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SUMMARY
Although macroautophagy deficits are implicated across adult-onset neurodegenerative diseases, we un-
derstand little about how the discrete, highly evolved cell types of the central nervous system use macro-
autophagy to maintain homeostasis. One such cell type is the oligodendrocyte, whose myelin sheaths are
central for the reliable conduction of action potentials. Using an integrated approach of mouse genetics,
live cell imaging, electron microscopy, and biochemistry, we show that mature oligodendrocytes require
macroautophagy to degrade cell autonomously their myelin by consolidating cytosolic and transmembrane
myelin proteins into an amphisome intermediate prior to degradation. We find that disruption of autophagic
myelin turnover leads to changes in myelin sheath structure, ultimately impairing neural function and culmi-
nating in an adult-onset progressive motor decline, neurodegeneration, and death. Our model indicates that
the continuous and cell-autonomous maintenance of the myelin sheath through macroautophagy is essen-
tial, shedding insight into how macroautophagy dysregulation might contribute to neurodegenerative dis-
ease pathophysiology.
INTRODUCTION

Oligodendroglial myelin sheaths facilitate the proper conduction

of action potentials, a fundamental facet to central nervous sys-

tem (CNS) function. Defects in myelination are catastrophic in

vertebrates and contribute to the neuropathology of diseases

ranging from multiple sclerosis to Alzheimer disease (Franklin

and Ffrench-Constant, 2017). Despite its importance, little is

known about how myelination is maintained in the aging

organism.

Although long-considered static elements in the adult CNS

(Kondiles and Horner, 2017), recent studies have shown oligo-

dendrocytes (OLGs), myelination, and white matter architecture

changes in the adult brain in response to circuit alterations, sug-

gesting that myelination is adaptable throughout life. In mice, the

formation of new OLGs appears to be a major contributor to

these changes (reviewed in Williamson and Lyons [2018]). In hu-

mans, the vast majority of OLGs are long lived and persist
This is an open access article under the CC BY-N
throughout life, and the myelin proteins turn over continuously

with a half-life of months (Yeung et al., 2014). Studies also indi-

cate that mature OLGs do not generate myelin sheaths de

novo (Crang et al., 1998; Crawford et al., 2016; Czopka et al.,

2013; Jeffries et al., 2016; Keirstead and Blakemore, 1997; Ma-

kinodan et al., 2013; Watkins et al., 2008), suggesting that OLG

turnover alone may not fully explain myelin maintenance. To

achieve myelin dynamicity, we hypothesize that cell-autono-

mous myelin turnover plays a critical role in modulating and

maintaining neural circuits.

Myelin is a specialized adaptation of the cholesterol- and

sphingolipid-enriched oligodendroglial plasma membrane,

where much of the upper and lower plasma membranes are

held tightly together by oligomers of myelin basic protein

(MBP) (Aggarwal et al., 2011b) to keep the space between the

membranes devoid of most cytosol and organelles. These thin

sheaths, edged with cytoplasmic channels, enwrap the axon

by displacing previously deposited membrane layers against
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the axon (Djannatian et al., 2019; Snaidero et al., 2014). Although

remarkably long lived, the myelin sheath needs to be renewed

and is believed to be dynamic (Fischer and Morell, 1974; Hill

et al., 2018; Savas et al., 2012; Wang et al., 2020). Despite

many insights into myelin synthesis (Aggarwal et al., 2011a; Em-

ery et al., 2009; Snaidero et al., 2017), the mechanism underlying

myelin degradation is unknown. We postulated that the complex

structure of myelin—with its unique cytosolic and membrane

components—would require the coordination of autophagy

and endocytosis for its degradation.

We report that OLGs not only usemacroautophagy to turnover

their myelin but also find that it is essential for maintaining func-

tional neuronal circuitry and CNS health. Although genetic inac-

tivation of oligodendroglial macroautophagy in mice led to no

detectable defects in myelination for up to 2 months of age,

mice later demonstrated an age-dependent increase in myelin

thickness and in appearance of abnormal myelin structures,

accompanied by behavioral abnormalities, neurodegeneration,

and premature lethality. In addition, live imaging of mature

OLGs in vitro reveals that autophagosome biogenesis and acid-

ification occur throughout the cell, including within the sheath’s

cytoplasmic channels, and that through the formation of amphi-

some intermediates, autophagy degrades both cytosolic and

membranous components of the myelin sheath.

RESULTS

Macroautophagy is required to continuously remodel
the myelin sheaths of the adult CNS
To examine the role macroautophagy plays in myelin sheath

maintenance, we used a Cre recombinase expressed through

theCNP1 locus (CNPCre) (Lappe-Siefke et al., 2003) to condition-

ally inactivate macroautophagy in OLGs via homozygous dele-

tion of Atg7 (Atg7cKO) (Komatsu et al., 2005). As expected, the

autophagy adaptor protein p62 accumulated in Atg7cKO but

not in heterozygous (Atg7cHet) or Atg7loxP/loxP (Atg7fl/fl) white

matter (Figures S1A and S1B). Despite the complete inactivation

of macroautophagy, we observed no demonstrable difference in

the viability or behavior of Atg7cKO mice out to 2 months old

(Figures S1C–S1G; Video S1). Transcription of myelin proteins

was unaffected (Figure S1H), and analyses of forebrain white

matter indicated that the numbers of OLG progenitor cells

(OPCs) and mature OLGs were also similar across genotype

(Figures S1I and S1J). These data suggest that theCNPCre-medi-

ated genetic inactivation of macroautophagy in the oligoden-

droglial lineage in Atg7cKO mice did not affect oligodendroglio-

genesis or biogenesis of the myelin sheath. Similar results were

obtained upon conditional deletion of Atg5, which is also

required for autophagosome formation (Hara et al., 2006; Ko-

matsu et al., 2006) (data not shown).

We next performed ultrastructural studies in the adult CNS

white matter (Figure 1). Although myelin sheath thickness was

similar across genotypes at 2 months old, it increased in

Atg7cKO mice with age (Figures 1A–1H). Myelin periodicity,

however, was unaffected (Figure S1K, L). Analyses of g-ratio

per axon diameter in the optic nerve indicated that the g-ratios

in Atg7cKOmice were significantly smaller, with only the thickest

axons showing no significant difference (Figures 1A–1F). The
2 Cell Reports 41, 111480, October 18, 2022
corpus callosum revealed similarly dramatic differences in

sheath thickness (Figures 1G and 1H), and both brain regions

also demonstrated an increased prevalence of abnormal myelin

structures (Figures 1I and S1M). Although a previous report sug-

gested no difference at younger ages (Saraswat Ohri et al.,

2018), myelination in 16-month-old spinal cords was affected

in Atg7cKO mice (Figures S1N–S1P), suggesting a similar im-

portance of autophagy across different oligodendroglial popula-

tions. Despite the loss of Atg7 in peripheral white matter, myeli-

nation was unaffected (Figures S1Q–S1S), consistent with

previous reports indicating that macroautophagy is not required

for myelin remodeling by Schwann cells (Brosius Lutz and

Barres, 2014; Gomez-Sanchez et al., 2015; Jang et al., 2016).

We next examined how g-ratios change during adulthood. An-

alyses revealed that although myelin sheath thickness remains

relatively unchanged from 2 to 16 months in controls, the thick-

ness changed steeply with disruption of macroautophagy (Fig-

ure 1J). This indicates that OLGs maintain their myelin sheath

thickness continuously through a balance of synthesis and mac-

roautophagy-mediated degradation. Moreover, this supports

the hypothesis that disruption of macroautophagy in OLGs pre-

cludes proper remodeling of CNS myelin in vivo.

Autophagosome formation and maturation can occur
throughout the mature OLG
To confirm that increased myelin thickness over time is driven by

continuous myelin remodeling rather than an increased demand

for autophagic activity across time, we examined the presence

of autophagosomes in Olig2+ cells in the corpus callosum of

mice as a proxy for autophagic drive (Figures 2A and 2B). Adult

mice transgenically expressing the autophagosome marker

MAP 1A/1B-light chain 3 (LC3) tagged with GFP (GFP-LC3) (Miz-

ushima et al., 2004) were treated acutely with chloroquine to

slow the turnover of autophagosomes. We found that puncta in-

tensity did not greatly change as mice aged and, if anything,

decreased, suggesting that the relative reliance on oligoden-

droglial autophagy across time is fairly constant, and autophagic

degradation of the myelin sheath may occur continuously in

these cells.

