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In demyelinating diseases, such as multiple sclerosis, primary loss of myelin and subsequent neuronal degeneration throughout the
CNS impair patient functionality. While the importance of mechanistic target of rapamycin (mTOR) signaling during developmental
myelination is known, no studies have yet directly examined the function of mTOR signaling specifically in the oligodendrocyte (OL)
lineage during remyelination. Here, we conditionally deleted Mtor from adult oligodendrocyte precursor cells (OPCs) using Ng2-CreERT

in male adult mice to test its function in new OLs responsible for remyelination. During early remyelination after cuprizone-induced
demyelination, mice lacking mTOR in adult OPCs had unchanged OL numbers but thinner myelin. Myelin thickness recovered by
late-stage repair, suggesting a delay in myelin production when Mtor is deleted from adult OPCs. Surprisingly, loss of mTOR in OPCs
had no effect on efficiency of remyelination after lysophosphatidylcholine lesions in either the spinal cord or corpus callosum, suggest-
ing that mTOR signaling functions specifically in a pathway dysregulated by cuprizone to promote remyelination efficiency. We fur-
ther determined that cuprizone and inhibition of mTOR cooperatively compromise metabolic function in primary rat OLs undergoing
differentiation. Together, our results support the conclusion that mTOR signaling in OPCs is required to overcome the metabolic dys-
function in the cuprizone-demyelinated adult brain.
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Significance Statement

Impaired remyelination by oligodendrocytes contributes to the progressive pathology in multiple sclerosis, so it is critical to
identify mechanisms of improving remyelination. The goal of this study was to examine mechanistic target of rapamycin
(mTOR) signaling in remyelination. Here, we provide evidence that mTOR signaling promotes efficient remyelination of the
brain after cuprizone-mediated demyelination but has no effect on remyelination after lysophosphatidylcholine demyelin-
ation in the spinal cord or brain. We also present novel data revealing that mTOR inhibition and cuprizone treatment addi-
tively affect the metabolic profile of differentiating oligodendrocytes, supporting a mechanism for the observed remyelination
delay. These data suggest that altered metabolic function may underlie failure of remyelination in multiple sclerosis lesions
and that mTOR signaling may be of therapeutic potential for promoting remyelination.

Introduction
Loss of myelin and oligodendrocytes (OLs) in multiple sclerosis
(MS) results in demyelinated CNS lesions, which contain bare
axons that can no longer properly function (Haines et al., 2011;
Alizadeh et al., 2015). Because of the immunologic nature of MS,
currently available therapies target demyelination by suppressing
the immune system; however, no approved treatments promote
remyelination. Normally, oligodendrocyte precursor cells
(OPCs) proliferate and differentiate into new mature OLs that
remyelinate lesions. However, progressive loss of function occurs
in MS because of the eventual failure of the oligodendroglia to
remyelinate in later stages of the disease. A predominant hypoth-
esis on remyelination failure in the adult is that OPCs fail to
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differentiate into mature OLs, and mature OLs that are present
do not successfully produce and wrap myelin sheaths (Franklin,
2002). Interestingly, in some MS lesions, OLs display primary
dystrophy and metabolic disruption, supporting the possibility
of intrinsic OL pathology that contributes to demyelination and
to remyelination failure (Aboul-Enein et al., 2003; Lassmann,
2003; Aboul-Enein and Lassmann, 2005; Mahad et al., 2008).
This revelation suggests that OLs with metabolic abnormalities
may be, at least in some cases, the primary cause of MS. The
approach to MS therapeutic development should include consid-
eration of supporting OL homeostasis to potentially reduce de-
myelination and improve remyelination.

The mechanistic target of rapamycin (mTOR) signaling path-
way is a major intracellular signaling pathway that regulates de-
velopmental myelination (Bercury et al., 2014; Wahl et al., 2014).
Previous studies revealed that mTOR signaling promotes OPC
differentiation in vitro (Tyler et al., >2009, 2011; Guardiola-Diaz
et al., 2012). Subsequent in vivo studies examining mTOR signal-
ing in the OL lineage revealed that mTOR signaling promotes
OPC differentiation into mature OLs during developmental
myelination of the spinal cord (Bercury et al., 2014; Wahl et al.,
2014; Ornelas et al., 2020). In addition, the spinal cord is hypo-
myelinated when mTOR signaling is disrupted developmentally
in the OL lineage (Bercury et al., 2014; Lebrun-Julien et al., 2014;
Wahl et al., 2014; Grier et al., 2017). In contrast, the loss of
mTOR signaling in the OL lineage has no obvious impact on OL
differentiation or myelination in the developing brain (Bercury
et al., 2014; Wahl et al., 2014). However, increasing mTOR sig-
naling activity, either through the deletion of phosphatase and
tensin homolog or the expression of constitutively active serine/
threonine kinase AKT, results in hypermyelination of the CNS,
including the brain (Flores et al., 2008; Goebbels et al., 2010;
Harrington et al., 2010).

Only a few studies have examined mTOR signaling in remye-
lination, and none has directly examined the cell-autonomous
function of mTOR within the OL lineage during remyelination.
Pharmacological inhibition of mTOR systemically using rapamy-
cin (RAPA) and concurrent administration of cuprizone (CPZ)
results in more complete brain demyelination than CPZ alone
and in a severe delay in remyelination (Sachs et al., 2014).
However, phosphatase and tensin homolog deletion from OLs to
increase mTOR signaling has no effect on remyelination after
lysophosphatidylcholine (LPC) demyelination of the spinal cord
(Harrington et al., 2010).

In this study, we used tamoxifen-inducible Ng2-CreERT;
Mtorfl/fl mice to delete Mtor from adult OPCs that generate new
OLs responsible for remyelination. While existing mature OLs
appear to contribute to remyelination in the rodent CNS under
specific circumstances, such as a motor learning paradigm or
genetic modulation (Mason et al., 2000; Bacmeister et al., 2020;
Jeffries et al., 2020), published studies indicate that remyelination
is otherwise largely a result of new OL production (Targett et al.,
1996; Crawford et al., 2016). We show that Mtor deletion from
adult OPCs significantly delays remyelination after CPZ demye-
lination but has no effect on remyelination after LPC demyelin-
ation of either the spinal cord or brain, suggesting that Mtor
deletion and CPZ treatment may target a similar pathway to
impair remyelination. The mechanism of CPZ demyelination in
the brain is unknown but has been hypothesized to involve
effects on mitochondria (Praet et al., 2014). We now show that
mTOR inhibition and CPZ additively impair mitochondrial
function, supporting altered metabolic function during remyeli-
nation. Together, our data support the conclusion that mTOR

signaling is necessary for efficient remyelination of the CPZ-
demyelinated brain because of its function in mitochondrial dy-
namics. These data reveal that downstream targets of mTOR sig-
naling may be potential therapeutic targets for MS patients who
exhibit lesions characterized by metabolic disruption.

Materials and Methods
Experimental animals. Homozygous Mtorfl/fl (Mtortm1.1Clyn) mice

(Lang et al., 2010) on a C57Bl/6 background obtained from Christopher
Lynch (Pennsylvania State College of Medicine) were bred to mice that
carried a homozygous dual reporter, referred to as DR/DR (B6.129(Cg)-
Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J, The Jackson Laboratory,
RRID:IMSR_JAX:007676). The mice express TdTomato in all cells but
on loxP recombination express a membrane-bound GFP reporter.
HomozygousMtorfl/fl;DR/DRmice were then bred to heterozygous Ng2-
CreERT (008538, The Jackson Laboratory, RRID:IMSR_JAX:008538)
mice to establish the Ng2-CreERT;Mtorfl/fl;DR/DR (Ng2-Mtor cKO) mouse
line with Cre1 conditional KO mice and Cre– control littermates. In the
Ng2-Mtor cKO mouse CNS, NG21 OPCs express tamoxifen-inducible
CreERT recombinase, which enters the nucleus and recombines at loxP
sites only on tamoxifen administration. Upon tamoxifen administration,
NG2-expressing OPCs exhibit deletion ofMtor and expression of a mem-
brane-bound GFP reporter. In order to induce recombination, tamoxifen
(75mg/kg; 10mg/ml stock in 9:1 sunflower seed oil:ethanol) was adminis-
tered by intraperitoneal injection to adult (7-10weeks) Cre1 and Cre–

control littermate mice for 5 consecutive days, resulting in recombination
of NG21 OPCs in adult Ng2-Mtor cKOmice. Mice were kept in microiso-
lation in a pathogen-free environment and maintained on a 12 h light/12
h dark cycle with standard mouse chow and water ad libitum. All research
and animal care procedures were approved by the Rutgers New Jersey
Medical School Institutional Animal Care and Use Committee. Only male
mice were used for all experiments to avoid endogenous estrogen-medi-
ated Cre leakiness and variability associated with CPZ-mediated demye-
lination in females.

CPZ demyelination. In order to induce demyelination of the brain
using CPZ, 3 d after the last tamoxifen injection, 8- to 11-week-old male
Ng2-Mtor cKO and control littermate male mice were fed either a cus-
tom irradiated 0.2% CPZ (C9012, Sigma-Aldrich) diet (TD.01453,
Envigo) or a control (CTL) irradiated Teklad 16% global protein diet
(2916, Envigo) matched to the base diet used to manufacture the 0.2%
CPZ diet. Each mouse received 1.5 pellets/day (equivalent to;6 g) of ei-
ther CTL or CPZ diet, and uneaten CPZ pellets were removed and
replenished every 2-3 d for the duration of demyelination. Uneaten con-
trol pellets were removed and replenished weekly. Both CTL and CPZ
diets were administered over the course of either 4 or 6weeks, as
described for each experiment. Mouse weights were monitored weekly;
mice did not exhibit �15% total weight loss and did not require inter-
vention. In experiments where remyelination was observed after removal
of CPZ, both CTL and CPZ-fed mice were switched to the standard
mouse chow provided by the animal facility to allow endogenous remye-
lination to occur over the course of 2-4weeks.

