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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
Gangliosides(GGs)areglycosphingolipidsmakingawidefamilyof sialicacid-containing
compounds.Theyarecomposedof aceramidemoietyon whichanoligosaccharidechainis
branched(Fig1A).
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Theceramideis itselfcomposedof afattyacid(FA) linked to asphingoidbasealsocalled
longchainbase(LCB).Glycosphingolipidsareclassifiedinto anumberof seriesbasedon their
corecarbohydratestructure.Mostof theGGsbelongto theganglio-seriescharacterizedby the
followingsequence:Gal��1-3GalNAc��1-4Gal��1-4Glc��1-Cer[3]. Ganglio-seriesGGshaving0,
1,2 and3 sialicacidresidue(s)linked to theinner galactoseresiduerespectivelymakethe0-,
a-,b- andc-series.Asillustratedin Fig1B,GGsaresynthesizedbysequentialglycosylations
andsialylationsfrom thecommonlactosylceramideprecursor.Thehugediversityof GGs
resultsfrom both thestructuraldiversityof theoligosaccharidechainandtheceramidemoiety.
Sofar,morethan180GGshavebeendescribedpresentingwith differencesin thenature,
orderandlinkageof thecarbohydrateresidues[4]. TheFA andLCBalsolargelyvaryin their
length,saturationandhydroxylation.Interestingly,theGGpatterndiffersamongthetissues
andcelltypes.It alsochangesduring differentiationor development,aswellasin some
diseases.

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:10.1371/journal.pone.0168794.g001
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GGsareamphiphaticmoleculesof theplasmamembrane.Theyareinsertedinto theouter
leafletthroughtheir hydrophobicceramidemoietyandexposetheir hydrophilicoligosaccha-
ride chaintowardstheextracellularenvironment.Theyarethoughtto beenrichedwithin
orderedmembranemicrodomainsreferredto aslipid rafts[5, 6]. Thisspeciallocalizationgov-
ernstheir biologicalroles.Indeed,GGsareknownto beinvolvedin glycosylation-dependent
adhesion,recognitionandsignalingby regulatingcell-cellandcell-matrixinteractions.They
arereceptorsfor microorganismsandtoxinsandalsointeractwith otherglycosphingolipids,
counterpartlectinsandadhesionreceptorssuchasintegrins.Moreover,GGshavebeenshown
to modulatetransmembranesignalingviatwo majorsystems:growthfactorreceptor-associ-
atedtyrosinekinaseandPKC.Throughthesefunctions,GGscanregulatecellproliferation
anddeath,adhesion,migrationanddifferentiation[7].

While ubiquitouslyexpressedin mammaliantissues,GGsareparticularlyabundantin the
brain andnervoustissues.Their importancein thenervoussystemisnowwellestablished.��
�����, GGshavebeenassociatedwith neuritogenesis,survivalandadhesionof neuralcells[7].
�� ����, GGexpressionundergoesdramaticchangesduring neurodevelopment,especiallydur-
ing theearlystagessuggestingtheir functionalrolesatparticulardevelopmentalmilestones
suchasneurogenesisandsynaptogenesis[8]. In thelast20years,severalstrainlinesof knock-
out micefor GGbiosynthesisenzymes(GM3 synthase,GD3synthase,or GM2/GD2synthase)
havebeenestablishedandtheir phenotypecharacterized.Thesemiceshowvaryingdegreesof
neurologicaldisordersaggravatingwith agesuchasmotor andsensorydysfunctions,impaired
nerveregeneration,demyelinationandinflammationof neuronsandbehaviouraldeficits.. .
[8±10].In humans,agroupof diseasescausedbyalterationsof thedegradationof GGs,which
consecutivelyaccumulateinto lysosomes,havebeendescribed.Theyarereferredto asganglio-
sidosis(GM2-gangliosidoses:Tay-SachsandSandhoffdiseasesor GM1-gangliosidosis).
Althoughtheonset,courseandclinicalmanifestationsmayvary,theyaremarkedbysevere
neurodegenerativedisorders(developmentalarrest,seizures,dystonia,hypotoniaanddemen-
tia) [11]. It isnoticeablethatmostof themalsoexhibitvisualsymptomsrangingfrom acherry
redspotin thecentralretinato lossof vision.Moreover,Simspon�� 	
. reportedtheassocia-
tion of aloss-of-functionmutationof GM3 synthaseleadingto alackof ganglio-seriesGG
expressionwith anepilepsysyndrome,developmentalstagnationandblindnessamongthe
Amishpeople[12].

Severalstudiesreportedimportantdevelopmentalchangesin GGcompositionof theretina,
concomitantlyto morphologicaldifferentiation,especiallyin chickembryos[13±15].GD3
undergoesadrasticdecreasewhilethemorecomplexGGs,especiallyGM1andGD1a,increase
to becomethemajorclassesduring thefirst 15embryonicdayswhensynaptogenesis,growth
of theoutersegmentof thephotoreceptorsandemergenceof abioelectricresponseto light
stimulationhappen.While thedecreasein GD3levelsalsooccursin mammalianretina,this
GGclassremainsprevalentatall developmentalstages,asopposedto thebrain in whichtetra-
osylGGsbecomethemajorclasses[16±19].Characterizationof mousemodelsof Sandhoffdis-
easerevealedthat theyexhibitanimpairedcapabilityof neuriteoutgrowthin retinalganglion
cells[20] andvisualimpairment[21]. Besides,afewstudiessuggestedthatGGsexertaneuro-
protectiveactionwithin theretina.It wasshownthatGM1 injection into thevitreousinhibited
thedegenerationof retinalganglioncellsafteropticnerveaxotomy[22] or protectedagainst
retinaldamage(retinal thicknessatrophy,decreasein retinalganglioncelldensity)inducedby
retinal ischemia[23]. While thosestudiesstronglysuggestamajor roleof GGsin theretina,
this researchfield remainspoorly investigatedandrequiresfurther work to improvethecom-
prehensionof thepreciserolesof GGsin retina'sstructureandfunction.

In thepresentwork,weanalyzedGGsin thehumanretinaandothernervousandnon-ner-
vousocularstructures(optic nerve,retinalpigmentepithelium(RPE)/choroid,ciliary body)of
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agedindividuals.WealsoanalyzedGGsin thebrain,whoseretinaisadirectextension,andin
plasmawhereGGsarecirculatingassociatedwith lipoproteins.BycomparingtheGGprofiles
of thesedifferenttissuesof interest,weaimedto highlightspecificitiesand/orcommonfea-
turesin orderto giveinsightregardingthespecificrolesof GGsin thestructureandfunction
of theretina.Thiswork especiallyinvolvedLC/MStechniquesthatofferasensitive,accurate
anddetailedpictureof GGsandtheir ceramideprofile.

Materials and Methods

Ethics statement
All freshtissueswereprocuredfrom bodiesdonatedto science(Laboratoryof Anatomy,Fac-
ulty of Medicineof St-Etienne,France)aspermittedby theFrenchbioethicslaw.Donorsvol-
unteertheir bodyandgivewritten consentto theLaboratoryof Anatomy;no further specific
approvalby theethicscommitteeis required.Handlingof donor tissuesadheredto thetenets
of theDeclarationof Helsinkiof 1975andits 1983revisionin protectingdonor
confidentiality.

Materials
Chloroform(CHCl3) andmethanol(CH3OH) wereobtainedfrom SDS,France.Ammonium
acetate,acetonitrile(CH3CN), methanolandwater(H2O) of OptimaLC/MSgradewereall
from FisherScientific,France.CommerciallyavailableGGstandards(GM3,GM2,GM1,GD3,
GD1a,GD1b,GT1bandGQ1b)from naturalsources(bovineor human)wereobtainedfrom
MatreyaLLC,USA.