In tissue, autophagosomes were most reliably visualized in

oligodendroglial soma; thus, to gain a better spatial and mecha-

nistic understanding of how macroautophagy remodels individ-

ual myelin sheaths, we isolated OPCs via immunopanning and

induced their differentiation and maturation (Figures S2A and

S2B) (Zuchero et al., 2015). Immunofluorescence against

Atg16 (an indicator of autophagosome biogenesis) (Fujita et al.,

2008), p62, and LC3 revealed that these proteins are expressed

during all stages of oligodendroglial development (Figures 2C–

2H and S2A–S2C), consistent with previously reported data

(Bankston et al., 2019). Importantly, in mature OLGs, these auto-

phagymarkers are expressed in the cell body and throughout the

cytoplasmic channels of the myelin sheath (Figures 2D, 2F, and

2H). To confirm that autophagosomes could form within these

cytoplasmic channels, we asked whether a known source of au-

tophagosome membrane was present there. Immunofluores-

cence for the integral endoplasmic reticulum (ER) membrane

protein calnexin corroborates previous findings suggesting the

presence of the ER throughout the mature OLG (Simpson
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Figure 1. The inactivation of autophagy in OLGs results in an adult-onset accumulation of myelin, increased myelin sheath thickness, and
abnormal myelin structures

(A–H) Ultrastructural images of myelin and g-ratio calculation from optic nerve at (A) 2, (C) 9, and (E) 16months old and from (G) corpus callosum (CC) at 16months

old. n = 3 brains/genotype. (B, D, F, H) Mean g-ratios are plotted per quartile of axon diameter (mm). Bars represent average values across the 3 brains. The

number of axons per quartile also shown. ANOVA reveals that in the optic nerve, there is no difference in mean g-ratios across quartiles at 2 months old

(p = 0.5746; p = 0.9952; p = 0.3783; 0.5196). In contrast, g-ratios are significantly lower across the first 3 and 2 quartiles for 9 (p = 0.0473; p = 0.0179; p = 0.0256;

p = 0.1951) and 16months old (p = 0.0174; p = 0.0467; p = 0.072; p = 0.4738), respectively. CC also shows a similar difference (p = 0.0139; p = 0.0455; p = 0.0304;

p = 0.2661). The axon diameters represented per quartile are as follows (upper value indicated): 2 (Q1 = 0.43, Q2 = 0.55, Q3 = 0.69, Q4 = 1.8), 9 (Q1 = 0.46, Q2 =

0.59, Q3 = 0.78, Q4 = 2.08), and 16 months old (Q1 = 0.50; Q2 = 0.63, Q3 = 0.80, Q4 = 1.77).

(I) Redundant myelin and myelin whorls in 16-month-old cKO CC (top) and optic nerve (bottom).

(J) Probability values of finding myelin g-ratio less than 0.6 of 225 axons examined at 2, 9, and 16 months old.
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et al., 1997) and indicates that a potential membrane source for

autophagosome biogenesis (Hayashi-Nishino et al., 2009) is pre-

sent in the myelin sheath’s cytoplasmic channels (Figure S2C).

Given that macroautophagy is a multi-step, processive event,

we next performed live-cell spinning disk confocal microscopy

of mature GFP-LC3+ OLGs in culture. Cells were monitored

and analyzed for the appearance of de-novo-formed autophago-

somes, their acidification (via LysoTracker red positivity), and

their disappearance. We observed regional heterogeneity in

macroautophagic activity and therefore devised a nomenclature

to describe substructures within the network of cytoplasmic

channels (Figure 3A; Video S2): Arteries are large channels that

may correspond to the outer and paranodal loops of the myelin

sheath; branches are small channels that may correspond to in-

tramyelinic cytoplasmic nanochannels (Snaidero et al., 2014,

2017); edges are channels that may correspond to the inner

loop; and bulbs are enlargements within channels, often found

at the distal ends of arteries.

Although autophagosomes showed both anterograde and

retrograde movement as they acidified, in contrast to neurons

(Maday and Holzbaur, 2012), the vast majority of structures re-

mained stationary throughout formation and acidification

(Figures 3B–3D and S3A; Video S3). Autophagosomes formed

and acidified throughout the cell, and the majority were present

within channels within the myelin sheath, appearing at especially

high frequency in artery-branch intersections and bulbs (Figures

3E and S3B). In addition, the time until acidification of structures

varied modestly by subcellular region and correlated with dis-

tance from the cell body with those closer acidifying slightly

faster (Figures 3F and S3C). Taken together, our data indicate

that autophagosome biogenesis and maturation can occur

throughout the mature OLG, including within the cytoplasmic

channels of the myelin sheath.

MBP is a cargo for selective autophagy
We next sought to identify the myelin proteins captured by mac-

roautophagy. MBP is an essential cytosolic component of the

myelin sheath (Boggs, 2006). Modest lysosomal inhibition

caused MBP to accumulate and co-localize with endogenous

LC3 and LAMP2, consistent with it being an autophagic cargo

(Figures 4A, S4A, and S4B). We next created macroautoph-

agy-deficient OLGs to pursue this further. We turned to Atg5

deletion so that we can monitor Cre activity through expression

of a TdTomato reporter (Atg7 is on the same chromosome as the

Rosa26 locus) (Madisen et al., 2010). Using this approach, we

found that CNPCre was active in the isolated OPCs (Figures

S4C and S4D). Consistent with our in vivo findings with Atg7
Figure 2. Basal autophagy in OLGs in vivo and in culture

(A and B) GFP-LC3+ autophagosomes in OLGs in the adult brain under basal con

old. Acute treatment with chloroquine prevented autophagosome maturation.

(A) Representative image from 9-month-old CC.

(B) Quantification of raw integrated density value, sum of pixel intensity data (NIH

reveals that basal autophagy is active in OLGs across time, with the highest acti

(C–H) Immunofluorescence in different stages of OLGmaturation. Staining agains

H) LC3 (green) reveal a notable presence of all of these proteins throughout the c

enlarged and shown at right highlight the presence of these proteins in the cytopla

litters.
deletion (Figure S1), the loss of Atg5 inhibited autophagy

(Figures 4B and 4C) and, in contrast to previous reports (Bank-

ston et al., 2019), had no noticeable impact on OLG differentia-

tion in vitro (Figures S4C–S4E). Immunoblotting of OLG lysates

revealed that the absence of Atg5 caused MBP to accumulate

in the detergent-insoluble pool with increased laddering, sug-

gestive of MBP aggregation (Figure 4D). MBP levels were also

higher in the corpus callosum of adult Atg5cKO mice, similar to

Atg7cKO mice, and extended into the cortical layers (Figures

4E and 4F), consistent with observations in TFEB mutant mice

(Sun et al., 2018). In culture, co-staining for p62 and MBP

confirmed not only that MBP+ inclusions were present but that

many of them were also positive for p62 (Figures 4G and 4H).

Given that MBP is an intrinsically disordered protein (Boggs,

2006) that has a high propensity toward aggregation (Frid

et al., 2015; Riccio et al., 1995) and that p62 is implicated in

aggregate turnover by macroautophagy (Pankiv et al., 2007),

we next tested the hypothesis that MBP and p62 co-localize

because MBP is degraded by selective autophagy.

Selective autophagy is the means by which autophagic

cargoes are trafficked for degradation in an adaptor protein-

dependent manner to permit selective cargo (Lynch-Day and

Klionsky, 2010). Different cargoes can be degraded selectively,

such asmitochondria (mitophagy), invading pathogens (xenoph-

agy), and aggregated proteins (aggrephagy). In aggrephagy, the

adaptor protein WDFY3 (also known as autophagy-linked FYVE

protein [Alfy]), works with p62 to degrade aggregated proteins by

autophagy (Filimonenko et al., 2010; Fox et al., 2020). Co-immu-

noprecipitation experiments of MBP from white matter in wild-

type (WT) mice revealed that MBP is in a complex with p62,

Alfy, and LC3 forms I and II (Figure 4I). Ultrastructural studies

of OLGs with mild lysosomal inhibition revealed the presence

of electron-dense aggregates within double membrane struc-

tures devoid of bulk cytosol (Figure 4J), a hallmark of cytoplasm

to vacuole targeting, the yeast paradigm ofmammalian aggreph-

agy (Lynch-Day and Klionsky, 2010). These data reinforce the

observation that MBP is degraded in an Alfy-dependent manner

consistent with selective autophagy.