LPC injection. LPC (L4129, Sigma-Aldrich) injections were per-
formed on 8- to 11-week-old Ng2-Mtor cKO and control littermate male
mice 4-5 d after the last tamoxifen injection. For dorsal white matter
lesions, a T10 dorsal laminectomy was performed and a hole was made
in the dura using a 26 gauge syringe needle. A 5ml Neuros syringe
(65460-02, Hamilton) with a custom 33 gauge needle (7803-05,
Hamilton) was used to inject 1 ml of 1% LPC in 0.9% NaCl at a rate of
0.25-0.3ml/min directly into the dorsal white matter, which was targeted
by inserting the entire needle bevel into the spinal cord. For ventral
white matter lesions, mice were placed over a pillow bolster and the gap
between T10 and T11 dorsal lamina exposed with microscissors. The
same syringe and custom 33 gauge needle were used, but the needle was
lowered into the spinal cord at the contralateral edge of the dorsal white
matter to the lesion site at an angle of 45°. Upon touching the surface of
the spinal cord, the needle was lowered an additional 1.5 mm. Similar to
the dorsal white matter injections, 1ml of 1% LPC in 0.9% NaCl was
injected into the lateral ventral white matter at a rate of 0.2ml/min using
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a Pump 11 Elite (Harvard Apparatus). For injection into the corpus cal-
losum, the skull was exposed and bregma identified. Using a stereotactic
frame, the same syringe and needle combination was positioned 1.1 mm
rostral and 1.0 mm lateral to bregma. A Dremel was used to drill a hole
in the skull over the injection site. The 33 gauge needle was lowered until
the tip of the needle touched the surface of the cortex, and then the nee-
dle was lowered an additional 1.8 mm into the corpus callosum; 1.5ml of
1% LPC in 0.9% NaCl was injected into callosum at a rate of 0.2ml/min
using a Pump 11 Elite. Importantly, for all LPC injections, charcoal was
used to mark the site of the injection to allow for identification of lesion
center regardless of remyelination status.

Immunostaining of frozen sections.Mice were intracardially perfused
using 10 ml 1� PBS followed by 40 ml 3% PFA in 1� PBS. Brains and/
or spinal cords were dissected and postfixed overnight at 4°C in 1% PFA,
followed by cryoprotection for 48 h in 30% sucrose in mQH2O at 4°C.
Tissues were embedded in OCT and cryosectioned at either 12mm (for
spinal cords) or 20mm (for brains). Immunolabeling was performed as
described previously (McLane et al., 2017), with specific treatments used
for antibody staining as necessary. Briefly, for CC1 and SOX10 immuno-
staining, sections were subjected to antigen retrieval in 250 ml 0.01 M so-
dium citrate buffer heated 3� 40 s at medium power (1450 wattage)
with 25min soaks between microwaving sessions. A mouse-on-mouse
kit (M.O.M. kit, BMK-2202, Vector Laboratories, RRID:AB_2336833)
was used to reduce nonspecific binding of the mouse anti-CC1 antibody.
The M.O.M. mouse Ig block was performed at room temperature for
60min before a 30min room temperature incubation with mouse anti-
CC1 antibody in M.O.M. diluent (M.O.M. protein concentrate in 1�
TBS). Sections were blocked with 10% BSA (A6003, Sigma-Aldrich) and
10% serum of the appropriate secondary antibody host (donkey serum,
D6993, Sigma-Aldrich; rat serum, R9759, Sigma-Aldrich; goat serum,
G9023, Sigma-Aldrich) in 1� TBS for 60min at room temperature fol-
lowed by 4°C overnight incubation with primary antibodies diluted in 1%
BSA, 1% donkey serum, 1% rat serum, and 0.1% Triton X-100 (T8787,
Sigma-Aldrich) in 1� TBS. For myelin basic protein (MBP) staining,
autofluorescence was reduced by treating with 50 mM ammonium chlo-
ride for 30min; then sections were delipidated in 100% EtOH for 10min
before antigen retrieval as described above. Immunofluorescent-stained
sections were coverslipped using Fluorogel (17 985-10, Electron Micro-
scopy Sciences) and then sealed with nail lacquer. For myelin oligoden-
drocyte glycoprotein (MOG) staining, sections were delipidated for
10min in 100% EtOH and then treated with 3%H2O2 to eliminate endog-
enous peroxidase activity. The NovaRed substrate kit (SK-4800, Vector
Laboratories, RRID:AB_2336845) was used to detect positive signal; then
slides were dehydrated in EtOH and coverslipped with Cytoseal (8312-4,
Thermo Fisher Scientific). MBP- and MOG-stained sections were coun-
terstained with DAPI. Primary antibodies used were mouse anti-CC1
(1:100, OP80, Millipore, RRID:AB_2057371), goat anti-SOX10 (1:25,
AF2864, R&D Systems, RRID:AB_442208), rabbit anti-MOG (1:1000,
ab32760, Abcam, RRID:AB_2145529), and mouse anti-MBP (1:1000,
SMI-99, Covance, RRID:AB_2314772). Secondary antibodies used
were rat anti-mouse IgG2b -647 (1:350, ab172327, Abcam, RRID:
AB_2650513), donkey anti-goat AMCA (1:100, 705-155-147, Jackson
ImmunoResearch Laboratories), goat anti-mouse 647 (1:750, A21235,
Invitrogen, RRID:AB_2535804), and biotinylated goat anti-rabbit (1:500,
BA-1000, Vector Laboratories, RRID:AB_2313606) followed by streptavi-
din-HRP (1:1000, 21126, Pierce).

Cell counts. To analyze CC1 and SOX10 immunostaining, images
were taken with a 10� objective using an Olympus AX-70 microscope.
Cell counts were performed using either Photoshop (for dorsal LPC
lesions) or ImageJ software with the cell counter plugin (for all other
experiments). For LPC lesions, the ROI was outlined as the entire lesion,
defined by DAPI hypercellularity. For CPZ lesions, the entire midline
callosum visible within the image was outlined as the ROI. The area in
mm2 for each ROI was used to normalize all data to mm2. For all counts,
3 or 4 images/animal and 3 or 4 animals/group were analyzed. All
SOX101 cells within an ROI were counted, followed by all double-
immunolabeled CC11 SOX101 cells. The number of CC1– SOX101

OPCs was calculated by subtracting the number of CC11 SOX101 cells
from the number of SOX101 cells. Finally, the % of OL lineage cells

positive for CC1 was calculated by dividing the number of CC11

SOX101 cells by the number of SOX101 cells.
MBP and MOG image analysis. To analyze either MBP or MOG im-

munostaining, images were taken with either a 2� (for brain) or 10�
(for spinal cord) objective using an Olympus AX-70 microscope. All
analyses were performed using ImageJ software. For LPC lesions, the
total lesion area was defined using DAPI hypercellularity; for CPZ
lesions, the entire midline callosum visible in each 2� image was out-
lined as the ROI. For dorsal lesions, MBP and MOG area of positivity
was calculated by measuring the positive area and expressed as a per-
centage of total lesion area. For ventral lesions and for CPZ lesions, MBP
or MOG positivity was defined using the adjust threshold function for
positive staining, and the area fraction within the ROI was calculated
using ImageJ software. Data were then expressed as a percentage of the
total lesion or callosal area.

Electron microscopy (EM). Mice were transcardially perfused with
1� PBS followed by either 40 ml 3% PFA (15714-S, Electron
Microscopy Sciences) in 1� PBS or 40 ml 2% PFA/2.5% glutaraldehyde
(01909-199, PolySciences). For CPZ cohorts, brains were dissected and a
2 mm region just rostral of the hippocampus drop-fixed in 2% PFA/
2.5% glutaraldehyde at 4°C overnight. For spinal cord LPC cohorts, spi-
nal cords were dissected and the lesion center identified by the charcoal-
marked injection site. Spinal cords were cut laterally at lesion center and
drop-fixed in 2% PFA/2.5% glutaraldehyde overnight. For corpus cal-
losum LPC cohorts, brains were dissected and the lesion site identified
by the charcoal-marked injection site. Brains were cut in a rostral-caudal
direction at lesion center and drop-fixed in 2% PFA/2.5% glutaralde-
hyde. Tissues were then embedded in 5% agarose in 0.1 M PB and sliced
on a vibratome into 200- to 500-mm-thick sections. Sections with
clear lesions were postfixed in 1% osmium and 1.5% potassium ferrocya-
nide followed by 1% osmium tetroxide, dehydrated in graded acetone
with 2% uranyl acetate, and resin-embedded in Embed 812 (Electron
Microscopy Sciences) using a PelcoBiowave Pro tissue processor (Ted
Pella). One-micron-thick sections were cut from a trapezoid positioned
over the lesioned area and mounted onto glass slides where they were
then stained with a mixture of 1% toluidine blue, 1% methylene blue,
and 1% sodium borate in water for ;1min. Ultrathin sections (65 nm)
were cut at the same location within the lesion and mounted on
Formvar-coated slot grids (Electron Microscopy Sciences). Blocks were
sectioned deeper into the lesion, and another set of thick and ultrathin
sections were collected for each sample. Ultrathin sections were viewed
at 80 kV on a Tecnai G2 transmission electron microscope (FEI) and
imaged with a side-mount AMT XR80S-B camera.

EM analysis. In order to calculate g-ratios, all axons within 2-4 elec-
tron micrographs were measured using ImageJ software to calculate the
area of each axon as well as the total area of the myelinated fiber. Axon
diameter and total myelinated fiber diameter were then extracted from
each measured area in Microsoft Excel. At least 76 and up to 389 axons
were measured in each animal, and 3 or 4 animals/group were analyzed.
G-ratio was calculated as axon diameter/total myelinated fiber diameter.
For average g-ratio, all measured g-ratios were averaged for each animal,
and then each animal average used as a sample. For scatter plots and g-
ratio distribution graphs, all measured g-ratios were used. In order to
examine the number of myelinated axons, all myelinated axons within 3
electron micrographs/animal were counted using ImageJ software and
the cell counter plugin. The number of myelinated axons within
each animal was defined as the average number of myelinated axons
in each micrograph. The ROI was defined as the entire micrograph
area, 141.23 mm2.