Human tissues
Humantissueswereobtainedfrom 7 donors(5 womenand2 men)rangingfrom 81to 94
yearsold (meanage87.3� 5.9years).Bodieswererefrigeratedat4ÊCandtissuescollected
within 24h afterdeath(meantime 14.0� 5.7hours).A bloodsamplewascollectedin heparin-
izedtubesbyvenipuncture.Plasmawasseparatedfrom redbloodcellsbycentrifugationat250
� for 10min at4ÊC.After removingtheeyeballs,abrain biopsywasperformedthroughthe
orbit roof (in theareaof thefrontal lobe).After removingtheanteriorpartof theeye,thecili-
arybodywasidentifiedanteriorto theparsplanaandcarefullydissected.Theposteriorpoleof
theeyeballwasplacedon aback-lit tableandtheretinawasobservedunderanoperating
microscope.No eyehavinglargedrusen,severepigmentepithelialalterations,severemacular
atrophy,macularhemorrhage,or anygrosslyvisiblechorioretinalpathologicabnormalitywas
includedin thestudy.Moreover,agrossexaminationof theopticnerveheaddid not reveal
anycaseof glaucomawithin thedonors.After removingthevitreousbody,theentireneural
retinawascarefullyseparatedfrom theRPE/choroidwith forceps.Theopticnervewasthen
excisedbycutting tangentialto thescleraafterhavingremovedtheextraoculartissues.All
sampleswereimmediatelystoredat -80ÊCuntil further analyses.

Tissue sample preparation
50±300mgof tissue(retina,opticnerve,RPE/choroid,ciliary body,brain) wasthoroughly
homogenizedin 0.5±1mL distilledH2O with tungstenmicrobeadsusingatissuelyser(Qiagen,
TheNetherlands,1min 30sat30Hz speed).A 40�L aliquotof eachsamplewasusedto mea-
sureproteincontent.Therestof thesamplewasusedto extractgangliosides.Alternatively,
1±5mL of plasmawereused.A 40�L aliquotof eachsamplewasalsousedto measureprotein
content.
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Quantitative determination of protein content
The40�L aliquotsof tissuehomogenatesandplasmawerelysedbyadditionof 10�L of 5X
Ripabufferandincubationon icefor 30min. After clearingbycentrifugation(10000�, 10
min, 4ÊC),totalproteincontentwasmeasuredon thesupernatantsusingtheBCAmethod
(BCAproteinassaykit accordingto manufacturer'sinstructions,PierceBiotechnology,
ThermoScientific,USA)with bovineserumalbuminasastandard(Sigma-Aldrich,USA).

Extraction, separation and purification of gangliosides
First,total lipids wereextractedfrom thetissuesampleshomogenizedin H2O andfrom
plasma,overnightat4ÊC,with 10volumesof CHCl3/CH3OH (1:1,v/v). Theresidualpellets
obtainedaftercentrifugation(1 500�, 5 min) werethenre-extractedwith 3 mL CHCl3/
CH3OH (1:1,v/v), 3 mL CHCl3/CH3OH (2:1,v/v) and3 mL CHCl3/CH3OH/H 2O (48:35:10,
v/v/v). Thefour lipid extractswerecombined,driedunderastreamof nitrogenandre-dis-
solvedin 3mL CHCl3/CH3OH (1:1,v/v). Second,GGwereseparatedfrom otherlipids by
phasepartition byadding1 mL H2O.After centrifugation(1 000�, 3 min), theupperaqueous
phaseswerecollectedwhile lowerorganicphaseswerere-extractedtwicewith 2 mL CH3OH/
H2O (1:1,v/v). ThethreeupperphasescontainingGGswerecombined,driedunderastream
of nitrogenandre-dissolvedin 2mL CH3OH/PBS10mM(1:1,v/v). Third, theGGextracts
weredesaltedon aC18silicagelcolumn(Sep-PakVac6cc,500mg,Waters,USA)washed
with 7 mL CH3OH andpre-equilibratedwith 7 mL CH3OH/PBS10mM(1:1,v/v). After wash-
ing with 10mL H2O,purified GGswereelutedwith 6mL CH3OH and4 mL CHCl3/CH3OH
(2:1,v/v). GGextractswereevaporatedto drynessunderastreamof nitrogen,re-dissolvedin
1mL CHCl3/CH3OH (2:1,v/v) andstored,undernitrogen,at -20ÊCuntil further analyses.

Ganglioside analysis by High Performance Thin Layer Chromatography
(HPTLC)
Aliquotsof theGGextracts(equivalentto 10nmol GG-boundsialicacidasapoolof theindi-
vidualsamplesfor eachtissuetype,n = 4±7)wereappliedto aHPTLCplate(Merck,Ger-
many).Theplatewasdevelopedin CHCl3/CH3OH/0.2%CaCl2 (55:45:10,v/v/v) for 45min,
sprayedwith resorcinolreagent(10mL resorcinol2%(Sigma-Aldrich,USA),40mL hydro-
chloricacid,and0.125mL 0.1Mcoppersulfate)andcoveredwith acleanglassplateto be
heatedat120ÊCfor 20min. GGs,appearingaspurple-bluebands,wereidentifiedbyco-migra-
tion with standards.A standardcurvewasalsoperformedfor eachGGclassbyspotting
increasingknownamountsof GGstandardson aHPTLCplate.A densitometricanalysisof
theGG-boundsialicaciddetectedon theplateswasperformed,usingaCCDcamera(Chemi-
doc� MP Systemfrom Biorad,USA).TissueGGswerethenquantifiedusingthestandard
curvesestablishedfor eachGGclass.

Ganglioside analysis by liquid chromatography coupled to mass
spectrometry
GGswerefirst separatedby liquid chromatographyunderHydrophilic InteractionLiquid
Chromatography(HILIC) conditionsandthenanalyzedbybothaTriple Quadrupolemass
spectrometerandaLTQ Orbitrap massspectrometerthanksto analyticalmethodspreviously
developed.Foraprecisedescriptionof themethods,see[1].
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High performance liquid chromatography
GGseparationwasachievedusingasilicaKinetexcolumn(150mm x 2.1mm i.d.,2.6�m,
HILIC, Phenomenex,USA)maintainedat30ÊC.Themobilephaseconsistedof (A) CH3CN/
H2O (90:10,v/v) containing10mM ammoniumacetateand(B) CH3CN/H2O (50:50,v/v) con-
taining10mM ammoniumacetate.Thesolvent-gradientsystemwasasfollows:0±1min 100%
A, 4 min 79%A, 9 min 78%A, 14±18min 50%A and19±48min 100%A.

TSQ quantum ultra
Thetriple quadrupole(QqQ) massspectrometer(ThermoScientific,USA)wasoperatedin
negativeion mode.Forcharacterization,Collision-InducedDissociation(CID) of eachdepro-
tonatedmoleculewasperformedin thenegativemode.An abundantproduction at �
� 290
correspondingto acharacteristic�-Acetylneuraminic acid(sialicacid)fragmentwasobtained
from [M-xH] x- ionsof thedifferentGGmolecularspecies.Thisfragmentwasusedfor precur-
sorion scanning,wherebythe[M-xH] x- ionsof GGwerespecificallydetected(Signal/
Noise> 3).Forquantification,datawereacquiredin SelectedReactionMonitoring (SRM).
Theprecursorandproduction pairsfor theSRManalysiswereselectedbasedon theprecursor
ion scanningbut somespecieswerenot consideredin SRMbecausetheystoodbelowthe
quantificationlimit (Signal/Noise< 10).Eachsamplewasinjectedin triplicate.Thepropor-
tion of eachmolecularspeciesof aspecificGGclasswascalculatedastheratio of its peakarea
to thesumof all detectedpeakareasin thisclass,everyGGclassbeingconsideredseparately.

Thermo LTQ-Orbitrap XL�Œ(Thermo Scientific, USA)
Thishybrid massspectrometerwasusedfor high-resolutionanalyses.All spectrawere
acquiredin themassrange�
� 200±2600andwith theresolutionsetvalue60000at �
� 400.
For tandemmassspectrometry(MS/MS)analyses,HigherenergyCollisionalDissociation
(HCD) andCID werebothemployed.Theprecursorionswereselectedwithin anisolation
width of 10.

