


Author summary

Themyelinmembraneisahighlyspecializedplasmamembranethatenwrapsaxons,acts
asaninsulator,andis thusimportant for fastconductionof actionpotentials.It is thereby
critical for properfunctioningof thenervoussystem.Myelin in thecentralnervoussystem
issynthesizedbyoligodendrocytes.Becausemyelinhasahigh lipid content,it is vulnera-
bleto lipid metabolismdisorders.It isunknownwhetherextracellularlipids alsocontrib-
uteto myelinationbyoligodendrocytesunderhealthyconditions,andif theydo,whatthe
origin of theselipids wouldbe.

Here,weshowthat formationof myelinmembranein micedoesnot only needlipid
synthesisbyoligodendrocytes,but alsorequiresextracellularlipids providedbyastrocytes.
Indeed,whenlipid synthesiswasinactivatedin eitheroligodendrocytesor astrocytes,
myelinmembranesynthesiswasreduced.However,whenlipid synthesiswasinactivated
in bothcelltypes,myelinmembranesynthesiswasvirtually absent.Furthermore,when
lipid synthesiswasinactivatedin astrocytes,oligodendrocytesbypassedthisdeficiencyby
usingdietarylipids for myelinmembranesynthesis.Furthermore,ahigh-fatdiet could
promotemyelinsynthesis.Weconcludethatextracellularlipids,eitherprovidedbyastro-
cytesor in thediet,contributeto myelinationbyoligodendrocytesduring normalbrain
development.

Introduction

Myelin membraneintegrity iscritical for properfunctioningof thenervoussystem.Myelin
actsasaninsulatorby increasingtheelectricalresistanceacrossthecellmembraneandby
decreasingmembranecapacitance,therebyensuringthefastconductionof actionpotentials
betweennodesof Ranvieroverlongdistances[1,2].Myelin isaspecializedmembraneorganelle
synthesizedbySchwanncells(SC)in theperipheralnervoussystem(PNS)andbyoligoden-
drocytesin thecentralnervoussystem(CNS)[3]. A prominentbiochemicalcharacteristicof
myelin is its high lipid-to-protein ratio.Lipidsaccountfor at least70%of thedry weightof the
myelinmembrane[4],whichis twicethatof otherplasmamembranes[5].Thehigh lipid con-
tentof themyelinmembranemakesit vulnerablefor lipid metabolismdisorders[5]andmakes
lipid availabilityrate-limiting for myelination.Accordingly,geneticimpairmentof endoge-
nouslipid synthesisin SCinterfereswith theacutephaseof PNSmyelination[6].Interestingly,
uptakeof extracellularlipids by thesecellspartiallyrescuesmyelinationovertime[6]. Similarly,
micecarryinganoligodendrocyte-specificdeletionof squalenesynthase(SQS),anenzyme
requiredfor cholesterolsynthesis,haveCNShypomyelination,but thismarksadelay,and
myelinationbecomesnearlynormalat3 months[7].It isunknownwhetherextracellularlipids
alsocontributeto myelinationbyoligodendrocytesin theCNSunderhealthyconditions,and,
if theydo,whattheorigin of theselipids wouldbe.

TheCNSisclassicallyviewedasbeinglargelyautonomousin lipid metabolismsinceit is
shieldedfrom lipids in thecirculationby theblood±brainbarrier[8,9].Onecellularsource
of lipid synthesisandsecretionis theastrocyte[10±17],andin vitro studieshaveshownthat
astrocytesareableto promotemyelinationin neuron-oligodendrocyteco-cultures[18±20].
Recently,wefound thatcholesterolandfattyacidsynthesisin astrocytesrelieson sterolre-
gulatoryelementbinding proteins(SREBPs)[11].SREBPs,consistingof SREBP-1a,SREBP-
1c,andSREBP-2,belongto thefamilyof basichelix±loop±helixleucinezipper(bHLH-Zip)
transcriptionfactorsthatgovernthetranscriptionalactivationof genesinvolvedin fattyacid
andcholesterolmetabolism[21]andareposttranslationallyactivatedby thesterolsensor
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SREBPcleavage-activatingprotein (SCAP)[22].TherecentdemonstrationthatSREBPsare
regulatedbymTORC1,asignalingcompleximportant for bothPNSandCNSmyelination
[23,24],isconsistentwith animportant roleof theSCAP±SREBPpathwayin bothSC[6] and
oligodendrocytes.

Here,weusedglialcell-restrictedinactivationof SCAP-SREBP±mediatedlipid biogenesis
to determinetheindividual roleof oligodendrocyteandastrocytelipid metabolismin CNS
myelination.Wefound thatmyelinmembraneformationnot only buildson oligodendrocyte
endogenouslipid synthesis,asgenerallythought,but alsocriticallydependson extracellular
lipids providedbyastrocytes.

Results

SCAP deletion in oligodendrocytes interferes with the acute phase of

myelination

To inactivatelipid biosynthesisin oligodendrocytes,wecrossedSCAP-floxedmice[22]with
miceexpressingCrerecombinasespecificallyin oligodendrocytesandSCs(CNP-Cre)[25].
CNP-cre/SCAPloxP/loxPmutantmice,referredto asCNP-SCAPmicein thefollowing,were
born atnormalMendelianratiosandwereindistinguishablefrom controlsatbirth. SCAPis
requiredfor theprocessingof SREBPsinto activetranscriptionfactors[22].Accordingly,in
CNP-SCAPanimals,wedetectedreducedlevelsof cleaved(mature)SREBP2proteinsatP20
in spinalcord(whereoligodendrocytesform alargecellpopulation)(Fig1A and1B).In addi-
tion, SREBP2precursorlevelswerestronglyreduced(Fig1A and1B),whichisconsistentwith
previousobservationsthatSCAPalsoregulatestheexpressionof theSREBPgenes[6,22].The
residualdetectableSREBP2protein in CNP-SCAPmicelikely comesfrom othercelltypes,
predominantlyastrocytes,whichareactivein lipid metabolism[11,17,25].Assuch,whitemat-
ter expressionof fattyacidsynthase(FASN),aSREBPtargetgene[21], wasobservedin oligo-
dendrocytesandstronglyreducedin CNP-SCAPmutants(Fig1Cand1D).LowFASN
expressionwasobservedin astrocytesandwasunaffectedin CNP-SCAPmutants(Fig1Cand
1D).No expressionof FASNwasobservedin neuronsin thecortexor hippocampus(S1Fig).
CNP-SCAPmiceshowreducedsurvival,probablycausedby lethalseizures,with themostcrit-
icalphasearoundweaning(weeks2±4)(Fig1E),andreducedweightgain(Fig1F).Moreover,
CNP-SCAPmiceexhibit tremorsandanunsteadygaitafterpostnatalweek2 (Fig1G),aswell
asmicrocephaly(Fig1H).