Magnetic-activated cell sorting (MACS) isolation of NG21/
PDGFRa1 cells. Brain and spinal cord were dissected from Ng2-Mtor
cKOmice and Cre– littermate controls at 9-12weeks of age, 1-3weeks af-
ter tamoxifen injections. Brain dissections included forebrain, midbrain,
and cerebellum, and excluded olfactory bulb and brainstem. Spinal cord
dissection included whole spinal cord. Three brain or three spinal cords
were pooled for each sample. Tissues were dissociated into a single-cell
suspension using the Neural Tissue Dissociation Kit (P) (Miltenyi 130-
092-628). NG21 and PDGFRa1 cells were isolated by MACS using
anti-AN2 microbeads (Miltenyi 130-097-170), APC-conjugated CD140a
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Antibody (Miltenyi 130-102-473), and anti-APC microbeads (Miltenyi 130-
090-855).

qRT-PCR. Primers were designed using the sequences of Mtor
exons 49 and 50 and NCBI Primer Blast, and are as follows: Mtor
Forward: GGCCAAGCTACTGTGGCTAA, Mtor Reverse: AGGGAGCG
GGTATAGTTGGT. RNA was extracted from isolated NG21/PDGFRa1

cells using the RNeasy Mini Prep Kit (QIAGEN) and the RNeasy Plus
Micro Kit (QIAGEN). RNA concentration was measured using a
NanoDrop spectrophotometer (Thermo Fisher Scientific), and cDNA
was reverse-transcribed using the iScript cDNA Synthesis Kit (Bio-Rad,
1708890). RT-PCR was performed using SYBR green detection master
mix (Bio-Rad 430001607) and amplification was normalized to expres-
sion levels of b -actin for each sample. RT-PCR was performed on the
Applied Biosystems 7900B using the associated Sequence Detection
System version 2.2.2. The thermal reaction profiles were performed as
previously described (Tyler et al., 2009).

Rat primary OPC cultures. OPCs were purified from cortical mixed
glial cultures by established methods and as for our prior studies
(McCarthy and de Vellis, 1980; Tyler et al., 2009). Briefly, brains were
removed from postnatal day 0-2 Sprague Dawley rat pups, and the corti-
ces were dissected. Cortical pieces were enzymatically digested in 2.5%
trypsin and DNase I followed by mechanical dissociation. Cells were
resuspended in MEM-C, which consisted of MEM supplemented with
10% FBS, L-glutamine, and 1% penicillin-streptomycin, and plated in
T75 flasks. The resulting mixed glial cultures were maintained for 10d.
Purified OPC cultures were isolated using a differential shake. OPCs
were seeded onto poly-D-lysine-coated plates at a density of 5� 104

cells/cm2 in a chemically defined medium N2S. N2S consists of 66%
N2B2 (DMEM/F12 supplemented with 0.66mg/ml BSA, 10 ng/ml D-
biotin, 5 mg/ml insulin, 20 nM progesterone, 100 mM putrescine,
5 ng/ml selenium, 50 mg/ml apo-transferrin, 100 U/ml penicillin,
100 mg/ml streptomycin, and 0.5% FBS) supplemented with 34%
B104 conditioned media, 5 ng/ml FGF, and 0.5% FBS. Cell culture
media (MEM, DMEM/F12), FBS, trypsin, and insulin-selenium-
transferrin were purchased from Invitrogen-BRL. Additional N2
supplements (tri-iodothyronine and poly-D-lysine) were purchased
from Sigma. Recombinant human FGF-2 was purchased from R&D
Systems.

In vitro differentiation paradigm and treatments. To initiate OPC
differentiation for primary rat OPCs, we followed an established mitogen
withdrawal protocol (Tokumoto et al., 1999; Tyler et al., 2009). Briefly,
OPCs were seeded onto poly-D-lysine-coated plates in N2S media and
allowed to recover overnight. The following day, N2S media was
replaced with differentiation media (mitogen-free N2B2 media supple-
mented with 30ng/ml tri-iodothyronine and 0.5% FBS). To inhibit
mTOR, cells were treated with 10 nM RAPA (553210, Calbiochem). This
dose achieves effective mTOR inhibition in differentiating OLs based on
our prior studies (Tyler et al., 2009, 2011). Stock solution of RAPA was
prepared in DMSO. To treat with CPZ, cells were treated with 50 mM

CPZ (C9012, Sigma-Aldrich). In vitro use of CPZ is uncommon as CPZ
solubility in aqueous solutions is very low; however, various phenotypic
and metabolic effects have been observed in primary OPC and OPC cell
line cultures at concentrations ranging from 25 mM to 1 mM (Cammer,
1999; Benardais et al., 2013; Taraboletti et al., 2017); 2 mM CPZ stock so-
lution was prepared in 25% EtOH in ddH2O. Control cultures received
vehicle (DMSO and EtOH) alone. We selected 50 mM CPZ after per-
forming an optimization experiment culturing a rat OPC cell line
(CG-4) (Louis et al., 1992) with 25, 50, or 100 mM CPZ. Changes in cell
morphology by MBP staining appeared in cultures treated with 50 mM

CPZ without apparent cell loss, while cell death was observed in 100 mM

CPZ cultures as well as vehicle cultures with the corresponding concentra-
tion of EtOH, indicating toxic EtOH levels. We were unable to dissolve
higher concentrations of CPZ in lower concentrations of EtOH.
Differentiation media with or without additional compounds was replen-
ished every 48 h during experiments.

Live cell metabolic function. Seahorse XFp analyzer (Agilent
Technologies) was used to measure metabolic function in live oli-
godendroglia. Primary OPCs were plated as described above in
Seahorse cell culture microplates, allowed to recover overnight,

then differentiated into OLs in the presence or absence of
described compounds. After 3 d of differentiation, Seahorse XF
Cell Mito Stress Test was performed following manufacturer
instructions. In brief, oxygen consumption rate (OCR) and extrac-
ellular acidification rate (ECAR) were examined as measures of
oxidative phosphorylation and glycolytic activity, respectively.
Measurements were made under basal conditions, after addition of
1 mM oligomycin (ATP-synthase inhibitor), 2 mM carbonyl cya-
nide-4-(trifluoromethoxy) phenylhydrazone (FCCP, uncoupler of
mitochondrial oxidative phosphorylation), and a 0.5 mM mixture
of rotenone and antimycin A (Complex I and Complex III inhibi-
tors). Three measurements were made for each condition. At the
end of the assay, cells were lysed using RIPA lysis buffer (89900,
Thermo Fisher Scientific) with Halt protease and phosphatase in-
hibitor cocktail (78440, Thermo Fisher Scientific), total protein/
well was measured, and Seahorse results were normalized to this
measurement.

Experimental design and statistical analyses. For all remyelination
experiments, age-matched male Ng2-Mtor cKO and control littermate
mice were used to avoid estrogen-induced Cre leakiness and increased
CPZ demyelination variability associated with the use of females. Sample
size for each experiment was 3-7 animals/group, as stated in each figure
legend, and analyses were performed blinded to genotype and/or treat-
ment group. For all immunostaining analyses, 3 or 4 sections each sepa-
rated by at least 60-84mm each were analyzed within each animal and
the resulting values averaged for the sample value used in statistical anal-
yses. Student’s t test was performed for analyses comparing two treat-
ment groups (or genotypes), and significance was defined as p� 0.05.
For g-ratio measurements, we measured all axons within 2-4 electron
micrographs chosen by random number generator in each animal, with
the number of micrographs used remaining consistent within each
experiment. The average g-ratio for each animal was calculated by aver-
aging all measured g-ratio values, with the number of measured axons
ranging from 76 to 389. For g-ratio scatter plots, linear regression analy-
ses were used to compare the slope and y intercept of the control and
Ng2-Mtor cKO linear regressions using all measured g-ratios. For g-ratio
distribution analysis, the Kolmogorov–Smirnov t test was used to com-
pare cumulative ranks using all measured g-ratios. For primary rat OPC
experiments, animals were pooled for each preparation. Purified OPCs
were plated into Seahorse XFp plates and treatments were done in tripli-
cate. For comparison of RAPA to control and RAPA plus CPZ to RAPA,
9 replicate wells were analyzed over three independent OPC preps. For
comparison of CPZ to control and RAPA plus CPZ to CPZ, 6 replicate
wells were analyzed over 2 independent OPC preps. For these combined
analyses, multiple unpaired t tests with two-stage linear step-up proce-
dure of Benjamini, Krieger, and Yekutieli were performed. For all experi-
ments in which unequal sample sizes were used, F tests were run to
verify equal variances before appropriately applying Student’s t test. For
those experiments where statistical significance was observed with
unequal sample sizes, power analyses were applied with effect sizes and
unequal sample sizes to ensure that the resulting power was to standard
(�80%) for statistical analysis. When unequal sample sizes resulted in
no statistical significance, we ran power analyses to determine whether
required sample numbers were reasonably attainable given observed
effect size. Data are presented as mean 6 standard error of the mean
unless otherwise stated in figure legends.