Integral membrane myelin proteins require
macroautophagy for their degradation
As with MBP, immunofluorescence revealed that lysosomal

inhibition increased accumulation of transmembrane myelin

proteins such as proteolipid protein (PLP) andmyelin OLG glyco-

protein (MOG) (Figures 5A and 5B) and increased their co-local-

ization with LC3+ structures (Figures 5C and S5A; data not

shown), suggesting that macroautophagy is required for their
ditions. CC of GFP-LC3 transgenic mice was examined at 2, 9, and 12 months

ImageJ), of GFP-LC3 corrected for measured area (perinuclear of Olig2+ cells)

vity at 2 months old. n = 3 brains/age.

t phalloidin (white) and (C andD) Atg16 (yellow), (E and F) p62 (cyan), and (G and

ells during different stages of maturation. Mature OLGs with the boxed areas

smic channels of themyelin sheath. Representative images from n = 100 cells/3
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Figure 3. Autophagosome formation and maturation occurs throughout the mature OLs as revealed by live-cell imaging to capture selec-

tively MBP

(A–C) GFP-LC3 in green, LysoTracker red in magenta, and overlay in white. Arrows indicate particle of interest. Time indicated in minutes.

(A) Regions of the mature OLG, taken from an individual cell. The cell is visually divided into discrete regions as indicated: cell body, artery, branch, artery/branch

(A/B) intersection, bulb, and edge. Image taken from Video S2.

(B and C) Selected frames from Video S3. Additional particles are found in Video S3 and summarized in Figure S3.

(D–F) Summary of all movies analyzed.

(D) Each individual punctum analyzed across time. Green indicates the appearance of GFP-LC3 puncta, and magenta indicates positive signal for LysoTracker

red. Co-localization represented in yellow. The formation of 185 GFP-LC3+ puncta analyzed across 6 movies monitored throughout the cell, then analyzed for

time through maturation. Structures that were only Lysotracker+ were not analyzed.

(E) Quantification of the frequency of autophagic vacuole (AV) appearance corrected for area.

(F) Time to acidify versus cell region. A/B Int., Artery-Branch intersection. Data from 143 cells/2 cultures.
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degradation. To pursue this hypothesis further, we performed

density gradient centrifugation of homogenates from adult WT

brains to enrich for autophagic vacuoles (AVs) (Fox et al., 2020;

Stromhaug et al., 1998) (Figure 5D). Immunoblotting of the recov-
6 Cell Reports 41, 111480, October 18, 2022
ered fractions revealed that MBP, MOG, PLP, and myelin-asso-

ciated glycoprotein (MAG) fractionated into the AV fraction (Fig-

ure 5E; data not shown), and into the expected, myelin-enriched

light membrane fraction (Figure S5B; data not shown). To further
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enrich the AV fraction away from potential ER microsomes and

endocytic structures, we next immuno-isolated fraction F5 for

vesicles positive for LC3 (Figure 5D) (Jeong et al., 2009). Immu-

noblotting revealed that immuno-isolation further enriched the

fraction for myelin proteins (Figure 5F). Moreover, proteinase K

(PK) protection assays confirmed that MBP, MOG, MAG, and

PLP are internalizedwithin autophagosomes alongwith p62 (Fig-

ure 5G). Taken together, these data strongly suggest LC3+ auto-

phagic structures capture integral myelin membrane proteins.

The PK protection assay also further strengthened the hypothe-

sis that MBP within AVs is in highly ordered structures: in the

absence of detergent, novel MBP+ bands appeared in a PK

dose-dependent manner (Figures S5C and S5D), indicating the

presence of detergent- and PK-resistant aggregates of MBP

within the AVs. Taken together, these data are consistent with

the observation that macroautophagy degrades the cytosolic

and integral membrane components of the myelin sheath.

The amphisome brings together the cytoplasmic and
integral membrane components of myelin to permit
their degradation by the lysosome
We next examined the origin of the integral myelin membrane

proteins found in the AVs via immunofluorescence (Figure 5).

Given that these cell-surface proteins must be first internalized

by endocytosis, these data suggest they are brought to LC3+

structures through the formation of an amphisome (Berg et al.,

1998; Stromhaug and Seglen, 1993). Amphisomes form by

fusion of endocytic vesicles with nascent autophagosomes

and may consolidate cargoes prior to lysosome-mediated

degradation in the soma, especially in neurons (Hollenbeck,

1993; Maday and Holzbaur, 2012; Yamamoto and Simonsen,

2012). In WT OLGs, a subset of structures positive for

mCLING—a fluorescently tagged fixable probe that labels the

plasma membrane (Revelo et al., 2014)—co-localized with

LC3, similarly to MOG (Figure 5C), strongly supporting the

hypothesis that amphisome formation was occurring in OLGs

(Figure S6A). Similarly, immunofluorescence revealed that

mCLING+MOG+ structures in control (Ctrl) cultures co-localized

with MBP, indicating that when autophagy was intact, the endo-

cytosed and cytosolic cargoes could arrive to the same vesicle

structure (Figures 6A and 6B). Ultrastructural studies of Ctrl

OLGs also revealed the presence of amphisome-like structures

carrying myelin-like cargo: structures that resembled double-

membrane vesicles that had fused with single-membrane vesi-

cles filled with myelin-like membranes (Figure 6C). Unilamellar
Figure 4. The oligodendrocyte protein MBP is degraded by selective a
(A) Co-localization of MBP in autophagosomes. MBP (magenta) and endogenous

Leupeptin overnight to mildly impede lysosome function and promote autophago

(B–D) Increased presence of MBP in the detergent-insoluble fraction of Atg5cKO

(B) Schematic representation.

(C and D) Western blot analysis of 1% Tx-100 (C) -soluble and (D) -insoluble Ctrl a

urea) indicates greater accumulation of MBP in the absence of Atg5. Representa

(E and F) MBP (magenta) and NeuN (blue) in adult cortex from Atg5Ctrl and cKO

(G and H) p62 and MBP in Atg5cKO OLGs. Accumulation of p62 (cyan) can be d

regions of p62 accumulation also have high MBP (shown in inset). Representativ

(I) Co-immunoprecipitation (coIP) of endogenous Alfy, p62, and LC3 with MBP fr

(J) Transmission electron microscopy analyses of mature OLGs in culture reveals

material, but devoid of bulk cytosol, suggestive of aggregated cargoes captured
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structures filled with electron dense material and membranous

structures suggestive of the autolysosome were also identified

(Figure 6D).

Although the internalization of mCLING+MOG+ structures was

observed throughout the OLG in Atg5 Ctrl and conditional

knockout (cKO) cultures (Figures 6A and 6B), MOG and PLP

accumulated throughout the cell in Atg5cKO OLGs (Figures 5A

and 5B). mCLING+MOG+ vesicles rarely co-localized with endo-

cytic cargo such as transferrin receptor (TfR) (Figures S6B and

S6C), which did not accumulate in Atg5cKO cells (data not

shown). This is consistent with data in immortalized cells sug-

gesting that integral membrane myelin proteins do not undergo

constitutive endocytosis like TfR (Winterstein et al., 2008). Taken

together, these data suggest that despite internalization via

endocytosis, the integral myelin membrane proteins still require

autophagy for degradation. Given that the myelin membrane is

especially rich in cholesterol and sphingolipids, and proteins

such as PLP are cholesterol interacting (Simons et al., 2000),

the amphisomemay allow structures internalized in a clathrin-in-

dependent manner to reach the lysosome.

To examine this further, we returned to live-cell imaging of

GFP-LC3+ OLGs to capture amphisome formation through the

fusion of GFP-LC3+ autophagosomes with mCLING+ endo-

somes (Figures 6E–6G, S4D, and S4E; Videos S4 and S5). Incu-

bation with mCLING led to a broad distribution of mCLING+

structures throughout the cell, comparable to the distribution

of GFP-LC3+ vesicles, although greater in number. In addition,

we observed GFP-LC3+ vesicles fusing with mCLING+ struc-

tures throughout the cell, with an average of about 13% of

GFP-LC3 vesicles showing this fusion event. A summary of the

data is presented in Figure 6G. These data demonstrate that am-

phisomes form in OLGs and can thereby traffic integral mem-

brane proteins to the autophagosome. Our data suggest amodel

in which the amphisome allows for the coordination of auto-

phagy and endocytosis that is required for efficient lysosome-

mediated degradation of this complex and highly specialized

adaptation of the myelin sheath (Figure S6F).

