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Abstract

Gangliosides make a wide family of glycosphingolipids, highly heterogeneous in both the
ceramide moiety and the oligosaccharide chain. While ubiquitously expressed in mamma-
lian tissues, they are particularly abundant in the brain and the peripheral nervous system.
Gangliosides are known to play a crucial role in the development, maintenance and func-
tional integrity of the nervous system. However, the expression and roles of gangliosides in
the retina, although often considered as a window on the brain, has been far less studied.
We performed an in-depth analysis of gangliosides of the human retina, especially using
powerful LC/MS methods. We compared the pattern of ganglioside classes and ceramide
molecular species of this tissue with other ocular structures and with brain and plasma in
elderly human individuals. About a hundred of ganglioside molecular species among 15 dis-
tinct classes were detected illustrating the huge structural diversity of these compounds.
The retina exhibited a very diverse ganglioside profile and shared several common features
with the brain (prominence of tetraosylgangliosides, abundance of d20:1 long chain base
and 18:0 fatty acid. . .). However, the retina stood out with the specific expression of GD3,
GT3 and AcGT3, which further presented a peculiar molecular species distribution. The
unique ganglioside pattern we observed in the human retina suggests that these ganglioside
species play a specific role in the structure and function of this tissue. This lipidomic study,
by highlighting retina specific ganglioside species, opens up novel research directions for a
better understanding of the biological role of gangliosides in the retina.

Introduction

Ganglioside$GGs)areglycosphingolipidenakingawidefamily of sialicacid-containing
compoundsTheyarecomposedf aceramidemoiety on which anoligosaccharidehainis
branchedFig 1A).
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Fig 1. Structure of ganglio sides and general scheme of biosynth esis (after Masson et al. [1]). A. GGs
are made of a ceramide moiety composed of a long chain base (LCB) and a fatty acid (FA) whose alkyl chains
may vary, and on which an oligosaccharide chain is branched. GD3 34:1 (based on LIPID MAPS, systematic
name: NeuAc .2-8NeuAc .2-3Gal 1-4Glc -Cer) is given as an example. The ceramide is composed of
sphingosine (d18:1) as LCB and stearic acid (18:0) as FA. The oligosaccharide chain is made of one glucose,
one galactose and two sialic acid residues. B. The formation of GGs is catalyzed by the sequential action of
glycosyltransferases (italic). The main GG classes of the ganglio-series are represented with their common
names, according to Svennerholm [2].

doi:10.131/journal.pon@168794.g001

The ceramidesitselfcomposedf afatty acid (FA) linked to asphingoidbasealsocalled
long chainbasgLCB).Glycosphingolipidsreclassifiednto anumberof seriedasedn their
corecarbohydratestructure.Most of the GGsbelongto the ganglio-seriesharacterizedy the
following sequenceGal 1-3GalNAc 1-4Gal 1dlc 1-Cer3]. Ganglio-serie&GshavingO,
1,2 and3sialicacidresidue(s)inked to theinner galactoseesiduerespectivelynakethe 0-,
a-,b- andc-seriesAsillustratedin Fig 1B,GGsaresynthesizedy sequentiaglycosylations
andsialylationdrom the commonlactosylceramiderecursor.The hugediversityof GGs
resultsfrom both the structuraldiversityof the oligosaccharidehainandthe ceramidemoiety.
Sofar, morethan 180G Gshavebeendescribegresentingwith differencesn the nature,
orderandlinkageof the carbohydrateesidueg4]. The FA andLCBalsolargelyvaryin their
length,saturationand hydroxylation.Interestingly the GG patterndiffersamongthetissues
andcelltypeslt alsochangesluring differentiationor developmentaswellasin some
diseases.
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GGsareamphiphaticmoleculesf the plasmamembrane Theyareinsertedinto the outer
leafletthroughtheir hydrophobicceramidemoiety and exposeheir hydrophilic oligosaccha-
ride chaintowardsthe extracellulaenvironment.Theyarethoughtto beenrichedwithin
orderedmembranemicrodomainsreferredto aslipid rafts[5, 6]. This specialocalizationgov-
ernstheir biologicalroles.Indeed,GGsareknownto beinvolvedin glycosylation-dependen
adhesionrecognitionandsignalingby regulatingcell-celland cell-matrixinteractions.They
arereceptorgor microorganismsandtoxinsandalsointeractwith otherglycosphingolipids,
counterpartlectinsandadhesiorreceptorsuchasintegrins.Moreover,GGshavebeenshown
to modulatetransmembraneaignalingvia two major systemsgrowth factorreceptor-associ-
atedtyrosinekinaseand PKC.Throughthesefunctions,GGscanregulatecell proliferation
anddeath,adhesionmigration anddifferentiation[7].

While ubiquitouslyexpresseth mammaliantissuesGGsareparticularlyabundantin the
brain andnervoustissuesTheir importancein the nervoussystenis now well established.

, GGshavebeenassociatetith neuritogenesissurvivalandadhesiorof neuralcells[7].

, GGexpressioundergoesiramaticchangesluring neurodevelopmengspeciallylur-
ing the earlystagesuggestingheir functionalrolesat particulardevelopmentatilestones
suchasneurogenesiandsynaptogenesis§]. In thelast20yearsseverastrainlinesof knock-
out micefor GG biosynthesignzymegGM3 synthase(D3 synthasepr GM2/GD2 synthase)
havebeenestablishe@ndtheir phenotypecharacterizedThesamiceshowvaryingdegreesf
neurologicadisordersaggravatingvith agesuchasmotor andsensondysfunctionsjmpaired
nerveregenerationdemyelinationand inflammation of neuronsandbehaviourableficits.. .
[8+10].In humansagroupof diseasesausedy alterationsof the degradatiorof GGs,which
consecutivelaccumulatento lysosomedhavebeendescribedTheyarereferredto asganglio-
sidosig GM2-gangliosidoseJ:ay-Sachand Sandhofidiseasesr GM1-gangliosidosis).
Althoughthe onset,courseandclinical manifestationsnayvary,theyaremarkedby severe
neurodegenerativdisordergdevelopmentahrrest seizuresgystoniahypotoniaanddemen-
tia) [11]. It is noticeablehat mostof themalsoexhibit visualsymptomsangingfrom acherry
red spotin the centralretinato lossof vision.Moreover,Simspon . reportedthe associa-
tion of aloss-of-functionmutation of GM3 synthaséeadingto alackof ganglio-serie&G
expressiomwith anepilepsysyndromedevelopmentastagnatiorandblindnessamongthe
Amish people[12].

Severastudieseportedimportant developmentathangesn GG compositionof theretina,
concomitantlyto morphologicaldifferentiation,especiallyn chickembryoq13+15].GD3
undergoesdrasticdecreas#hile the morecomplexGGs,especiallfcM1 andGD1a,increase
to becomehemajor classeduring thefirst 15embryonicdayswhensynaptogenesigrowth
of the outersegmentf the photoreceptorandemergencef abioelectricresponséo light
stimulationhappenWhile the decreasé GD3levelsalsooccursin mammalianretina, this
GG clasgemainsprevalentat all developmentastagesasopposedo the brainin whichtetra-
osylGGdecomehe major classefl6+19].Characterizatiorof mousemodelsof Sandhofidis-
easaevealedhattheyexhibitanimpairedcapabilityof neurite outgrowthin retinalganglion
cells[20] andvisualimpairment[21]. Besidesafewstudiessuggestethat GGsexertaneuro-
protectiveactionwithin theretina. It wasshownthat GM1 injectioninto thevitreousinhibited
thedegeneratiorof retinal ganglioncellsafteroptic nerveaxotomy[22] or protectedagainst
retinaldamaggretinal thicknessatrophy,decreasé retinal ganglioncelldensity)inducedby
retinalischemig23]. While thosestudiesstronglysuggesa major role of GGsin theretina,
this researchield remainspoorly investigatecaind requiresfurther work to improvethe com-
prehensiorof the preciserolesof GGsin retina'sstructureandfunction.

In the presentwork, weanalyzedsGsin the humanretinaandothernervousandnon-ner-
vousocularstructuregoptic nerve retinal pigmentepithelium(RPE)/choroid ciliary body) of
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agedndividuals.We alsoanalyzed>Gsin the brain, whoseretinais adirectextensionandin
plasmawvhereGGsarecirculatingassociatewith lipoproteins.By comparingthe GG profiles
of thesedifferenttissuef interestweaimedto highlight specificitiesand/or commonfea-
turesin orderto giveinsightregardingthe specificrolesof GGsin the structureandfunction
of theretina. Thiswork especiallynvolvedLC/MStechniqueghat offer a sensitiveaccurate
anddetailedpicture of GGsandtheir ceramideprofile.

