rodent oligodendrocytes. To determine whether mTOR deletion
in differentiating oligodendrocytes in vivo impairs KIF1B expres-
sion, we analyzed KIF1B levels in CC11 cells at P7 in mTOR
cKO spinal cords. These analyses revealed a significant decrease
in the percentage of CC11 cells that express KIF1B (Fig. 9A–C;
p= 0.010, t= 3.68, df = 6). By P14, the number of CC11 cells
expressing KIF1B through immunofluorescent staining was sim-
ilar in the control and mTOR cKO spinal cords (data not shown)
consistent with the prior data on recovery of cytoskeletal poly-
merization factors by P14 (Fig. 6). However, we observed
reduced Kif1b RNA expression (p=0.028, t=3.34, df = 4; Fig.
9D) as well as decreased MBP protein expression (p=0.004,
t= 4.91, df = 5; Fig. 9E) in O4-positive cells acutely isolated from
spinal cords ofmTOR cKO versus WTmice at P10.

Previous observations from our laboratory showed stage-de-
pendent effects of Tsc1 deletion on remyelination (McLane et al.,
2017). TSC1 and TSC2 form the tuberous sclerosis complex that
serves as an upstream negative regulator of mTORC1. Loss of
Tsc1 from adult OPCs using inducible NG2-Cre deletion in mice
improved remyelination efficiency in spinal cord in the lysoleci-
thin model, whereas inducible deletion of Tsc1 in PLP1 pre-

Figure 5. Oligodendrocyte loss of mTOR reduces expression of profilin2 and ARPC3 at P7 in vivo. A, B, Representative
images of immunostaining for CC1 in VWM during differentiation. Scale bar, 100mm. C, D, Quantification of the number of
CC11 cells in VWM (C) or DWM (D) in control versus mTOR cKO spinal cords at P7; n= 3; *p= 0.022. E, F, Representative
images of double staining for CC1 (green) with profilin 2 (Pfn2). G, Quantification of the percentage of CC11 cells expressing
profilin2, n= 3, *p= 0.016. H, I, Representative images of double staining for CC1 (green) with ARPC3 (pink). J,
Quantification of the percentage of CC11 cells expressing ARPC3; n= 3; *p= 0.024. I, Arrowhead indicates one double-posi-
tive cell in the field in contrast to H where most of the cells are double-positive. All values are expressed as6 SEM. Scale
bars: (in E) E, F, H, I, 50mm.
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myelinating oligodendrocytes during remyelination led to
decreased efficiency of remyelination in this model (McLane et
al., 2017). Based on these and other published data showing the
complex role of TSC/mTOR signaling depends on the specific
developmental time of recombination (Y. Zou et al., 2014; Figlia
et al., 2017), we tested how Mtor deletion in PLP1 oligodendro-
cytes affected targets we observed altered in early oligodendroglia
in the CNP-Cre/mTOR cKO mouse model. We thus established a

PLP-mTOR icKO mouse line using a PLP-CreERT line
(Doerflinger et al., 2003) and induced recombination with tamox-
ifen from P7 to P10 to target the majority of myelinating oligo-
dendrocytes (Fig. 9F). In our prior studies using the PLP-CreERT

line to delete Tsc1, we observed that ; 60% of oligodendroglia
showed recombination after tamoxifen injections resulting in a
significant reduction in TSC1 protein in O41 cells (McLane et
al., 2017). To examine mTOR expression in the PLP-Mtor icKO