Inactivation of macroautophagy in OLGs leads to
behavioral dysfunction, neurodegeneration, and
premature lethality
We found that the loss of oligodendroglial macroautophagy pre-

vents the turnover of myelin sheaths in the adult brain, leading to

thickening of the myelin sheath as the animal ages (Figure 1).

Consistent with an aging-related phenotype, although neither
utophagy
LC3 (green) staining revealed upon lysosome inhibition. OLGs are treated with

some accumulation. Representative images from n = 90 cells/5 cultures.

OLGs.

nd cKO cell lysates. Probing the detergent insoluble pellet (resolubilized in 8 M

tive blots from n = 3 cultures/genotype.

mice.

etected throughout the cKO cells. Co-staining for MBP (magenta) reveals that

e images from n = 60 cells/3 cultures/genotype.

om wild-type brain tissue.

the presence of large double-membrane structures filled with electron-dense

via selective autophagy. Representative images from 20 cells/4 cultures.
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(C) MOG co-localizes with LC3+ structures in wild-type (WT) OLGs.

(D–G) Fractionation of the adult brain reveals the presence of myelin associated proteins in AVs.

(D) AV isolation. Fractionation of the post nuclear supernatant (PNS, S1) across a step gradient of nycodenz (nyc) segregates S1 into 3 fractions (F1, F2, F3) and a
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the Atg7cKO nor Atg5cKOmice showed signs of developmental

deficits (Figure S1), as they matured, began to develop tremors

andmotor deficits and then died prematurely, starting at approx-
imately 8 months old (Figures 7A–7C; Videos S1 and S6). Immu-

nofluorescence revealed that the cortices from aged autophagy-

deficient mice contained aggregation of myelin proteins, myelin
Cell Reports 41, 111480, October 18, 2022 9
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degeneration, and glial degeneration (Figures 7D–7G, S7A, and

S7D). At the ultrastructural level, myelin debris and aberrant

myelin sheath morphologies, including abnormally enlarged

and displaced inner loops, were also prevalent (Figure 7I; Ctrl:

3.4 ± 2.0/1,000 mm2 versus Atg7cKO: 30.8 ± 11.7/1,000 mm2).

Many of these ultrastructural abnormalities have been previously

shown to disrupt axon conduction (Patzig et al., 2016), which

may explain why motor symptoms developed. Aberrant myelin

sheath morphologies were often accompanied by the presence

of axonal spheroids (Figure 7I), a sign of axonal degeneration.

Neuronal death was also evident in these brains, as demon-

strated by the presence of activated caspase-3 in neurons of

aged Atg7cKO (Figures 7G and 7H) and Atg5cKO (Figure S7E)

mice, which is quite notable given that Cre was expressed in

the callosum but not ectopically in cortical regions (Figures

S7B and S7C). Hemispheric volumetric measurements suggest

that these degenerative effects were not caused by compression

within the calvarium (Atg5 Ctrl: 3.85e10 mm3 versus Atg5cKO

3.82e10 mm3; Student’s t test, p = 0.817). Taken together, these

data strongly suggest that the loss of the ability to regulate

myelin sheath thickness through amphisome-coordinated

degradation disrupts neural circuitry leading to behavioral defi-

cits and, ultimately, death.

DISCUSSION

In this study, we found that OLGs have adapted macroautoph-

agy to degrade and maintain their preexisting myelin sheaths

and that this remodeling is essential for maintaining a healthy

CNS. We determined that disruption of oligodendroglial macro-

autophagy in vivo led to an age-dependent increase in myelin

thickness and abnormal myelin structures, which resulted in

neuronal and glial degeneration and death. Further examination

in culture indicated that macroautophagy is necessary for the

efficient degradation of cytoplasmic and integral membrane

myelin proteins, which come together through the formation of

an amphisome intermediate prior to lysosome-mediated

degradation.

Our live-cell imaging studies indicate that the turnover of

myelin components can occur throughout the myelin sheath,

which suggests that myelin turnover may occur locally in a

manner coordinated with the creation of new myelin. Studies

have raised the possibility that mature OLGs may modulate the
(B) Co-staining of mCLING,MOG, andMBP. Triple staining shows that while MOG

MOG-mCLING co-localization can also occur without MBP. Dashed-line boxes

sites of triple co-localization. n = 40 cells/2 cultures.

(C and D) EM analyses of mature OLGs in culture treated with Leupeptin overnigh

appear fusedwith single-membrane vesicles filled with myelin-like membranes, ar

cultures.

(E–G) Live-cell imaging of GFP-LC3+ cells (green) treated with mCLING (magent

(E and F) Selected frames from Video S5 of individual puncta. Arrows indicate part

additional particles in Video S5, and summarized in Figure S6.

(G) Each individual puncta analyzed across time. Green indicates the appearanc

localization represented in yellow. The formation of 187 GFP-LC3+ puncta analyz

fusion. Structures that were only mCLING+ were not analyzed.

(H) Schematic model of the cell-autonomous turnover of myelin by macroautopha

autophagosome via selective autophagy. These structures meet with endocytose

then fuses with a lysosome (yellow) to permit content degradation (dark green).
thickness of their myelin sheaths by reinitiation of myelin growth

(Goebbels et al., 2010; Jeffries et al., 2016; Snaidero et al., 2014;

Yeung et al., 2014). Indeed, we find that over time, the g-ratio re-

mains fairly steady in healthy Ctrl animals, suggesting that the in-

duction of myelin growth leads to increased myelin thickness

along with redundant myelin, similar to our observations in

Atg7(CNP) cKO brains (Goebbels et al., 2010; Ishii et al., 2016;

Snaidero et al., 2014). These data indicate that myelin growth

and degradation are in a delicate balance, the mechanism of

which remains under further study. Notably, our studies revealed

both in vivo and in vitro that neither Atg5 nor Atg7 are essential for

OLG differentiation. A recent study, however, found acute

depletion or functional interference of Atg5 was essential for

OLG maturation (Bankston et al., 2019). In addition to macroau-

tophagy, this may reflect the non-canonical pathways in which

Atg5 are implicated (Ye et al., 2018), especially secretion and

cell death.

The accumulation of the myelin sheath, though time-depen-

dent, might be less of a function of absolute age but rather a

reflection of the rate of sheath formation. Suggestive of a contin-

uous cell-autonomous myelin remodeling process, we observed

a gradual, yet progressive, increase inmyelin thickness over time

in the absence of macroautophagy. This is consistent with the

known observation that myelin-associated proteins and lipids

have some of the longest half-lives of any structure in the CNS

(Fischer and Morell, 1974; Savas et al., 2012). Moreover, our

data strongly suggest that the degradation occurs throughout

life, especially during reproductive ages of 2–9 months old (Fig-

ure 1), and then slowswith advanced age (16months old), similar

to the lysosome-mediated degradative capacity upon which

macroautophagy depends (Cuervo and Dice, 2000). Conditional

approaches that disrupt oligodendroglial autophagy in a tempo-

rally regulated manner might better address this question.

Indeed, we find that degradation occurs across the lifespan; au-

tophagosomes isolated from WT brains as early as 3 to

14 months old unfailingly contained proteins such as MBP and

MOG (Figures 5D–5G). When lysosome-mediated degradation

begins to fail, such as in the aging animal (Safaiyan et al.,

2016) or after CNS injury (Baumann and Pham-Dinh, 2001),

non-cell autonomous events also contribute to myelin turnover.