Results
Mtor deletion from adult OPCs does not alter OL
differentiation after CPZ-mediated demyelination
Previously published studies in conditional KO mouse lines
revealed that mTOR is necessary for normal OL differentiation
in the spinal cord, but not the brain (Tyler et al., 2009; Bercury et
al., 2014; Wahl et al., 2014). In order to determine whether the
loss of mTOR in adult OPCs affects differentiation during
remyelination, we administered tamoxifen to adult Ng2-Mtor
cKO and control littermate mice before CPZ demyelination. CPZ
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or control (CTL) diet was given over the standard course of
6weeks to induce demyelination beginning 3 d after the last ta-
moxifen injection (Fig. 1A). Early remyelination is normally evi-
dent by 6weeks post-induction (wpi) of CPZ and continues for
several weeks after removal of CPZ, with peak remyelination

apparent at 6 wpi1 2weeks post-removal (wpr) of CPZ (Gudi et
al., 2014; Praet et al., 2014). We first investigated whether OL lin-
eage cell populations were altered by Mtor deletion during early
recovery in CPZ-treated animals. At 6 wpi and 6 wpi1 2 wpr,
we examined OL lineage populations in corpus callosa by

Figure 1. Mtor deletion from adult OPCs does not impair differentiation during remyelination after CPZ demyelination. A, Schematic of experimental timeline. B, Representative images of
CC1 (red) and SOX10 (blue) immunostaining in control and Ng2-Mtor cKO callosa at 6 wpi1 2 wpr CTL diet, 6 wpi CPZ diet, and 6 wpi1 2 wpr CPZ diet. Scale bar, 50mm. C, Quantification
of SOX101 OL lineage cells in control (black) and Ng2-Mtor cKO (red) callosa at 6 wpi1 2 wpr CTL diet, 6 wpi CPZ diet, and 6 wpi1 2 wpr CPZ diet; n= 3 or 4/group. D, Quantification of
CC1– SOX101 OPCs in control (black) and Ng2-Mtor cKO (red) callosa at 6 wpi1 2 wpr CTL diet, 6 wpi CPZ diet, and 6 wpi1 2 wpr CPZ diet; n= 3 or 4/group. E, Quantification of CC11

SOX101 mature OLs in control (black) and Ng2-Mtor cKO (red) callosa at 6 wpi1 2 wpr CTL diet, 6 wpi CPZ diet, and 6 wpi1 2 wpr CPZ diet; n= 3 or 4/group. F, % of all OL lineage cells
that are CC11 mature OLs in control (black) and Ng2-Mtor cKO (red) callosa at 6 wpi1 2 wpr CTL diet, 6 wpi CPZ diet, and 6 wpi1 2 wpr CPZ diet; n= 3 or 4/group. *p� 0.05.
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immunostaining for CC1, a marker of mature OLs, and SOX10, a
marker of the OL lineage (Fig. 1B). Counting the number of
SOX101 cells revealed a small increase in the number of total OL
lineage cells in 6 wpiNg2-Mtor cKO callosa compared with controls
(Fig. 1C; p=0.049, Student’s t test). However, there was no change
in the number of total OL lineage cells inNg2-Mtor cKOmice com-
pared with controls at 6 wpi1 2 wpr of CPZ (Fig. 1C; p=0.594,
Student’s t test). The numbers of CC1– SOX101 OPCs inNg2-Mtor
cKO at both 6 wpi and 6 wpi1 2 wpr were also unchanged com-
pared with control callosa (Fig. 1D; 6 wpi, p = 0.987; 6 wpi1 2
wpr, p = 0.477, Student’s t tests), indicating similar prolifera-
tion of adult OPCs lacking mTOR compared with controls.

Differentiation of adult OPCs into mature OLs is critical for
successful remyelination. The number of CC11 SOX101 mature
OLs was similar in Ng2-Mtor cKO brains versus controls at either
6 wpi or 6 wpi1 2 wpr (Fig. 1E; 6 wpi, p= 0.300; 6 wpi1 2 wpr,
p=0.756, Student’s t tests). Finally, the percentage of OL lineage
cells that were CC11 mature OLs was unchanged at 6 wpi and 6

wpi1 2 wpr in Ng2-Mtor cKO callosa compared with controls
(Fig. 1F; 6 wpi, p=0.224; 6 wpi1 2 wpr, p=0.087, Student’s t
tests). Although we did observe a significant increase in OL line-
age cells inNg2-Mtor cKOmice compared with controls at 6 wpi,
this was not reflected in a significant increase in either OPCs or
mature OLs, or in the percentage of mature OLs, suggesting no
change in differentiation of OLs. Importantly, Mtor deletion in
adult OPCs did not alter OL populations in the normal adult
brain, as there were no differences in the number of SOX101 OL
lineage cells, CC1– SOX101 OPCs, CC11 SOX101 mature OLs,
or the proportion of mature OLs in Ng2-Mtor cKO mice com-
pared with controls given CTL diet for 6weeks followed by
2weeks of standard diet (Fig. 1C–F; SOX10, p= 0.931; CC1–

SOX101, p=0.947; CC11 SOX101, p= 0.928; % CC1, p= 0.796,
Student’s t tests). Together, these data indicate that the loss of
mTOR in adult OPCs does not affect OPC proliferation or differ-
entiation into mature OLs during remyelination of the CPZ-
demyelinated brain.

Figure 2. Area of remyelination is unaffected by Mtor deletion from adult OPCs after CPZ demyelination. A, Representative images of MOG immunostaining in control and Ng2-Mtor cKO cal-
losa at 6 wpi1 2 wpr CTL diet, 6 wpi CPZ diet, and 6 wpi1 2 wpr CPZ diet. Scale bar, 500mm. B, Quantification of the % of the callosum positive for MOG in control (black) and Ng2-Mtor
cKO (red) at 6 wpi1 2 wpr CTL diet, 6 wpi CPZ diet, and 6 wpi1 2 wpr CPZ diet; n= 4-7/group.
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Figure 3. Ng2-Mtor cKO mice display delayed myelin wrapping during remyelination compared with controls after CPZ demyelination. A, Representative electron micrographs of control and
Ng2-Mtor cKO callosa at 6 wpi CPZ diet. B, Quantification of average g-ratios in control (black) and Ng2-Mtor cKO (red) callosa at 6 wpi CPZ diet; n= 3 or 4/group. C, Scatter plot of control
(black) and Ng2-Mtor cKO (red) g-ratios at 6 wpi CPZ diet; n. 700 axons/group. D, Representative electron micrographs of control and Ng2-Mtor cKO callosa at 6 wpi1 2 wpr CPZ diet. E,
Quantification of average g-ratios in control (black) and Ng2-Mtor cKO (red) callosa at 6 wpi1 2 wpr CPZ diet; n= 3/group. F, Scatter plot of control (black) and Ng2-Mtor cKO (red) g-ratios at
6 wpi1 2 wpr CPZ diet; n. 800 axons/group. G, Representative electron micrographs of control and Ng2-Mtor cKO callosa at 6 wpi1 4 wpr CPZ diet. Scale bars: A, D, G, 1mm. A, D, G, Red
arrows point to representative similarly sized axons. H, Quantification of average g-ratios in control (black) and Ng2-Mtor cKO (red) callosa at 6 wpi1 4 wpr CPZ diet; n= 3/group. I, Scatter
plot of control (black) and Ng2-Mtor cKO (red) g-ratios at 6 wpi1 4 wpr CPZ diet; n. 600 axons/group. J, g-ratio relative frequency diagram of control (black) and Ng2-Mtor cKO (red) g-ratios
at 6 wpi CPZ diet. K, g-ratio relative frequency diagram of control (black) and Ng2-Mtor cKO (red) g-ratios at 6 wpi1 2 wpr CPZ diet. L, g-ratio relative frequency diagram of control (black)
and Ng2-Mtor cKO (red) g-ratios at 6 wpi1 4 wpr CPZ diet. M, Quantification of the number of myelinated axons in control (black) and Ng2-Mtor cKO (red) callosa at 6 wpi CPZ diet; n= 3 or
4/group. N, Quantification of the number of myelinated axons in control (black) and Ng2-Mtor cKO (red) callosa at 6 wpi1 2 wpr CPZ diet; n= 3/group. O, Quantification of the number of my-
elinated axons in control (black) and Ng2-Mtor cKO (red) callosa at 6 wpi1 4 wpr CPZ diet; n= 3/group. *p� 0.05. **p� 0.01. ****p� 0.0001.
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Remyelination is delayed after CPZ-
mediated demyelination whenMtor is
deleted from adult OPCs
To determine whether Mtor deletion specifi-
cally from adult OPCs altered remyelination
in the CPZ-demyelinated brain, we adminis-
tered either CTL or CPZ diet to Ng2-Mtor
cKO and control littermate mice for 6weeks
to induce demyelination. Mice were then
returned to standard mouse chow to allow for
endogenous remyelination for up to 4 wpr of
CPZ (Fig. 1A). Remyelination can be assessed
both in terms of remyelinated area of the
lesion as well as thickness of remyelinated
sheaths. First, we examined the area of remye-
lination by immunostaining for MOG, a late-
expressed myelin protein, in the corpus cal-
losa of Ng2-Mtor cKO and control mice given
either CTL or CPZ food for 6 wpi or 6
wpi1 2 wpr (Fig. 2A). Analysis of the per-
centage of the callosum positive for MOG im-
munostaining revealed no significant
differences in Ng2-Mtor cKO and control lit-
termate mice at either 6 wpi or 6 wpi1 2 wpr
(Fig. 2B; 6 wpi, p= 0.590; 6 wpi1 2 wpr,
p=0.409, Student’s t tests), suggesting no
change in the overall area of remyelination of
the callosum after CPZ demyelination.
Additionally, there was no difference in Ng2-
Mtor cKO and control littermate mice given
CTL diet for 6weeks followed by standard
chow for 2weeks (Fig. 2B; p= 0.129, Student’s
t test), supporting the conclusion that the loss
of mTOR in adult OPCs does not alter myeli-
nation in the normal adult callosum.

It is well known that remyelination results
in thinner myelin, even when the overall
lesion area is completely remyelinated.
Therefore, while the overall area of remyeli-
nation appeared unaltered by the loss of
mTOR in adult OPCs, it was important to
assess remyelination of individual axons. We
used EM to quantify myelin thickness and
number of myelinated axons. EM images
were taken from the midline callosum of
CPZ-fed Ng2-Mtor cKO and control litter-
mate mice at 6 wpi (Fig. 3A), 6 wpi1 2 wpr
(Fig. 3D), and 6 wpi1 4 wpr (Fig. 3G). No
change in the number of myelinated axons
was observed at any of the analyzed time
points (Fig. 3M–O; 6 wpi, p=0.847; 6 wpi1 2 wpr, p=0.303; 6
wpi1 4 wpr, p= 0.317, Student’s t tests), confirming that the
extent of remyelination was unaffected as suggested by MOG im-
munostaining (Fig. 2A,B). However, myelin thickness as assessed
by g-ratios (axon diameter/total myelinated fiber diameter) was
reduced at 6 wpi (Fig. 3B; p=0.005, Student’s t test) and 6
wpi1 2 wpr (Fig. 3E; p= 0.022, Student’s t test) in Ng2-Mtor
cKO mice compared with controls. These deficits in myelin
thickness in Ng2-Mtor cKO mice were also observed when ana-
lyzing the data by linear regression, with a clear shift toward
higher g-ratios evident across all axon diameters at both 6 wpi
(Fig. 3C; p, 0.0001, hypothesis tests) and 6 wpi1 2 wpr (Fig. 3F;
p, 0.0001, hypothesis tests). Finally, Ng2-Mtor cKO mice at 6
wpi and 6 wpi1 2 wpr also exhibited a significant shift in g-ratio

distribution, with a greater percentage of g-ratios binning into
higher g-ratio values (Fig. 3J,K; 6 wpi p , 0.0001; 6 wpi1 2 wpr
p, 0.0001, Kolmogorov– Smirnov t tests). These data indicate that
remyelination thickness is deficient during early and active
remyelination phases.