Figure 6. Recovery in the number of morphologically differentiated cells but decreased ARPC3/NF interaction in mTOR cKO at P14 in vivo. A, B, Quantification of the number of CC11 cells
in DWM (A) or VWM (B) at P14 in control versus mTOR cKO spinal cords; n= 3–9. C, D, Percentage of CC11 cells expressing profilin2 (C) or ARPC3 (D) at P14 in control versus mTOR cKO spinal
cords; n= 3. E, Representative confocal maximum intensity images showing that despite the recovery of the number of CC11 cells expressing ARPC3 by P14, there was decreased interaction
between ARPC31 (magenta) soma or processes with NF1 (cyan) in mTOR cKO VWM spinal cords. F, Higher-magnification confocal images from representative images in E, with yellow arrows
pointing to ARPC3 and NF interactions. Scale bars: E, F, 10mm. G, Quantification of the number of interactions between ARPC31 soma or processes and NF1 axons in control and mTOR cKO
spinal cords at P14 (see Materials and Methods); n= 3-5. Control = 65.06 9.03, mTOR cKO= 27.26 3.94, **p= 0.004. All values are expressed mean as6 SEM.
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line, we isolated O41 cells from spinal
cords of mice at P17 (n= 4–5 per geno-
type) 7 d after the last tamoxifen injection.
MTOR protein expression was signifi-
cantly reduced in O41 cells isolated from
PLP-mTOR icKO mice compared with
Cre-negative O41 cells (p = 0.001, t =
5.375, df = 7; Fig. 9F). However, in contrast
to the CNP-Cre-driven deletion of Mtor,
which occurs in the early progenitor stage,
deletion of Mtor in PLP1 differentiated
oligodendrocytes had no impact on MBP
protein expression at P17 (Fig. 9G) or on
Kif1b mRNA expression in O41 cells at
P17 (p= 0.2938, t= 1.135, df = 7; Fig. 9H).
Similarly, the mRNA levels of Arpc3 and
Pfn2were unchanged between control and
PLP-mTOR icKO O41 cells at P17
(p= 0.1604, t= 1.570, df = 7 for Arpc3 and
p= 0.2114, t= 1.375, df = 7 for Pfn2).
Together, these data suggest that mTOR
positively regulates cytoskeletal, Kif1b and
MBP expression in early oligodendroglia
in the spinal cord during initiation of mye-
lination but is no longer required for
expression of these targets in myelin-pro-
ducing oligodendrocytes at a later stage of
maturation.

mTOR is necessary for KIF1B
expression andMbpmRNA localization
in differentiating OPCs
To confirm the downregulation of KIF1B
after mTOR loss in OPCs in vitro, we used
the same experimental paradigm shown
in Figure 1A to analyze levels of KIF1B
at D1–D3 of differentiation plus/minus
rapamycin treatment to inhibit mTOR in
primary OPCs. KIF1B expression was sig-
nificantly reduced atD2 andD3 in the pres-
ence of rapamycin (D1: p= 0.633, t= 0.51,
df= 4; D2: p= 0.041, t= 2.96, df= 4; D3:
p=0.007, t= 5.01, df = 4; Fig. 10A). These
data suggest an explanation for mislocal-
izedMBPprotein in rapamycin-treated oligodendrocytes (Fig. 8).

Our recently published study demonstrated that mTOR sig-
naling normally downregulates the bone morphogenetic pathway
to promote the transition from the early OPC to immature oligo-
dendrocyte (Ornelas et al., 2020). To determine whether mTOR
signaling is required for KIF1B maintenance following the initial
transition of the early bipolar OPCs to late progenitor cells, we
used a modified in vitro differentiation paradigm where we
allowed OPCs to differentiate normally for 48 h prior to inhibi-
ting mTOR with rapamycin (Tyler et al., 2009; Fig. 10B). We
then analyzed KIF1B expression at 24, 48, and 72 h after the start
of treatment (equivalent to 3–5 d of differentiation). KIF1B pro-
tein was reduced within 2 d of exposure to rapamycin, and levels
remained low with continued rapamycin treatment in the
delayed mTOR inhibition paradigm (D1: p=0.175, t= 1.48,
df = 8; D2: p= 0.006, t= 3.62, df = 8; D3: p=0.011, t=3.23, df = 8;
Fig. 10C). These data suggest that mTOR promotes normal
expression of KIF1B in late progenitors/pre-myelinating oligo-
dendrocytes even after its expression is initiated.

Similar toourpriorobservationswheremTORwas inhibitedfrom
the start of differentiation, inhibiting mTOR for 48 h after cells were
allowed to differentiate normally for 48 h resulted in MBP protein
concentrated inthecellbody(p=0.0008, t=7.25,df=5;Fig.10D)and
decreasedMBPprotein expression (D1:p=0.007, t=5.03, df = 4;D2:
p=0.001, t=7.84,df=4;D3:p=0.032, t=3.22,df=4;Fig.10E).