The amphisome intermediate is an under-studied element of

autophagic degradation. Our findings suggest that cells have

evolved an additional fusion step in autophagy to increase the
(magenta) andMBP (blue) can simultaneously co-localize with mCLING (cyan),

highlight MOG-mCLING localization events, whereas solid line boxes indicate

t. Structures reminiscent of (C) amphisomes, double-membrane structures that

e found throughout the cell, as well as (D) unilamellar autolysosomes. 20 cells/4

a).

icle of interest. Time in minutes. A complete cell can be viewed in Video S4, and

e of GFP-LC3 puncta, and magenta indicates positive signal for mCLING. Co-

ed across 6 movies monitored throughout the cell, then analyzed for mCLING

gy. Aggregated MBP is taken up in a p62- and Alfy-dependent manner into an

d integral membrane myelin proteins to form an amphisome. The amphisome
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adaptability of lysosome-mediated degradation and accommo-

date the needs of highly specialized cells. Specifically, we found

that degradation of cholesterol- and sphingolipid-enriched en-

docytic cargo transits through autophagy and the amphisome

for lysosome-mediated degradation. A significant question

raised by our observations is why endocytosed myelin-associ-

ated proteins and membranes need to traffic through the

amphisome to be degraded efficiently. In neurons, amphisome

formation had been suggested to form out of efficiency, as retro-

grade transport is required for all axonal proteins to be degraded

by lysosomes (Fu et al., 2014; Maday and Holzbaur, 2014; Ma-

day et al., 2012), which are concentrated at the soma (Ferguson,

2019; Yap et al., 2018). OLGs, although similarly large and highly

compartmentalized as neurons, still require amphisome forma-

tion, despite the ability to degrade locally autophagic contents

(Figures 2 and 3). Our data suggest that in OLGs, the degradation

of myelin requires local coordination of the cytoplasmic and

membranous components to ensure appropriate degradation.

The efficiency of this degradation would permit local coordina-

tion with myelin synthesis during renewal and remodeling in

the distal tip of the myelin sheath (Lyons et al., 2009; Wake

et al., 2011). Another important consideration is the composition

of myelin membranes, which are particularly rich in cholesterol

and sphingolipids. These endocytosed vesicles may require an

alternative compartment to reach the lysosome. For OLGs, and

possibly other cells that internalize substrates in a clathrin-inde-

pendent manner, fusion with autophagosomes may provide the

alternative route to the lysosome.

Changes in OLG health are common across age-related

neurodegenerative diseases (Huang et al., 2015; Mathys et al.,

2019; Strohm and Behrends, 2019). Given that macroautophagy

has been similarly implicated (Griffey and Yamamoto, 2022), and

that lysosome-mediated degradative capacity declines with age

(Cuervo and Dice, 2000), our data suggest a possible mecha-

nism linking macroautophagy dysfunction and oligodendroglial

health in neurodegenerative disease. Moreover, the implication

that MBP is degraded in an Alfy-dependent manner raises the

question of whether its degradation becomes compromised,

as protein aggregation due to independent disease processes

ensue. Nonetheless, further studies examining the importance

of OLG health and macroautophagy dysfunction in disease are
Figure 7. The inactivation of oligodendroglial autophagy results in beh

(A) Survival plot of Atg7cHet and cKO mice. n = 30 littermate pairs.

(B) Atg7cKO mice demonstrate locomotor deficits starting at 5 months old. The

Repeated measures ANOVA (RM-ANOVA) reveals a significant difference betwe

5 months old in Atg7cKO (p = 0.0215) but not Ctrl (p = 0.5809). No difference wa

(C) Rearing behavior monitored for 1 h at 12 or 16 months old. RM-ANOVA reve

posthoc Least Significant Difference (LSD) reveals that it is different at 12 (p = 0.

(D–H) Loss of oligodendroglial macroautophagy leads to glial degeneration.

(D) Z projections of CNPase staining of the same volume of tissue from region ma

differences were observed at 9 or 12 months old (not shown, n = 3/genotype/age

(E and F) Higher magnification views of cKO tissue. CNPase (magenta) is co-stain

sheaths (white arrow), accumulations within OL cell bodies (yellow arrow), andmy

(G and H) Staining for activated caspase-3 (yellow) in the CC and cortex of 12-m

Staining reveals caspase-3+ signal in 12-month-old Atg7cKOmice within the (G) M

the 4-month-old Atg7cKO and no signal in control brains. n = 3/genotype/age.

(I) EM micrographs of CC from 16-month-old Atg7cKO mice. Axonal spheroids (y

v-arrowhead).
necessary. For example, in multiple sclerosis, autophagic dysre-

gulation might continuously compromise myelin sheath integrity,

even that of newly formed myelin sheaths, thereby contributing

to both primary and secondary progressive stages of disease.

Our data showing that myelin components can be consolidated

for selective autophagic degradation, linking macroautophagy

with myelin sheath remodeling, also imply that changes in mac-

roautophagy could underlie circuitry dysfunction known to occur

in the absence of neuronal loss across neurodegenerative dis-

eases, such as Alzheimer disease (AD). Small changes in myelin

sheath thickness may have profound effects on neuronal

network function and have amajor impact on sensory adaptation

(Pajevic et al., 2014; Smith and Koles, 1970). Similarly, the

disruption of saltatory conduction and changes in intracellular

calcium might disrupt axonal trafficking, and alterations in the

myelin sheath may impair the OLG’s ability to provide metabolic

support to axons (Funfschilling et al., 2012; Lee et al., 2012).

Strikingly, the behavioral deficits and myelin sheath accumula-

tion in autophagy-deficient mice preceded neuronal and glial

degeneration. This strongly suggests that disruption of myelin

remodeling and adaptive timing of action potentials may not

only cause neurodegenerative processes but also contribute to

disorders in which asynchronous neuronal firing causes

dysfunction, such as epilepsy, schizophrenia, and dyslexia

(Fields, 2008; Filley and Fields, 2016; Pajevic et al., 2014).

Taken together, our study indicates that as we consider how

macroautophagy dysfunctionmight contribute to neurodegener-

ation in disease states, we must gain better insight into how this

intracellular event maintains the homeostasis of the discrete,

varied, and highly adapted cell types of the CNS. Here, we

show how OLGs use this pathway to meet their unique needs

and how the disruption of this pathway can have cell-autono-

mous and non-cell-autonomous consequences. Moreover, the

demonstration that the myelin sheath of the adult brain can be

degraded cell autonomously allows for new considerations in

how potential changes in the myelin sheath might influence the

formation and maintenance of neural circuits.

Limitations of the study
In this study, we assessed the consequences of disrupted OLG

macroautophagy on myelin and CNS health. Considering the
avioral deficits, neurodegeneration, and death

same cohort of mice (n = 15/genotype) are monitored for 5 min across time.

en genotype (F(1,26) = 5.212, p = 0.0308), with a significant decline starting at

s observed in rearing behavior at young ages (not shown).

aled a difference between genotype (F(1, 29) = 1.420; p = 0.0002), and Fisher’s

0041) and 16 months old (p = 0.0134).

tched areas of Atg7cHet and cKO mice at 16 months old (n = 3/genotype). No

). The CNPase signal in cKO is noticeably decreased and patchier than in cHet.

ed with neurofilament heavy chain (NFH; cyan) and Dapi (blue). Ragged myelin

elin blebs (green arrow) are observed in the cKO but not in the Ctrl (Figure S7A).

onth-old Atg7Ctrl, 4-month-old Atg7cKO, and 12-month-old Atg7cKO mice.

BP+ (magenta) CC and (H) NeuN+ cortical neurons, with an occasional signal in

ellow arrows), aberrant OL structures (cyan arrows), and myelin debris (green
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broad pathological findings, our focus on ultrastructure in key

white matter areas and the most prominent behavioral dysfunc-

tion leaves open the possibility that these mice exhibit subtle de-

fects in other brain regions, with corresponding cellular and

organismal phenotypes. Although this study supports a role for

oligodendroglial macroautophagy in the maintenance of myelin

for proper CNS health, our insight into the physiological failure

experienced by both OLGs and the neurons they support re-

mains limited. For example, we do not know at an electrophysi-

ological level how these abnormal myelin structures impair

neurotransmission. Additionally, our data suggest an interaction

between myelin synthesis and macroautophagy-mediated

degradation across time, the precise nature of which requires

further study.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat anti-MBP Bio-Rad/Abd Serotec MCA409S