While thinner myelin sheaths were observed during early and
active remyelination, late-stage remyelination analysis at 6
wpi1 4 wpr revealed similar myelin thickness in Ng2-Mtor cKO
mice compared with controls when analyzed by average g-ratio
(Fig. 3H; p= 0.784, Student’s t test). Along with this, while linear
regression analysis of the 6 wpi1 4 wpr g-ratio data showed a
significant shift when comparing y intercept (Fig. 3I; p=0.002,
hypothesis tests), a shift in linear regression was not observable
in Ng2-Mtor cKO g-ratios compared with controls, in contrast to
the clear increases in y intercept visible at both 6 wpi (Fig. 3C)

Figure 4. Mtor deletion from adult OPCs does not impair differentiation during remyelination after LPC demyelination
of the spinal cord. A, Schematic of experimental timeline. B, Representative images of CC1 (red) and SOX10 (blue) immu-
nostaining in control and Ng2-Mtor cKO 14 dpl dorsal and ventral LPC lesions. Scale bar, 50mm. C, Quantification of
SOX101 OL lineage cells in control (black) and Ng2-Mtor cKO (red) 14 dpl dorsal and ventral lesions; n= 3 or 4/group.
D, Quantification of CC1– SOX101 OPCs in control (black) and Ng2-Mtor cKO (red) 14 dpl dorsal and ventral lesions;
n= 3 or 4/group. E, Quantification of CC11 SOX101 mature OLs in control (black) and Ng2-Mtor cKO (red) 14 dpl dorsal
and ventral lesions; n= 3 or 4/group. F, % of all OL lineage cells that are CC11 mature OLs in control (black) and Ng2-
Mtor cKO (red) 14 dpl dorsal and ventral lesions; n= 3 or 4/group.
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and 6 wpi1 2 wpr (Fig. 3F). When examining g-ratio distribution,
we saw no significant change in the percentage of g-ratios present
across all g-ratio value bins (Fig. 3L; p=0.242, Kolmogorov–
Smirnov t test), further confirming that Ng2-Mtor cKO mice ex-
hibit similar remyelination to controls by late-stage repair.
Together, these data demonstrate that Mtor deletion from adult
OPCs results in a specific deficit in early myelin production during
remyelination, leading to delayed repair after CPZ demyelination.

Spinal cord OL differentiation is unaffected in LPC lesions
whenMtor is deleted from adult OPCs
Our data reveal that Mtor deletion from adult OPCs results in
delayed remyelination of the brain after CPZ demyelination,
although our prior data indicate that Mtor deletion from the OL
lineage has no effect on developmental myelination of the brain
(Wahl et al., 2014). In the same study, developmental myelina-
tion of the spinal cord was severely impaired by Mtor deletion
from the OL lineage, with reduced OL differentiation as well as
persistent hypomyelination (Wahl et al., 2014). BecauseMtor de-
letion from spinal cord OL lineage cells during development

results in severe myelination deficits, we
asked whether spinal cord remyelination was
also altered by loss of mTOR in adult OPCs.
Since CPZ only affects brain OLs and myelin,
and does not demyelinate the spinal cord
(Herder et al., 2011), we used the LPC model
of demyelination to examine the cell-autono-
mous effect of mTOR loss on spinal cord
OPCs during remyelination. Tamoxifen was
administered to 7- to 10-week-old Ng2-Mtor
cKO and control littermate mice as for CPZ
studies to induce Mtor deletion in adult
OPCs. In order to study spinal cord remyeli-
nation, we injected LPC directly into either
the dorsal or ventral white matter of Ng2-
Mtor cKO and control spinal cords 4–5 d after
the last tamoxifen injection, resulting in focal
demyelinated lesions that endogenously
remyelinate over several weeks (Fig. 4A). We
first examined OL lineage populations by im-
munostaining for CC1 and SOX10 at 14d
post-lesion (dpl) during active remyelination
in both dorsal and ventral lesions (Fig. 4B).
Cell counts of SOX101 cells revealed
unchanged numbers of total OL lineage cells
in Ng2-Mtor cKO dorsal and ventral lesions
compared with controls (Fig. 4C; dorsal,
p=0.631; ventral, p= 0.146, Student’s t tests).
We also found similar numbers of CC1–

SOX101 OPCs in Ng2-Mtor cKO dorsal and
ventral lesions at 14 dpl compared with con-
trols (Fig. 4D; dorsal, p= 0.592; ventral,
p=0.262, Student’s t tests), suggesting no
change in OPC proliferation. Additionally,
the number and proportion of CC11

SOX101 mature OLs were unchanged in
Ng2-Mtor cKO dorsal or ventral lesions com-
pared with control lesions at 14 dpl (Fig. 4E,
dorsal, p= 0.690; ventral, p= 0.240, Student’s t
tests; Fig. 4F, dorsal, p=0.519; ventral,
p=0.562, Student’s t tests). These data indi-
cate that loss of mTOR from adult OPCs
does not affect proliferation or differentiation
during spinal cord remyelination, similar to

our observations in the brain. These data led to the conclusion
that mTOR signaling is not required for adult OPC differentiation
during spinal cord remyelination, in contrast to the findings that
mTOR signaling is necessary for appropriate spinal cord OPC dif-
ferentiation during developmental myelination (Wahl et al., 2014).

Remyelination of spinal cord LPC lesions is not delayed by
the loss of mTOR in adult OPCs
AlthoughMtor deletion from adult OPCs does not affect differentia-
tion during remyelination of either the spinal cord or brain, our data
indicate that myelin production during repair is delayed in the brain
after CPZ demyelination. In order to assess remyelination of spinal
cord dorsal and ventral white matter LPC lesions, we again used
LPC to induce focal demyelinated lesions in dorsal or ventral white
matter following tamoxifen administration to 7- to 10-week-old
Ng2-Mtor cKO and control littermate mice (Fig. 4A). We examined
the area of remyelination at 14 dpl by immunostaining for either
MOG or MBP, a major myelin protein, in dorsal and ventral lesions
from Ng2-Mtor cKO and control spinal cords (Fig. 5A,D). Analysis

Figure 5. Area of remyelination in spinal cord LPC lesions is unaffected by Mtor deletion from adult OPCs. A,
Representative images of MBP (yellow represents dorsal lesions; red represents ventral lesions) and DAPI (blue) immuno-
staining in control and Ng2-Mtor cKO 14 dpl dorsal and ventral LPC lesions. Scale bar, 100mm. White lines indicate
lesions. B, Quantification of the % of the lesion positive for MBP in control (black) and Ng2-Mtor cKO (red) 14 dpl dorsal
lesions; n= 4 or 5/group. C, Quantification of the % of the lesion positive for MBP in control (black) and Ng2-Mtor cKO
(red) 14 dpl ventral lesions; n= 3/group. D, Representative images of MOG immunostaining in control and Ng2-Mtor
cKO 14 dpl dorsal and ventral LPC lesions. Scale bar, 100mm. E, Quantification of the % of the lesion positive for MOG in
control (black) and Ng2-Mtor cKO (red) 14 dpl dorsal lesions; n= 4/group. F, Quantification of the % of the lesion posi-
tive for MOG in control (black) and Ng2-Mtor cKO (red) 14 dpl ventral lesions; n= 3/group.
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of the percentage of dorsal and ventral lesion
area remyelinated by MBP immunostaining
showed no significant differences in area of
remyelination in Ng2-Mtor cKO compared
with control lesions (Fig. 5B,C; dorsal,
p=0.830; ventral, p=0.120, Student’s t tests).
Additionally, the area of remyelination was
unchanged when the percentage of the lesion
positive for MOG immunostaining was ana-
lyzed in either dorsal or ventral Ng2-Mtor
cKO and control lesions (Fig. 5E,F; dorsal,
p=0.434; ventral, p=0.076, Student’s t tests).
These data indicate that the area of remyeli-
nation in the spinal cord is unaffected by loss
of mTOR in adult OPCs.

Spinal cord remyelination thickness was
assessed using EM, which revealed deficient
remyelination in CPZ-demyelinated Ng2-
Mtor cKO brains compared with controls
(Fig. 3). EM images were taken from 21 dpl
dorsal and ventral spinal cord lesion edges
(Fig. 6A,C). The average g-ratio was unal-
tered in 21 dpl Ng2-Mtor cKO dorsal (Fig.
6B; p=0.793, Student’s t test) or ventral (Fig.
6D; p=0.670, Student’s t test) lesions, sug-
gesting no change in remyelination thick-
ness when mTOR is lost in adult OPCs.
Both dorsal and ventral Ng2-Mtor cKO
lesions exhibited significantly altered linear
regression slopes compared with controls
(Fig. 6E,G; dorsal, p = 0.002; ventral,
p = 0.013, hypothesis tests), with smaller-
diameter axons corresponding to higher
g-ratios and larger-diameter axons asso-
ciated with lower g-ratios. However,
analyses of g-ratio distribution showed
no change in the percentage of g-ratios
across bins in dorsal Ng2-Mtor cKO
lesions compared with controls (Fig. 6F;
p = 0.997, Kolmogorov–Smirnov t test).
In contrast, the distribution of g-ratios
in higher value g-ratio bins was significantly
shifted in ventralNg2-Mtor cKO lesions com-
pared with controls (Fig. 6H; p=0.013,
Kolmogorov–Smirnov t test). While
dorsal lesions exhibited increased num-
bers of remyelinated axons (Fig. 6I;
p = 0.042, Student’s t test), ventral lesions
did not (Fig. 6J; p=0.128, Student’s t test).
Although remyelination may be differen-
tially affected in dorsal and ventral lesions
depending on axon diameter, these data do
not reveal a clear deficit in myelin thickness
during dorsal or ventral spinal cord LPC
lesion remyelination in Ng2-Mtor cKO
mice, in contrast to the well-defined delay
in remyelination of the CPZ-demyelinated brain.