Statistical analyses
ForeachtissueandeachGGclass,intensitymeasurementsof molecularspeciesobtainedwith
theQqQmassspectrometerwereexpressedasproportions.First,averagesoverthethreerepli-
catedinjectionswerecalculated.Subsequently,averagesoversubjects(n = 7 for retina,brain
andRPE/choroid,n = 6 for opticnerve,n = 4 for ciliary bodyandplasma)wererepresentedin
colorscale.Thosespeciesproportionsrepresentcompositionaldatawhichwerefurther ana-
lyzedusingtheRpackagècompositions'(K. GeraldvandenBoogaart,RaimonTolosanaand
MatevzBren(2014).compositions:CompositionalDataAnalysis.Rpackageversion1.40±1.
https://CRAN.R-project.org/package=compositions).Theanalysesfocusedon severalvari-
ablesselectedfor their biologicalrelevance:theproportion of (36:1+ 38:1)ceramides,of 34:1
ceramide,of (40:1+ 42:2+ 42:1)ceramides,of ceramideswith 1 or 2 unsaturation(s),of cer-
amideswith 34carbonsor lessandof ceramideswith 42carbonsor more.Thoseproportions
wereobtainedusingtherealcompositionalscale(rcomp)sincethehighnumberof ªbelow
detectionlimitº valuesmadeimpossibletheutilization of Aitchisoncompositionalscale.Each
variablewastransformedusingacenteredlogratio transformation.Foreachvariable,analyses
of variancewereperformedbyGGclass,with anadditivemodelwith tissueandsubjectfac-
tors.Then,tissueswerecomparedthroughNewman-Keulsmultiple comparisons(Table1).
Furthermore,ternarydiagrams,suitedfor therepresentationof compositionandrelativedata,
wereplottedfor theretinaandfor retinalandbrain GT3andAcGT3.Theyrepresentthe
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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 0.05d 0.04d 0.19b 0.17b 0.08c 0.37a 0.61b 0.71a 0.26c 0.17d 0.17d 0.14e

GM2 0.03b 0.03b N.D. 0.26a 0.01c 0.25a 0.95a 0.91a N.D. 0.41b 0.81a 0.32b

GD3 0.06c 0.02e 0.20b 0.23b 0.05d 0.39a 0.54b 0.84a 0.24cd 0.18d 0.31c 0.10e

AcGD3 0.06b 0d N.D. 0.32a 0.03c N.D. 0.66b 0.65b N.D. 0.12c 0.85a N.D.

GD2 0.01b 0.01bc N.D. 0.28a 0d N.D. 0.96a 0.95a N.D. 0.66a 1.00a N.D.

GD1a 0.03d 0.01e 0.04c 0.17b 0e 0.39a 0.87a 0.89a 0.16d 0.28c 0.38b 0.38b

GD1b 0.01bc 0.01c 0.01bc 0.20a 0d 0.04b 0.90a 0.92a 0.86a 0.70b 0.69b 0.84a

AcGD1b 0a 0a N.D. N.D. 0a N.D. 0.90a 0.99a N.D. N.D. 1.00a N.D.

GT3 0.04a 0b N.D. N.D. N.D. N.D. 0.34b 0.98a N.D. N.D. N.D. N.D.

AcGT3 0.02a 0b N.D. N.D. N.D. N.D. 0.38b 1.00a N.D. N.D. N.D. N.D.

GT1b 0.02b 0.01bc 0.01b 0.16a 0c 0.11a 0.85a 0.96a 0.76a 0.54b 0.57b 0.60b

AcGT1b 0b 0b 0b 0.26a 0b N.D. 0.94a 0.96a N.D. 0.32b 0.86a N.D.

GQ1b 0b 0b 0b 0.20a 0b N.D. 0.85a 0.93a 1.00a 0.69a 0.74a N.D.

AcGQ1b 0a 0a N.D. N.D. 0a N.D. 1.00a 1.00a N.D. N.D. 0.93b 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 0.85a 0.84a 0.69c 0.65d 0.61e 0.72b 0.21d 0.19d 0.43b 0.46b 0.60a 0.27c

GM2 0.99a 0.96a N.D. 0.83c 0.89b 0.71d 0.01d 0.02c N.D. 0.30a 0.15b 0.27a

GD3 0.87a 0.91a 0.70b 0.71b 0.70b 0.67b 0.32c 0.10d 0.46a,b 0.41b 0.53a 0.30c

AcGD3 0.93b 0.70d N.D. 0.76c 0.99a N.D. 0.22b 0.05d N.D. 0.48a 0.10c N.D.

GD2 0.99a 0.98a N.D. 0.97a 1.00a N.D. 0.02c 0.03b N.D. 0.06a 0d N.D.

GD1a 0.93a 0.93a 0.65d 0.69c 0.68c 0.84b 0.03f 0.05e 0.75a 0.42b 0.33c 0.08d

GD1b 0.98a 0.97a 0.96a 0.95a 0.94a 0.95a 0.07b 0.05b 0.12b 0.08b 0.27a 0.10b

AcGD1b 0.93a 0.99a N.D. N.D. 1.00a N.D. 0.03a 0b N.D. N.D. 0b N.D.

GT3 0.81b 0.98a N.D. N.D. N.D. N.D. 0.54a 0b N.D. N.D. N.D. N.D.

AcGT3 0.80b 1.00a N.D. N.D. N.D. N.D. 0.52a 0b N.D. N.D. N.D. N.D.

GT1b 0.96ab 0.98a 0.93ab 0.85c 0.90bc 0.85c 0.11b 0.01c 0.21a 0.25a 0.35a 0.24a

AcGT1b 1.00a 0.99a 0b 0.65a 1.00a N.D. 0.06ab 0.04b 0c 0.17ab 0.14a N.D.

GQ1b 0.97bc 0.97c 1.00a 0.98b 0.97bc N.D. 0.13b 0.04d 0e 0.10c 0.26a N.D.

AcGQ1b 1.00a 1.00a N.D. N.D. 1.00a N.D. 0b 0b N.D. N.D. 0.07a 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 0.15d 0.16d 0.31bc 0.35ab 0.39a 0.28c 0.05d 0.04d 0.20b 0.19b 0.08c 0.44a

GM2 0.01e 0.04d N.D. 0.17b 0.11c 0.29a 0.03b 0.03b N.D. 0.26a 0.01c 0.27a

GD3 0.13b 0.09c 0.30a 0.29a 0.30a 0.33a 0.06c 0.02e 0.21b 0.25b 0.05d 0.48a

AcGD3 0.07b 0.30a N.D. 0.24a 0.01c N.D. 0.06b 0d N.D. 0.32a 0.03c N.D.

GD2 0.01b 0.02a N.D. 0.03a 0c N.D. 0.01b 0.01bc N.D. 0.28a 0c N.D.

GD1a 0.07c 0.07c 0.35a 0.31a 0.32a 0.16b 0.03d 0.01e 0.04c 0.18b 0e 0.46a

GD1b 0.02a 0.03a 0.04a 0.05a 0.06a 0.05a 0.01bc 0.01c 0.01bc 0.20a 0d 0.05b

AcGD1b 0.01a 0.01a N.D. N.D. 0b N.D. 0a 0a N.D. N.D. 0a N.D.

GT3 0.19a 0.02b N.D. N.D. N.D. N.D. 0.04a 0b N.D. N.D. N.D. N.D.

AcGT3 0.19a 0b N.D. N.D. N.D. N.D. 0.02a 0b N.D. N.D. N.D. N.D.

GT1b 0.04b 0.02c 0.07ab 0.15a 0.10a 0.15a 0.02b 0.01bc 0.01b 0.16a 0c 0.11a

AcGT1b 0b 0.01a 0b 0.10a 0b N.D. 0b 0b N.D. 0.26a 0b N.D.

GQ1b 0.03a 0.03a 0c 0.01b 0.03a N.D. 0b 0b 0b 0.20a 0b N.D.

AcGQ1b 0a 0a N.D. N.D. 0a N.D. 0a 0a N.D. N.D. 0a N.D.

G. Ceramides � 42 carbons

GG classes Retina Brain RPE/ Choroid Ciliary Body Optic nerve Plasma

GM3 0.10e 0.17d 0.37b 0.37b 0.56a 0.21c

(Continued)
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proportionsof severalvariables:(36:1+ 38:1),(40:1+ 42:2+ 42:1)ceramidesandothermolec-
ular species;ceramideswith 1,2and3unsaturations;ceramideswith 34carbonsor less,42
carbonsor moreandothermolecularspecies,aswellasconfidenceellipses.Forall statistical
analyses,significancewassetatp<0.05.