Electronmicroscopy(EM) demonstratedthatCNP-SCAPopticnerveswerehypomyeli-
natedatP20andappearednormalatP120,althoughstill mildly hypomyelinated(Fig2A).G-
ratio measurementsof myelinatedfibersconfirmedthathypomyelinationof theopticnerve
wassevereatP20andrestoredto almostnormal levelsbyP120(Fig2B).Axon diameterdistri-
bution wasnot significantlyaffected(Fig2B).Accordingly,myelinmembranethicknessof
CNP-SCAPmicewasthinner atP20andimprovedatP120(Fig2B).Thequantificationof the
numberof Olig2+ cells(P20;Fig2C)showedthatoligodendrocyte-specificablationof SCAP
hadno effecton oligodendrocyteprecursorcell(OPC)/oligodendrocytecellnumbers,and
proliferationof oligodendrocytelineagecells(Ki67+Olig2+ cells)wasslightlyincreased.The
quantificationof CC1+Olig2+ matureoligodendrocytesrevealedlowernumbersin CNP-SCAP
mutants(Fig2C).

Next,wedeterminedtheeffectof SCAPdeletionon myelin lipid composition.Lipid ana-
lysisof purified myelinof CNP-SCAPadultbrains(P56)demonstratedno changesin phos-
pholipid classes(Fig3A) or sterols(Fig3B).Thefattyacidcompositionof phospholipidsin
mutantmyelinwassignificantlyshiftedfrom monounsaturatedfattyacidstowardspolyun-
saturatedfattyacids,whichwasalsovisiblein adecreasein theratio of 18:1/18:2(Fig3C).
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CNP-SCAPmutantmyelincontainedmorepolyunsaturatedfattyacidsandhadhigherlevels
of theessentialfattyacidC18:2,whichisconsistentwith anincreaseduptakeof fattyacids
from externalsources[5,6].

Takentogether,compromisedlipid metabolismin oligodendrocytesleadsto aseveredevel-
opmentaldelayin myelinsynthesis,accompaniedbyacompensatoryincreasein uptakeof
fattyacidsfrom externalsourcesandalargelyimprovedphenotypein adultmice.Thisraises
thequestionwhetherothercelltypes,in particularastrocytes,representsuppliersof lipids for
lipogenesis-deficientoligodendrocytes.

CNS hypomyelination in astrocyte SCAP mutants

To determinetheroleof astrocyte-derivedextracellularlipids in myelination,weanalyzedglial
fibrillary acidicprotein (GFAP)-SCAPmice,in whichSCAPwasdeletedfrom themajority of
astrocytesbyCrerecombination[11]. Accordingly,thenumberof astrocyteswith FASN
expressionwasstronglyreducedin GFAP-SCAPmutants,whereasthenumberof FASN-
expressingoligodendrocyteswasnot changed(Fig4A).Wepreviouslynoticedmicrocephaly
in GFAP-SCAPmice[10]. Structuralmagneticresonanceimaging(MRI) revealedalarge
decreasein whitemattervolumeof GFAP-SCAPmutants(to lessthan60%of thewild-type
[WT] volume),whereasgreymattervolumewasonly reducedby10%(Fig4B,4CandS2A
Fig).MRI-based3D reconstructionsof GFAP-SCAPmutantbrainsshowedthemostpro-
nouncedreductionin thecorpuscallosum(S2BFig).Usingdiffusiontensorimaging(DTI) we
foundalowerdegreeof fractionalanisotropyfor themain tractsin GFAP-SCAPmutant
brainscomparedto WT (Fig4D).Reducedfractionalanisotropy,ameasurefor axonfiber
bundlepacking[26,27],in GFAP-SCAPmutantslikely reflectsareductionin thenumberof
myelin tracts.In line with this,SudanBlackstainingof lipid-rich structuresshowedsmaller
whitematterstructures,particularlyin thecorpuscallosumandinternalcapsule(Fig4E).No
changesin hippocampalor corticalregionsizeswereobserved,in line with previousobserva-
tions[11]. Takentogether,SCAPdeletionin astrocytesleadsto reducedandlesswell-struc-
turedCNSwhitemattertracts.

Furtheranalysisrevealedareduceddensityof corpuscallosummyelinatedfibersin adult
GFAP-SCAPmutantsrelativeto control animals(Fig5A) dueto theabsenceof myelinaround

Fig 1. Conditional inactivation of SREBP cleavage-activating protein (SCAP) in oligodendrocytes reduces

lipogenic gene expression and causes motor control defects and reduced survival. A) Protein levels of

precursor sterol regulatory element-binding protein 2 (SREBP2) and mature (processed) SREBP2 were determined

by immunoblotting of total extracts of the spinal cord of wild-type (WT) and CNP-SCAP animals at P20 (n = 3).

Detection of mature and precursor SREBP2 was performed using different exposure times, and representative

pictures are shown. Detection of beta-actin and on-blot protein stain was used to control for equal loading. B)

Histogram shows quantification of precursor and mature SREBP2 protein levels after correction for equal loading

(using on-blot stain) and subsequent normalization to WT levels in which the WT levels were set to 1, and the

ratio between mature/precursor SREBP in which the ratio for WT was set to 1. All data are presented as mean

levels �“ SEM (t test: �p �� 0.05, #p = 0.059). C) Expression of fatty acid synthase (FASN, green) in oligodendrocytes

(Olig2, blue) and astrocytes (glial fibrillary acidic protein [GFAP], red) of WT or CNP-SCAP mutant mice at P20.

Asterisks denote oligodendrocytes with FASN expression; arrowheads denote astrocytes with FASN expression

(scale bar, 25 ��m). D) Number of FASN-positive oligodendrocytes (Olig2+FASN+) and FASN-positive astrocytes

(GFAP+FASN+) in WT and CNP-SCAP mice (n = 3). The values are provided as the percentage of the total number

of oligodendrocytes (Olig2+ cells) or astrocytes (GFAP+ cells). Data are presented as mean �“ SEM. ��p �� 0.01

using t test. E) Kaplan-Meier survival plot showing a strongly reduced life span of CNP-SCAP mice compared to

age-matched WT mice. F) Body weight development of WT and CNP-SCAP mice over a 3-month period. Shown

are the mean and SEM. G) At a grid test, CNP-SCAP mice showed limb ataxia, causing frequent slips of the hind

limbs (red arrow) or front limbs. Mutant mice showed an abnormal reaction when tail lifted; they attempted to clasp

their hind limbs and clench the toes of their rear feet. H) CNP-SCAP brains compared to control littermates at P28.

The numeric data underlying Fig 1B, D, E and F can be found in S1 Data.

https://doi.org/10.1371/journal.pbio.1002605.g001
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Fig 2. Reduced myelination in the central nervous system (CNS) of CNP-SREBP cleavage-activating protein (SCAP) mutant

mice. A) Electron microscopic analysis of optic nerve myelin in cross-sections of either wild-type (WT) or CNP-SCAP mice at depicted

time points (scale bar, 2 ��m). Bar graph shows the percentage of axons that is myelinated. B) Morphometric analysis of axons in optic
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thesmalldiameteraxons(<0.5μm). Moreover,myelinof thelargediametercallosumaxons
wasthinner,asdemonstratedbyahigherg-ratio in GFAP-SCAPmutants.No changesin axo-
naldiameterwerefound (Fig5B).Analysisof theopticnervesshowedthatGFAP-SCAP

nerves of WT and CNP-SCAP mice, showing g-ratio (axon diameter/myelinated fiber diameter), axonal size distribution (both myelinated

and nonmyelinated axons), and myelin membrane thickness at P20 and P120. At P20, the relation axon diameter (x) and g-ratio (y) was

y = 7E �í 05x + 0.7312 for WT and y = 9E �í 05x + 0.796 for CNP-SCAP, with coefficients of determination R2 = 0.45013 (WT) and 0.28818