Brain and spinal cord GFP1OPCs both contribute to
remyelination
One possible explanation for the contrast in brain and spinal
cord remyelination phenotype in the absence of mTOR is that
these tissues may exhibit different efficiencies of Mtor deletion

using the Ng2-CreERT. In order to quantify loxP recombination
in brain and spinal cord, we performed MACS for NG21/
PDGFRa1 OPCs from adult control and Ng2-Mtor cKO
brain and spinal cord tissues, followed by RNA extraction
and qRT-PCR. Amplification of the excised region of the
Mtor gene revealed ;20% reduction in Mtor mRNA in both
brain (�21.2%) and spinal cord (�22.3%) Ng2-Mtor cKO
OPCs compared with controls (Fig. 7A–D). While this

Figure 6. Remyelination thickness in Ng2-Mtor cKO spinal cord LPC lesions is not affected comparably to CPZ demyelin-
ation. A, Representative electron micrographs of control and Ng2-Mtor cKO 21 dpl dorsal LPC lesions. Scale bar, 4mm. B,
Quantification of average g-ratios in control (black) and Ng2-Mtor cKO (red) 21 dpl dorsal lesions; n= 3/group. C,
Representative electron micrographs of control and Ng2-Mtor cKO 21 dpl ventral LPC lesions. Scale bar, 2mm. D,
Quantification of average g-ratios in control (black) and Ng2-Mtor cKO (red) 21 dpl ventral lesions; n= 3/group. E, Scatter
plot of control (black) and Ng2-Mtor cKO (red) 21 dpl dorsal lesion g-ratios; n. 300 axons/group. F, g-ratio relative fre-
quency diagram of control (black) and Ng2-Mtor cKO (red) 21 dpl dorsal lesion g-ratios. G, Scatter plot of control (black) and
Ng2-Mtor cKO (red) 21 dpl ventral lesion g-ratios; n. 400 axons/group. H, g-ratio relative frequency diagram of control
(black) and Ng2-Mtor cKO (red) 21 dpl ventral lesion g-ratios. I, Quantification of the number of myelinated axons in control
(black) and Ng2-Mtor cKO (red) dorsal white matter at 21 dpl; n= 3/group. J, Quantification of the number of myelinated
axons in control (black) and Ng2-Mtor cKO (red) ventral white matter at 21 dpl; n= 3/group. *p� 0.05.
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reduction was not significant in the spinal cord because of
sample variability (Fig. 7C,D; p = 0.22, Student’s t test), it was
significant in the brain (Fig. 7A,B; p = 0.04, Student’s t test).
Next, we visualized whether GFP1 OPCs contribute to remy-
elination in CPZ-demyelinated brains and LPC-demyelinated spinal
cords. Immunostaining for GFP and MBP revealed that, in both

CPZ-demyelinated brains and LPC-demyeli-
nated spinal cords from Ng2-Mtor cKO mice,
there was significant overlap between GFP and
MBP immunostaining, suggestive of contribu-
tion of GFP1OPCs to remyelination in both tis-
sues (Fig. 7E,F). We attempted to examine
mTOR1 immunostaining in OPCs of the brain
and spinal cord white matter to extend our
observations to the protein level. Unfortunately,
multiple mTOR antibodies either alone or in
combination with anti-GFP, anti-PDGFRa, or
anti-NG2 were not sensitive enough to detect
mTOR in white matter regions in our samples,
making it unfeasible to directly quantify mTOR1

ormTOR–OPCs in brain and spinal cord.

Delayed remyelination whenMtor is
deleted from adult brain OPCs is specific
to the CPZ model of demyelination
The measurable deficit in remyelination
thickness observed in CPZ-demyelinated
Ng2-Mtor cKO brains was not observed in
spinal cord LPC lesions despite comparable
reductions in Mtor transcription and appa-
rent contributions of GFP1 OPCs to remyeli-
nation. Other possibilities are that brain and
spinal cord adult OPCs are differentially
affected by the loss of mTOR signaling, or
that remyelination during CPZ in combina-
tion withMtor deletion from adult OPCs spe-
cifically affects their ability to remyelinate
effectively. To investigate these two possibil-
ities, we examined remyelination thickness in
LPC lesions by analyzing EM g-ratios at 14
dpl during active remyelination to correspond
with the 6 wpi and 6 wpi1 2 wpr CPZ time
points where we observed thinner myelin
sheaths in Ng2-Mtor cKO brains (Fig. 8A).
EM images were taken from the lesion edge
of Ng2-Mtor cKO and control LPC lesions in
the callosum (Fig. 8B). Average g-ratios were
similar in Ng2-Mtor cKO and control LPC
lesions at 14 dpl (Fig. 8C; p=0.699, Student’s t
test). Linear regression analysis confirmed no sig-
nificant differences in g-ratios across axon diam-
eter in Ng2-Mtor cKO and control lesions (Fig.
8D; slope p=0.292, y intercept p=0.757, hypoth-
esis tests). Additionally, g-ratio distribution was
unaltered in Ng2-Mtor cKO versus control LPC
lesions (Fig. 8E; p=0.322, Kolmogorov–Smirnov
t test). Finally, no changes in the numbers of my-
elinated axons in callosal LPC lesions were
observed (Fig. 8F; p=0.202, Student’s t test).

Together, our results indicate that Mtor de-
letion from adult OPCs specifically affects
timely remyelination after CPZ-mediated de-
myelination of the brain. Although it is stand-
ard to feed CPZ diet to mice over the course of
6weeks to induce demyelination, peak demye-

lination occurs at;4 wpi, followed by OPC proliferation, differen-
tiation, and remyelination that is apparent by 6 wpi of CPZ.
Therefore, we asked whether the administration of CPZ during
early remyelination is necessary to delay remyelination inNg2-Mtor

Figure 7. GFP1 OLs contribute to remyelination in demyelinated brain and spinal cord. A, qRT-PCR of Mtor gene tran-
scription normalized to b -actin in isolated NG21 PDGFRa1 OPCs from control (black) and Ng2-Mtor cKO (red) adult
brains; n= 3 pools of 3 samples/group. B, Corresponding graphical difference between the means from Student’s t test
for brain OPCs. C, qRT-PCR of Mtor gene transcription normalized to b -actin in isolated NG21 PDGFRa1 OPCs from
control (black) and Ng2-Mtor cKO (red) adult spinal cords; n= 3 pools of 3 samples/group. D, Corresponding graphical
difference between the means from Student’s t test for spinal cord OPCs. E, Representative images of MBP (blue) and
GFP (green) immunostaining in control and Ng2-Mtor cKO brains at 6 wpi CPZ. Scale bar, 100mm. F, Representative
images of MBP (blue) and GFP (green) immunostaining in control and Ng2-Mtor cKO spinal cords at 14 dpl LPC. Scale
bar, 100mm. *p� 0.05.
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cKO brains. To answer this question, we
administered either CTL or CPZ diet for
4weeks following tamoxifen administration
to induce peak demyelination. All mice were
then returned to standard mouse chow for
2weeks to allow endogenous remyelination
to occur in the absence of CPZ (Fig. 9A).
Since only remyelination thickness was
altered in Ng2-Mtor cKO brains after CPZ
demyelination, we analyzed g-ratios in EM
images taken from the midline callosum at 4
wpi1 2 wpr in Ng2-Mtor cKO and control
mice (Fig. 9B). Under these conditions, we
observed no difference in average g-ratios in
Ng2-Mtor cKO callosa compared with con-
trols at 4 wpi1 2 wpr (Fig. 9C; p=0.087,
Student’s t test). Additionally, there were no
significant differences in linear regressions
for Ng2-Mtor cKO and control g-ratios at 4
wpi1 2 wpr (Fig. 9D; slope p=0.077, y
intercept p=0.606, hypothesis tests). Inter-
estingly, g-ratio distribution analysis revealed
a significant increase in the percentage of g-
ratios in higher value g-ratio bins in Ng2-
Mtor cKO versus control at 4 wpi1 2 wpr
(Fig. 9E; p, 0.0001, Kolmogorov–Smirnov t
test). Despite this, the reduction in myelin
thickness we observed across all analyses at 6
wpi and 6 wpi1 2 wpr CPZ in Ng2-Mtor
cKO callosa was not recapitulated when early
remyelination occurred in the absence of
CPZ. Together, these results support the con-
clusion that CPZ treatment during early
remyelination specifically contributes to the
delay in remyelination observed when Mtor
is deleted in adult OPCs.