Results

Total ganglioside content and ganglioside pattern determined by HPTLC
TheGGpatternof thedifferenttissuesof interestwasstudiedbyHPTLCassociatedto resor-
cinol revelation.Asshownin Fig2A,significantdiscrepanciesamongtheoculartissues,brain
andplasmaclearlyappeared.GGsof theganglio-serieswereidentifiedbasedon comigration
with standardsandquantitativeassessmentwasobtainedbydensitometricanalysisthanksto
calibrationcurvesestablishedfor eachGGclass.Resultsexpressedasnmol GG/mgprotein for
tissuesandasnmol GG/mLfor plasmaaregivenin Fig2Band2C,respectively.

RegardingthetotalGGcontent,theretinacontainedhigheramountsthantheotherocular
structuressincethetotal reached4.5nmol GG/mgprotein for theretinaand2.1,3.2and2.2
nmol GG/mgprot for theRPE/choroid,ciliary bodyandopticnerve,respectively.However,
thoselevelsweremuchlowerthanthelevelsmeasuredin thebrain (14.8nmol GG/mgprotein)
whichisknown to beparticularlyrich in GGs.Thoseresultsarein accordancewith previously
publisheddataobtainedin rat retinaandbrain [17]. ThecirculatingGGlevelswere2.3nmol
GG/ml plasma.

RegardingtheGGpattern,tissuespecificitiesclearlyappeared.Theretinapresentedalarge
diversityof GGssince7 differentclassescouldbedetectedandquantified:GM3,GM1,GD3,
GD1a,GD1b,GT1bandGQ1b.RetinaGGsbelongedto both thea-andb ganglio-seriesand
weremono-,di-, tri- or quadrisialylated.Asin othertypesof nervoustissuessuchasthebrain,
tetraosylGGs(GM1,GD1a,GD1bandGT1b)werepresentin largeproportionsbut thepromi-
nenceof GD3wasaspecificfeatureof theretina.Thepresenceof GM3 in significant

Table 1. (Continued)

GM2 0c 0.01c N.D. 0.23a 0.15b 0.22a

GD3 0.18c 0.08d 0.39a 0.29b 0.43a 0.30b

AcGD3 0b 0b N.D. 0.32a 0b N.D.

GD2 0b 0.01b N.D. 0.04a 0b N.D.

GD1a 0.01e 0.01e 0.65a 0.37b 0.23c 0.07d

GD1b 0.01b 0.01b 0.06a 0.06a 0.12a 0.05a

AcGD1b 0a 0a N.D. N.D. 0a N.D.

GT3 0.31a 0b N.D. N.D. N.D. N.D.

AcGT3 0.29a 0b N.D. N.D. N.D. N.D.

GT1b 0.03b 0.01c 0.11a 0.21a 0.21a 0.20a

AcGT1b 0b 0b 0b 0.14a 0b N.D.

GQ1b 0.03b 0c 0c 0.06a 0.07a N.D.

AcGQ1b 0a 0a N.D. N.D. 0a 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®cant differences in the proportions between tissues

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

doi:10.1371/journal.pone.0168794.t001

Ganglioside Profile of the Human Retina

PLOS ONE | DOI:10.1371/journal.pone.0168794 December 20, 2016 8 / 22



proportion wasalsonoticeablein this tissue.Thismight beduein part to thefactthat theret-
ina,despitebeinganervoustissue,is largelyirrigatedbyaretinalvascularnetwork,in which
GM3 is themajorGG.Indeed,GM3 wasthemostabundantamongplasmaGGssinceit repre-
sented70%of thetotalnmolesof GGsdetected.Theplasmaalsocontainedsignificant
amountsof GM1andGD3but circulatingGGsweremuchlessdiversethanin theothertissues
studied.GM3 wasthemajorGGin theRPE/choroidaswell (81%of thetotalnmolesof GGs
detected),whichismainlycomposedof bloodvesselsandcapillaries.GM1,GD3,GD1a,
GD1bandGT1bwerealsopresent,in muchlowerproportions,in this tissue.TheGGpattern
of theciliary bodywasverysimilar to theRPE/choroidexceptfor theabundanceof GD3(33%
of thetotalnmolesof GGsdetected).TheGGpatternof thebrain wasverydifferentfrom the
othertissueswith theabsenceof GM3 andtheabundanceof tetraosylGG:GM1,GD1a,GD1b
andGT1bwhichrepresentedrespectively23%,15%,35%and26%of thetotalnmolesof GGs
detected.Contraryto theretina,GD3wasaminor classin thebrain.Theopticnerveexhibited
aGGpatternin betweentheretinaandthebrain with thepresenceof hematosides(GM3 and
GD3) in addition to anabundanceof tetraosylGGs.Oneunidentifiedbandrunning justabove
GD1bwasobservedin theretinaandbrain,aswellasin theopticnerveandto alowerextent
in theciliary body.Otherbandsrunning aboveGM3 werealsodetectedin thedifferenttissues
analyzed.Oneof themwasveryprominent in theopticnerveandalsopresentin brain

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 (4±7 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 CHCl3/CH3OH/0.2% CaCl2 (55:45:10, v/v/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:10.1371/journal.pone.0168794.g002
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extracts.TheselesspolarGGslikely haveanoligosaccharidechainshorterthanGM3,thesim-
plestGGof theganglio-series,andthusbelongto anotherseriesof GGs.

Ganglioside classes and their ceramide composition determined by LC/
MS
GGswerefurther analyzedbyLC/MS.Prior to detection,amethodof liquid chromatography
in HILIC conditionswasusedfor anefficientseparationof theganglio-seriesGGclasses.Mass
spectrometrythenallowedfor thedetectionof everymolecularspecies,representingdifferent
ceramidestructures,presentin eachclass,basedon their exactmassandchargestate.Thedif-
ferentGGclasses(differentsugarchains)andthedifferentceramidetypes(total numberof
carbonsandunsaturations)couldthusbediscriminated.First,aprecursorion scanningof the
characteristicfragmentof GGs,�-Acetylneuraminic acid,at �
� 290,wasperformedin the
negativemodeusingthetriple quadrupole(QqQ) massspectrometer.Fig3 showsrepresenta-
tive total ion chromatogramsof thedifferenttissuesof interest.GGscorrespondingto com-
mercialstandardsweredetected,confirming theidentificationpreviouslymadebyHPTLC:
GM3,GD3,GD1a,GD1b,GT1bandGQ1b.GM1,whichdoesnot form multichargedions
andstandsoverthemassrangeof theQqQmassspectrometer,couldnot bedetectedwith this
apparatus.It shouldbenotedthat thisLC/MSmethodisnot quantitative.Indeed,theintensity
of aGGclasspeakisnot directlyproportionalto its absoluteamount.It alsodependson the
ability of thisspecificGGto befragmentedandionizedin theapparatus,whichvariesamong
thedifferentGGclasses.

Additional unknownpeakscouldbedetectedin betweenmajorGGclasses,especiallyin
theretina,opticnerveandbrain.Theseminor andlessfrequentlyreportedGGswereidenti-
fiedusinghigh-resolutionmassspectrometry.Theywereanalyzedin thepositivefull scan
modeusingaLTQ-OrbitrapXL massspectrometer.Mainly, GD2andGT3wereidentified,
whichlikely correspondto theunidentifiedbandobservedin HPTLCrunning betweenGD1a
andGD1b.Moreover,wewereableto detectseveralacetylatedformsof GGs(GD3,GD1b,
GT1b,GQ1b,andGT3),especiallyin thenervoustissues(retina,opticnerveandbrain).GM1
wasalsodetectedandidentifiedwith thisapparatus.Thanksto thehighmassaccuracyof the
Orbitrap analyses,weidentifiedthepeakdetectedbeforeGM3 in theopticnerveandbrain,
previouslyrevealedin HPTLC,asGM4,agala-seriesGG.It shouldbenotedthat its ceramide
containedahydroxylatedfattyacid,whichwasnot observedamongtheganglio-seriesGGs.
Thisspecificityof GM4 ceramidehasalreadybeenreportedin humanbrain [24] andshark
liver [25]. GM4 isknown to behighlyenrichedin centralnervoussystemoligodendrocytes
thatexplainsits detectionin thebrain,andin myelin thatexplainsits detectionin theoptic
nerve[8]. Ascanbeseenin Fig3,theretinaandbrain presentedwith thehighestdiversityof
GGclasses.Acetylatedformswereoverallmorepresentin neuraltissues(retina,brain and
opticnerve)eventhoughAcGD3andAcGT1bcouldalsobedetectedin theciliary body.Inter-
estingly,GT3andits acetylatedformswerespecificto theretinaandbrain.