Together, the mislocalization of MBP protein and downregu-
lation of KIF1B with loss or inhibition of mTOR suggests an
effect on Mbp mRNA transport. To directly determine if mTOR
regulates Mbp mRNA localization in vitro, we performed single
molecule FISH forMbpmRNA on primary rat OPCs undergoing
differentiation in the presence or absence of rapamycin treat-
ment from the start of differentiation. Inhibiting mTOR resulted
in reduced Mbp mRNA localization to the cellular processes of
OPCs with a corresponding accumulation in the cytoplasm after
7 d of differentiation (nuclear: adj p, 0.001, t=10.13, df = 77.78;
cytoplasm: adj p, 0.001, t= 16.08, df = 77.13; processes: adj
p, 0.001, t= 20.63, df = 96.23; Fig. 10F,G). These data support
the conclusion thatMbpmRNA transport is regulated by mTOR
in differentiating OPCs.

Figure 7. Loss of mTOR in oligodendrocytes decreases Mbp, and Plp mRNA expression in developing spinal cord oligoden-
drocytes in vivo. A, B, Representative images of ISH for Mbp RNA in ventral spinal cord sections from control (A) or mTOR
cKO (B) mice at P7. Scale bar, 100mm. C, Quantification of Mbp RNA expression in spinal cord white matter; WT, n= 3; cKO,
n= 4. *p= 0.004. Error bars are SD. D, E, Representative images of ISH for Plp RNA in ventral spinal cord sections from con-
trol (D) or mTOR cKO (E) mice at P7. F, Quantification of number of Plp-positive cells in spinal cord white matter; WT, n= 3;
mTOR cKO, n= 4. *p= 0.002. Error bars are SD.
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Discussion
In this study we defined a function for mTOR signaling in
the regulation of actin binding proteins necessary for reor-
ganization of oligodendrocyte cytoskeleton during develop-
ment and show that mTOR promotes cellular branching

complexity and axon ensheathment. We further demonstrate
that mTOR regulates MBP expression as well as proper local-
ization in the oligodendrocyte processes due to promoting
Mbp mRNA transport likely, in part, via KIF1B. We distin-
guish the requirements for mTOR in proper morphologic

Figure 8. Inhibiting mTOR signaling perturbs MBP localization and reduces area of membrane spreading in differentiating oligodendrocytes in vitro. A, In vitro experimental paradigm of
OPC differentiation plus/minus rapamycin treatment. B, C, Micrographs showing representative control or rapamycin (Rapa)-treated oligodendrocytes after 8 d of differentiation. Scale
bar, 10mm. D–G, Quantification to determine total MBP1 cell area (D) n= 7, *p= 0.007, tubulin1 cell area at D5 (E), n= 23 Ctrl, n= 11 Rapa, *p= 0.004; MBP protein intensity in the cell
body (F), n= 9, *p= 0.0007; and MBP1 cell body area (G) n= 9, *p= 0.028. Values are expressed as mean6 SEM. H, I, Representative micrographs showing MBP protein in control and
mTOR cKO spinal cords at P7. Scale bar, 50mm. J, K, Quantification of MBP intensity (J) and white matter area (K) in control versus mTOR cKO spinal cord VWM at P7. n= 4 control, n= 3 cKO;
J, *p= 0.030; K, *p= 0.013. Values are expressed as6 SEM. L–O, Representative confocal z stack images showing persistent decrease in myelin thickness in mTOR cKO at P14.
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differentiation and ultimately, myelination, into two phases,
as discussed below.

mTOR induces ARPC3 and profilin2 that are important for
phase I-dependent actin polymerization
Consistent with previous data showing that ARPC3 is important
for cellular branching (Pollard and Borisy, 2003; Yae et al., 2006;
Rouiller et al., 2008) and in oligodendrocytes for axon ensheath-
ment (Zuchero et al., 2015), we observed reduced expression of

ARPC3 in themTOR cKO at P7; a time point when oligodendro-
cytes are differentiating and initiating myelination. Although the
number of CC11 cells expressing ARPC3 recovered at P14, we
observed a significant decrease in ARPC31 processes interacting
with axons in mTOR cKO spinal cords. These findings provide
the basis for the delay in initiation of myelination that we
described previously in themTOR cKO spinal cords (Wahl et al.,
2014). However, unlike the results from complete deletion of
Arpc3 reported by Zuchero et al. (2015), the number of