Mouse anti-MBP Covance SM-199P

Mouse anti-APC [CC1] abcam ab16794

Rabbit anti-Olig2 Millipore AB9610

Rabbit anti-NG2 Millipore AB5320

Rabbit anti-PLP abcam Ab28486

Rabbit anti-MAG (D4G3) Cell Signaling Technology 9043

Goat anti-MOG abcam Ab115597

Rabbit anti-BIII-tubulin Covance PRB-435P

Rabbit anti-Atg7 (D12B11) Cell Signaling Technology 8558

Rabbit anti-Atg5 Cell Signaling Technology 12994

Rabbit anti-Vinculin Invitrogen 700062

Rabbit anti-LC3A/B abcam Ab58610

Rabbit anti-LC3B Abcam Ab48394

Rabbit anti-Atg16 ProSci Inc. 4425

Guinea pig anti-p62 Progen GP62C

Rabbit anti-Calnexin Stressgen SPA-860

Mouse anti-NeuN Millipore MAB377

Rabbit anti-Cre Recombinase (D7L7L) Cell Signaling Technology 15036

Rabbit anti-cleaved Caspase-3 (Asp175) Cell Signaling Technology 9661

pM_CNPase Biolegend 836404

pC_NFH-H Encor CPCA-NF-H

pRb_NeuN Abcam ab177487

O4 R&D Systems MAB1326

Chemicals, peptides, and recombinant proteins

Transferrin Sigma T1147

Bovine serum albumin Sigma A4161

Putrescine Sigma P5780

Progesterone Sigma P8783

Sodium selenite Sigma S5261

N-acetyl-L-cysteine Sigma A8199

D-biotin Sigma B4639

Forskolin Sigma F6886

Insulin Sigma I6634

Glutamine Invitrogen 25030081

Sodium pyruvate Invitrogen 11360070

B27 Invitrogen 17504044

Penicillin-streptomycin Invitrogen 15140122

Trace Elements B Corning/Cellgro MT99175CI

LIF Sigma ESG1107

PDGF-AA PeproTech 100-13A

NT-3 PeproTech 450-03

Triiodothyronine Sigma T6397

TRIzol ThermoFisher 450-03

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Hoechst Invitrogen H3570

NeuroTrace ThermoFisher N21479

Halt protease inhibitor cocktail ThermoFisher 78430

PMSF Sigma P7626

BSL1 Vector Laboratories L1100

Leupeptin Sigma L5793

mCLING Synaptic Systems 710 006AT1

LysoTracker red DND-99 Invitrogen L7528

Alexa FluorTM 594 C5 Maleimide ThermoFisher A10256

Critical commercial assays

AMV Reverse Transcription System Promega M5101

Papain dissociation system Worthington PDS

mCLING labeling kit Synaptic Systems 710-MCK

DC protein assay Bio-Rad 5000111

Experimental models: Organisms/strains

Mouse: CNP-Cre (Cnptm1(cre)Kan) Klaus-Armin Nave, Max Planck Institute,

Germany

Lappe-Siefke et al., 2003

Mouse: Atg7-floxed Masaaki Komatsu, Juntendo University,

Japan

Komatsu et al., 2005

Mouse: Atg5-floxed Noboru Mizushima, University of Tokyo,

Japan

Hara et al., 2006

Mouse: GFP-LC3 Noboru Mizushima, University of Tokyo,

Japan

Mizushima et al., 2004

Mouse: TdTomato/Ai9 (B6.Cg-Gt(ROSA)

26Sortm9(CAG-tdTomato)Hze/J)

Jackson Laboratory RRID: IMSR_JAX:007,909

(Madisen et al., 2010)

Oligonucleotides

Atg7 flox PCR 1: CAT CTT GTA GCA CCT

GCT GAC CTG G

RIKEN BioResource Center Protocol: 02760

Atg7 flox PCR 2: CCA CTG GCC CAT CAG

TGA GCA TG

RIKEN BioResource Center Protocol: 02760

Atg7 flox PCR 3: GCG GAT CCT CGT ATA

ATG TAT GCT AT

RIKEN BioResource Center Protocol: 02760

Atg5 flox PCR 1: GAA TAT GAA GGC ACA

CCC CTG AAA TG

Hara et al., 2006 N/A

Atg5 flox PCR 2: GTA CTG CAT AAT GGT

TTA ACT CTT GC

Hara et al., 2006 N/A

Atg5 flox PCR 3: ACA ACG TCG AGC ACA

GCT GCG CAA GG

Hara et al., 2006 N/A

Atg5 flox PCR 4: CAG GGA ATG GTG TCT

CCC AC

Hara et al., 2006 N/A

CNP-Cre PCR E3 sense: GCC TTC AAA

CTG TCC ATC TC

Lappe-Siefke et al., 2003 N/A

CNP-Cre PCR E3 antisense: CCC AGC

CCT TTT ATT ACC AC

Lappe-Siefke et al., 2003 N/A

CNP-Cre PCR Puro3: CAT AGC CTG AAG

AAC GAG A

Lappe-Siefke et al., 2003 N/A

GFP-LC3 PCR 1: ATA ACT TGC TGG CCT

TTC CAC T

RIKEN BioResource Center Protocol: 00,806

GFP-LC3 PCR 2: CGG GCC ATT TAC CGT

AAG TTA T

RIKEN BioResource Center Protocol: 00806

GFP-LC3 PCR 3: GCA GCT CAT TGC TGT

TCC TCA A

RIKEN BioResource Center Protocol: 00806

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

tdTomato PCR WT F: AAG GGA GCT GCA

GTG GAG TA

Jackson Protocol: 29436

tdTomato PCR WT R: CCG AAA ATC TGT

GGG AAG TC

Jackson Protocol: 29436

tdTomato PCR TG F: CTG TTC CTG TAC

GGC ATG G

Jackson Protocol: 29436

tdTomato PCR TG R: GGC ATT AAA GCA

GCG TAT CC

Jackson Protocol: 29436

beta-actin RT-PCR 1: AGC CTT CCT TCT

TGG GTA TG

NCBI N/A

beta-actin RT-PCR 2: GGT CTT TAC GGA

TGT CAA CG

NCBI N/A

MBP RT-PCR 1: GGC CTC AGA GGA CAG

TGA TG

Lebrun-Julien et al., 2014 N/A

MBP RT-PCR 2: TCT GCT GTG TGC TTG

GAG TC

Lebrun-Julien et al., 2014 N/A

MOG RT-PCR 1: TGC ACC GAA GAC TGG

CAG GAC

Lebrun-Julien et al., 2014 N/A

MOG RT-PCR 2: AAG GAC CTG CTG GGC

TCT CCT

Lebrun-Julien et al., 2014 N/A

PLP RT-PCR 1: GTT CCA GAG GCC AAC

ATC AAG CTC

Lebrun-Julien et al., 2014 N/A

PLP RT-PCR 2: AGC CAT ACA ACA GTC

AGG GCA TAG

Lebrun-Julien et al., 2014 N/A

Software and algorithms

NIH ImageJ Schneider et al., 2012 N/A

StatView SAS Institute Inc. N/A

MATLAB Mathworks N/A

Open field activity Med Associates Inc. MED-OFAS-MSU

Photoshop CS5, llustrator CS5 Adobe N/A

Other

Protein A/G MicroBeads Miltenyi Biotec 130-071-001/130-071-101

m columns Miltenyi Biotec 130-042-701
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Ai Yamamoto (ai.

yamamoto@columbia.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All animals and procedures complied with the Guide for Care and Use of Laboratory Animals and were approved by the IACUC com-

mittee at Columbia University. Mice were maintained in a 12h/12h light/dark cycle in a temperature and humidity-controlled
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environment, with ad libitum access to food and water. Previously created CNP-Cre (Lappe-Siefke et al., 2003), Atg7-floxed (Ko-

matsu et al., 2005), Atg5-floxed (Hara et al., 2006), GFP-LC3 (Mizushima et al., 2004), and TdTomato/Ai9-reporter (Madisen et al.,

2010) mouse lines were maintained by breeding with C57BL/6 mice. All experiments with mice were performed and analyzed blindly

without knowledge of their genotype. We observed no sexual dimorphism of myelination in mice, so males and females were pooled

for all analyses, except for behavior, which was powered and performed assuming sex would be an independent variable. cKOmice

were compared to cHetmice because heterozygous loss of CNP throughCNPCre knock-in has been suggested to have amild behav-

ioral phenotype in 26 month-old mice (Hagemeyer et al., 2012).