A hugediversityof molecularspecieswasdetectedamongthesedifferentclassesof ganglio-
seriesGGsasshownin S1Tablegivinganexhaustivelist.Overall,ceramidesrangedfrom 32
to 44carbonswith one,two or threeunsaturations.Theacetylatedformsof GGspresenteda
lowernumberof ceramidetypesthanthenon-acetylatedforms.Thehighestdiversitywasseen
in theretina,in which108molecularspeciesof GGsin totalweredetected.Then,105molecu-
lar speciesweredetectedin theciliary bodyandopticnerve,followedby thebrain andplasma
with 94and92molecularspeciesdetected,respectively.ThelessdiversetissuewastheRPE/
choroidwith 73detectedmolecularspeciesof GGsin total.Somespecieswerewidelydistrib-
utedamongthedifferentGGclassesandtissuesof interest,whileothersappearto berather

Ganglioside Profile of the Human Retina

PLOS ONE | DOI:10.1371/journal.pone.0168794 December 20, 2016 10 / 22



specific.Ceramides34:1,36:1,38:1,40:1,42:2and42:1werepresentin almosteveryGGclass
of everytissue.On thecontrary,ceramides43:1and44:2wereoftenspecificto theopticnerve.
TheretinaspecificallyexpressedGT3andacetylatedGT3molecularspecies,whichwere
absentfrom theothertissuesstudiedexceptfor afewspeciesin thebrain.It wasnoticeable
thatceramide42:3,theonly specieswith 3 unsaturations,wassystematicallyabsentfrom the
retinaandbrain while it waspresentin variousGGclassesof theothertissues.

Molecular species profile of the various GG classes
Theproportionsof thedifferentmolecularspeciesdetected,correspondingto differentcer-
amidestructures,werecalculatedfor eachGGclassindependently,usingthedataobtained
with theQqQmassspectrometeroperatedin thenegativeSRMmode.Thefull setof datais
givenin S2Tableasmeansandstandarddeviationsof 4±7independentsamplesfor eachtis-
sue,injectedthreetimes.In addition,agraphicalrepresentationisgivenin Fig4.

Amongthe19molecularspeciesof the14GGclassesand6 tissuesof interest,both tissue
andGGclassspecificitiesor commonfeaturesclearlyappeared.In anattemptto highlight
thosefeaturesandtesttheir statisticalsignificance,molecularspeciesweregroupedaccording
to differentstructuralparameterslinked to thechainlengthor numberof unsaturationsof the
ceramide.Thedataandtheresultsof their statisticalanalysesaregivenin Table1.

Asshownin Fig4andTable1A,ceramides36:1and38:1werethemostabundantspecies,
especiallyin theretinaandbrain wheretheytotalized85to 100%of all molecularspeciesfor
mostof theGGclasses.RetinalGT3andAcGT3stoodout with amuchlowerproportion of
thesetwo ceramidetypes(34±38%),while theystill accountedfor around60%in GM3,GD3
andAcGD3.Ceramides36:1and38:1weredominantaswell in mostopticnerveGGclasses.
On thecontrary,ceramide34:1(Table1B)wasabsentor veryminor in nervoustissuesbut
abundantin theRPE/choroid,ciliary bodyandespeciallyplasmawhereits proportion reached

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:10.1371/journal.pone.0168794.g003
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almost40%in someGGclasses.Ceramides40:1,42:2and42:1(Table1C)werealsovery
minor in thebrain andretina,whilequiteabundantin theothertissues,especiallytheoptic
nerve.RetinalGT3andAcGT3,andto alowerextentits precursorGD3,madeanexception
sincetheycontainedimportant levelsof thesethreeceramides(54%,52%and32%,
respectively).

Regardingthenumberof unsaturationsor thechainlength,ceramideswith 1 unsaturation
and36to 41carbonswereby far themostabundantones.However,polyunsaturated,shorter
or longercarbonchainceramideswerealsoidentified.Themorecomplextheoligosaccharide
chain,thelowerproportion of ceramideswith 2 or 3 unsaturationswasobserved.It appeared
that theretinaandthebrain onceagainsharedsomecommonfeatures.Asalreadymentioned,
noneof thesetwo tissuescontainedceramidespecieswith 3 unsaturations.Moreover,theyhad
significantlyhigherproportionsof monounsaturatedceramidesandconsecutivelylowerpro-
portionsof ceramideswith 2 unsaturationscomparedto everyothertissuesof interest
(Table1D and1E).However,retinalGT3andAcGT3differedfrom thesameclassesin the
brain by thefactthat theycontainedalmost20%of ceramideswith 2unsaturations,10times
morethanbrain GT3.Theopticnerve,despitebeinganervoustissue,oftenpresentedsimilar
proportionsof polyunsaturatedceramidesthantheRPE/choroid,ciliary bodyor plasma.
Regardingtheceramidechainlength,theretinaandbrain,alongwith theopticnerve,exhib-
itedaparticularlylow proportion of ceramideswith 34carbonsor less(Table1F).On thecon-
trary, theplasmacontainedimportant amountsof shortceramidesasdid theRPE/choroid
andtheciliary body.Theretinaandthebrain alsocontainedlow proportionsof ceramides
with 42carbon-chainlengthor more(Table1G).An exceptionwasnotedagainfor retinal

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 ªothersº.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:10.1371/journal.pone.0168794.g004
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GT3andAcGT3in which42carbonceramidesaccountedfor about30%of all molecularspe-
cies,followedbyGD3(18%).

Overall,it appearedthat retinalGT3andAcGT3exhibitedspecificitiesin their ceramide
composition.This is illustratedin theternarydiagramsshownin Fig5 representingceramide
profile asaverageproportionsandconfidenceellipsesof differentvariables:(36:1+ 38:1),(40:1
+ 42:2+ 42:1)ceramidesandothermolecularspecies(Fig5A and5B);ceramideswith 34car-
bonsor less,42carbonsor moreandothermolecularspecies(Fig5Cand5D);ceramideswith
1,2 and3 unsaturations(Fig5Eand5F).Thisrepresentationclearlyshowsthat retinalGT3
andAcGT3havedistinctiveceramideprofiles,bothcomparedto otherretinalGGclassesand
comparedto brain GT3andAcGT3.

Ceramide structure characterization by Liquid Chromatography/High
Resolution Mass Spectrometry
Theceramidestructures(combinationsof LCBandFA) weredeterminedafterfragmentation
of theGGmolecularspeciesusingtheLTQ-Orbitrapmassspectrometer,asdetailedpreviously
[1]. TheLCBwereidentifiedandtheassociatedFA wasthendeducedbasedon theexactmass
of themolecule.Resultsobtainedfor theretinaaresummarizedin Table2.Resultsobtained
for theothertissuesof interest(ciliary body,opticnerve,brain andplasma)aregivenin S3±S6
Tables.Ceramidesof theRPE/choroidcouldnot becharacterizedbecauseof alackof sample
material.SomeGGclassmolecularspeciescouldnot becharacterizedeitherdueto their low
amount.