Materials and Methods
Ethics statement

All freshtissuesvereprocuredfrom bodiesdonatedto scienceglaboratoryof Anatomy,Fac-
ulty of Medicineof St-EtienneFrance)aspermittedby the Frenchbioethicslaw.Donorsvol-
unteertheir bodyandgivewritten consento the Laboratoryof Anatomy;no further specific
approvalbby the ethicscommitteeis required.Handling of donor tissuesadheredo thetenets
of the Declarationof Helsinki of 1975andits 1983revisionin protectingdonor
confidentiality.

Materials

Chloroform (CHCI3) and methanol(CH;OH) wereobtainedfrom SDSFrance Ammonium
acetateacetonitrile(CHzCN), methanolandwater(H,O) of OptimaLC/MSgradewereall
from FisherScientific,France CommerciallyavailableG G standardfGM3, GM2,GM1, GD3,
GD1a,GD1b,GT1bandGQ1b)from naturalsourcegbovineor human)wereobtainedfrom
MatreyalLLC,USA.

Human tissues

Humantissuesvereobtainedfrom 7 donors(5 womenand2 men)rangingfrom 81to 94
yearsold (meanage87.3 5.9years)Bodieswererefrigeratedat 4ECandtissuesollected
within 24 h afterdeath(meantime 14.0 5.7hours).A blood samplewvascollectedn heparin-
izedtubesby venipuncture Plasmavasseparatedrom red blood cellsby centrifugationat 250
for 10min at4ECAfter removingthe eyeballsabrain biopsywasperformedthroughthe
orbit roof (in the areaof the frontal lobe).After removingthe anterior part of the eye the cili-
ary bodywasidentified anteriorto the parsplanaand carefullydissectedThe posteriorpole of
the eyeballvasplacedon aback-littableandtheretinawasobservedinderan operating
microscopeNo eyehavinglargedrusen,severg@igmentepithelialalterationsseveranacular
atrophy,macularhemorrhageor anygrosslyvisiblechorioretinalpathologicabnormalitywas
includedin the study.Moreover,agrossexaminationof the optic nerveheaddid not reveal
anycaseof glaucomawithin the donors.After removingthe vitreousbody,the entire neural
retinawascarefullyseparatedrom the RPE/choroidwith forcepsTheoptic nervewasthen
excisedy cutting tangentiato the scleraafterhavingremovedthe extraoculatissuesAll
samplesvereimmediatelystoredat -80EQuntil further analyses.

Tissue sample preparation

50+300ng of tissue(retina, optic nerve,RPE/choroidgiliary body,brain) wasthoroughly
homogenizedn 0.5+ 1mL distilled H,O with tungstenmicrobeadsisingatissuelyser(Qiagen,
TheNetherlands]l min 30sat30Hz speed)A 40 L aliquotof eachsamplevasusedto mea-
sureprotein content. Therestof the samplewvasusedto extractgangliosidesAlternatively,
1+5mL of plasmawereused A 40 L aliquotof eachsamplewvasalsousedto measurgrotein
content.
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Quantitative determination of protein content

The40 L aliquotsof tissuehomogenateand plasmawerelysedby additionof 10 L of 5X
Ripabufferandincubationon icefor 30min. After clearingby centrifugation(10000, 10
min, 4EC)total protein contentwasmeasurean the supernatantsisingthe BCAmethod
(BCA proteinassait accordingto manufacturer'snstructions,PierceBiotechnology,

ThermoScientific,USA)with bovineserumalbuminasastandard(Sigma-AldrichJUSA).

Extraction, separation and purification of gangliosides

First,total lipids wereextractedrom thetissuesamplesiomogenizedn H,O andfrom
plasmapvernightat4ECwith 10volumesof CHCIy/CH3OH (1:1,v/v). Theresidualpellets
obtainedaftercentrifugation(1 500 , 5min) werethenre-extractedvith 3mL CHCl,/
CH30OH (1:1,v/v), 3mL CHCIy/CH30H (2:1,v/v) and3mL CHCIy/CHs0OH/H ;0 (48:35:10,
v/ivIv). Thefour lipid extractsverecombined dried underastreamof nitrogenandre-dis-
solvedin 3mL CHCI/CH3;0OH (1:1,v/v). SecondGG wereseparatedrom otherlipids by
phasepartition by addingl mL H,0. After centrifugation(1 000 , 3 min), theupperaqueous
phasesverecollectedwhile lowerorganicphasesverere-extractedwicewith 2 mL CH;OH/
H-0 (1:1,v/v). ThethreeupperphasegontainingGGswerecombineddried underastream
of nitrogenandre-dissolvedn 2 mL CHs;OH/PBS10mM (1:1,v/v). Third, the GG extracts
weredesaltedn aC18silicagelcolumn (Sep-Pak/ac6cc,500mg, Waters USA)washed
with 7 mL CH;OH andpre-equilibratedvith 7 mL CH;OH/PBS10mM (1:1,v/v). After wash-
ing with 20mL H,0, purified GGswereelutedwith 6 mL CH3;OH and4 mL CHCI,/CH3;OH
(2:1,vlv). GG extractavereevaporatedo drynesaunderastreamof nitrogen,re-dissolvedn

1 mL CHCIy/CH3OH (2:1,v/v) andstored,undernitrogen,at-20EQuntil further analyses.

Ganglioside analysis by High Performance Thin Layer Chromatography
(HPTLC)

Aliguots of the GG extractqequivalento 10nmol GG-boundsialicacidasapool of theindi-
vidualsamplegor eachtissuetype,n = 4+7)wereappliedto aHPTLC plate(Merck, Ger-
many).The platewasdevelopedn CHCIs/CH;0H/0.2%CaC}, (55:45:10y/v/v) for 45min,
sprayedwith resorcinolreagen{10mL resorcinol2%(Sigma-Aldrich,JUSA),40mL hydro-
chloricacid,and0.125mL 0.1Mcoppersulfate)and coveredwith acleanglassplateto be
heatedat 120EGor 20min. GGs,appearingaspurple-bluebandswereidentified by co-migra-
tion with standardsA standardcurvewasalsoperformedfor eachGG clasdy spotting
increasingknown amountsof GG standardon aHPTLC plate.A densitometricanalysif
the GG-boundsialicaciddetectedn the platesvasperformed,usingaCCD camergChemi-
doc MP Systenfrom Biorad,USA).TissueGGswerethenquantifiedusingthe standard
curvesestablishedor eachGG class.

Ganglioside analysis by liquid chromatography coupled to mass
spectrometry

GGswerefirst separatedy liquid chromatographyunder Hydrophilic InteractionLiquid
ChromatographyHILIC) conditionsandthenanalyzedy bothaTriple Quadrupolemass
spectrometeandaLTQ Orbitrap massspectrometethanksto analyticaimethodspreviously
developedFor aprecisedescriptionof themethods se€1].
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High performance liquid chromatography

GG separatiorwasachievedisingasilicaKinetexcolumn (150mm x 2.2mm i.d.,2.6 m,
HILIC, PhenomenexX,JSA) maintainedat 30ECThemobile phaseconsistef (A) CHsCN/
H-0 (90:10y/v) containingl0mM ammoniumacetatend(B) CH3;CN/H O (50:50y/v) con-
taining 1L0mM ammoniumacetateThe solvent-gradiensystemvasasfollows:0+1min 100%
A, 4min 79%A, 9min 78%A, 14+18min 50%A and 19+48min 100%A.

TSQ quantum ultra

Thetriple quadrupole(QgQ) massspectromete(Thermo Scientific,USA)wasoperatedn
negativedon mode.For characterizationCollision-InducedDissociation(CID) of eachdepro-
tonatedmoleculewasperformedin the negativenode.An abundantproduction at 290
correspondingo acharacteristic-Acetylneuraminic acid(sialicacid)fragmentwasobtained
from [M-xH] *" ions of the different GG molecularspeciesT his fragmentwasusedfor precur-
sorion scanningwherebythe [M-xH] " ions of GG werespecificallydetected Signal/

Noise> 3).Forquantification,datawereacquiredin SelectedReactionMonitoring (SRM).
Theprecursorandproduction pairsfor the SRManalysisvereselectedbasedn the precursor
ion scanningout somespeciesverenot consideredn SRMbecaus¢heystoodbelowthe
guantificationlimit (Signal/Noise< 10).Eachsamplewasinjectedin triplicate. The propor-
tion of eachmolecularspecie®f aspecificGG classvascalculatedastheratio of its peakarea
to the sumof all detectecheakareasn this classeveryGG clasdeingconsideredseparately.

Thermo LTQ-Orbitrap XL E(Thermo Scientific, USA)

Thishybrid massspectrometewasusedfor high-resolutionanalysesAll spectravere
acquiredin themassange  200+260@ndwith theresolutionsetvalue60000at  400.
FortandemmassspectrometryMS/MS)analysediigher energyCollisionalDissociation
(HCD) and CID wereboth employedThe precursorionswereselectedvithin anisolation
width of 10.