Primary cultures
All cells were cultured at 37�C under 5% CO2 in serum-free defined media containing DMEM, transferrin (100 mg/mL), BSA (100mg/

mL), putrescine (16 mg/mL), progesterone (60 ng/mL), sodium selenite (40 ng/mL), N-acetyl-L-cysteine (5 mg/mL), d-biotin (10 ng/mL),

forskolin (4.2 mg/mL), insulin (5 mg/mL) (all from Sigma), glutamine (2 mM), sodium pyruvate (1 mM), B27 (2%), penicillin–streptomycin

(100 U/mL) (all from Invitrogen), Trace Elements B (1x, Cellgro), and LIF (20 ng/mL, Chemicon). Proliferation medium also contained

OPC mitogens PDGF-AA (20 ng/mL) and NT-3 (1 ng/mL) (both from PeproTech), while differentiation medium contained triiodothy-

ronine (40 ng/mL, Sigma) without OPC mitogens. For experiments in which only mature OLGs were examined (and not any inter-

vening stages of differentiation), the differentiation medium was modified by using DMEM/F12 base media (Invitrogen) and a higher

dose of insulin (25 mg/mL) to maximize OLG survival.

METHOD DETAILS

Reverse transcription polymerase chain reaction (RT-PCR)
Total RNA was isolated from whole brains with TRIzol reagent (ThermoFisher). First-strand cDNA synthesis from mRNA was per-

formed using the AMV Reverse Transcription System (Promega) with Oligo(dT)12-18 primers. Products were amplified using tem-

plate-specific primers listed in the Key resources table (Lebrun-Julien et al., 2014) and semi-quantitatively analyzed by gel

electrophoresis.

Open field testing
At least one week before starting behavioral testing, experimental mice were relocated to a reverse-cycle core facility with the lights

off between 10 AM and 10 PM, so that experiments could be performed during the dark phase (i.e. the mice’s active phase). Power

analyses based on pilot data were used to establish the number of mice required to have 90% power to reach 95% confidence. Fig-

ure S1: Male mice were placed inside an open field arena (43.2 cm3 43.2 cm x 30.5 cm) for 60 min at two m/o. Figure 7B: Male mice

were placed for 5 min at 2, 5 and 8 m/o. Figure 7C: A mixed sex cohort of mice were placed for 60 min at 12 and 16m/o. Only rearing

was measured in this cohort, given the limited size of the cohort. Measurements of distance traveled and number of rearings were

recorded and measured using equipment and software from Med Associates.

Immunohistochemistry
Micewere deeply anesthetized with isoflurane and transcardially perfusedwith 0.9% saline followed by 4%paraformaldehyde (PFA).

Brains were dissected, fixed in 4% PFA for 1 h at room temperature and then 4�C overnight, cryoprotected in 30% sucrose in phos-

phate buffer at 4�C, snap-frozen in powdered dry ice, embedded in O.C.T. Compound (Fisher), and stored at �80�C. Free-floating
brain cryosections (30 or 50 mm) were cut on a cryostat and stored at 4�C in phosphate buffer containing 0.02% sodium azide. For

antigen retrieval, sections were placed at 80�C in 10mM sodium citrate (pH = 9.0). Sections were permeabilized with 0.4% Triton and

blocked with 10% BSA in PBS, and then incubated in primary antibody diluted in PBS 0.01% Triton X-100 overnight at 4�C (when

staining for NG2, sections were left in primary antibody for three nights) (see Key resources table for a list of antibodies). Sections

were subsequently incubated in Alexa Fluor conjugated secondary antibodies (Life Technologies) diluted in 0.01% Triton X-100

PBS for 1 to 2 hs at room temperature, stained with either Hoechst (Invitrogen) for 10 min after or NeuroTrace blue-fluorescent Nissl

stain (ThermoFisher) during secondary incubation, mounted onto glass slides, and coverslipped using Prolong Gold antifade reagent

(Life Technologies).

For staining of oligodendroglia in cortex (Figure 7), all brains were perfused and post-fixed in 4% PFA and stored in PBS. Brains

were sectioned coronally at 75 um thickness using a vibratome (Leica VT 1000 S) at room temperature in PBS. Sections were

collected and maintained in wells filled with 0.1% sodium azide in PBS at 4�C. To immunostain, each section was subjected to

heat-induced antigen retrieval in 50mM sodium citrate (0.05% Tween 20, pH6) for 26 min at 95 C. Sections were then cooled on

bench to room temperature (20 min), blocked 2 h in 0.1% Triton X- and 5% NGS in PBS, and incubated for 1–3 days as needed

in 0.1% Triton X- and 5% Normal Goat Serum (NGS) in PBS at 4C with the following primary antibodies:

d pM_CNPase (Biolegend; Cat# 836,404; 1:1000)

d pC_NFH-H (Encor Cat# CPCA-NF-H; 1:500)

d pRb_NeuN (Abcam, Cat# ab177487; 1:500) for 9 and 12-month mice only
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Sections were then incubated for 1 day in 0.1% Triton X- and 5% NGS in PBS at 4C in AlexaFluor Fluorescent Secondary Anti-

bodies of the appropriate corresponding host species at 1:600 dilution, then in DAPI (2.5 mg/mL) and finally mounted onto glass slides

in diluted mounting media (Dako Ultramount, Cat# S1964; diluted 1:4 in PBS) and imaged using Leica SP5 upright confocal laser

scanning microscope (40X water immersion objective). The same group of laser and image detector configurations was used to

collect each image throughout each experimental dataset.

Cell counting
Every eighth serially-cut coronal brain sections of 2m/o brains were used for all cell counting. Matching sections from 1.10 mm to

�0.82 mm bregma were used to count NG2+ and Olig2+, CC1+ cells in the corpus callosum. Unbiased counts were obtained using

NIH ImageJ. For NG2+ cells, pericytes were excluded based on their morphology.

Electron microscopy
Transmission electron microscopy was performed in conjunction with the Electron Microscope Facility at Columbia University Med-

ical Center. Briefly, mice were deeply anesthetized with isoflurane and transcardially perfused with 0.9% saline followed by 2.5%

glutaraldehyde, 2% PFA in 0.1 M sodium cacodylate buffer (pH = 7.2). Optic nerves, corpus callosi, sciatic nerves, and spinal cords

were dissected, post-fixed in 2.5% glutaraldehyde, 2% PFA in 0.1 M sodium cacodylate buffer for 1 h at room temperature and then

4�C at least overnight. Tissue was then postfixed with 1% OsO4 also in Cacodylate buffer for one h. After dehydration tissue was

embedded in Lx-112 (Ladd Research Industries, Inc.).

A similar procedure was employed for cultured oligodendrocytes. Cells were fixed with 2.5% glutaraldehyde in 0.1M Sorenson’s

buffer (PH 7.2) for at least one h. Cells were then post-fixed with 1%OsO4 also in Sorenson’s buffer for one h. After dehydration cells

were embedded in a mixture of Lx-112 (Ladd Research Industries, Inc.) and Embed-812 (EMS, Fort Washington, PA).

For both tissue and cells, thin sections were cut on the PT-XL ultramicrotome at 60nm thick. The sections were stained with uranyl

acetate and lead citrate and examined under a JEOL JEM-1200 EXII electron microscope. Images were captured with an ORCA-HR

digital camera (Hamamatsu) and recorded with an AMT Image Capture Engine.

All imaging and analysis were conducted blinded to the experimental condition. For measuring g-ratios, 75 axons per animal were

scored. For measuring percent axonsmyelinated in the corpus callosum, approximately 250 axons per animal were scored. Morpho-

logical features were identified manually, and NIH ImageJ was used to measure dimensions of interest.

Evaluation of basal autophagy in vivo

GFP-LC3 transgenic mice (2, 9, and 12months of age) were treated with chloroquine (100mg/kg) by intraperitoneal injection 2 h prior

to sacrifice. In each corpus callosum, 50–100 Olig2+ cells were evaluated by quantifying the raw integrated density (NIH ImageJ) of

GFP-LC3 signal in the soma at the mid-nuclear level, correcting for measured area (perinuclear of Olig2 positive cells).

Lysis of brain tissue
Mice were deeply anesthetized with isoflurane and decapitated. Brains were removed and placed into 1 mL Eppendorf tubes. Sam-

ples were flash-frozen on powdered dry ice and stored at�80�C until processing. Brains were placed in a glass Dounce homogenizer

with an equivalent volume of 1x PBS containing Halt protease inhibitor cocktail (ThermoFisher) and disaggregated with 20 pumps of

the pestle. The suspension was transferred to a tube and an equal volume of detergent (2% Triton X-100 in PBS) was added. After

30 min on ice, samples were spun in an Eppendorf 5417R centrifuge at 2,000 g for 5 min at 4�C. The supernatant was transferred to

another tube for use in future experiments.