Metabolic function in OLs is impaired
by both CPZ treatment and mTOR
inhibition
Our data suggest that CPZ and loss of
mTOR targets similar pathways to affect
remyelination in Ng2-Mtor cKO brains. It
is hypothesized that CPZ alters metabolic
function, particularly mitochondrial oxi-
dative phosphorylation and glycolysis, in
mature OLs, which in turn contributes to
OL death and demyelination (Komoly et
al., 1987; Pasquini et al., 2007; Benardais et
al., 2013; Faizi et al., 2016; Taraboletti et
al., 2017). However, the effect of CPZ
on mitochondrial function in OLs has
never been directly quantified in relation
to either demyelination or remyelination.
Interestingly, mTOR is known to regulate
mitochondrial function in other cell types,
although this has not been examined in
OLs (Ramanathan and Schreiber, 2009;
Morita et al., 2013; Salmond, 2018; Xiaoyu
et al., 2018; Rosario et al., 2019). In order
to determine whether CPZ or mTOR loss
impairs energy production, we differenti-
ated primary rat OPCs in vitro for 3 d in

Figure 8. Ng2-Mtor cKO remyelination is not delayed after LPC demyelination of the callosum. A, Schematic of
experimental timeline. B, Representative electron micrographs of control and Ng2-Mtor cKO 14 dpl callosum LPC
lesions. Scale bar, 1 mm. Red arrows indicate axons of similar diameter. C, Quantification of average g-ratios in
control (black) and Ng2-Mtor cKO (red) 14 dpl callosum lesions; n = 3 or 4/group. D, Scatter plot of control
(black) and Ng2-Mtor cKO (red) 14 dpl callosum lesion g-ratios; n. 400 axons/group. E, g-ratio relative fre-
quency diagram of control (black) and Ng2-Mtor cKO (red) 14 dpl callosum lesion g-ratios. F, Quantification of
the number of myelinated axons in control (black) and Ng2-Mtor cKO (red) corpus callosum at 14 dpl; n = 3 or 4/
group.

Figure 9. Delayed remyelination in Ng2-Mtor cKO brains requires the presence of CPZ during early repair. A, Schematic of
experimental timeline. B, Representative electron micrographs of control and Ng2-Mtor cKO callosa at 4 wpi1 2 wpr CPZ
diet. Scale bar, 1mm. Red arrows point to axons of similar diameter. C, Quantification of average g-ratios in control (black)
and Ng2-Mtor cKO (red) callosa at 4 wpi1 2 wpr CPZ diet; n= 3 or 4/group. D, Scatter plot of control (black) and Ng2-Mtor
cKO (red) g-ratios at 4 wpi1 2 wpr CPZ diet; n. 600 axons/group. E, g-ratio relative frequency diagram of control (black)
and Ng2-Mtor cKO (red) g-ratios at 4 wpi1 2 wpr CPZ diet. *p� 0.0001.
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the presence or absence of 50 mM CPZ or 10 nM RAPA, a phar-
macological inhibitor of mTOR. We then performed
Seahorse mitochondrial stress tests to simultaneously mea-
sure OCR (a readout of oxidative phosphorylation) and
ECAR (a readout of glycolysis). The Seahorse mitochondrial
stress test modulates oxidative phosphorylation by using serial
injections of oligomycin, an inhibitor of ATP synthase that
reduces oxidative phosphorylation and drives glycolysis,
FCCP, an uncoupler of mitochondrial oxidative phosphoryla-
tion that stimulates maximal respiratory capacity, and rotenone/
antimycin A, inhibitors of Complex I and III in the electron

transport chain, which completely blocks ATP
synthesis by oxidative phosphorylation. Treatment
with either CPZ or RAPA resulted in a significant
decrease in both OCR and ECAR (Fig. 10A,D,G,J),
revealing decreased oxidative phosphorylation and
glycolysis. Basal OCR, reflecting resting rates of oxi-
dative phosphorylation, was decreased with either
CPZ treatment (Fig. 10B; p, 0.0001, Student’s t test
with two-stage linear step-up procedure of
Benjamini et al., 2006) or inhibition of mTOR (Fig.
10H; p, 0.0001, Student’s t test with two-stage lin-
ear step-up procedure of Benjamini et al., 2006).
Maximal capacity was also decreased with either
CPZ (Fig. 10C; p, 0.0001, Student’s t test with two-
stage linear step-up procedure of Benjamini et al.,
2006) or RAPA (Fig. 10I; p, 0.0001, Student’s t test
with two-stage linear step-up procedure of
Benjamini et al., 2006) treatment, suggesting that,
under greater energetic demand, CPZ- or RAPA-
treated oligodendroglia are unable to increase ATP
production through oxidative phosphorylation and
reach the level of respiratory capacity seen in control
cells. Additionally, ECAR was significantly decreased
in CPZ or RAPA-treated primary rat OLs compared
with controls across all measurements, indicating a
deficit in glycolysis; this effect was particularly pro-
nounced with RAPA treatment. Basal glycolysis was
decreased with either CPZ treatment (Fig. 10E;
p=0.0002, Student’s t test with two-stage linear step-
up procedure of Benjamini et al., 2006) or mTOR in-
hibition (Fig. 10K; p, 0.0001, Student’s t test with
two-stage linear step-up procedure of Benjamini et
al., 2006). Glycolytic capacity was similarly decreased
with either CPZ treatment (Fig. 10F; p, 0.0001,
Student’s t test with two-stage linear step-up proce-
dure of Benjamini et al., 2006) or mTOR inhibition
(Fig. 10L; p, 0.0001, Student’s t test with two-stage
linear step-up procedure of Benjamini et al., 2006).
Together, these data show that treatment with either
CPZ or RAPA decreases oxidative phosphorylation
and glycolytic function in cultured OLs.

Next, we asked whether the observed impair-
ment in energy generation was exacerbated with
combined CPZ and RAPA treatment, reflecting
the in vivo paradigm of CPZ treatment in Ng2-
Mtor cKO mice. Therefore, we treated primary rat
OPCs with both 10 nM RAPA and 50mM CPZ and
compared either RAPA or CPZ alone using OCR
and ECAR in Seahorse assays (Fig. 11A,D,G,J).
We observed that combined CPZ 1 RAPA treat-
ment significantly reduced basal OCR (Fig. 11B;
p, 0.0001, Student’s t test with two-stage linear
step-up procedure of Benjamini et al., 2006) and

maximal respiration (Fig. 11C; p= 0.0002, Student’s t test with
two-stage linear step-up procedure of Benjamini et al., 2006)
compared with RAPA alone. Combined treatment also reduced
glycolysis (Fig. 11E; p, 0.0001, Student’s t test with two-stage
linear step-up procedure of Benjamini et al., 2006) and glycolytic
capacity (Fig. 11F; p= 0.003, Student’s t test with two-stage
linear step-up procedure of Benjamini et al., 2006) compared
with RAPA alone. Moreover, combined CPZ 1 RAPA treatment
significantly decreased basal OCR compared with CPZ alone (Fig.
11H; p=0.01, Student’s t test with two-stage linear step-up

Figure 10. OLs treated in vitro with either CPZ or RAPA exhibit impaired mitochondrial function. A, A represen-
tative trace of OCR in differentiating primary rat OPCs treated with either vehicle (black) or 50 mM CPZ (blue) for
3 d. Dashed lines indicate the time points of sequential addition of compounds oligomycin, FCCP, and rotenone/
antimycin A. B, Corresponding basal respiration graph for A. C, Corresponding maximal respiration graph for A. D,
A representative trace of ECAR in differentiating primary rat OPCs treated with either vehicle (black) or 50mM CPZ
(blue) for 3 d. E, Corresponding basal glycolysis graph for C. F, Corresponding glycolytic capacity graph for C. G, A
representative trace of OCR in differentiating primary rat OPCs treated with either vehicle (black) or 10 nM RAPA
(orange) for 3 d. Dashed lines indicate the time points of sequential addition of compounds oligomycin, FCCP, and
rotenone/antimycin A. H, Corresponding basal respiration graph for G. I, Corresponding maximal respiration graph
for G. J, A representative trace of ECAR in differentiating primary rat OPCs treated with either vehicle (black) or
10 nm RAPA (orange) for 3 d. K, Corresponding basal glycolysis graph for J. L, Corresponding glycolytic capacity
graph for J. Data are mean6 SD. ***p� 0.001. ****p� 0.0001.
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procedure of Benjamini et al., 2006) without
affecting maximal respiration (Fig. 11I;
p=0.337, Student’s t test with two-stage linear
step-up procedure of Benjamini et al., 2006).
We also observed a striking decrease in both
glycolysis (Fig. 11K; p=0.0003, Student’s t test
with two-stage linear step-up procedure of
Benjamini et al., 2006) and glycolytic capacity
(Fig. 11L; p=0.0002, Student’s t test with two-
stage linear step-up procedure of Benjamini et
al., 2006) when OLs were treated with CPZ 1
RAPA compared with CPZ alone. These data
show that CPZ and RAPA additively impair
oxidative phosphorylation and glycolysis in
differentiating OLs in vitro. Given the particu-
lar relevance of the Seahorse analysis of
CPZ alone versus CPZ and RAPA com-
bined treatment to the in vivo phenotype,
we suggest that delayed remyelination in
the CPZ model with loss of mTOR in adult
OPCs results from impaired metabolic
function.

Discussion
Here, we demonstrate that mTOR signaling
in adult OPCs promotes efficient myelin pro-
duction during remyelination of the brain in
the presence of CPZ. Conversely, remyelina-
tion is normal in Ng2-Mtor cKO mice after
LPC demyelination of the spinal cord or
brain. We cannot eliminate the possibility
that spinal cord remyelination is unaffected
because of poor recombination efficiency in
NG21 OPCs, despite the presence of GFP1

MBP1 remyelination. However, our previous
publication using the same tamoxifen para-
digm with Ng2-CreERT to delete Tsc1 in OPCs
resulted in significant remyelination enhance-
ment after LPC demyelination of the spinal
cord (McLane et al., 2017). Additionally, LPC
demyelination in the brain does not elicit a
deficit in remyelination, and the efficiency of
remyelination is compromised by loss of
mTOR in OPCs specifically when CPZ is
administered during early remyelination, sug-
gesting an additive effect of Mtor deletion and
CPZ on myelin production. In support of this,
OPCs undergoing differentiation in vitro show
reduced mitochondrial oxidative phosphoryla-
tion and glycolysis when treated with CPZ or
RAPA; these parameters are further reduced
with the combination of CPZ and RAPA.
These data are of particular interest as CPZ
has been hypothesized to elicit demyelination
largely through suppressing mitochondrial function, but this
has never been directly demonstrated (Komoly et al., 1987;
Pasquini et al., 2007; Benardais et al., 2013; Faizi et al., 2016;
Taraboletti et al., 2017). Importantly, our data suggest that
CPZ negatively impacts remyelination via suppression of met-
abolic function. Therefore, although CPZ may induce demye-
lination partially via effects on mitochondrial function, our

data reveal that the effects on metabolic function may espe-
cially affect remyelination.