(CNP-SCAP). At P120: y = 8E �í 05x + 0.731 (WT); y = 0.0001x + 0.7253 (CNP-SCAP), R2 = 0.2957 (WT) and 0.27524 (CNP-SCAP). C)

Expression of postmitotic marker CC1 (blue) or proliferation marker Ki67 (green) in oligodendrocytes (Olig2, red) of WT or CNP-SCAP

mutant mice in the corpus callosum at P20. The arrow and arrowhead denote examples of oligodendrocytes, respectively, with or without

CC1 expression. The asterisks denote an oligodendrocyte with Ki67 expression (scale bar, 40 ��m). The bar graph shows the density of the

total number of oligodendrocytes (Olig2+ cells), immature oligodendrocytes (Olig2+Ki67+ cells), and postmitotic mature oligodendrocytes

(Olig2+CC1+ cells) in WT and CNP-SCAP mice. Data are presented as mean �“ SEM. � = p �� 0.05 �� = p �� 0.01 using t test, n = 3–4. The

numeric data can be found in S1 Data.

https://doi.org/10.1371/journal.pbio.1002605.g002

Fig 3. Myelin from CNP-SREBP cleavage-activating protein (SCAP) brains shows changes in fatty acid

composition. Lipid extracts of purified myelin of wild-type (WT) and CNP-SCAP brains at P56 were analyzed using

liquid chromatography and mass spectrometry. A) Polar membrane lipid concentration and B) sterol concentration

per protein amount in CNP-SCAP compared to WT myelin. GSL, glycosphingolipid; PI, phosphatidyl inositol; PE,

phosphatidyl ethanolamine; PS, phosphatidyl serine; PC, phosphatidyl choline; SM, sphingomyelin. C) Fatty acid

profile of phospholipids from purified myelin with the amount of different fatty acids species as percentage of the

total amount. Fatty acid species are depicted as “y:z,” with “y” giving the length of the fatty acid molecules and “z”

the number of double bonds. Insert: depicted are proportions of saturated fatty acids (SFA), monounsaturated fatty

acids (MUFA), polyunsaturated fatty acids (PUFA), and the ratio of 18:1/18:2. Data are presented as mean

percentage of WT �“ SD. t tests: � = p �� 0.05; �� = p �� 0.01; ��� = p �� 0.001, n = 5. The numeric data can be found in

S1 Data.

https://doi.org/10.1371/journal.pbio.1002605.g003
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Fig 4. Conditional inactivation of SREBP cleavage-activating protein (SCAP) in astrocytes reduces lipogenic gene

expression and white matter volume. A) Expression of fatty acid synthase (FASN, green) in oligodendrocytes (Olig2, blue) and

astrocytes (glial fibrillary acidic protein [GFAP], red) of wild-type (WT) or GFAP-SCAP mutant mice at P14. Asterisks denote

oligodendrocytes with FASN expression; arrowheads denote astrocytes with FASN expression (scale bar, 25 ��m). Bar graph

shows the number of FASN-positive oligodendrocytes (Olig2+FASN+) and FASN-positive astrocytes (GFAP+FASN+) in WT and

GFAP-SCAP mice. The values are provided as the percentage of the total number of oligodendrocytes (Olig2+ cells) or astrocytes

(GFAP+ cells). Data are presented as mean �“ SEM. �� = p �� 0.01 using t test, n = 3. B) The average T2-weighted magnetic

resonance image (MRI), in coronal slices, shows clear diminished white matter in the GFAP-SCAP mice (B, middle) as compared

to the average WT image (B, left). Deformation-based morphometry analysis revealed regional differences in tissue volumes in

the brains of GFAP-SCAP, mostly in the white matter areas (significant higher volumes in WT shown from red to yellow p �� 0.05 to

0.0001, n = 4–5), overlaid on the average WT image (B, right). See S2 Fig for complete scans. C) Volumes of the whole brain and

the white and grey matter of GFAP-SCAP and WT mice, as determined with MRI. Volumes are normalized to WT levels that were

Oligodendroglial myelination requires astrocyte-derived lipids

PLOS Biology | https://doi.org/10.1371/journal.pbio.1002605 May 26, 2017 8 / 24

https://doi.org/10.1371/journal.pbio.1002605


nerveswerealsohypomyelinated,althoughthepercentageof myelinatedaxonswasnot signifi-
cantlyaffected(Fig5C).G-ratiomeasurementsconfirmedthathypomyelinationof theoptic
nerve,particularlyfor thesmalldiameteraxons,waspresentatP20andpersistedin adults(Fig
5D),whereasno changesin axonaldiameterwerefound.

WepreviouslyshowedthatGFAP-SCAPmicehaveno changesin neuronalor astrocyte
densities[10]. Quantificationof Olig2+ cellnumbers(P14;Fig6A) showedthatGFAP-SCAP
micehadno significantchangesin thenumberof OPC/oligodendrocytecells,CC1+Olig2+

matureoligodendrocytes,nor in proliferatingoligodendrocytelineagecells(Ki67+Olig2+ cells)
(Fig6A).Thelevelsof myelinproteins,suchasmyelinbasicprotein (MBP)andmyelin-associ-
atedglycoprotein(MAG), werealsoreducedin GFAP-SCAPmiceatP120(Fig6B),whereas
smallerreductionsin myelinprotein levelswerefoundatP14.No changesbetweenWTsand
GFAP-SCAPmutantswerefound for Olig2andNeuN(Fig6B).Thesedatademonstratethat
astrocyteSCAPmutantshavelowernumbersof fully myelinatingoligodendrocytes.

To establisharoleof astrocytesduring alaterstageof myelination,weinducedSCAPdele-
tion specificallyin astrocytesaroundthedevelopmentalpeakof myelination(P20)[28]. To
accomplishthis,Glast-CreERT2-tdT-SCAPmicewereinjectedwith tamoxifenatP15±P17,
whichpreventspotentialneuralprogenitorperinatalandearlypostnataltargeting[29,30].
Glast-CreERT2-tdTmice(P56)hadtd-Tomato(tdT) reportergeneexpressionin thecorpus
callosumin thelargemajority of GFAP+ astrocytes,whilevirtually no expressionwasfound in
Olig2+ oligodendrocytesor axons(Fig7A).Accordingly,FASNexpressionwasstrongly
reducedin astrocytesof Glast-CreERT2-tdT-SCAPadultmice(Fig7B).EM showedthat the
corpuscallosumof Glast-CreERT2-tdT-SCAPmutantmicewashypomyelinatedatP56(Fig
7C),without affectingthepercentageof myelinatedaxons(Fig7D),whichpredominantly
affectedthesmallcaliberfibers(Fig7E).In contrast,axonaldiameterwasnot affected(Fig7F).

Takentogether,theseresultsdemonstratethatcompromisedastrocytelipid metabolism,
alsowheninducedduring postnataldevelopment,limits myelinmembranesynthesiscausing
persistentCNShypomyelination.