Statistical analyses

For eachtissueand eachGG classintensitymeasurementsf molecularspeciesbtainedwith
the QqQ massspectrometewereexpressedsproportions.First,averagesverthethreerepli-
catedinjectionswerecalculatedSubsequentlygveragesversubjectgn = 7 for retina,brain
andRPE/choroidn = 6 for optic nerve,n = 4 for ciliary bodyandplasma)vererepresentedn
colorscaleThosespecieproportionsrepresentompositionaldatawhich werefurther ana-
lyzedusingthe R packagecompositions(K. GeraldvandenBoogaartRaimonTolosanaand
MatevzBren(2014).compositionsCompositionaDataAnalysis R packagerersion1.40+1.
https://CRAN.R-project.org/pekage=compositionsYheanalysefocusecbn severavari-
ablesselectedor their biologicalrelevancethe proportion of (36:1+ 38:1)ceramidesof 34:1
ceramidepf (40:1+ 42:2+ 42:1)ceramidespf ceramidesvith 1 or 2 unsaturation(s)pf cer-
amideswith 34 carbonsor lessand of ceramidesvith 42 carbonsor more. Thoseproportions
wereobtainedusingthe realcompositionakcalgrcomp) sincethe high numberof 2below
detectionlimit® valueamadeimpossiblethe utilization of AitchisoncompositionalkcaleEach
variablewastransformedusingacenteredog ratio transformation.For eachvariable analyses
of variancewereperformedby GG classith anadditivemodelwith tissueand subjectfac-
tors. Then,tissuesverecomparedhrough Newman-Keulsnultiple comparisong Tablel).
Furthermore ternarydiagramssuitedfor the representatiorof compositionandrelativedata,
wereplottedfor theretinaandfor retinalandbrain GT3and AcGT3.Theyrepresenthe
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Table 1. Ceramid e proportions in the GG classes of the retina and other ocular tissues, brain and plasma.

A. (36:1+38:1) ceramides B. 34:1 ceramides
GG classes Retina | Brain | RPE/Choroid | Ciliary Body | Optic nerve | Plasma || Retina | Brain | RPE/ Choroid | Ciliary Body | Optic nerve | Plasma
GM3 0.05¢ | 0.04¢ 0.19° 0.17° 0.08° 0.37% || 0.61° | 0.72° 0.26° 0.17¢ 0.174 0.14°
GM2 0.03° | 0.03° N.D. 0.262 0.01° 0.25% | 0.95 | 0.912 N.D. 0.41° 0.817 0.32°
GD3 0.06° | 0.02° 0.20° 0.23° 0.05¢ 0.39% | 0.54° | 0.84% 0.24% 0.18¢ 0.31° 0.10°
AcGD3 0.06° o¢ N.D. 0.32% 0.03° N.D. 0.66° | 0.65° N.D. 0.12° 0.85% N.D.
GD2 0.01° | 0.01°° N.D. 0.282 o¢ N.D. 0.96 | 0.95% N.D. 0.66% 1.00% N.D.
GDla 0.03% | 0.01° 0.04° 0.17° 0° 0.39® | 0.87% | 0.892 0.16¢ 0.28° 0.38° 0.38°
GD1b 0.01°° | 0.01° 0.01°° 0.20% o¢ 0.04° || 0.90* | 0.92° 0.86° 0.70° 0.69° 0.84%
AcGD1b 0? 0? N.D. N.D. 0? N.D. 0.90 | 0.992 N.D. N.D. 1.00% N.D.
GT3 0.042 o° N.D. N.D. N.D. N.D. 0.34° | 0.982 N.D. N.D. N.D. N.D.
AcGT3 0.022 o° N.D. N.D. N.D. N.D. 0.38° | 1.00° N.D. N.D. N.D. N.D.
GT1b 0.02° | 0.01°° 0.01° 0.16° 0° 0.11* | 0.85% | 0.96% 0.76% 0.54° 0.57° 0.60°
AcGT1b o° o° o° 0.262 o° N.D. 0.94% | 0.96% N.D. 0.32° 0.862 N.D.
GQ1b oP o° oP 0.20% o° N.D. 0.85% | 0.93% 1.00% 0.692 0.742 N.D.
AcGQ1b 0? 0? N.D. N.D. 0? N.D. 1.00% | 1.00° N.D. N.D. 0.93° N.D.
C. (40:1+42:2+42:1) ceramides D. Ceramides with 1 unsaturation
GG classes Retina | Brain | RPE/Choroid | Ciliary Body | Optic nerve | Plasma || Retina | Brain | RPE/ Choroid | Ciliary Body | Optic nerve | Plasma
GM3 0.85% | 0.84% 0.69° 0.65¢ 0.61° 0.72° 0.214 | 0.19¢ 0.43° 0.46° 0.60° 0.27°
GM2 0.99% | 0.96% N.D. 0.83° 0.89° 0.71¢ 0.01¢ | 0.02° N.D. 0.30% 0.15° 0.272
GD3 0.87% | 0.912 0.70° 0.71° 0.70° 0.67° | 0.32° | 0.10¢ 0.463° 0.41° 0.53% 0.30°
AcGD3 0.93° | 0.70¢ N.D. 0.76° 0.992 N.D. 0.22° | 0.05¢ N.D. 0.482 0.10° N.D.
GD2 0.99% | 0.98% N.D. 0.972 1.00% N.D. 0.02° | 0.03° N.D. 0.06% o¢ N.D.
GD1la 0.93% | 0.93% 0.65° 0.69° 0.68° 0.84° 0.03" | 0.05° 0.75° 0.42° 0.33° 0.084
GD1b 0.98% | 0.97% 0.96% 0.95° 0.942 0.95® | 0.07° | 0.05° 0.12° 0.08° 0.272 0.10°
AcGD1b 0.93% | 0.99% N.D. N.D. 1.00% N.D. 0.03% oP N.D. N.D. oP N.D.
GT3 0.81° | 0.982 N.D. N.D. N.D. N.D. 0.54% oP N.D. N.D. N.D. N.D.
AcGT3 0.80° | 1.00% N.D. N.D. N.D. N.D. 0.522 oP N.D. N.D. N.D. N.D.
GT1b 0.96° | 0.98° 0.93% 0.85° 0.90" 0.85° 0.11°* | 0.01° 0.212 0.25% 0.35° 0.242
AcGT1b 1.00% | 0.99% o° 0.65% 1.00% N.D. | 0.06% | 0.04° 0° 0.172° 0.14% N.D.
GQ1b 0.97°¢ | 0.97° 1.00? 0.98° 0.97°¢ N.D. 0.13° | 0.04¢ 0°® 0.10° 0.26% N.D.
AcGQ1b 1.00 | 1.00% N.D. N.D. 1.00% N.D. oP oP N.D. N.D. 0.072 N.D.
E. Ceramides with 2 unsaturations F. Ceramides 34 carbons
GG classes Retina | Brain | RPE/ Choroid | Ciliary Body | Optic nerve | Plasma || Retina | Brain | RPE/Choroid | Ciliary Body | Optic nerve | Plasma
GM3 0.15¢ | 0.16¢ 0.31° 0.35% 0.392 0.28° 0.05¢ | 0.04¢ 0.20° 0.19° 0.08° 0.442
GM2 0.01° | 0.04¢ N.D. 0.17° 0.11° 0.29* | 0.03° | 0.03° N.D. 0.26% 0.01° 0.272
GD3 0.13° | 0.09° 0.30% 0.29° 0.30% 0.33% | 0.06° | 0.02° 0.21° 0.25° 0.05¢ 0.482
AcGD3 0.07° | 0.30% N.D. 0.242 0.01° N.D. 0.06° o¢ N.D. 0.322 0.03° N.D.
GD2 0.01° | 0.022 N.D. 0.03% o° N.D. 0.01° | 0.01% N.D. 0.282 0° N.D.
GDla 0.07° | 0.07° 0.35% 0.317 0.322 0.16° 0.03% | 0.01° 0.04° 0.18° 0°® 0.46%
GD1b 0.02% | 0.03% 0.042 0.052 0.06% 0.05* | 0.01°¢ | 0.01° 0.01%° 0.20% o¢ 0.05°
AcGD1b 0.01% | 0.01% N.D. N.D. o° N.D. 0? 02 N.D. N.D. 0? N.D.
GT3 0.19% | 0.02° N.D. N.D. N.D. N.D. 0.04% oP N.D. N.D. N.D. N.D.
AcGT3 0.192 o° N.D. N.D. N.D. N.D. 0.022 oP N.D. N.D. N.D. N.D.
GT1b 0.04° | 0.02° 0.072° 0.15% 0.10% 0.15 || 0.02° | 0.01% 0.01° 0.16% 0° 0.112
AcGT1b o° 0.012 oP 0.107 o° N.D. oP oP N.D. 0.26% oP N.D.
GQ1b 0.03* | 0.03% 0° 0.01° 0.03% N.D. o° o° oP 0.20% o° N.D.
AcGQ1b 0? 0? N.D. N.D. 0? N.D. 0? 02 N.D. N.D. 0? N.D.
G. Ceramides 42 carbons

GG classes Retina | Brain | RPE/ Choroid | Ciliary Body | Optic nerve | Plasma
GM3 0.10° | 0.17¢ 0.37° 0.37° 0.56% 0.21°

(Continued)
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Table 1. (Continued)

GM2
GD3
AcGD3
GD2
GD1la
GD1b
AcGD1b
GT3
AcGT3
GTilb
AcGT1b
GQ1b
AcGQ1b

OC
0.18°
Ob
Ob
0.01°
0.01°
Oa
0.312
0.292
0.03°
Ob
0.03°
Oa

0.01¢
0.08¢

0.01°
0.01°
0.01°
Oa
Ob
Ob
0.01¢
Ob
OC
Oa

N.D.
0.39%
N.D.
N.D.
0.65%
0.06%
N.D.
N.D.
N.D.
0.11%
ob
0°
N.D.