Asexpectedfor mammaliansphingolipids,sphingosine(d18:1)wasby far themostwidely
representedLCBin our tissuesamples.Bothd16:1andd20:1,themostcommonLCBvariants
reportedin theliteraturewerealsoquitefrequentlydetected.d18:2wasfound in theceramide
specieswith 2or 3 unsaturations.d17:0andd17:1weredetectedaswell,generallyasvery
minor amounts.Thoseoddspecies,rarelyreported,hadneverthelessalreadybeenobservedin
plasmaGGsusinggas-liquidchromatography[26]. Interestingly,thehumanretinapresented

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:10.1371/journal.pone.0168794.g005
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fivetypesof longchainbases:mostlyd18:1but alsod16:1,d18:2andd20:1quiteprominently
whiled17:0wasfrequentlypresentin minor proportions.Thepresenceof d20:1happenedto
bespecificto nervoustissues(retina,brain andopticnerve).Also,it appearedto bemuch
morerepresentedin b-seriesGG,especiallyin theretinawhereit wasalmostabsentfrom a-
seriesGG,but alsoin thebrain.Thisobservationwasfirst madein rat brain byPalestini�� 	
.
[27,28].On thecontrary,d17:1wasnot detectedin nervoustissuesbut only in theplasmaand
ciliary body.Similarly,d16:1wasmainly found in theplasmaandciliary body,althoughin
minor proportion comparedto otherLCB,andwaspracticallyabsentfrom nervoustissues.

ThefattyacidsweremorediversethantheLCB.Theyrangedfrom 14to 26carbonsandwe
foundno shortor medium-chainlength.It isnoticeablethatoddcarbonchainssuchas15,17,

Table 2. Ceramid e molecular species of the retinal ganglioside classes characte rized by HRMS with the LTQ-Orb itrap mass spectrom eter.

GM3 GM2 GD3 AcGD3 GD2 GD1a GD1b AcGD1b GT3 AcGT3 GT1b

32:1 N.I. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

34:1 d16:1/18:0 N.I. d16:1/18:0 N.I. N.I. N.I. N.I. N.I. N.I. N.I.

d18:1/16:0 d18:1/16:0 d18:1/16:0

36:2 d16:1/20:1 N.I. N.I. N.I. N.I. N.I.

d17:0/19:2

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

d18:1/18:1 d18:1/18:1 d18:1/18:1 d18:1/18:1 d18:1/18:1 d18:1/18:1

36:1 d16:1/20:0

d17:0/19:1

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

d20:1/16:0

37:1 d16:1/21:0 N.D. d16:1/21:0 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

d18:1/19:0 d18:1/19:0

d20:1/17:0

38:2 d16:1/22:1 N.I. N.I. N.I. N.D. N.I. N.I. N.I.

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

d18:1/20:1 d18:1/20:1 d18:1/20:1 d18:1/20:1

d20:1/18:1 d20:1/18:1

38:1 d16:1/22:0 N.I. N.I.

d17:0/21:1

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

d20:1/18:0 d20:1/18:0 d20:1/18:0 d20:1/18:0 d20:1/18:0

39:1 d18:1/21:0 N.I. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

40:2 d18:2/22:0 N.I. d18:2/22:0 N.I. N.D. N.I. N.I. N.D. N.I. N.D.

d18:1/22:1 d18:1/22:1 d18:1/22:1

40:1 N.I. d17:0/23:1 N.I. N.I. N.I. N.I. N.I.

d18:1/22:0 d18:1/22:0 d18:1/22:0 d18:1/22:0 d18:1/22:0

41:1 d18:1/23:0 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

42:2 d18:2/24:0 N.D. d18:2/24:0 N.D. N.D. N.I. N.I. N.D. N.I.

d18:1/24:1 d18:1/24:1 d18:1/24:1 d18:1/24:1

d20:1/22:1

42:1 d18:1/24:0 N.D. d18:1/24:0 N.D. N.D. N.I. N.I. N.D. d18:1/24:0 d18:1/24:0 N.I.

d20:1/22:0

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:10.1371/journal.pone.0168794.t002
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19,21or 23carbonsoccurred.Thefattyacidsweresaturatedfor thegreatmajority,but also
monounsaturated.Theyrarelypresentedtwo unsaturations,only in oddFAs.No fattyacid
seemedto bespecificallyassociatedto alongchainbase,contraryto whathadbeenpreviously
reportedin rat brain [28]. In nervoustissues,18:0wasthemostabundantFA, followedby
20:0.Theretinaandopticnervealsocontainedsignificantamountsof 22:0,24:1,24:0.Retinal
GT3wascharacterizedby theabundanceof 22:1,22:0and24:1FAscomparedto 18:0and
20:0.Theabsenceof ceramidewith 3unsaturationsin theretinaandbrain resultedin an
absenceof 24:2FA from thesetissues.Thespecificrepresentationof ceramides43:1and44:2
in theopticnervecorrespondedmainly to thepresenceof 24:1,25:0and26:1FAs.Thelow lev-
elsof 34:1ceramideweobservedin nervoustissueswasassociatedwith low levelsof 16:0FA.
On thecontrary,16:0wasthemajorFA in theplasmaandciliary body,followedby24:1.The
ciliary bodyalsopresentedwith significantlevelsof 24:0and22:0FAs.

Thoseobservationsresultedin d18:1/18:0beingthemostcommonceramidetypein theret-
ina andbrain,followedbyd18:1/20:0andd20:1/18:0.In theopticnerve,d20:1/18:0wasthe
mostprominent,followedbyd18:1/18:0.d18:1/16:0wasthemajorcombinationin theplasma
andciliary body,followedbyd18:1/24:1.

Discussion
Our comparativeanalysisof GGsin theretinaandotheroculartissues,brain andplasmaof
agedindividualshighlightedtissuespecificitiesin theGGclasspattern.Themostsignificant
observationwemadestandsin thespecificexpressionof GD3andGT3in theretina.Indeed,
theabundanceof GD3,asmeasuredbyHPTLCandcolorimetricrevelation,appearedasadis-
tinctive featureof theretinacomparedto theothernervoustissues,brain andopticnerve,in
whichGD3wasminor. It iswellknown thatGGlevelsfluctuateduring developmentof the
nervoussystemandclearcorrelationshavebeenmadebetweenthesechangesin GGpattern
andneurodevelopmentalmilestones[8]. In thebrain,GD3levelsdrasticallydecreaseconcomi-
tantlywith anincreasein thelevelsof morecomplexgangliotetraosylGGs(GM1,GD1a,GD1b
andGT1b)whichbecomeprevalent[8]. On thecontrary,it hasalreadybeenshownthatGD3
remainsamajorGGin theadultmammalianretina[16±19],althoughtheretinaandthebrain
deriveembryologicallyfrom thesameorigin. GD3'sproductviasialyltransferaseII, GT3,and
its acetylatedform, AcGT3,alsoappearedto bespecificto theretinain our study.Apart from
afewspeciesdetectedin thebrain,thesetwo GGclasseswerecompletelyabsentfrom the
othertissueswetested.Mostof theprofiling studiesperformedon brain GGsof differentspe-
cies(mouse,bovine,porcine,human)usingMSdo not reporton GT3or AcGT3[29±33].
However,Ikeda�� 	
. [34] detectedafewmolecularspeciesof GT3in porcinebrain,Vukelic
�� 	
. in gliosarcomabrain tumor tissue[35] andZamfir �� 	
. in humanbrain [36]. Regarding
theretina,wepreviouslydetectedseveralmolecularspeciesof GT3andAcGT3in rat samples
[1]. LiteraturedataregardingGT3isverypoor.GT3belongsto thec-seriesGGsfrequently
referredto asA2B5antigens.Theyareexpressedin neuralstemcellsandaremarkersof glial
precursorcells(O-2A progenitorcells)whichdifferentiateinto oligodendrocytesandtype-2
astrocytes[8]. c-seriesGGs,especiallyGT3,weredetectedin thedevelopingmousebrain
usingA2B5antibody.GT3expressionwasdrasticallyreducedduring development[37].
Besides,thepresenceof GT3wasreportedusinganotherantibodyspecificto developmentally
regulatedantigensin chickembryonicretina,optic lobeandcerebrumwith adecreased
expressionin theadult.TheauthorsalsodetectedGT3in adulthumanopticnerve,spinalcord
andcerebellumbut not in non-neuraltissues[38]. It isnot clearto whatcelltypethisspecific
expressionof GD3,GT3andAcGT3wereportherein theadulthumanretinacanbeattrib-
uted.Severalobservationssuggestthatb-seriesGGs,especiallyGD3,arealsomarkersof neural
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stemcellsandneuralprecursorcellsandthat theyareimplicatedin their proliferationin
responseto growthfactorstimulation[39]. This leadsto think that thespecificexpressionof
GD3andGT3in theretinacouldbedueto thepersistenceof progenitorcells.Thespecific
abundanceof GD3in theretinacouldmorelikely bedueto retinalspecializedcells,thephoto-
receptors,rodsandconesthatcontainthelight-sensitivestructures.Indeed,apreviousstudy
performedin rat showedthat theouterretina,containingthephotoreceptors,expressedespe-
ciallyhighamountsof GD3[18]. Interestingly,theauthorsshowedthat thephotoreceptors
expressedlow amountsof GGsandexhibitedasimplifiedGGprofile comparedto thewhole
retinasuggestingspecificitiesin GGexpressionwithin thedifferentnervouscelltypesof the
retina.Unravelthepresenceof GT3in theretinawouldnowrequireanalyzingGGprofile of
thedifferentlayersof thetissueaftermicrodissection(inner retinavsouterretina)andof iso-
latedcellularpopulationsspecificto theretina(photoreceptors,neuronsthatparticipatein
transmittingsignalsto thebrain suchastheretinalganglioncellsor glialcellssuchasthe
MuÈller cells.. .). Moreover,wecannotruleout that theretinalspecificitiesweobservedin the
GGprofile arenot age-relatedsinceour samplesoriginatedfrom elderlydeceaseddonors
(meanage87.3yearsold).