Oligodendrocytes show compensatory incorporation of dietary lipids in

the myelin membrane when astrocyte lipid synthesis is compromised

Lipid analysisof purified myelin from GFAP-SCAPbrains(P42)revealedno changesin phos-
pholipid classes(Fig8A) or cholesterol(Fig8B),whichwassimilar to our observationsin
CNP-SCAPmutantmice(cf.Fig3). Interestingly,however,GFAP-SCAPmyelinmembranes
containedmoresitosterolandcampesterol(Fig8B),albeitat tracelevelscomparedto choles-
terol (in mutantmyelin:0.66and2.64pmol/ugproteinof resp.sitosterolandcampesterolver-
sus2.07nmol/ugproteincholesterol).Sincesitosterolandcampesterolare2plantsterolsthat
canonly bederivedfrom diet, this finding suggestedthatGFAP-SCAPmutantsunexpectedly
incorporatedplasma-derivedsterolsinto myelin.Thefattyacidcompositionof phospholipids
wassignificantlyshiftedfrom monounsaturatedfattyacidstowardspolyunsaturatedfatty
acids,andadecreasein theratio of 18:1/18:2in mutantmyelinwasobserved(Fig8C).As
observedin CNP-SCAPmice(cf.Fig3),GFAP-SCAPmutantmyelinalsocontainedmore
polyunsaturatedfattyacidsandhadhigherlevelsof theessentialfattyacidC18:2,whichiscon-
sistentwith anincreaseduptakeof fattyacidsfrom externalsources[5,6].In thismanner,

set to 100%. Data are shown as mean �“ SEM (t test �� = p �� 0.01, n = 4–5. D) Diffusion tensor imaging (DTI) of the same brains as

in A, showing reduced fractional anisotropy in GFAP-SCAP mutant brains. Arrowheads show examples of the most affected white

matter regions, e.g., corpus callosum, internal capsule, and corticospinal tract. E) Sudan Black staining shows less white matter in

GFAP-SCAP compared to WT animals (8 months). Arrowheads show the most affected regions, i.e., corpus callosum and internal

capsule (scale bar, 200 ��m). The numeric data underlying Fig 4A and C can be found in S1 Data.

https://doi.org/10.1371/journal.pbio.1002605.g004
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compromisedlipid metabolismin astrocytesleadsto areductionin myelinmembranesynthe-
sis,aswellasacompensatoryincreasein oligodendrocyteuptakeof sterolsandfattyacids
from thecirculation.

Fig 5. Persistent hypomyelination in glial fibrillary acidic protein (GFAP)- SREBP cleavage-activating protein

(SCAP) mutant brains. A) Electron microscopy (EM) analysis of corpus callosum myelination in cross-sections of

either wild-type (WT) or GFAP-SCAP mice at P120. Bar graph shows the percentage of axons that is myelinated. B)

Morphometric analysis of axons on corpus callosum of WT and GFAP-SCAP mice, showing g-ratio (myelinated axons)

and axonal size distribution (both myelinated and non-myelinated axons) at P120. The relation between axon diameter

(x) and g-ratio (y) was y = 9E �í 05x + 0.7287 for WT and y = 7E �í 05x + 0.8008 for GFAP-SCAP, with coefficients of

determination R2 = 0.25384 (WT) and 0.11285 (GFAP-SCAP). C) EM analysis of optic nerve myelination in cross-

sections of either WT or GFAP-SCAP mice at depicted time points. Bar graph shows the percentage of axons that is

myelinated. D) Morphometric analysis of axons on optic nerves of WT and GFAP-SCAP mice, showing g-ratio

(myelinated axons), axonal size distribution (both myelinated and nonmyelinated axons), and myelin membrane

thickness at P20 and P120. At P20, the relation between axon diameter (x) and g-ratio (y) was y = 8E �í 05x + 0.7262 for

WT and y = 5E �í 05x + 0.8003 for GFAP-SCAP, with coefficients of determination R2 = 0.31108 (WT) and 0.11441

(GFAP-SCAP). At P120: y = 9E �í 05x + 0.7079 (WT); y = 3E �í 05x + 0.825 (GFAP-SCAP), R2 = 0.3288 (WT) and R2 =

0.06062 (GFAP-SCAP). Scale bars, 2 ��m. t test # p = 0.079, � p �� 0.05, �� p �� 0.01, n = 3. The numeric data can be

found in S1 Data.

https://doi.org/10.1371/journal.pbio.1002605.g005

Fig 6. Reduced myelin proteins levels in glial fibrillary acidic protein (GFAP)- SREBP cleavage-activating protein (SCAP) mice. A)

Expression of postmitotic marker CC1 (blue) or proliferation marker Ki67 (green) in oligodendrocytes (Olig2, red) of wild type (WT) or GFAP-SCAP

mutant mice in the corpus callosum at P14. The arrow and arrowhead denotes examples of oligodendrocytes with or without CC1 expression,

respectively. The asterisks denote an oligodendrocyte with Ki67 expression (scale bar, 40 ��m). The bar graph shows the density of the total number

of oligodendrocytes (Olig2+ cells), immature oligodendrocytes (Olig2+Ki67+ cells) and postmitotic mature oligodendrocytes (Olig2+CC1+ cells) in WT

and GFAP-SCAP mice. B) Protein levels of Olig2 (oligodendrocyte marker), myelin basic protein (MBP) and myelin-associated glycoprotein (MAG),

NeuN (neuronal marker), and ��-actin (loading control) were determined by immunoblotting of total brain extracts of WT and GFAP-SCAP mutant

animals at P14 and P120. The bar graph shows quantification of protein levels that were first corrected for equal loading using coomassie staining,

subsequently normalized to WT levels at P14 and then set to 100%. Data are presented as mean �“ SEM. � = p �� 0.05 �� = p �� 0.01 using t test,

n = 3. The numeric data can be found in S1 Data.

https://doi.org/10.1371/journal.pbio.1002605.g006
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Fig 7. Postnatal tamoxifen-induced inactivation of SREBP cleavage-activating protein (SCAP) in astrocytes

interferes with full myelin membrane synthesis. A) Expression analysis of recombination-reporter protein td-Tomato (tdT,

red) in astrocytes (glial fibrillary acidic protein [GFAP], green), oligodendrocytes (Olig2, green), or neurons (NeuN, green) in

the corpus callosum of Glast-CreERT2-tdT-SCAP animals (P56) treated with tamoxifen at P15–P17. Arrowheads denote cells

that show coexpression of tdT with cell-type specific markers (scale bar, 25 ��m). B) Expression of fatty acid synthase (FASN,
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in green) in astrocytes in tamoxifen-treated control (ctrl, with GFAP in red) or SCAP mutant mice (Mut). Astrocytes are visible

by GFAP staining (red, for ctrl mice) or tdT expression (red, Mut). Arrowheads denote FASN+ astrocytes, asterisks denote

FASN+ cells that are negative for GFAP or tdT (scale bar, 25 ��m). Bar graph shows the number of FASN-positive astrocytes in

WT (GFAP+FASN+ cells) and GFAP-SCAP mice (tdT+FASN+ cells) or FASN-positive non-astrocyte cells (GFAP-FASN+ or

tdT-FASN+ cells). The values are provided as a percentage of the total number of cells expressing GFAP, tdT, or FASN. Data

are presented as mean �“ SEM. ��� = p �� 0.001 using t test, n = 3. C) Electron microscopy (EM) analysis of corpus callosum

myelination in cross-sections of either tamoxifen-treated control (ctrl) or SCAP mutant mice (Mut) at P56. The relation between

axon diameter (x) and g-ratio (y) was y = 0.1308x + 0.6872 for Ctrl and y = 0.1022x + 0.7408 for Mut, with coefficients of

determination R2 = 0.32986 (Ctrl) and R2 = 0.29418 (Mut). D) Bar graph shows the percentage of axons that are myelinated. E)