0.23% 0.15° 0.222
0.29° 0.43% 0.30°
0.32% oP N.D.
0.04% oP N.D.
0.37° 0.23° 0.07¢
0.06% 0.122 0.05%
N.D. 02 N.D.
N.D. N.D. N.D.
N.D. N.D. N.D.
0.212 0.212 0.20%
0.14% oP N.D.
0.062 0.072 N.D.
N.D. 02 N.D.

Data are presented as proportions (mean of 4+7 independent samples). Seven variables were considered: (36:1+38:1) ceramides, 34:1 ceramides, (40:1
+42:2+42:1) ceramides, ceramides with 1 unsaturation, ceramides with 2 unsaturations, ceramides with 34 carbons or less and ceramides with 42 carbons
or more. Letters refer to results of the Student Newman Keuls multiple comparisons of tissues. For each variable, within a GG class, the letter "a" is
attributed to the highest proportions among the 6 tissues considered. Different letters indicate signi®cart differences in the proportions between tissues

(p 0.05). N.D.: Non-detected GG class.

doi:10.137/journal.pon€168794 001

proportionsof severalariables(36:1+ 38:1),(40:1+ 42:2+ 42:1)ceramidesand othermolec-
ular species;eramidesvith 1,2 and 3 unsaturationsgeramidesvith 34 carbonsor less42
carbonsor moreandother molecularspeciesaswellasconfidenceellipsesFor all statistical
analysessignificancevassetat p<0.05.

Results

Total ganglioside content and ganglioside pattern determined by HPTLC

The GG patternof the differenttissuef interestwasstudiedby HPTLC associatetb resor-
cinol revelation Asshownin Fig 2A, significantdiscrepancieamongthe oculartissuesbrain
andplasmaclearlyappearedGGsof the ganglio-seriesvereidentified basecbn comigration
with standardsand quantitativeassessmentasobtainedby densitometricanalysighanksto
calibrationcurvesestablishedor eachGG classResultexpressedsnmol GG/mgprotein for
tissuesandasnmol GG/mL for plasmaaregivenin Fig2Band2C,respectively.

Regardinghetotal GG content,theretinacontainedhigheramountsthanthe otherocular
structuressincethetotal reached.5nmol GG/mgproteinfor theretinaand2.1,3.2and2.2
nmol GG/mgprot for the RPE/choroidciliary bodyandoptic nerve respectivelytHowever,
thoselevelsveremuchlowerthanthelevelsmeasuredn the brain (14.8nmol GG/mgprotein)
whichisknownto beparticularlyrich in GGs.Thoseresultsarein accordancevith previously
publisheddataobtainedin rat retinaandbrain [17]. ThecirculatingGG levelsvere2.3nmol
GG/ml plasma.

Regardinghe GG pattern,tissuespecificitiexlearlyappearedT heretinapresentedlarge
diversityof GGssince7 differentclassesould bedetectecand quantified:GM3,GM1,GD3,
GD1a,GD1b,GT1bandGQ1b.RetinaGGshelongedo boththe a- andb ganglio-serieand
weremono-,di-, tri- or quadrisialylatedAsin othertypesof nervoustissuesuchasthe brain,
tetraosylGG$GM1, GD1la,GD1bandGT1b)werepresentn largeproportionsbut the promi-
nenceof GD3wasa specificfeatureof theretina. The presencef GM3in significant
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Fig 2. Ganglioside profil e of the retina and other ocular tissues, brain and plasma. A. Resorcinol-
stained HPTLC plate of GGs extracted from retina, retinal pigment epithelium (RPE)/choroid, ciliary body,
optic nerve, brain and plasma. GG aliquots (417 independent samples) were pooled for each tissue type to
represent a total of 10 nmol GG-sialic acid spotted per lane. A standard mixture of ganglio-series GGs (Std, 5
nmol sialic acid) was also spotted. The plate was developed in CHCIz/CH3;0H/0.2% CaCl, (55:45:10, viv/v)
and revealed with resorcinol reagent. B. Quantitative distribution of GG classes calculated from a standard
curve of each GG class. Results are expressed in nmol GG/mg protein or nmol GG/mL plasma.

doi:10.131/journal.pon@168794.9g002

proportion wasalsonoticeablen thistissue Thismight beduein partto thefactthattheret-
ina, despitebeinga nervoustissuejs largelyirrigated by aretinal vasculanetwork,in which
GM3isthemajor GG.Indeed,GM3 wasthe mostabundantamongplasmaGGssinceit repre-
sented’0%of the total nmolesof GGsdetectedThe plasmaalsocontainedsignificant
amountsof GM1 andGD3but circulatingGGsweremuchlesgdiversethanin the othertissues
studied.GM3 wasthe major GGin the RPE/choroidaswell (81%o0f the total nmolesof GGs
detected)whichis mainly composedf bloodvesselandcapillariesGM1,GD3,GD1a,
GD1bandGTlbwerealsopresentjn muchlowerproportions,in thistissue.The GG pattern
of the ciliary bodywasverysimilar to the RPE/choroidexcepffor the abundancef GD3 (33%
of the total nmolesof GGsdetected)The GG patternof the brain wasverydifferentfrom the
othertissuewith the absencef GM3 andthe abundancef tetraosylGGGM1,GD1a,GD1b
andGT1bwhich representedespectivel23%,15% 35%and 26%00f the total nmolesof GGs
detectedContraryto theretina, GD3wasaminor classn the brain. The optic nerveexhibited
aGG patternin betweertheretinaandthe brain with the presencef hematoside$GM3 and
GD3)in additionto anabundancef tetraosylGGOneunidentifiedbandrunning justabove
GD1bwasobservedn theretinaandbrain, aswellasin the optic nerveandto alowerextent
in theciliary body.Otherbandsrunning aboveGM3 werealsodetectedn the differenttissues
analyzedOneof themwasveryprominentin the optic nerveandalsopresentin brain
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extractsThesdesspolar GGslikely haveanoligosaccharidehainshorterthan GM3, the sim-
plestGG of the ganglio-seriesandthusbelongto anotherseriesof GGs.

Ganglioside classes and their ceramide composition determined by LC/
MS

GGswerefurther analyzedy LC/MS. Prior to detection,amethodof liquid chromatography
in HILIC conditionswasusedfor anefficientseparatiorof the ganglio-serie&G classedMass
spectrometrthenallowedfor the detectionof everymolecularspeciesiepresentingifferent
ceramidestructurespresentn eachclasshasedn their exactmassand chargestate Thedif-
ferentGG classegdifferentsugarchains)andthe differentceramidetypes(total numberof
carbonsandunsaturationsyouldthusbediscriminated First,aprecursorion scanningof the
characteristidragmentof GGs, -Acetylneuraminic acid,at 290,wasperformedin the
negativemodeusingthetriple quadrupole(QqQ) massspectrometeri-ig 3 showsepresenta-
tive totalion chromatogram®f the differenttissue®f interest. GGscorrespondingo com-
mercialstandardsveredetectedconfirming theidentification previouslymadeby HPTLC:
GM3,GD3,GD1a,GD1b,GT1bandGQ1b.GM1,which doesnot form multichargedions
andstandsoverthe masgangeof the QqQ massspectrometergould not bedetectedwith this
apparatuslt shouldbenotedthatthis LC/MS methodis not quantitative Indeed theintensity
of aGG clasgeakis not directly proportionalto its absoluteamount.lt alsodependn the
ability of this specificGG to befragmentecandionizedin the apparatuswhich variesamong
thedifferentGG classes.