In addition to tissuespecificitiesin theGGclasspattern,our thoroughanalysisof GGs
usingLC/MSalsorevealedspecificitiesin themolecularspecies,i.e.ceramidetype,patternof
tissuesandGGclasses.While d18:1appearedasthemajorLCBin our samples,wereport,
accordingto literaturedata,thepresenceof d20:1LCBin thebrain.Indeed,thisLCBhasbeen
commonlydescribedin brain GGs,especiallywith advancedaged[40]. It isnoticeablethat
nervoussystemGGshavebeendescribedastheonly complexsphingolipidsto containsignifi-
cantamountsof d20LCB,comparedto neutralglycosphingolipids,sulfatidesandsphingo-
myelin [40]. Fromour samples,it appearsthatd20:1LCBoccursin othertypeof nervous
tissuesaswell (retinaandopticnerve)while it wasabsentfrom non-nervoustissues(RPE/cho-
roid, ciliary bodyandplasma).A significantproportion of d20:1LCBwaspreviouslydescribed
byHolm �� 	
. in GGsof bovineretina,especiallyin GD1a,GD1bandGT1b[41], similarly to
our observations.Theyalsoreportedd20:1LCBin bovineopticnerve[42]. However,these
authorsdetectedlow levelsof d18:0andd20:0LCB.On thecontrary,wedid not detectanyof
thesetwo LCBin our samples.It isnot clearwhetherthisdiscrepancyisdueto speciesor age
specificitiesor to differencesin theanalyticaltechniques.Besides,wedescribethepresenceof
d16:1LCB,mainly in plasmaaspreviouslyreported[26], but alsoin theretina.Serinepalmi-
toyltransferase(SPT)is theenzymeresponsiblefor thesynthesisof LCBbycondensationof
serineandpalmitoyl-CoA,its preferredsubstrate.This leadsto d18:1(sphingosine)beingby
far themostabundantLCBin sphingolipids,amongwhichGGs,aswereportherein our tis-
suesof interest.In addition,SPTcanaccommodateotherfattyacyl-CoAssuchasC14:0or
C18:0givingriseto LCBwith 16and20carbons,respectively.However,our analysesrevealed
smallproportionsof originalLCBwith odd(d17:0andd17:1)andpolyunsaturated(d18:2)
chainlength.Thosehadnot beenpreviouslyidentifiedin thebrain [28,30,40],retinaor optic
nerve[41,42]but d17:0andd17:1hadbeendetectedin plasma[26]. RegardingtheFA,stearic
acid(18:0)isdescribedasthemain fattyacidof mammaliannervoussystemGGs,accounting
for over80%of thetotalGGFA content[40]. Thiswasthecasein our GGextractsfrom
humanbrain,retinaandopticnervewhile16:0wasthemainFA in theplasmaandciliary
bodyGGs.However,wealsodetectedavarietyof minor FAsin thedifferenttissueswestud-
ied.A striking observationwasthetotalabsenceof longchainpolyunsaturatedfattyacids
(LCPUFAs)in GGsof theretinaandbrain consideringthat thesetissuescontainveryhigh
amountsof LCPUFAs,especiallydocosahexaenoicacid(22:6DHA): about20and7%of total
FAsin theretinaandbrain cerebrum,respectively[43]. Interestingly,retinalGT3exhibited
specificitiesin its molecularspeciescomposition.Indeed,retinalGT3andAcGT3werevery
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similaranddifferedboth from brain GT3andAcGT3andfrom otherretinalGGclassesby the
abundanceof ceramides40:1,42:2and42:1resultingin specificallyhighproportionsof cer-
amideswith 2unsaturationsand� 42carbons.Thesefeaturescorrespondedto anabundance
of 22:0,22:1and24:1fattyacids.

Thetissuespecificitiesin theGGclassaswellasin themolecularspeciescompositionwe
observedcouldleadto think thatspecificGGsmight exhibitspecificpropertiesrelativeto the
structureandfunction of thetissuein whichtheyareexpressed.However,thebiologicalsignif-
icanceof suchindividuality remainsdifficult to decipher.Thediversityandbiologicalrolesof
GGshavelongbeenassociatedexclusivelyto differencesin thecarbohydratechainprotruding
towardtheextracellularenvironment.Thebiologicalimpactof subtlestructuralvariationsin
thelipid moietyinsertedinto theouterleafletof theplasmamembranehasjuststartedto be
uncovered.Theemergenceof lipidomic, appliedto glycobiology,hashelpedanswerthese
questionsbyofferingadirectaccessto theceramidestructures.Accordingto thecurrentraft
concept,GGscolocalizewith sphingomyelinandcholesterolto form orderedmembrane
microdomainswithin amorefluid bilayermainlycomposedof phospholipids.Thesedomains
with apeculiarlipidic compositionalsocontainnumeroussignalingproteinsandareconsid-
eredassignalingplatforms[44]. Thanksto their uniqueproperties,GGsareableto laterally
segregateandthusseemto activelyparticipatein forming andstabilizingmembranemicrodo-
mains.Actually,GGpropertiesrelybothon their hydrophilicoligosaccharidechainandon
their hydrophobicceramidemoietyandtheir redistributionwithin theplasmamembrane
might thusbecrucialfor signalingeventsoccurringat thecellsurface[45].

Thehydrophilicmoietyisbelievedto participatein determiningtheclusteringof themole-
culeswithin theplasmamembrane.Sinceclusteringis favoredby largedifferencesin thegeo-
metricalcharacteristicsin theheadgroupof thecomplexlipids,GGsthathaveamuchmore
hydrophilicandlargerheadgroupthantheneighboringphospholipidsarethoughtto beespe-
ciallyefficientin thatmatter.Thisbulkyheadgrouprequiresawideinterfacialareaand
increasingthevolumeof theoligosaccharidechainwill increasethecurvatureof themem-
branedomains.Moreover,theGGheadgroupsaresurroundedbyawatershellattractedby
thehydrophiliccharacterof sugarsandby thenecessityto avoidrepulsionbetweenthenega-
tivelychargedoligosaccharides.ThiswaterstabilizestheGGclusteringbyorganizinganetof
hydrogenbonds[46]. Asmentionedabove,GT3isac-seriesGG,whichischaracterizedbyan
oligosaccharidechaincomposedof asequenceof threesialicacidslinked to thegalactoseresi-
due.Thisuniqueheadgroupwithin theGGsdetectedin our tissuesamplesmustexhibitspe-
cific propertiesin term of geometricalpackingandhydrophilic interactions.Indeed,the
negativelychargedcarboxylgroupof thethreesialicacidswouldbeassociatedwith aparticu-
larly largewatershell.Thedynamicpropertiesof sialylatedoligosaccharidechainwouldalso
contributeto determinealargeinterfacialareafor thisspecificGGclass.Thus,aggregatesof
GT3will likely bestronglyexcludedfrom glycerophospholipidareasandclusterto form stable
microdomainswith asignificantmembranecurvature[45]. Moreover,theoriginalglycosyl
epitopeof GT3mustexhibitspecificpropertiesin term of interactionswith signalingpartners.
Indeed,theoligosaccharidechainof GGsexposedat thecellsurface,whosepropertiesdepend
on thenumber,natureandsequenceof its residues,isknown to beinvolvedin glycosylation-
dependentadhesion,recognitionandsignaling[47].