Morphometric analysis of axons on optic nerves of Ctrl and SCAP mutant mice showing g-ratio per class of axonal diameter for

myelinated axons, and F) axonal size distribution for both myelinated and nonmyelinated axons. t test � = p �� 0.05. �� =

p �� 0.01, n = 3. The numeric data underlying Fig 7B and C can be found in S1 Data.

https://doi.org/10.1371/journal.pbio.1002605.g007

Fig 8. Myelin from glial fibrillary acidic protein (GFAP)-SREBP cleavage-activating protein (SCAP) brains

shows increased accumulation of dietary lipids. Lipid extracts of purified myelin of GFAP-SCAP brains (P42) were

analyzed using liquid chromatography and mass spectrometry. A) Polar membrane lipid concentration and (B) sterol

concentration per protein amount in GFAP-SCAP compared to wild-type (WT) myelin. GSL, glycosphingolipid; PI,

phosphatidyl inositol; PE, phosphatidyl ethanolamine; PS, phosphatidyl serine; PC, phosphatidyl choline; SM,

sphingomyelin. C) Fatty acid profile of phospholipids from purified myelin with the amount of different fatty acids

species as the percentage of the total amount. Fatty acid species are depicted as “y:z,” with “y” representing the length

of the fatty acid molecules and “z” representing the number of double bonds. Insert: depicted are proportions of

saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), and the ratio of

18:1/18:2. Data are presented as the mean percentage of WT �“ SD. t tests: � = p �� 0.05; �� = p �� 0.01; ��� =

p �� 0.001, n = 4. The numeric data can be found in S1 Data.

https://doi.org/10.1371/journal.pbio.1002605.g008
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Next,wetestedwhetherhypomyelinationin thesemicecouldberescuedby further increas-
ing dietarylipid intake.WepreviouslyshowedthatGFAP-SCAPmicetreatedfrom E15
onwardswith ahigh-fatdiet (HFD), enrichedin cholesterolandfattyacids,improvedmotor
deficitsandsurvivalof themutantmice[11]. HereweshowthatHFD treatmentrescuedhypo-
myelination,asshownfor theopticnerveandthecorpuscallosumatP120(Fig9A),and
increasedthelevelsof myelinproteins,e.g.,MAG, myelinproteolipidprotein (PLP),CNP,
andMBPin brainsof GFAP-SCAPmutants,whileGFAPprotein levelswerenot changed(Fig
9B).To determinewhetherHFD treatmentalsoledto functionalrecoveryof myelin tracts,we
measuredactionpotentialconductionvelocity(CV) in thecorpuscallosum.In themajority of
corpuscallosumslicesfrom WT animalstested,extracellularstimulationevokedcompound
actionpotentialsthatshowed2 discretepropagationspeeds(0.86± 0.03m/sªfastwave,º
n = 36,and0.38± 0.02m/sªslowwave,ºn = 27;Fig9C).Theseweremostlikely generatedby
myelinatedaxons(fastwave)andnonmyelinatedaxons(slowwave),respectively.In GFAP-
SCAPanimals,thefastwavewasabsentin morethan95%of thecorpuscallosumslices
(p< 0.001,chi-squaretest),while theslowwavewasunaffected(Fig9C).Thus,SCAPdeletion
in astrocytesmostlikely specificallyaffectedactionpotentialpropagationin myelinatedaxons.
Interestingly,treatmentwith HFD increasedthenumberof fastresponsesin GFAP-SCAPani-
malsfrom 5%(in standarddiet) to 50%(p = 0.03),whereasno effecton conductionvelocity
wasobservedin WT animals(0.79± 0.05m/s,n = 19,p> 0.05).Thus,aHFD partiallyrescues
bothmyelinationandconductionvelocityof GFAP-SCAPmutants.Altogether,our results
showthatcompromisedlipid metabolismin astrocytesleadsto CNShypomyelination,which
canbeovercomestructurallyandfunctionallybyahigh-fatdiet.

Myelination is virtually blocked when lipid synthesis is compromised in

both oligodendrocytes and astrocytes

Our observationsimply thatCNSmyelinmembranesynthesisnot only requiresendogenousoligo-
dendrocytelipid synthesisbut alsocruciallydependson extracellularlipidsprovidedbyastrocytes.
WethereforecreatedCNP-SCAP/GFAP-SCAPanimals,in whichSCAPwasdeletedin botholigo-
dendrocytesandastrocytes.CNP-SCAP/GFAP-SCAPmutantmicewerebornatexpectedratios
andcouldphenotypicallynot bedistinguishedfrom WTs.However,animalssoondeveloped
motor deficitsandreducedweightgainmoreseverethansingleCNP-SCAPmice,andallmice
diedor reachedahumaneendpointrequiringeuthanasiabetweenP15±P21.Thecorpuscallosum
andopticnervesof CNP-SCAP/GFAP-SCAPanimals(P20)werepracticallydevoidof myelin(Fig
10A).Oligodendrocytesensheathedlargecaliberfibers,but failedto makemorethanafew

Fig 9. Effects of a high-fat diet (HFD) on myelination, myelin protein levels, and white matter conduction velocity. A)

Electron microscopy (EM) analysis of optic nerve (ON) and corpus callosum (CC) myelination in cross-sections of glial fibrillary

acidic protein (GFAP)-SREBP cleavage-activating protein (SCAP) mice (P120) on either a standard diet (SD) or HFD. See Fig 5A

and 5C for representative EM images of wild-type (WT) animals (P120) on SD or HFD. Scale bar, 2 ��m. Bar graphs, percentage of

axons that are myelinated (left). Morphometric analysis of myelinated axons showing g-ratio (middle and right). For ON of

GFAP-SCAP mice, the relation between axon diameter (x) and g-ratio (y) was y = 3E �í 05x + 0.825 for SD and y = 6E �í 05x

+ 0.7687 for HFD, with coefficients of determination R2 = 0.06062 (SD) and R2 = 0.23735 (HFD). For CC of GFAP-SCAP mice, the

relation between axon diameter (x) and g-ratio (y) was y = 7E �í 05x + 0.8008 for SD and y = 0.0001x + 0.701 for HFD, with

coefficients of determination R2 = 0.11285 (SD) and R2 = 0.26559 (HFD). t test, �� p �� 0.01, � p �� 0.05, # p = 0.07, n = 3–4. B)

Immunoblot against depicted myelin proteins and coomassie staining of protein levels of total brain extracts of GFAP-SCAP

mutant and WT mice (P120) fed with SD or HFD. Right panel: quantification of immunoblot for depicted myelin proteins for

GFAP-SCAP and WT mice fed with SD or HFD (n = 3). Coomassie staining was used for normalization. Data are presented as

mean �“ SEM, in which WT-SD levels were set to 100%. t test � p �� 0.05; �� p �� 0.01). C) Example of compound action potential

waveforms in the CC for a WT mouse on a standard diet (WT-SD), and a GFAP-SCAP mutant mouse on a standard diet

(GFAP-SCAP-SD) or high fat diet (GFAP-SCAP-HFD). Right panel: individual plots of conduction velocity measurements in the