Additional unknown peakscouldbedetectedn betweemmajor GG classegspeciallyn
theretina,optic nerveandbrain. Theseminor andlessrequentlyreportedGGswereidenti-
fied usinghigh-resolutionmassspectrometryTheywereanalyzedn the positivefull scan
modeusingaLTQ-Orbitrap XL massspectrometerMainly, GD2 and GT3wereidentified,
whichlikely correspondo the unidentifiedbandobservedn HPTLC running betweerGD1a
andGD1b.Moreover,wewereableto detectseverahcetylatedormsof GGs(GD3,GD1b,
GT1b,GQ1b,andGT3),especiallyn the nervoustissuegretina, optic nerveandbrain). GM1
wasalsodetectedandidentified with this apparatusThanksto the high massaccuracyof the
Orbitrap analysesyeidentified the peakdetectecdbeforeGM3in the optic nerveandbrain,
previouslyrevealedn HPTLC,asGM4,agala-serie§&G. It shouldbenotedthatits ceramide
containeda hydroxylatedfatty acid,whichwasnot observecamongthe ganglio-serie&Gs.
This specificityof GM4 ceramidehasalreadybeenreportedin humanbrain [24] andshark
liver [25]. GM4 is known to behighly enrichedin centralnervoussystenoligodendrocytes
that explaingts detectionin the brain,andin myelinthat explaingts detectionin the optic
nerve[8]. Ascanbeseenin Fig 3, theretinaandbrain presentedvith the highestdiversityof
GGclassedAcetylatedormswereoverallmore presentin neuraltissuegretina,brain and
optic nerve)eventhoughAcGD3and AcGT1bcouldalsobedetectedn theciliary body.Inter-
estingly,GT3andits acetylatedormswerespecificto theretinaandbrain.

A hugediversityof molecularspeciesvasdetectecamongthesedifferentclassesf ganglio-
seriesGGsasshownin S1Tablegivingan exhaustivdist. Overall,ceramidesangedfrom 32
to 44 carbonswith one,two or threeunsaturationsThe acetylatedorms of GGspresented
lowernumberof ceramidetypesthanthe non-acetylatedorms. The highestdiversitywasseen
in theretina,in which 108molecularspecie®f GGsin total weredetectedThen,105molecu-
lar speciesveredetectedn the ciliary bodyandoptic nerve followedby the brain and plasma
with 94and92molecularspeciesletectedrespectivelyThelessdiversetissuewasthe RPE/
choroidwith 73detectednolecularspecie®f GGsin total. Somespeciesverewidelydistrib-
utedamongthe different GG classeandtissuef interest,while othersappeairto berather
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Fig 3. Precurso r ion chromatogr ams of the standard mixture, retina and other ocular tissues, brain
and plasma. A representative sample of each tissue was obtained by pooling an aliquot of every GG extract
samples (4+7) for each tissue type. The QqQ mass spectrometer was operated in the precursor ion scanning
of the characteristic fragment of GG, N-Acetylneuraminic acid, at m/z 290, in the negative ionization mode.

doi:10.131/journal.pon8168794.9003

specificCeramides34:1,36:1,38:1,40:1,42:2and42:1werepresentin almosteveryGG class
of everytissue On the contrary,ceramide<t3:1and 44:2wereoften specificto the optic nerve.
Theretinaspecificallyexpresse@ T3 andacetylatedsT3 molecularspecieswhichwere
absenfrom the othertissuestudiedexceptfor afewspecieén thebrain. It wasnoticeable
thatceramide42:3the only speciesvith 3 unsaturationsywassystematicallgbsentrom the
retinaandbrain whileit waspresentin variousGG classesf the othertissues.

Molecular species profile of the various GG classes

Theproportionsof thedifferentmolecularspecieslietectedgorrespondingo differentcer-
amidestructureswerecalculatedor eachGG classndependentlyusingthe dataobtained
with the QqQ massspectrometepperatedn the negativeSRMmode.Thefull setof datais
givenin S2Tableasmeansand standarddeviationsof 4+ 7independensampledor eacttis-
suejnjectedthreetimes.In addition,agraphicalrepresentations givenin Fig4.

Amongthe 19molecularspecie®f the 14GG classeand6 tissueof interest,both tissue
and GG classspecificitiesor commonfeatureslearlyappearedin anattemptto highlight
thosefeaturesandtesttheir statisticakignificancemolecularspeciesveregroupedaccording
to differentstructuralparameterdinked to the chainlengthor numberof unsaturationf the
ceramide Thedataandtheresultsof their statisticabnalysegaregivenin Tablel.

Asshownin Fig4 and TablelA, ceramides$6:1and38:1werethe mostabundantspecies,
especiallyn theretinaandbrain wheretheytotalized85to 100%wof all molecularspecie$or
mostof the GG classeRetinalGT3and AcGT3stoodout with amuchlower proportion of
thesewo ceramidetypes(34+38%)while theystill accountedor around60%in GM3,GD3
andAcGD3.Ceramides36:1and38:1weredominantaswellin mostoptic nerveGG classes.
Onthecontrary,ceramide34:1(Table1B)wasabsenor veryminor in nervoustissuesut
abundantin the RPE/choroidgiliary bodyand especiallplasmawvhereits proportion reached
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Fig 4. Molecul ar species profile of the gangliosid e classes of the retina and other ocular tissues ,
brain and plasma. Data (peak areas) were obtained by operating the QqQ mass spectrometer in negative
SRM mode. The proportion of each ceramide species was expressed, as percentage, relatively to the sum of
all detected species in its specific GG class, every GG class being considered separately. Molecular species
accounting for less than 1% were grouped under the category 2others®. Results were expressed as mean of 4
to 7 independent samples for each tissue, injected three times. The color intensity of a spot on the graph is
proportional to the mean percentage of the ceramide species considered within a GG class.

doi:10.131/journal.pon@168794.g004

almost40%in someGG classesCeramide10:142:2and42:1(Table1C)werealsovery
minor in the brain andretina,while quite abundantin the othertissuesespeciallghe optic
nerve.RetinalGT3andAcGT3,andto alowerextentits precursorGD3,madean exception
sincetheycontainedimportant levelsof thesehreeceramide$54%,52%and 32%,
respectively).

Regardinghe numberof unsaturationor the chainlength,ceramidesvith 1 unsaturation
and36to 41 carbonswereby far the mostabundantones However polyunsaturatedshorter
or longercarbonchainceramidesverealsoidentified. Themore complexthe oligosaccharide
chain,thelowerproportion of ceramidesvith 2 or 3 unsaturationsvasobservedit appeared
thattheretinaandthe brain onceagainsharedsomecommonfeaturesAs alreadymentioned,
noneof thesewo tissuesontainedceramidespeciesvith 3 unsaturationsMoreover theyhad
significantlyhigherproportionsof monounsaturated¢eramidesnd consecutivelyower pro-
portionsof ceramidesvith 2 unsaturationsomparedo everyothertissuef interest
(TablelD and1E).However retinal GT3and AcGT3differedfrom the sameclassem the
brain by thefactthattheycontainedalmost20%of ceramidesvith 2 unsaturations10times
morethanbrain GT3.Theoptic nerve despitebeinganervoustissue pften presentedgimilar
proportionsof polyunsaturatederamideshanthe RPE/choroidgiliary bodyor plasma.
Regardinghe ceramidechainlength,theretinaandbrain, alongwith the optic nerve exhib-
ited aparticularlylow proportion of ceramidesvith 34 carbonsor lesg(Table1F).On the con-
trary, the plasmacontainedimportant amountsof shortceramidessdid the RPE/choroid
andtheciliary body.Theretinaandthebrain alsocontainedow proportionsof ceramides
with 42 carbon-chainengthor more(Table1G).An exceptionwasnotedagainfor retinal
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GT3andAcGT3in which 42 carbonceramidesccountedor about30%0f all molecularspe-
ciesfollowedby GD3(18%).

Overall,it appearedhatretinal GT3and AcGT3exhibitedspecificitiesn their ceramide
composition.Thisisillustratedin theternarydiagramsshownin Fig 5 representingeramide
profile asaveraggroportionsandconfidenceellipsesf differentvariables(36:1+ 38:1),(40:1
+ 42:2+ 42:1)ceramidesnd othermolecularspeciegFig 5A and 5B);ceramidesvith 34 car-
bonsor less42 carbonsor moreandothermolecularspeciegFig 5C and5D); ceramideswith
1,2 and3 unsaturationgFig 5Eand5F). Thisrepresentatiortlearlyshowsthat retinal GT3
and AcGT3havedistinctiveceramideprofiles,both comparedo otherretinal GG classeand
comparedo brain GT3andAcGT3.