Isolation of autophagic vacuoles (AVs)
Nycodenz cell fractionation methods were performed as previously described (Fox et al., 2020). Briefly, mice were deeply anesthe-

tized with isoflurane and decapitated. Brains were removed, mechanically disrupted, and fractionated using a discontinuous

Nycodenz gradient (Stromhaug et al., 1998). Isolated fractions were then examined by immunoblotting or further purified for LC3+

structures by immuno-isolation (Jeong et al., 2009). For immuno-isolation, 30 mg of the AV fraction were incubated with 4 mg of rabbit

anti-LC3A/B (Abcam) in 1x sucrose-HEPES buffer with Halt protease inhibitor cocktail (ThermoFisher) and without detergent over-

night at 4�C. Subsequent immune-vesicle structure complexes were incubated with Protein A MicroBeads (Miltenyi Biotec) for 1 h at

4�C and isolated using m columns (Miltenyi Biotec).

Co-immunoprecipitation
6 m/o adult mice were pre-treated with chloroquine (50 mg/kg) by intraperitoneal injection for 7 days then sacrificed. Brain lysate

(30 mg) was incubated with 4 mg of rat anti-MBP (Bio-Rad) overnight at 4�C. Immune-protein complexes were incubated with Protein

G MicroBeads (Miltenyi Biotec) for 1 h at 4�C and isolated using m columns (Miltenyi Biotec). MBP pulldown was first evaluated by

immunoblotting using mouse anti-MBP (Covance).
Cell Reports 41, 111480, October 18, 2022 e5



Article
ll

OPEN ACCESS
Proteinase K (PK) protection assay
Isolated AV fractions (30 mg) were incubated with 0, 0.1, or 1.0 mg of proteinase K (Sigma) for varying lengths of time in the absence or

presence of 0.2% Triton X-100 in 1x sucrose-HEPES buffer at room temperature. Reactions were stopped by incubating samples in

10 mM phenylmethylsulfonyl fluoride (PMSF, Sigma) for 10 min at room temperature followed by flash freezing in liquid nitrogen, and

samples were analyzed by immunoblotting.

Purification of cells
OPCswerepurified fromenzymatically dissociatedP6-8C57BL/6or transgenicmousecorticesby immunopanningandgrown inserum-

free definedmedium, as described previouslywithminormodifications (Emery andDugas, 2013). Briefly, tissuewas diced and digested

in papain (Worthington) at 37�C for 90min and then gently dissociated. Dissociated corticeswere sequentially immunopanned onBSL1

(Vector Laboratories) and then O4 antibody-coated plates to select for O4+ OPCs. After rinsing nonadherent cells away, purified OPCs

were removed from the final panning plate with trypsin and transferred to poly-D-lysine coated tissue culture dishes.

Immunocytochemistry
After the appropriate number of days of differentiation, cells were fixed immediately or treated with either leupeptin (Sigma) for 2 h or

mCLING (Synaptic Systems) overnight through a half media change before fixation. Cells were fixed for 10 min with 4% paraformal-

dehyde, permeabilized in 0.01% Triton X-100 in PBS, blocked in 10% BSA in PBS and stained with primary antibodies diluted in

0.01% Triton X-100 in PBS overnight at 4�C or for 1 h at room temperature (see Key resources table for a list of antibodies). Alexa

Fluor conjugated secondary antibodies (Life Technologies) were diluted in 0.01% Triton X-100 PBS, incubated with coverslips for

1 h at room temperature, and mounted with Prolong Gold antifade reagent with DAPI (Life Technologies) onto glass slides.

Live-cell imaging of OLGs
OPCs were plated on poly-D-lysine-coated glass bottom imaging dishes (35 mm, MatTek) and differentiated for 10–11 days as

above. Prior to imaging, cells were incubated for 60 min at 37�C in DMEM with LysoTracker red DND-99 (75 nM, Invitrogen) or over-

night at 37�C in DMEMwith mCLING-Alexa Fluor 594, then washed once with and imaged in warm Hibernate A media (Invitrogen) to

reduce phototoxicity. mCLING was prepared for live imaging by conjugating unlabeled mCLING with Alexa Fluor 594 C5 Maleimide

(ThermoFisher) using an mCLING labeling kit (Synaptic Systems). Cells were imaged using a spinning disc confocal unit (CSU-10;

Yokogawa Electric Corporation) with Borealis (Spectral Applied Research) on an inverted microscope (Ti; Nikon) with a charge-

coupled device camera (Orca-R2; Hamamatsu Photonics). Z-sectioning was done with a Piezo-driven motorized stage (Applied Sci-

entific Instrumentation), and focus was maintained using Perfect Focus (Nikon) before each z series acquisition. An acousto-optic

tunable filter was used to select the excitation light of two 100 mW lasers for excitation at 491 and 561 nm for eGFP and

LysoTracker/mCLING, respectively (Spectral Applied Research), and a filter wheel was used for emission wavelength selection (Sut-

ter Instruments). The systemwas controlled byMetaMorph software (Molecular Devices). Temperaturewasmaintained at 37�Cusing

an air stream stage incubator (Nevtek). 43 0.75 mm Z sections were acquired every 60 s for at least 60 min using a 603 1.4 N.A. oil

immersion PlanApochromat objective lens, with 23 2 binning.

ImageJ (Schneider et al., 2012) was used for all data analysis. Maximum intensity projections of GFP-LC3 and LysoTracker/

mCLING were generated for each frame. To remove static features, we subtracted a minimum projection of all the time points

from each frame. Identification of puncta and area measurements was performed by hand using ImageJ. Image analyses were per-

formed on still images by tracing and measuring puncta and cell contours using ImageJ.

Fluorescence microscopy
A Leica SP5 confocal microscope was used to image both fixed OLG cultures and fixed brain sections. When necessary, confocal

Z-stacks were taken every 0.45 mm.

Immunoblotting
Whole cell lysates and tissue lysates from freshly frozen dissected brainwere generated using 1%Triton X-100 in PBS containing Halt

protease inhibitor cocktail (ThermoFisher). All samples were cleared by centrifugation at 2,000 g for 5 min at 4�C. Cell lysates were

subjected to an additional centrifugation step of 21,000 g for 10min, the pellet of which was resuspended in 8MUrea in PBSwith 1%

Triton X-100 and protease inhibitor. Protein concentration was determined using the DC Protein Assay (Bio-rad Laboratories [Her-

cules, CA]) and equal amounts of protein (1–20 mg) were prepared and loaded onto 4–12%Bis-Tris and blotted to PVDF membranes

as described by the manufacturer’s recommendations (Life Technologies). PVDF membranes were blocked in 3% BSA in PBS con-

taining 1% Tween 20. Antibodies were incubated overnight at 4�C (see Key resources table for a list of antibodies). The appropriate

HRP-conjugated secondary antibodies (ThermoFisher Scientific) were diluted in 1% BSA PBS and a chemiluminescent reaction

(West Dura SuperSignal, ThermoFisher Scientific) was detected by the Versadoc Imaging System (Bio-rad).

Brain volume assessment
To quantify brain volume, we used a modified version of the trapezoidal estimation of method of morphometric volume (Rosen and

Harry, 1990). Between anterior and posterior anatomical landmarks in the forebrain, we obtained cross-sectional areameasurements
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of hemispheres in serial sections, and summated segment volumes by approximating brain tissue as a conical frustum using the

following equation:

V =
1

3
h

�
A1 + A2 +

ffiffiffiffiffiffiffiffiffiffiffi
A1A2

p �

where h is the distance between serial sections and A1 and A2 are the cross-sectional areas of brain hemispheres in adjacent serial

sections.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Statview 5.0 (SAS Institute) orMATLAB (Mathworks). Statistical significancewas accepted

at p < 0.05. Normally distributed data were subject to student t-test or, for multiple comparisons, analysis of variance (ANOVA). Com-

plete F-statistics and calculated p values are also available in the figure legends. Power analyses for behavioral studies were per-

formed to achieve a power of 0.8 with a confidence of 0.95 using G*Power 3.1 (Faul et al., 2009). Effect sizes were based upon pilot

studies, previously published, or unpublished materials. n-values are indicative of biological replicates and no data were excluded

from analyses.
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