CC of GFAP-SCAP mutant and WT fed with SD or HFD. Chi-square test, n = 12–17, � p �� 0.05, ��� �� 0.001. The numeric data

can be found in S1 Data.

https://doi.org/10.1371/journal.pbio.1002605.g009
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Fig 10. Virtually no myelin membrane synthesis in CNP-SREBP cleavage-activating protein (SCAP)/glial fibrillary

acidic protein (GFAP)-SCAP brains. A) Electron microscopy (EM) analysis of the corpus callosum (CC) and optic nerve

(ON) in P20-old wild-type (WT) mice or mice carrying a deletion in both astrocytes and oligodendrocytes (CNP-SCAP/

GFAP-SCAP). Bar graphs show the percentage of axons that are myelinated. B) Enlarged view on part of the electron

micrograph of CNP-SCAP/GFAP-SCAP ON in A. C) morphometric analysis of myelinated axons in the ON of WT,

CNP-SCAP, GFAP-SCAP, and CNP-SCAP/GFAP-SCAP mice at p20, showing myelin membrane thickness. n = at least
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membranelayers(Fig10B).Accordingly,whereasmyelinmembraneswerethinner in CNP-SCAP
andGFAP-SCAPanimals,theywerenearlyabsentin CNP-SCAP/GFAP-SCAPanimals(Fig10C
and10D).Treatmentof damswith HFD did slightlyincreasethebodyweightof their CNP-SCAP/
GFAP-SCAPpups.Nevertheless,all animalsdiedor reachedahumaneendpointbetweenP15±
P21,andanalysisof whitemattershowedno improvementin hypomyelination(S3Fig),suggesting
thattheresultingdevelopmentaldefectwastoosevereto berescuedbydietarylipid supplementa-
tion. Takentogether,myelinmembranesynthesisshowsdifferentkineticswhenlipid synthesisis
compromisedin eitheroligodendrocytesor astrocytes,whereasit isvirtually absentwhenlipid syn-
thesisiscompromisedin bothcelltypes.

Discussion

WeshowedthatSCAPisrequiredfor theactivationof SREBP-mediatedlipogenicgeneexpres-
sionin oligodendrocytesandobservedthatoligodendrocyteSCAPmutantbrainsarehypo-
myelinatedduring theregularpeakof myelinationandslowlyregainclose-to-normallevelsof
myelinmembranewith age.Thesedataarein line with previousobservationsin CNPcre-SQS
mice,in whichcholesterol-deficientoligodendrocytesareableto slowlysynthesizemyelin
[7,31],althoughrecentobservationsindicatethat targetingof neuronalpopulationsin thecor-
texcannotbeexcluded[32].Our datarevealthatunderconditionsof compromisedoligoden-
drocytelipid synthesis,theextracellularlipids aresuppliedbyastrocytes.Furthermore,our
datarevealthat full myelinmembranesynthesisrequiresanastrocytelipid supplyin addition
to endogenousoligodendrocytelipid synthesis.Moreover,whenastrogliallipid synthesiswas
selectivelycompromised,oligodendrocytesincorporatedcirculatinglipids into themyelin
membrane,andalipid-enricheddiet rescuedhypomyelination,showinglipid flux from the
circulationto themyelinmembraneunderastrocytemetabolism-compromisedconditions.

Involvement of astrocyte lipid metabolism in myelin membrane synthesis

WepreviouslyreportedthatGFAP-SCAPmutantmicehavemicrocephalywithout changesin
neuronalandastrocytedensity[11].Here,weshowbystructuralMRI andDTI thatvolume
reductionwasmostlypronouncedin thewhitematter.Cellsof theoligodendrocytelineage
werenot reducedin density;instead,theformationof fully developedmyelinmembraneswas
lowerin theGFAP-SCAPmutant,resultingin afunctionallossof fastconductionmyelinated
fibers.WeconcludethatGFAP-SCAPmutantmicehavewhitematteratrophythat iscaused
bypersistenthypomyelination.

AlthoughGFAP-SCAPmiceshowedclearCNShypomyelinationin adults(P120),hypo-
myelinationwaslesspronouncedin youngermutantanimals.Thissuggeststhatdepletionof
astrocytelipids becomesmostlimiting afterthefirst phaseof myelination.Indeed,astrocyte-
specificdeletionof SCAP,usingGlast-CreERT2-tdT-SCAPmice,latein thisdevelopmental
phaseof myelinationpreventstheestablishmentof afull myelinmembranein adults.In line
with thisobservation,oligodendrocytesproducelargeamountsof cholesterolduring thepeak
of myelination,but, thereafter,cholesterolsynthesisoccursmainly in astrocytes[33,34].It
shouldbenotedthat themyelinmembranesurfaceincreasesexponentiallywith increasing
fiber diameter,during bothmyelinmembranewrappinganddevelopmentalaxonalradial

3 animals. Membrane thickness for each CNP-SCAP/GFAP-SCAP animal was determined for at least 22 axons that

were wrapped by oligodendrocyte membrane, as depicted in 10B and D. D) Electron microscopic analysis of myelin

membranes in the ON of WT, CNP-SCAP, GFAP-SCAP, and CNP-SCAP/GFAP-SCAP mice. Data are presented as

mean �“ SEM. t test � p �� 0.05, ��� p �� 0.001, n� 3. Scale bar, (A) 2 ��m, (B) 0.75 ��m, (C) 0.1 ��m. The numeric data

underlying Fig 10A and C can be found in S1 Data.

https://doi.org/10.1371/journal.pbio.1002605.g010
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growth[35],whichmayunderlietheelevatedneedfor astrocytelipids atalaterstageof myeli-
nation.A role for astrocytesin thelaterstagesof myelinationisnot unprecedented,asit was
previouslyreportedthatastrocytessupportmyelinmembranesynthesisin vitro, asopposedto
OPCdifferentiationor initial myelinmembranewrapping[19].Interestingly,astrocytesarein
contactwith axonsat thenodeandpromotemyelinationin responseto electricalimpulses
[36]. This finding indicatesarolefor astrocytesin activity-dependentmyelination,aprocess
thatmayunderliemyelinplasticityrelevantto learningin adults[3,36].Whetherthesupplyof
lipids from astrocytesto oligodendrocytesis regulatedbyaxonalactivityandis involvedin
activity-dependentmyelinationin adultsremainsto bedetermined.

Our observationthathypomyelinationin GFAP-SCAPmutantsismorepronouncedfor
small-diameteraxonsmight berelatedto thefinding that largeaxonsarethefirst to bemyelin-
atedduring development[37]. Therefore,underconditionsin whichlipid supplyis limited, e.g.,
whenastrocyte-derivedlipid supplyiscompromised,oligodendrocytesthatenwraplargeaxons
arein favorto usethesmallamountof lipids initially available.Thevirtual absenceof myelin
aroundeachaxonwhenSCAPisdeletedin botholigodendrocytesandastrocytesshowsthat
these2celltypesarethemain lipid contributorsfor theoligodendrocytemyelinmembrane.