Ceramide structure characterization by Liquid Chromatography/High
Resolution Mass Spectrometry

Theceramidestructuregcombinationsof LCBand FA) weredeterminedafterfragmentation
of the GG molecularspeciesisingthe LTQ-Orbitrap massspectrometerasdetailedpreviously
[1]. TheLCBwereidentified andthe associate#A wasthendeducedasedn the exactmass
of themolecule Resultobtainedfor theretinaaresummarizedn Table2. Resultobtained
for the othertissuef interest(ciliary body,optic nerve brain and plasmaaregivenin S3+S6
TablesCeramideof the RPE/choroidcouldnot becharacterizetecausef alackof sample
material.SomeGG clasanolecularspeciegouldnot becharacterize@itherdueto their low
amount.

As expectedor mammaliansphingolipids sphingosingd18:1)wasby far the mostwidely
represented. CBin our tissuesamplesBothd16:1andd20:1 the mostcommonLCBvariants
reportedin theliteraturewerealsoquite frequentlydetectedd18:2wasfound in the ceramide
speciesvith 2 or 3unsaturationsd17:0andd17:1weredetectecaswell,generallyasvery
minor amounts.Thoseodd speciesiarelyreported,hadneverthelesalreadybeenobservedn
plasmaGGsusinggas-liquidchromatography26]. Interestingly the humanretinapresented

Fig 5. Ceramide proportions in retinal GG classes (A, C, E) and in retinal and brain GT3 and AcGT3 (B,
D and F). Means of 4+7 independent samples and 95% confidence ellipses are represented on ternary
diagrams for various groups of ceramides: (36:1 + 38:1), (40:1 + 42:2 + 42:1) ceramides and other molecular
species (A and B); ceramides with 1, 2 and 3 unsaturations (C and D); ceramides with 34 carbons or less, 42
carbons or more and other molecular species (E and F). Axes from 0 to 1 for the three variables are
represented on B and the proportions for retinal GT3 are shown as an example.

doi:10.131/journal.pon8168794.g005
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Table 2. Ceramid e molecular species of the retinal ganglioside classes characte rized by HRMS with the LTQ-Orbitrap mass spectrom eter.

32:1
34:1

36:2

36:1

37:1

38:2

38:1

39:1
40:2

40:1

41:1

42:2

42:1

GM3

N.1.
d16:1/18:0
d18:1/16:0
d16:1/20:1
d17:0/19:2
d18:2/18:0
d18:1/18:1
d16:1/20:0
d17:0/19:1
d18:1/18:0

d16:1/21:0
d18:1/19:0

d16:1/22:1
d18:2/20:0
d18:1/20:1
d20:1/18:1
d16:1/22:0
d17:0/21:1
d18:1/20:0
d20:1/18:0
d18:1/21:0
di18:2/22:0
d18:1/22:1

d18:1/22:0
d18:1/23:0
d18:2/24:0
di18:1/24:1

d18:1/24:0

GM2

N.D.
N.1.

d18:1/18:1

d18:1/18:0

N.D.

N.I.

d18:1/20:0

N.1.
N.I.

N.I.

N.D.

N.D.

N.D.

GD3

N.D.
d16:1/18:0
d18:1/16:0

d18:2/18:0
d18:1/18:1

d18:1/18:0

d16:1/21:0
d18:1/19:0
d20:1/17:0

d18:2/20:0
d18:1/20:1

d18:1/20:0
d20:1/18:0
N.D.
di18:2/22:0
di18:1/22:1
d17:0/23:1
d18:1/22:0
N.D.
d18:2/24:0
d18:1/24:1

d18:1/24:0

AcGD3 GD2
N.D. N.D.
N.I. N.I.

N.I.
d18:1/18:1

d18:1/18:0 | d18:1/18:0
N.D. N.D.
N.1. N.1.

d18:1/20:0 | d18:1/20:0
d20:1/18:0
N.D. N.D.
N.I. N.D.
N.I.
d18:1/22:0
N.D. N.D.
N.D. N.D.
N.D. N.D.

GDla

N.D.
N.1.

d18:1/18:1

d18:1/18:0

N.D.

d18:1/20:1

d18:1/20:0

d20:1/18:0
N.D.
N.I.

N.I.

N.D.

N.I.

N.I.

GD1b

N.D.
N.1.

d18:1/18:1

d18:1/18:0

N.D.

d18:1/20:1
d20:1/18:1

d20:1/18:0
N.D.
N.1.
N.I.
N.D.

N.I.

N.1.

AcGD1b

N.D.
N.1.

N.I.

GT3 AcGT3
N.D. N.D.
N.1. N.1.
N.I. N.I.

GT1b
N.D.

d18:1/16:0
N.I.

d18:1/18:0 | d18:1/18:0 | d18:1/18:0 | d18:1/18:0

N.D.

N.D.

N.1.

N.D.
N.D.

N.I.

N.D.

N.D.

N.D.

N.D. N.D.

N.I. N.I.

d18:1/20:0 | d18:1/20:0
N.D. N.D.

N.I.

di8:1/22:1

d18:1/22:0 | d18:1/22:0
N.D. N.D.

d18:1/24:1 | d18:1/24:1
d20:1/22:1
d18:1/24:0 | d18:1/24:0
d20:1/22:0

d20:1/16:0
N.D.

N.I.

N.I.

N.D.
N.D.

N.I.

N.D.

N.I.

N.I.

We were not able to characterize any molecular species in AcGT1b, GQ1b and AcGQ1b. Major molecular species are indicated in bold. N.D.: Non-
detected. N.I.: Non-identi®ed.

doi:10.137/journal.pon®168794002

five typesof long chainbasesmostlyd18:1but alsod16:1,d18:2and d20:1quite prominently
while d17:0wasfrequentlypresentin minor proportions.The presencef d20:1happenedo
bespecificto nervoustissuegretina, brain and optic nerve).Also, it appearedo bemuch
morerepresentedh b-seriesGG,especiallyn theretinawhereit wasalmostabsenfrom a-
series5G,but alsoin the brain. This observatiorwasfirst madein rat brain by Palestini
[27,28].0n thecontrary,d17:1wasnot detectedn nervoustissuesut only in the plasmaand
ciliary body.Similarly,d16:1wasmainly found in the plasmaandciliary body,althoughin
minor proportion comparedo other LCB,andwaspracticallyabsenfrom nervoustissues.
Thefatty acidsweremorediversethanthe LCB.Theyrangedfrom 14to 26carbonsandwe
found no shortor medium-chainlength.lt is noticeablehat odd carbonchainssuchas15,17,
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19,21 0or 23carbonsoccurred.Thefatty acidsweresaturatedor the greatmajority, but also
monounsaturatedTheyrarelypresentedwo unsaturationspnly in odd FAs.No fatty acid
seemedo bespecificallyassociatetb along chainbasegontraryto whathadbeenpreviously
reportedin rat brain [28]. In nervoustissues]18:0wasthe mostabundantFA, followedby
20:0.Theretinaandoptic nervealsocontainedsignificantamountsof 22:0,24:1,24:0.Retinal
GT3wascharacterizedby the abundancenf 22:1,22:0and 24:1FAscomparedo 18:0and
20:0.Theabsencef ceramidewith 3 unsaturationsn theretinaandbrain resultedin an
absencef 24:2FA from thesetissuesThe specificrepresentatiorof ceramidet3:1and 44:2
in the optic nervecorrespondednainly to the presencef 24:1,25:0and 26:1FAs.Thelow lev-
elsof 34:1ceramideveobservedn nervoustissuesvasassociatevith low levelsof 16:0FA.
On thecontrary,16:0wasthe major FA in the plasmaandciliary body,followedby 24:1.The
ciliary bodyalsopresentedvith significantlevelsof 24:0and 22:0FAs.

Thoseobservationsesultedn d18:1/18:(eingthe mostcommonceramideypein theret-
inaandbrain, followedby d18:1/20:@&andd20:1/18:0ln the optic nerve,d20:1/18:@vasthe
mostprominent,followedby d18:1/18:0d18:1/16:Qvasthe major combinationin the plasma
andciliary body,followedby d18:1/24:1.