Regardingthehydrophobicceramidemoiety,theamidegroupforming anetworkof hydro-
genbondsat thewater-lipidinterfaceof theplasmamembraneandthedoublebondof the
LCBnearthis interfaceareconsideredto makeceramidearigid structureandcontributeto
thedecreasein membranefluidity inducedbyGGs[46]. Besides,atypicalfeatureof GGsis the
highproportion of rigid saturatedalkylchains,which is thoughtto becrucialfor thecapabili-
tiesof GGsto form membranedomains.Indeed,lipids thatcontainrigid saturatedalkylchains
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with high transitiontemperaturearespontaneouslyexcludedfrom thosethatcontainunsatu-
ratedchainswith low transitiontemperature[46]. It ishardto predictwhatconsequences
modestdifferencesin thenumberof unsaturationsor chainlengthof theFA andLCBwould
havefor thecell.Indeed,mostof thestudiesregardingtheimpactof theceramidemoietyin
thepartitioning of sphingolipidsandGGsin orderedmicrodomainshavebeenperformed
usingmodelmembranes.For instance,Palestini�� 	
. usedliposomescomposedof amixture
of DEPC(dielaidoylphosphatidylcholine)andDPPC(dipalmitoylphosphatidylcholine)to
showthatGM1 with 16:0to 22:0saturatedacylchainshadamarkedpreferenceto incorporate
into theorderedgelphase,contraryto GM1 with 14:0acylchainwhichpreferentiallysegre-
gatedinto thedisorderedliquid phase.Moreover,GM1 with 18:1and18:3unsaturatedacyl
chainsexhibitedamuchstrongerpreferencefor theliquid phasecomparedto 18:0.Theresults
alsoshowedlittle effectof d20:1LCBcomparedto d18:1[48]. However,increasingtheLCB
chainlengthfrom 18to 20carbonsincreasesthehydrophobicvolumeandthetransitiontem-
peratureof GGspeciesleadingto think thatd20:1LCBmustbemoresegregatedandmore
efficientin reducingmembranefluidity thand18:1LCB[40]. Sphingosine(d18:1)wasby far
themainLCBin our GGextractsbut d20:1wasalsowell representedin nervoustissues(brain,
retina,opticnerve).Accordingto theseobservations,their presenceshouldresultin increased
membranerigidity comparedto theciliary bodywhichexpressesmainlyd18:1.In accordance
with literaturedata,18:0,20:0and16:0werethemajorFAsin our tissuesamples.Basedon the
principlesmentionedabove,theabundanceof 18:0and20:0in nervoustissuesandthelow
proportion of 16:0,contraryto theciliary body,wouldbeassociatedwith morerigid mem-
branemicrodomains.Thesameconsequencewouldresultfrom theprominenceof saturated
FAsto thedetrimentof monoor di-unsaturatedFA in theretinaandthebrain.On thecon-
trary, thespecificabundanceof 22:1,22:0and24:1in retinalGT3,comparedto 18:0and20:0
in otherGGclassesor othernervoustissueswouldresultin alowerrigidity of thedomains
containingtheseGGspeciesor favortheir localizationinto morefluid membranedomains.As
previouslymentioned,LCPUFAswereabsentfrom our GGextracts.ThoseFA areusually
acylatedinto membranephospholipids.DHA isparticularlypresentin phosphatidylserineand
phosphatidylethanolamine,especiallyabundantin synaptosomalmembranesin thecentral
nervoussystemandrod outersegmentsin theretina.Sinceplasmamicrodomainsareenriched
in phosphatidylcholineanddepletedin phosphatidylserine[46], DHA is likely excludedfrom
thesedomains.Apart from thesignalingroleof LCPUFAs,whichcanbereleasedfrom the
membranebyphospholipasesandconvertedto eicosanoids,LCPUFAsalsoexertstructural
roleswithin theplasmamembrane.Themanyunsaturationsensuremembranefluidity allow-
ing moleculesto movelaterally.In theretina,DHA is thoughtto favortheconformational
changesundergonebyrhodopsinduring thevisualprocess[43]. Obviously,thelipid moieties
of GGswith their mainlysaturatedor monounsaturatedalkylchainsundertakeanopposite
function by favoringmembranerigidity andstabilizingmicrodomainsto createanappropriate
microenvironmentfor specificprotein interactionsandsignalingevents.

In conclusion,thepresentstudyoffersanin-depthcharacterizationof theGGprofile of the
humanretinain comparisonwith otherocularstructures,brain andplasma.It revealsretinal
specificitiesin bothGGclassandceramidepattern,especiallyusingalipidomic approach
basedon LC/MS.Our work thuspavesthewayfor future researchaimingto determinethe
specificrolesof GGsandtheir ceramidemoietyin theretina.

Supporting Information
S1Table.Molecular speciesof the gangliosideclassesdetectedwith the QqQ and the
LTQ-Orbitrap massspectrometersin the retina andother ocular tissues,brain and
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plasma.TheQqQmassspectrometerwasoperatedin negativeion modeandtheLTQ-Orbi-
trapmassspectrometerwasoperatedin positiveion mode.MM, theoreticalmolecularmass.
+, detected;-, non-detected.
(PDF)

S2Table.Molecular speciesprofile of the gangliosideclassesof the retina andother ocular
tissues,brain andplasma.DatawereobtainedbyoperatingtheQqQmassspectrometerin
negativeSRMmode.Thepercentageof eachceramidespecieswasexpressedrelativelyto the
sumof all detectedspeciesin its specificGGclass,everyGGclassbeingconsideredseparately.
Molecularspeciesaccountingfor lessthan1%weregroupedunderthecategoryªothersº.
Resultsaregivenasmeanandstandarddeviationof 4 to 7 independentsamplesfor eachtissue,
injectedthreetimes.N.D.:Non-detected(S/N<3); <LOQ: detectedbut belowthelimit of
quantification(S/N<10).
(PDF)

S3Table.Ceramidemolecularspeciesof the gangliosideclassesof the ciliary bodycharac-
terizedby HRMSwith the LTQ-Orbitrap massspectrometer.Only themainclassesof this
tissue(GM3 andGD3)couldbecharacterized.Major molecularspeciesareindicatedin bold.
N.D.:Non-detected;N.I.: Non-identified.
(PDF)

S4Table.Ceramidemolecularspeciesof the gangliosideclassesof the optic nervecharac-
terizedby HRMSwith the LTQ-Orbitrap massspectrometer.Wewerenot ableto character-
izeanymolecularspeciesin AcGD3,GD2,GD1a,AcGT1b,GQ1bandAcGQ1b.Major
molecularspeciesareindicatedin bold.N.D.:Non-detected;N.I.: Non-identified.
(PDF)

S5Table.Ceramidemolecularspeciesof the brain gangliosideclassescharacterizedby
HRMSwith the LTQ-Orbitrap massspectrometer.Wewerenot ableto characterizeany
molecularspeciesin theminor classesof GQ1bandAcGQ1b.Major molecularspeciesare
indicatedin bold.N.D.:Non-detected;N.I.: Non-identified.
(PDF)

S6Table.Ceramidemolecularspeciesof the plasmagangliosideclassescharacterizedby
HRMSwith the LTQ-Orbitrap massspectrometer.Only themainclassesof this tissue
(GM3,GM2 andGD3)couldbecharacterized.Major molecularspeciesareindicatedin bold.
N.D.:Non-detected;N.I.: Non-identified.
(PDF)
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