Implications for understanding and dietary treatment of white matter

diseases

Weproposethatendogenouslipid levelsin oligodendrocytesaresufficientfor initial myelin
membranesynthesisin thefirst postnatalweeks,whilesubsequentelaborationof afull myelin
membranerequireslipid supplyfrom astrocytes.Importantly, feedingastrocyte-lipidmutants
with acholesterol-andoleicacid-enricheddiet ledto anincreasein myelination;in particular,
small-diameteraxonsdid benefitfrom this treatment.This indicatesthat lipids,with elevated
circulationlevels,canreachthebrain andareincorporatedin thegrowingmyelinmembrane,
aswefound for dietarysterolsandessentialfattyacids.Theinability of alipid-enricheddiet to
improvemyelinationin CNP-SCAP/GFAP-SCAPmicemayberelatedto theseverityof the
developmentaldefector their life spanbeingtoo shortfor thediet to beeffective.Theexact
mechanismsbywhichthisdiet improvedmyelinationin GFAP-SCAPmiceremainsto be
determinedbut mayinvolvetheclosevicinity of astrocytesend-feetto bloodcapillariesand
therebytheuptakeof circulatinglipids byastrocytesandsubsequentdeliveryof lipids to oligo-
dendrocytes.It shouldbenotedthatalthoughhorizontalcholesteroltransferwassuggestedto
improvemyelinationin CNP-SQSmutantmice,acholesterol-enricheddietdid not improve
myelinationin thesemice[7], probablybecauseoligodendrocytesdo not havethesameaccess
to circulatinglipids asastrocytes.Assuch,weobservedthatdietarysterols(phytosterols)were
incorporatedin GFAP-SCAPmutantmyelinbut not in CNP-SCAPmutantmyelin.Our
resultsindicatethat theextentof exogenouslipid uptakebyoligodendrocytesfor myelinmem-
branesynthesishasbeenunderestimated.Without astrocytelipid synthesis,oligodendrocytes
areunableto finalizeCNSmyelination,leadingto hypomyelinatedandslower-conducting
fibersin adulthood.Thesedatamayhaveimportant implicationsin theunderstandingand
treatmentof myelindiseases.Someof themyelindefectivephenotypesareknownto benefit
from dietarysupplementedlipids,(SLOS,X-linked Adrenoleukodystrophy),however,with
mixedeffectsin differentpatients,whichcallsfor optimizationanddetailedunderstandingof
theunderlyingmechanisms[38,39].Consideringtheneedof lipids for myelinationandremye-
lination, our findingsshowthatoligodendrocytesdependon astrocytelipid metabolism,or on
lipids supplementedin thedietunderastrocytemetabolism-compromisedconditions,which
might beinstrumentalfor thedevelopmentof novelstrategiesaimedat restoringlossof func-
tion in myelindiseases.
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Methods

Mice

All experimentalprocedureswereapprovedby thelocalanimalresearchcommittee(Dierex-
perimentencommissieVU University,protocols:MCN10-04,MCN10-20,MCN12-16,
MCN13-01;MCN14-16)andcompliedwith theEuropeanCouncilDirective(86/609/EEC).
All animalswerehousedandbredaccordingto theinstitutionalandDutchgovernmental
guidelinesfor animalwelfare.Extracarewastakenof animalsthatsufferedfrom genotypic
phenotypesandexperimentalprocedures,including theuseof humaneendpoints.

SCAP-floxedmicewerefrom theJacksonLaboratoryandhavebeendescribed[22].The
hGFAP-Cre-IRES-LacZtransgenicmice,referredto asGFAP-Cre,predominantlytargetsCre-
mediatedrecombinationin astrocytes[40]andonly minor populationsof neuronsin thehip-
pocampus[41],cortex[41],andcerebellum[42].CNP-cremicehavebeendescribed[25]. Glast-
CreERT2mice[29] andRosa26-tdTomatomice[43] havebeendescribedandmaintainedby
breedingwith SCAPloxPmiceasGlast-creERT2-tdTomato-SCAPmice.Throughoutthetext,
miceof theGFAP-cre/SCAPloxP/loxPgenotypewerereferredto asªGFAP-SCAPºmice,mice
of theCNP-cre/SCAPloxP/loxPgenotypeasªCNP-SCAPºmice,andmiceof theCNP-cre/
GFAP-cre/SCAPloxP/loxPgenotypeasªCNP-SCAP/GFAP-SCAPºmice.CNP-SCAP/GFAP-
SCAPmicewereobtainedbybreedingof GFAP-Cre(tg/0)//CNP-Cre(tg/0)//SCAPf/+mice
with GFAP-Cre(0/0)//CNP-Cre0/0)//SCAPf/fmice.Littermatesof CNP-SCAP/GFAP-SCAP
micethatwerenot homozygousfor eitherCNP-SCAP,GFAP-SCAP,or bothweretakenas
controls.Mouselinesweremaintainedon aC57Bl6background.Unlessindicatedotherwise,
food(HarlanTeklad,Madison,WI, USA)andwaterwereprovidedadlibitum.

Tamoxifen treatment

Tamoxifen(Sigma-Aldrich)wasdissolvedin cornoil to afinal concentrationof 10mg/ml.
Pupsreceivedatotalamountof 10μl pergrambodyweightthroughintraperitonealinjections
for 3 consecutivedaysatP15±P17.

Diets

Pregnantmice,on day14of gestation,wererandomlyseparatedin 2 groups.Group1 received
thestandarddiet (Tekladdiets,HarlanLaboratories,Madison,WI, USA),group2 received
ahigh-fatdiet containing60%fat calories(1%cholesterol,31%lard and3%soybeanoil,
TD.09167,Tekladdiets).Fattyacidcontentof thedietshasbeendescribed[11].Pregnantmice
receivedthedietsfrom thelastweekof gestationuntil weaning(3 weeksafterbirth). Animals
wereseparatedatweaning,housedbygender,andcontinuedto receivethesamediet.

MRI and DTI

One-year-oldWTs(n = 4) andGFAP-SCAPmutantmice(n = 5),wereperfusedtranscardially
underdeepanesthesiawith 20ml of PBS0.1M, pH 7.4containing0.1%heparinfollowedby
100mL of freshlypreparedcoldfixativesolutioncomposedof 4%paraformaldehydein 0.1M
PBS,pH 7.4[11]. Brainswereremoved,postfixedovernightin fixativesolutionat4ÊC,and
cryoprotectedwith 30%sucrosefor 2±3daysat4ÊC[11]. Postmortembrainswerefixatedin a
syringefilled with perfluoropolyether(Fomblin,SolvaySolexis)to preventmagneticsuscepti-
bility artifactsat thebordersof thebrain.High resolutionDTI wasperformedto assesswhite
matterstatus,usingadiffusion-weightedeight-shotspin-echoEPIsequence(TR/TE= 2700/
28ms;field-of-view20×20mm; 156×156μm voxels;91×150μm coronalslices;b = 2035.5s/
mm2, δ = 5 ms,Δ = 13ms;2 setsof 60diffusion-weightedimagesin noncollineardirections,