Discussion

Our comparativeanalysiof GGsin theretinaandotheroculartissuesbrain and plasmaof
agedndividualshighlightedtissuespecificitiesn the GG clasgpattern. The mostsignificant
observationve madestandsn the specificexpressiorof GD3andGT3in theretina.Indeed,
theabundancef GD3,asmeasuredy HPTLC and colorimetricrevelation appearecsadis-
tinctive featureof the retinacomparedo the othernervoustissuesbrain andoptic nerve,in
whichGD3wasminor. It iswellknown that GG leveldluctuateduring developmentf the
nervoussystemandclearcorrelationshavebeenmadebetweerthesechangesn GG pattern
andneurodevelopmentahilestoneg8]. In the brain, GD3leveldrasticallydecreaseoncomi-
tantly with anincreasan thelevelsof more complexgangliotetraosylGG&GM1, GD1a,GD1b
and GT1b)which becomeprevalen{8]. On the contrary,it hasalreadybeenshownthat GD3
remainsamajor GGin theadultmammalianretina[16+19],althoughtheretinaandthe brain
deriveembryologicallyfrom the sameorigin. GD3'sproductviasialyltransferasi, GT3,and
its acetylatedorm, AcGT3,alsoappearedo bespecificto theretinain our study.Apart from
afewspeciesletectedn the brain, thesetwo GG classewierecompletelyabsenfrom the
othertissuesvetested Most of the profiling studiesperformedon brain GGsof differentspe-
cies(mouse povine,porcine,human)usingMS do not reporton GT3or AcGT3[29+33].
Howeverlkeda . [34] detectechfewmolecularspecie®f GT3in porcinebrain, Vukelic

. in gliosarcomdrain tumor tissue[35] andZamfir . in humanbrain [36]. Regarding
theretina,wepreviouslydetectedseveramolecularspecie®f GT3andAcGT3in rat samples
[1]. LiteraturedataregardingGT3is verypoor. GT3belonggo the c-series5Gsfrequently
referredto asA2B5antigensTheyareexpresseth neuralstemcellsandaremarkersof glial
precursorcells(O-2A progenitorcells)which differentiateinto oligodendrocytesindtype-2
astrocyte$8]. c-series5Gs,especiallycT3,weredetectedn the developingnousebrain
usingA2B5antibody.GT3expressionwasdrasticallyreducedduring developmeni37].
Besideghe presencef GT3wasreportedusinganotherantibodyspecificto developmentally
regulatedantigensin chickembryonicretina,optic lobeandcerebrumwith adecreased
expressionn theadult. TheauthorsalsodetectedsT3in adulthumanoptic nerve spinalcord
andcerebellurrbut not in non-neuraltissueg38]. It is not clearto whatcelltypethis specific
expressionf GD3,GT3and AcGT3wereportherein theadulthumanretinacanbeattrib-
uted.Severabbservationsuggesthat b-seriesGGs,especiall{cD3,arealsomarkersof neural
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stemcellsandneuralprecursorcellsandthattheyareimplicatedin their proliferationin
responséo growthfactorstimulation[39]. Thisleadgo think that the specificexpressiorof
GD3andGT3in theretinacouldbedueto the persistencef progenitorcells.The specific
abundancef GD3in theretinacouldmorelikely bedueto retinal specializeaells the photo-
receptorsyodsandconeghat containthelight-sensitivestructuresindeed,a previousstudy
performedin rat showedhatthe outerretina, containingthe photoreceptorsexpresseédspe-
ciallyhighamountsof GD3[18]. Interestingly the authorsshowedhat the photoreceptors
expressetbw amountsof GGsandexhibiteda simplified GG profile comparedo the whole
retinasuggestingpecificitiesn GG expressiomwithin the differentnervouscelltypesof the
retina.Unravelthe presencef GT3in theretinawould now requireanalyzingG G profile of
thedifferentlayersof thetissueaftermicrodissectior(inner retinavsouterretina) and of iso-
latedcellularpopulationsspecificto the retina (photoreceptorsnpeuronsthat participatein
transmitting signalgto the brain suchasthe retinal ganglioncellsor glial cellssuchasthe
Miler cells...). Moreover,wecannotrule out that the retinal specificitiesve observedn the
GG profile arenot age-relateginceour sample®riginatedfrom elderlydeceasedonors
(meanage87.3yearsold).

In additionto tissuespecificitiesn the GG clasgattern,our thoroughanalysiof GGs
usingLC/MSalsorevealedspecificitiesn the molecularspecied, e.ceramidetype,patternof
tissuesand GG classedVhile d18:1lappearedisthe major LCBin our sampleswereport,
accordingto literaturedata,the presenc®f d20:1LCBin the brain. Indeed this LCBhasbeen
commonlydescribedn brain GGs,especiallyith advancediged40]. It is noticeablehat
nervoussystemGGshavebeendescribedasthe only complexsphingolipidsto containsignifi-
cantamountsof d20LCB,comparedo neutralglycosphingolipidssulfatidesand sphingo-
myelin [40]. From our samplesit appearghatd20:1LCBoccursin othertypeof nervous
tissuesaswell (retinaandoptic nerve)whileit wasabsenfrom non-nervousissuefRPE/cho-
roid, ciliary bodyandplasma)A significantproportion of d20:1LCBwaspreviouslydescribed
byHolm . in GGsof bovineretina,especiallyn GD1a,GD1bandGT1b[41], similarlyto
our observationsTheyalsoreportedd20:1LCBin bovineoptic nerve[42]. However these
authorsdetectedow levelsof d18:0andd20:0LCB.On the contrary,wedid not detectanyof
thesewo LCBin our sampleslt is not clearwhetherthis discrepancys dueto speciesr age
specificitieor to differencesn the analyticatechniquesBesidesywe describehe presencef
d16:1LCB,mainlyin plasmaaspreviouslyreported[26], but alsoin theretina.Serinegpalmi-
toyltransferas¢SPT)is the enzymeresponsibldor the synthesi®f LCB by condensatiorof
serineand palmitoyl-CoA,its preferredsubstrateThisleadso d18:1(sphingosinepeingby
farthemostabundantCBin sphingolipidsamongwhich GGs,aswereportherein our tis-
sueofinterest.In addition, SPTcanaccommodat®therfatty acyl-CoAssuchasC14:0or
C18:0givingriseto LCBwith 16and20carbonsrespectivelyiHowever,our analysesevealed
smallproportionsof original LCBwith odd (d17:0andd17:1)andpolyunsaturatedd18:2)
chainlength.Thosehadnot beenpreviouslyidentifiedin the brain[28,30,40],retinaor optic
nerve[41,42]butd17:0andd17:1hadbeendetectedn plasmg?26]. Regardinghe FA, stearic
acid(18:0)is describedasthe main fatty acidof mammaliannervoussystemGGs,accounting
for over80%of thetotal GG FA content[40]. Thiswasthe casén our GG extractsfrom
humanbrain, retinaandoptic nervewhile 16:0wasthe main FA in the plasmaandciliary
body GGs.Howeverwealsodetectedhvarietyof minor FAsin thedifferenttissuesve stud-
ied. A striking observationwvasthetotal absencef long chainpolyunsaturatedatty acids
(LCPUFAs)in GGsof theretinaandbrain consideringhat thesdissuesontainveryhigh
amountsof LCPUFAs especiallglocosahexaenoarid(22:6DHA): about20and 7%of total
FAsin theretinaandbrain cerebrumyespectively43]. Interestingly retinal GT3 exhibited
specificitiesn its molecularspeciegsomposition.Indeed retinal GT3and AcGT3werevery
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similaranddifferedboth from brain GT3and AcGT3andfrom otherretinal GG classeby the
abundancef ceramide<0:1,42:2and42: lresultingin specificallyhigh proportionsof cer-
amideswith 2 unsaturationand 42carbonsTheseeaturesorrespondedo anabundance
of 22:0,22:1and 24:1fatty acids.

Thetissuespecificitiesn the GG classaswell asin the molecularspeciegompositionwe
observedouldleadto think that specificGGsmight exhibit specificpropertiesrelativeto the
structureandfunction of thetissuein whichtheyareexpresseddowever the biologicalsignif-
icanceof suchindividuality remainsdifficult to decipher.Thediversityandbiologicalrolesof
GGshavelong beenassociatedxclusivelyo differencesn the carbohydratechainprotruding
towardthe extracellulaenvironment.Thebiologicalimpactof subtlestructuralvariationsin
thelipid moietyinsertedinto the outerleafletof the plasmamembranehasjust startedto be
uncoveredTheemergencef lipidomic, appliedto glycobiologyhashelpedanswelthese
questiondy offeringadirectaccesso the ceramidestructuresAccordingto the currentraft
conceptGGscolocalizewith sphingomyelinandcholesteroto form orderedmembrane
microdomainswithin amorefluid bilayermainly composedf phospholipidsThesedomains
with apeculiarlipidic compositionalsocontainnumeroussignalingproteinsandareconsid-
eredassignalingplatforms[44]. Thanksto their uniqueproperties GGsareableto laterally
segregatandthusseento activelyparticipatein forming andstabilizingmembranemicrodo-
mains.Actually, GG propertiesrely both on their hydrophilic oligosaccharidehainandon
their hydrophobicceramidemoietyandtheir redistributionwithin the plasmamembrane
might thusbecrucialfor signalingeventsoccurringatthe cellsurfacg45].