Figure 9. mTOR regulates KIF1B expression in differentiating oligodendrocytes in vivo. A, B, Representative micrographs showing immunostaining for CC1 (green) and KIF1B (magenta) in
control (A) or mTOR cKO (B) spinal cords at P7. Scale bar, 50mm. Note, most CC11 cells are also KIF1B1 in control section; arrowheads indicate only two double-positive cells in the mTOR
cKO higher-power image. C, Quantification of the percentage of CC11 cells expressing CC1 and KIF1B at P10; n= 4, *p= 0.010. D, QPCR for Kif1b mRNA expression in isolated O41 cells from
control and mTOR cKO spinal cords at P10; n= 7 control, n= 6 cKO, p= 0.028. E, Representative Western blot and quantification of MBP protein expression in isolated O41 cells from control
and mTOR cKO spinal cords at P10; n= 4 control, n= 3 cKO, *p= 0.004. F, Experimental paradigm for tamoxifen injections and sample collection for RNA analysis in PLP-mTOR icKOmouse model [ta-
moxifen (tam)].mTOR protein is significantly reduced in isolated O41 cells from PLP-mTOR icKO versus controls at P17, 10 d after the last tamoxifen injection, *p=0.001.G, MBP protein is unchanged
in isolated O41 cells from PLP-mTOR icKO versus controls at P17. H, qPCR for Kif1b, Arpc3, and profilin2 in isolated O41 cells shows no significant differences in mRNA expression between control
and PLP-mTOR icKO at P17, n= 4 control, n= 5 PLP-mTOR icKO, p= 0.2938 for Kif1b, p= 0.1604 for Arpc3, and p=0.2114 for profiin2. All values are expressed as6 SEM.
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myelinated axons recovered in themTOR cKO spinal cords likely
because of the partial and transient reduction in ARPC3 in
CC11 cells. We observed similar results with differentiating pri-
mary OPCs treated with rapamycin in vitro expressing reduced
levels of ARPC3. The earlier response of profilin2 to mTOR inhi-
bition in vitro suggests the importance of mTOR signaling in
regulating actin polymerization and initial cellular process exten-
sion. Importantly, profilin is still required to facilitate addition of
actin-GTP to the growing daughter actin filament even after
actin branching is initiated by ARPC3 nucleation activity.
Profilin is the major protein responsible for polymerization of
actin; however, its regulation in oligodendrocytes leading to
cytoskeletal reorganization was unknown. Similar to ARPC3, we
found a decrease in the expression of profilin2 during oligoden-
drocyte differentiation in vivo with loss of mTOR in oligoden-
drocytes. The low levels of profilin2 during peak differentiation
in the mTOR cKO likely results in a lack of adequate cellular
processes during oligodendrocyte development. These data are
supported by our in vitro findings showing low expression of
profilin2 following rapamycin treatment of primary OPCs

during differentiation. In addition, these data support and pro-
vide an explanation for our previously published studies showing
impaired process extension with rapamycin treatment of rat
OPCs during differentiation in vitro (Tyler et al., 2009) and defi-
cits in OPC branching and morphologic complexity in vivo in
fish treated with rapamycin (Fig. 4).

mTOR regulates proper MBP expression and localization
necessary for phase II dependent actin depolymerization
Prior studies have shown that Mbp mRNA is transported from
the nucleus to oligodendrocyte processes where it is locally trans-
lated (Colman et al., 1982) and that this transport requires
microtubules, kinesin, and dynein/dynactin proteins that regu-
late anterograde and retrograde transport along the microtu-
bules, respectively, and RNA granules containing heterogeneous
nuclear ribonuclear protein A2 (Carson et al., 1997; Song et al.,
2003; Lyons et al., 2009; White et al., 2012; Yang et al., 2015;
Herbert et al., 2017). KIF1B is a specific kinesin shown to regu-
late the transport of Mbp mRNA to oligodendrocyte processes
(Lyons et al., 2009). We found reduced expression of MBP as