Oligodendroglial myelination requires astrocyte-derived lipids

PLOS Biology | https://doi.org/10.1371/journal.pbio.1002605 May 26, 2017 19 / 24

https://doi.org/10.1371/journal.pbio.1002605


and4 unweightedimages[b = 0]). Thediffusiontensorfor eachvoxelwascalculatedbasedon
theeigenvectorsandeigenvaluesusingmultivariatefitting anddiagonalization.Derivedfrac-
tional anisotropy(FA) mapswerefurther analyzedbasicallyaspreviouslydescribed[44]using
unbiasedwhole-braintract-basedspatialstatistics[45].Image-basedregistrationwasper-
formedwith Elastix[46].FA mapsof all animalswerefirst alignedto acommonreference
imageusingnonlinearregistrationof theaveragediffusion-weightedimagewith limited
degreesof freedomprecededbyaffine-onlyregistration.Thetransformationsthatwere
obtainedfrom thenonlinearregistrationdescribethelocaltissuevolumechangesthatare
neededto matchtheimagesto thecommonreference.At thevoxellevel,volumeexpansionor
compressionwasquantifiedby thedeterminantof atransformation'sJacobianmatrix.Local
tissuevolumeswerethentestedin avoxel-wisedeformation-basedmorphometryanalysis[47].
BythresholdingthemeanFA mapsat0.2,askeletonof whitemattertractswasobtained
sharedacrosssubjects.With aperpendicularsearchalgorithm,subjectFA mapswereregis-
tered,startingfrom theskeletontowardsindividual tracts,andsubsequentlystackedinto a
sparseskeletonized4D image.Permutationtestswith threshold-freeclusterenhancement[45]
wereconductedfor eachpoint at themeanFA skeletonto assessstatisticallysignificantdiffer-
encesbetweenmutantandcontrol groups.

Conduction velocity

Miceweredecapitated,andthebrainswererapidlyremovedandimmersedin ice-coldartificial
cerebrospinalfluid (ACSF;containingNaCl129mM, KCl 3mM, MgSO4 1.8mM, CaCl2 1.6
mM, glucose10mM, NaH2PO4 1.25mM, NaHCO3 21mM; pH 7.4)carboxygenatedwith 5%
CO2 and95%O2. Coronalslices(400μm) wereacutelypreparedfrom thefrontal cortex,includ-
ing corpuscallosumandhippocampus.After sectioning,slicesweremaintainedat21ÊCand
recordedat room temperature(20ÊC±22ÊC)in asimilarsolution.Extracellularfield currents
wererecordedwith HekaEPC-8amplifiers(D-67466Lambrechtt/Pfalz,Germany).TheACSF-
filled glassmicroelectrodeswerevoltageclampedat0mV. Themeasurementsweretakenfrom
threedifferentlocationsalongthecorpuscallosumwith platinum/iridium electrodes(FHC,
Bowdoin,ME 04287,USA).Datawerelow-passfilteredat5kHz,digitizedat20kHz,with an
instrutechITC-16andpulsesoftware(D-67466Lambrecht/Pfalz,Germany)andanalyzedoff-
line with Igor Pro(Wavemetrics,10200SWNimbus,G-7,Portland,USA).Evokedactioncur-
rentsweremeasuredusing2differentrecordingelectrodesandwerebothabolishedby tetrodo-
toxine(TTX), aselectiveblockerof voltage-gatedsodiumchannels(S4Fig).

Lipid analysis

Myelin waspurified bydensitygradientcentrifugation[48], andlipids wereisolatedby lipid
extraction,asdescribedpreviously[6]. Analysisof neutrallipids wasdoneusingaSciex4000
Q-trapmassspectrometer(AB Sciex,Framingham,MA, USA),equippedwith anatmospheric
pressurechemicalionizationsource.Analysisof freefattyacidswasdoneaftermild alkaline
hydrolysisof isolatedphospholipidfractionsfrom lipid extracts,asdescribedpreviously[5,6].
Analysisof intactphospholipidswereanalyzedusingdefinedmolecularspeciesandauthentic
freefattyacidstandards,asdescribedpreviously[5,6].

Statistical analysis

StatisticaldifferenceswereanalyzedusingStudent'st test,unlessotherwiseindicatedin
thelegends.Statisticalnumericdataareprovidedin thelegends.Dataarepresentedas
mean± SEM.

Oligodendroglial myelination requires astrocyte-derived lipids

PLOS Biology | https://doi.org/10.1371/journal.pbio.1002605 May 26, 2017 20 / 24

https://doi.org/10.1371/journal.pbio.1002605


Additional methods

Descriptionof additionalmethods,includingEM,morphometricanalysis,immunoblotting,
andimmunohistochemistryareavailablein S1Text.

Supporting information

S1 Fig. A) Expressionof fattyacidsynthase(FASN,green)in WT miceatP21.CC:Corpus
Callosum;CA:CornuAmmonis;DG:DentateGyrus(scalebar,250μm). B) Expressionof
FASN(green)isnot localizedin neurons(NeuN,red) in thecortex(scalebar,25μm). C)
Expressionof FASN(green)isnot localizedin neurons(NeuN,red) in theCA1regionof the
hippocampus(scalebar,25μm).
(TIF)

S2 Fig. A) Datafrom 3D MRI brainscansof 1-yearold GFAP-SCAPandWT mice.Deforma-
tion-basedmorphometryanalysisrevealedregionaldifferencesin tissuevolumesin thebrainsof
GFAP-SCAPin thecerebullum,thalamus,andanteriorcorpuscallosum.Significantlocalized
highervolumesin WT (n = 4)ascomparedto GFAP-SCAP(n = 5)areshownasredto yellow
voxels(p< 0.05to 0.0001).Significantlowervolumesareshownin blueto light bluevoxels
(p< 0.05to 0.0001).Thestatisticalmapsareoverlaidon thecoronalslicesof theaverage
T2-weightedwild-typeimage(from posteriorto anterior).B)Voxel-basedanalysisof fractional
anisotropymapisshownin green.Statisticalcomparisonwasrestrictedto awhitematterskeleton
(white;fractionalanisotropy> 0.2)usingtract-basedspatialstatistics.Significantlowerfractional
anisotropyvoxelsin theGFAP-SCAPmiceascomparedto WT miceareshownin blue(p< 0.05;
falsediscoveryrate-corrected).Thesevoxelsarein particularlocatedin thecorpuscallosum.
(TIF)

S3 Fig. Effect of HFD on myelin membrane synthesis in CNP-SCAP/GFAP-SCAP brains.

EM analysisof A) corpuscallosum(CC)andB)opticnerve(ON) in P20WT miceor micecar-
rying adeletionin bothastrocytesandoligodendrocytes(CNP-SCAP/GFAP-SCAP),on stan-
darddiet (SD)or high fatdiet (HFD). Scalebar,2μm.
(TIF)

S4 Fig. Experimental design of conduction velocity experiments. A) Shownis theposition
of theactionpotentialevokingelectrode(labelledwith "Stim")andthe2 recordingelectrodes
("Rec1,"and"Rec2").B) Exampleof therecordedsignalshowingin bluethesignalrecorded
with electrode1,andin orangethesignalrecordedwith electrode2.C) Inhibition of thesignal
by1μm tetrodotoxin(TTX) appliedin thebathbeforestimulation.
(TIF)

S1 Text. Description of additional methods, including electron microscopy and morpho-

metric analysis, immunoblotting, and immunohistochemistry.

(DOCX)

S1 Data. Excel spreadsheet containing, in separate sheets, the underlying numerical data

for figure panels 1B, 1D, 1E, 1F, 2A, 2B, 2C, 3A, 3B, 3C, 4A, 4C, 5A, 5B, 5C, 5D, 6A, 6B,

7B, 7C, 7D, 7E, 7F, 8A, 8B, 8C, 9A, 9B, 9C, 10A, 10C.

(XLSX)
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