Thehydrophilic moietyis believedo participatein determiningthe clusteringof the mole-
culeswithin the plasmamembrane Sinceclusteringis favoredby largedifferencesn the geo-
metricalcharacteristicén the headgroup of the complexlipids, GGsthathaveamuchmore
hydrophilicandlargerheadgroupthanthe neighboringphospholipidsarethoughtto beespe-
cially efficientin that matter. This bulky headgrouprequiresawideinterfacialareaand
increasinghe volumeof the oligosaccharidehainwill increasdéhe curvatureof the mem-
branedomains .Moreover the GG headgroupsaresurroundedby awatershellattractedby
the hydrophilic characteof sugarsandby the necessityo avoidrepulsionbetweerthe nega-
tively chargedligosaccharided.his waterstabilizeghe GG clusteringby organizinga net of
hydrogenbonds[46]. Asmentionedabove GT3is ac-seriessG,whichis characterizedy an
oligosaccharidehaincomposedf asequencef threesialicacidslinked to the galactoseesi-
due.Thisuniqueheadgroupwithin the GGsdetectedn our tissuesamplesnustexhibitspe-
cific propertiesin term of geometricapackingand hydrophilicinteractions.Indeed,the
negativelychargedcarboxylgroup of thethreesialicacidswould beassociatedvith aparticu-
larly largewatershell.The dynamicpropertiesof sialylatecligosaccharidehainwould also
contributeto determinealargeinterfacialareafor this specificGG classThus,aggregatesf
GT3will likely bestronglyexcludedrom glycerophospholipidreasandclusterto form stable
microdomainswith asignificantmembranecurvature[45]. Moreover the original glycosyl
epitopeof GT3mustexhibit specificoropertiesn term of interactionswith signalingpartners.
Indeed theoligosaccharidehainof GGsexposeditthe cellsurfacewhosepropertiesdepend
on thenumber,natureandsequencef its residuesis known to beinvolvedin glycosylation-
dependentdhesionrecognitionandsignaling[47].

Regardinghe hydrophobicceramidemoiety,the amidegroupforming anetworkof hydro-
genbondsatthe water-lipid interfaceof the plasmamembraneandthe doublebond of the
LCBnearthisinterfaceareconsideredo makeceramidearigid structureand contributeto
thedecreasen membranefluidity inducedby GGs[46]. Besidesatypicalfeatureof GGsisthe
high proportion of rigid saturatedalkyl chainswhichis thoughtto becrucialfor the capabili-
tiesof GGsto form membranedomains.Indeed lipids that containrigid saturatedalkyl chains
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with hightransitiontemperaturearespontaneouslgxcludedrom thosethat containunsatu-
ratedchainswith low transitiontemperaturg46]. It is hardto predictwhatconsequences
modestdifferencesn the numberof unsaturationsor chainlengthof the FA and LCBwould
havefor the cell.Indeed,mostof the studiesregardingtheimpactof the ceramidemoietyin
the partitioning of sphingolipidsand GGsin orderedmicrodomainshavebeenperformed
usingmodelmembraneskorinstancepPalestini . usedliposomesomposedfamixture
of DEPC(dielaidoylphosphatidylcholinegnd DPPC(dipalmitoylphosphédylcholine)to
showthat GM1 with 16:0to 22:0saturatedacylchainshada markedpreferenceo incorporate
into theorderedgelphasecontraryto GM1 with 14:0acylchainwhich preferentiallysegre-
gatedinto the disorderediquid phaseMoreover, GM1 with 18:1and 18:3unsaturatedacyl
chainsexhibitedamuchstrongerpreferencdor theliquid phasecomparedo 18:0.Theresults
alsoshowedittle effectof d20:1LCBcomparedo d18:1[48]. However,ncreasinghe LCB
chainlengthfrom 18to 20carbonsncreaseshe hydrophobicvolumeandthetransitiontem-
peratureof GG specieseadingto think thatd20:1LCBmustbemoresegregatedndmore
efficientin reducingmembrandfluidity thand18:1LCB[40]. Sphingosing¢d18:1)washy far
themain LCBin our GG extractsbut d20:1wasalsowell representedn nervoustissuegbrain,
retina,optic nerve).Accordingto theseobservationstheir presenceshouldresultin increased
membraneigidity comparedo the ciliary bodywhich expressesainly d18:1.In accordance
with literaturedata,18:0,20:0and 16:0werethe major FAsin our tissuesamplesBasecn the
principlesmentionedabovethe abundancef 18:0and 20:0in nervoustissuesandthe low
proportion of 16:0,contraryto the ciliary body,would beassociatedith morerigid mem-
branemicrodomains.The sameconsequenceould resultfrom the prominenceof saturated
FAsto the detrimentof mono or di-unsaturated=A in theretinaandthe brain. On thecon-
trary, the specificabundancesf 22:1,22:0and 24:1in retinal GT3,comparedo 18:0and20:0
in other GG classesr othernervoustissuesvould resultin alowerrigidity of the domains
containingtheseGG specie®r favortheir localizationinto more fluid membranedomains. As
previouslymentioned LCPUFAswereabsenfrom our GG extractsThoseFA areusually
acylatednto membranephospholipidsDHA is particularlypresenin phosphatidylserinand
phosphatidylethanolamin@speciallgbundantin synaptosomamembranesn the central
nervoussystemandrod outersegmentin theretina. Sinceplasmamicrodomainsareenriched
in phosphatidylcholin@nddepletedn phosphatidylsering46], DHA islikely excludedrom
thesedomains. Apart from the signalingrole of LCPUFAswhich canbereleasedrom the
membranedy phospholipaseand convertedo eicosanoidd,CPUFAsalsoexertstructural
roleswithin the plasmamembraneThe manyunsaturationensuremembrandiuidity allow-
ing moleculegso movelaterally.In theretina,DHA isthoughtto favorthe conformational
changesindergoneby rhodopsinduring the visualprocesg43]. Obviously thelipid moieties
of GGswith their mainly saturatedcbr monounsaturateélkyl chainsundertakean opposite
function by favoringmembranerigidity andstabilizingmicrodomainsto createanappropriate
microenvironmentfor specificprotein interactionsandsignalingevents.

In conclusionthe presentstudyoffersanin-depth characterizatiorof the GG profile of the
humanretinain comparisonwith otherocularstructuresprain andplasmalt revealsetinal
specificitiesn both GG classaand ceramidepattern,especiallysingalipidomic approach
basedn LC/MS.Our work thuspaveghewayfor future researctaimingto determinethe
specificrolesof GGsandtheir ceramidemoietyin theretina.

Supporting Information

Si1Table.Molecular specie®f the gangliosideclassesletectedwith the QqQ andthe
LTQ-Orbitrap massspectrometersn the retina and other ocular tissues prain and
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plasma.The QqQ massspectrometewasoperatedn negativéon modeandthe LTQ-Orbi-
trap massspectrometewasoperatedn positiveion mode.MM, theoreticaimoleculamass.
+, detected;, non-detected.

(PDF)

S2Table.Molecular speciegrofile of the gangliosideclasse®f the retina and other ocular
tissuesprain and plasma.Datawereobtainedby operatingthe QqQ massspectrometem
negativeSRMmode.Thepercentagef eachceramidespeciesvasexpressedelativelyto the
sumof all detectedspeciedn its specificGG classeveryGG classeingconsideredseparately.
Molecularspeciesccountingfor lesghan 1%weregroupedunderthe category*others®.
Resultaregivenasmeanandstandarddeviationof 4 to 7 independensamplegor eachtissue,
injectedthreetimes.N.D.: Non-detected S/N<3); <LOQ: detectedut belowthelimit of
guantification(S/N<10).

(PDF)

S3Table.Ceramidemolecular specief the gangliosideclasse®f the ciliary body charac-
terized by HRMSwith the LTQ-Orbitrap massspectrometer.Only the main classesf this
tissug(GM3 and GD3) couldbecharacterizedviajor molecularspeciesireindicatedin bold.
N.D.:Non-detectedN.l.: Non-identified.

(PDF)

S4Table.Ceramidemolecular specief the gangliosideclasse®f the optic nervecharac-
terized by HRMSwith the LTQ-Orbitrap massspectrometer.Wewerenot ableto character-
izeanymolecularspeciesh AcGD3,GD2,GD1a,AcGT1b,GQlbandAcGQ1b.Major
molecularspeciesreindicatedin bold.N.D.:Non-detectedN.l.: Non-identified.

(PDF)

S5Table.Ceramidemolecular specie®f the brain gangliosideclassegharacterizedby
HRMSwith the LTQ-Orbitrap massspectrometer.We werenot ableto characterizeny
molecularspeciesn theminor classesf GQ1lband AcGQ1lb.Major molecularspeciesre
indicatedin bold.N.D.:Non-detectedN.l.: Non-identified.

(PDF)

S6Table.Ceramidemolecular specief the plasmagangliosideclassesharacterizedoy
HRMSwith the LTQ-Orbitrap massspectrometer.Only the main classesf thistissue
(GM3,GM2 and GD3) couldbecharacterizedMiajor molecularspecieareindicatedin bold.
N.D.:Non-detectedN.|.: Non-identified.

(PDF)
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