Figure 10. mTOR regulates KIF1B expression and Mbp mRNA transport in differentiating oligodendrocytes in vitro. A, Western blot analysis showing decreased KIF1B expression with mTOR
inhibition during oligodendrocyte differentiation in vitro. Rapamycin was added at the initiation of differentiation as for prior experiments (Fig. 1A); n= 3; p= 0.041 at D2, p= 0.007 at D3. B,
Experimental paradigm of OPC differentiation plus or minus rapamycin addition following 2 d of normal differentiation. C, Western blot analysis of KIF1B expression after delayed rapamycin (R)
treatment in vitro; n= 5, p= 0.006 at D4, p= 0.011 at D5. D, Representative images and percentage of MBP protein localization restricted to the cell body in rapamycin-treated oligodendro-
cytes at D4 in delayed addition paradigm; n= 4 Ctrl, n= 3 Rapa, p= 0.0008. E, Western blot analysis of MBP expression after delayed rapamycin treatment in vitro; n= 3, p= 0.007 at D3;
p= 0.001 at D4; p= 0.032 at D5. F, G, Representative images of DIC and Mbp mRNA fluorescence (F) and quantification of Mbp mRNA localization (G) following single-molecule FISH for Mbp
mRNA on primary rat OPCs after 7 d of differentiation in the absence (F, top panels; G control) or presence (F, bottom panels; G Rapa) of rapamycin from the start of differentiation. Scale
bar, 5mm. Mbp mRNA is reduced in the cellular processes of rapamycin-treated OPCs with a corresponding accumulation in the cytoplasm and nucleus; n= 51 Ctrl, n= 53 Rapa. *p, 0.001
for Control versus Rapa in all compartments.
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well as oligodendrocyte expression of KIF1B in the mTOR cKO
spinal cords at P7 in vivo. To determine whether the lack of mye-
lin in our mTOR cKO animals is a result of both lack of MBP
protein expression and mislocalization of MBP, we determined
localization of MBP protein in vitro in differentiating OPCs with
or without mTOR inhibition. In mTOR-inhibited cells, MBP
protein accumulated within the cytoplasm and main processes
whereas in control cells, MBP protein expression appeared
evenly distributed throughout the cell body, main branches and
processes. In addition, mTOR inhibition in rat OPCs in culture
or oligodendrocyte deletion of mTOR in vivo reduced expression
of KIF1B. Our FISH data showing deficits in Mbp mRNA local-
ization in rapamycin-treated oligodendrocytes confirm our con-
clusion that, in the absence of mTOR signaling, Mbp mRNA is
not properly transported to the processes and thus is translated
in the cell body. This is likely contributed to by the low expres-
sion of KIF1B with mTOR inhibition; however, our recent
RNAseq data revealed reductions in several subunit proteins that
form dyneins and kinesins that may also contribute to the Mbp
RNA transport deficits with loss of mTOR function (Luipa
Khandker, Marisa A. Jeffries, Yun-juan Chang, Marie Mather,
Jennifer N. Bourne, Wendy B. Macklin, Teresa L. Wood, unpub-
lished observations). Moreover, our prior study identified Fyn ki-
nase in the mTOR regulated proteome in differentiating
oligodendrocytes (Tyler et al., 2011) potentially linking mTOR to
the Fyn regulation of hnRNPs involved inMbpmRNA transport
and translation (White et al., 2008, 2012).

A current model for myelin wrapping is based on MBP pro-
tein in the cell processes causing displacement of the actin sever-
ing proteins cofilin and gelsolin from PIP2 binding resulting in
their activation to promote actin depolymerization necessary for
myelin membrane wrapping (Zuchero et al., 2015). Thus, the
low levels of MBP in the processes during myelination with loss
of mTOR is expected to disrupt myelin wrapping. Interestingly,
along with depolymerization, F-actin at the leading edge during
myelin wrapping also is important for myelin wrapping (Nawaz
et al., 2015). Thus, the function of mTOR in regulating actin po-
lymerization and actin filament branching as well as expression
and localization of MBP explain the observed deficits in myelin
thickness in the mTOR cKO (Wahl et al., 2014). That the myelin
stays thinner even into the adult spinal cord in the absence of
mTOR suggests either that there is a critical developmental win-
dow for the wrapping phase during myelination and/or that the
persistent deficit in MBP observed even at 8weeks of age in the
mTOR cKO prevents recovery to normal myelin thickness
although the number of myelinated axons eventually recovers
(Wahl et al., 2014). Multiple studies demonstrate that inhibiting
mTOR in zebrafish reduces myelin sheath number and length,
depending on the timing of inhibition (Mathews and Appel, 2016;
Preston et al., 2019). Together with our current data demonstrating
that mTOR regulates the actin cytoskeleton, this suggests mTOR
may determine myelin production by modulating actin cytos-
keletal regulators. Overall, our findings demonstrate critical roles
for mTOR in regulating both phases of cytoskeletal reorganization
necessary for axon ensheathment and myelination.
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