Mtor deletion has no impact on proliferation or differentia-
tion of adult OPCs during remyelination, either in spinal cord or
brain. Previous data support the conclusion that mTOR signaling
in vivo is dispensable for OL differentiation during developmen-
tal myelination of the brain (Bercury et al., 2014; Wahl et al.,
2014), despite its necessity for normal differentiation of OPCs in
vitro and in the spinal cord in vivo (Tyler et al., 2009; Guardiola-
Diaz et al., 2012; Wahl et al., 2014; Ornelas et al., 2020). OL

Figure 11. CPZ and RAPA additively affect mitochondrial function in differentiating OLs in vitro. A, A representative
trace of OCR in differentiating primary rat OPCs treated with either 10 nM RAPA (orange) or 50 mM CPZ1 10 nM RAPA
(green) for 3 d. Dashed lines indicate the time points of sequential addition of compounds oligomycin, FCCP, and rote-
none/antimycin A. B, Corresponding basal respiration graph for A. C, Corresponding maximal respiration graph for A. D,
A representative trace of ECAR in differentiating primary rat OPCs treated with either 10 nM RAPA (orange) or 50 mM

CPZ1 10 nM RAPA (green) for 3 d. E, Corresponding basal glycolysis graph for C. F, Corresponding glycolytic capacity
graph for C. G, A representative trace of OCR in differentiating primary rat OPCs treated with either 50mM CPZ (blue) or
50mM CPZ1 10 nM RAPA (green) for 3 d. Dashed lines indicate the time points of sequential addition of compounds oli-
gomycin, FCCP, and rotenone/antimycin A. H, Corresponding basal respiration graph for G. I, Corresponding maximal res-
piration graph for G. J, A representative trace of ECAR in differentiating primary rat OPCs treated with either 50 mM CPZ
(blue) or 50 mM CPZ1 10 nM RAPA (green) for 3 d. K, Corresponding basal glycolysis graph for J. L, Corresponding gly-
colytic capacity graph for J. Data are mean6 SD. **p� 0.01. ***p� 0.001. ****p� 0.0001.
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differentiation in the spinal cord is dependent on mTOR signal-
ing during developmental myelination, with fewer mature OLs
in spinal cords of mice with disrupted mTOR signaling in the
OL lineage (Bercury et al., 2014; Wahl et al., 2014; Ornelas et al.,
2020). Therefore, our data on remyelination suggest that either
adult OPCs do not require mTOR signaling to differentiate
because they are intrinsically distinct from developmental OPCs,
or adult OPCs have progressed past early differentiation stages
requiring mTOR signaling to inhibit bone morphogenetic pro-
tein signaling (Ornelas et al., 2020). While the differences in de-
velopmental and adult OPCs are not yet entirely defined, there is
evidence that adult OPCs may be intrinsically different from de-
velopmental OPCs (Shi et al., 1998; Windrem et al., 2004) as well
as later stage OPCs (Tang et al., 2000).

Our finding thatMtor deletion from adult OPCs does not affect
remyelination of the spinal cord after LPC demyelination is sur-
prising, given the hypomyelination resulting from deletion ofMtor
in the OL lineage during development (Bercury et al., 2014; Wahl
et al., 2014). In particular, Mtor deletion from the OL lineage
results in fewer myelinated axons and thinner myelin during active
myelination, and persistent hypomyelination in adult spinal cord
(Wahl et al., 2014). The persistent hypomyelination suggests that
mTOR signaling promotes myelin production and wrapping in the
spinal cord. In line with this, our recently published studies support
functions for mTOR signaling during developmental myelination
of the spinal cord in two phases: first, by modulating actin cytos-
keletal organization during differentiation; and second, by regulat-
ing Mbp mRNA transport and localization during myelin
production (Musah et al., 2020). Similar changes in MBP distribu-
tion are observed in vitro even when OPCs differentiate for several
days before mTOR inhibition. However, Mtor deletion from
mature OLs after differentiation in vivo does not alter cytoskeletal
and MBP expression in contrast to when Mtor is deleted from the
OL lineage during development (Musah et al., 2020). In the context
of these data, it seems likely either that myelin production during
remyelination is dependent on other signaling pathways specific to
repair, or that hypomyelination is secondary to early differentiation
deficits observed when Mtor is deleted developmentally from the
OL lineage, that do not occur when Mtor is deleted from more
mature adult OPCs.

Remyelination is significantly delayed in Ng2-Mtor cKO cal-
losa after CPZ demyelination. Importantly, the presence of CPZ
during early remyelination contributes to the observed delay,
suggesting that CPZ andMtor deletion from adult OPCs cooper-
ates to impair remyelination. These data support previously pub-
lished work indicating that concurrent systemic RAPA and CPZ
administration for 6weeks results in delayed remyelination even
after removal of both treatments (Sachs et al., 2014). However, in
this study, the delay in remyelination is more severe than what
we observe with OPC-specific deletion of Mtor. This is likely
because of the selective deletion of Mtor only in adult OPCs,
while systemic RAPA administration alters mTOR signaling
in all CNS cell types. Indeed, the authors of another study
(Yamate-Morgan et al., 2019), using the same RAPA 1 CPZ
protocol, concluded that axonal health is significantly
affected in this model, which could in turn affect remyelina-
tion. Additionally, our tamoxifen paradigm results in an
;20% decrease in Mtor transcription in brain and spinal
cord OPCs; this low level of recombination may further
dilute the effect of Mtor deletion from adult OPCs on remye-
lination efficiency in our studies.

Given our results showing that loss of mTOR in adult OPCs
delays remyelination in the corpus callosum in the CPZ model, it

was initially surprising that remyelination of the corpus callosum
after LPC injection is unaffected by the loss of mTOR in adult
OPCs. These data reveal new functions for mTOR during OL
differentiation. While either LPC and CPZ treatment results in
demyelination, LPC and CPZ cause OL death and myelin loss by
different mechanisms. LPC is a membrane-solubilizing agent
that demyelinates by physically disrupting the lipid-rich myelin
sheath (Plemel et al., 2018), while CPZ is a copper chelator and is
hypothesized to specifically affect mature OLs through impairing
mitochondrial function and other metabolic processes (Komoly
et al., 1987; Pasquini et al., 2007; Benardais et al., 2013;
Taraboletti et al., 2017). Our novel data reveal that both mito-
chondrial oxidative phosphorylation and glycolysis are signifi-
cantly impaired with CPZ treatment of differentiating OLs.
Importantly, we observed that the presence of CPZ during
remyelination is required in order for Mtor deletion from adult
OPCs to compromise remyelination thickness. Reduced cellular
energy production therefore seems a likely candidate for a mech-
anism by which CPZ additively impairs remyelination in Ng2-
Mtor cKO brains.

While the role of mTOR signaling in OLs in regulating mito-
chondrial function has not been studied to date, mTOR signaling
is known to directly modulate mitochondrial dynamics and gly-
colysis in other cell types (Ramanathan and Schreiber, 2009;
Morita et al., 2013; Salmond, 2018; Xiaoyu et al., 2018; Rosario et
al., 2019). Our data indicate that mTOR inhibition in differenti-
ating OLs in vitro results in impaired mitochondrial oxidative
phosphorylation and glycolysis. Moreover, we observed that
coadministration of CPZ and RAPA to OLs in vitro results in
decreased oxidative phosphorylation and glycolytic activity com-
pared with either treatment alone. The additive effect of CPZ
and RAPA suggests that energy production is likely disrupted to
an extent that slows myelin production by mature OLs, an
incredibly energy-demanding process (Harris and Attwell, 2012;
Rosko et al., 2019). This conclusion is supported by previous
studies revealing that OLs are highly metabolically active and use
both oxidative phosphorylation (particularly as OPCs and newly
differentiated OLs) and glycolysis (particularly as adult mature
OLs) to support themselves and axons (Funfschilling et al., 2012;
Amaral et al., 2016; Rao et al., 2017). Importantly, inducing met-
abolic stress conditions in human OPCs and OLs in vitro results
in strongly decreased glycolysis and OL process retraction, remi-
niscent of the dying-back pathology present in MS lesions (Rone
et al., 2016). Moreover, OL process outgrowth is decreased in
vitro when oxidative phosphorylation is impaired, and myelin
lipid synthesis is increased when glycolytic function is improved
(Ziabreva et al., 2010; Steiner et al., 2014). Together, these data
suggest that improving metabolic function of OLs may both pre-
vent mature OL loss and promote remyelination.

Previous work has described four patterns of MS lesions rep-
resenting unique types of demyelination (Lucchinetti et al.,
2000). Both Pattern I and II lesions are located around vascula-
ture and characterized by sharply demarcated lesion borders and
the infiltration of immune cells. Conversely, Pattern III/IV
lesions are not centered around vasculature and do not exhibit Ig
or complement deposition despite the presence of infiltrating
immune cells. Pattern III lesions, which are the second most
prevalent pattern of demyelination in MS, appear to be caused
by primary OL pathology and resemble hypoxic/ischemic dam-
age that may be attributable to mitochondrial impairment
(Aboul-Enein et al., 2003; Lassmann, 2003; Aboul-Enein and
Lassmann, 2005; Mahad et al., 2008). Notably, CPZ demyelin-
ation largely recapitulates Pattern III lesions, which are
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characterized by ill-defined lesion borders, primary OL dystro-
phy and apoptosis, and significant myelin-associated glycopro-
tein loss (Kipp et al., 2009; Praet et al., 2014; Burrows et al.,
2019). Interestingly, all active lesions within an individual MS
patient appear to be of one pattern (Lucchinetti et al., 2000).
Therefore, optimal therapies to promote remyelination may be
specific to an individual patient’s lesion pattern. Because remyeli-
nation by adult OPCs without mTOR is specifically affected after
CPZ demyelination, our data suggest that downstream targets of
mTOR signaling may be viable therapeutic targets for promoting
remyelination in MS patients with Pattern III lesions character-
ized by OL dystrophy.
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