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ABSTRACT


Elevationofserumsodium,hypernatremia,whichmayoccurduringdehydrationortreatmentwith
 sodiumchloride,maycausebraindysfunctionanddamage,buttoxicmechanismsarepoorlyunderstood.


WefoundthatexposuretoexcessNaCl,10–100mmol/L,for20hcausedcelldeathinculturedcerebellar
 granulecells(neurons).ToxicitywasduetoNa+,sincesubstitutingexcessNa+withcholinereducedcell
 death to controllevels, whereasgluconateinstead ofexcessCl did not.Prior tocell death from
 hyperosmolar NaCl, glucose consumption and lactate formation were reduced, and intracellular
 aspartatelevelswereelevated,consistentwithreducedglycolysisorglucoseuptake.Concomitantly,the
 levelofATPbecamereduced.Pyruvate,10mmol/L,reducedNaCl-inducedcelldeath.Theextracellular
 levelsofglutamate,taurine,andGABAwereconcentration-dependentlyreducedbyexcessNaCl;high-
 afﬁnityglutamateuptakeincreased.Highextracellular[Na+]causedreductioninintracellularfree[Ca2+],
 butasimilareffectwasseenwithmannitol,whichwasnotneurotoxic.Wesuggestthatinhibitionof
 glucosemetabolismwithensuinglossof ATPis aneurotoxicmechanismofhyperosmolar sodium,
 whereasincreaseduptakeofextracellularneuroactiveaminoacidsandreducedintracellular[Ca2+]may,
 iftheyoccurinvivo,contributetothecerebraldysfunctionanddeliriumdescribedinhypernatremia.


ã2016ElsevierInc.Allrightsreserved.


1.Introduction


Anincreaseintheserumconcentrationofsodiumionsabovea
 physiologicalconcentration,hypernatremia, maycause cerebral
 dysfunction, including cognitive dysfunction and delirium (for
 review,seeLieberman, 2007; Pendleburyet al., 2015), cerebral
 edema(Unaletal.,2008),anddestructionofmyelin,myelinolysis
 (Hanetal.,2015).Hypernatremiamayoccurindehydration,during
 intravenousinfusionofhypertonicsaline, orafterexcessive salt
 intake (Sterns, 2015), and serum values may in extreme cases
 exceed200mmol/L(Meadow,1993;Ofranetal.,2004),whichis
 approximately60mmol/L abovenormal serum sodiumvalues.


Dehydrationmayoccurinelderlypatientsandtheterminallyill
 (Bruera et al., 2005; Vidán et al., 2009), and dehydration is a


common complication of prolonged fever and of diarrhoea,
 especiallyinchildren(WorldHealthOrganization,2000).Thera-
 peutically,intravenousinfusionofhypertonicsalinetoraiseserum
 sodiumby10–20mmol/Lisusedtotreatintracranialhypertension
 (forreview,seeHimmelseher,2007;Ropper,2012).Experimental
 studieshaveshownthatanincreaseintheserumconcentrationof
 sodiumleadstoasimilarincreaseintheextracellularﬂuidofthe
 brain,withatimelagofabout30min(Cserretal.,1987,1991).


In spite of thewell described cerebral symptoms of hyper-
 natremia(Lieberman,2007;Vidánetal.,2009;Sterns,2015)little
 isknownabouttheeffectofsupranormalconcentrationsofsodium
 chloride onneuronal functionand survival. Himmelseheret al.


(2001) found that a 15-min pulse of hypertonic saline and
 hydroxyethyl starch(350mOsm/L)was toxictoculturedhippo-
 campal neurons, as could be seen from cell death 24h later.


Bhardwaj et al. (2000) found that hypernatremia aggravated
 neocorticaldamageafterstrokeinrats.Elliottetal.(2007)reported
 that hypertonic saline given immediately after traumatic brain
 injury in ratsworsened brain damage.In humanpatientswith
 traumaticbraininjuryhypernatremiaisassociatedwithincreased
 mortality(Alharﬁetal.,2013;Lietal.,2013).


Abbreviations:aCSF,artiﬁcialcerebrospinalﬂuid;GABA,g-aminobutyricacid;


LDH,lactatedehydrogenase;NMDA,N-methyl-D-aspartate;TCAcycle,tricarboxylic
 acidcycle.


*Corresponding authorat: Norwegian DefenceResearch Establishment, N-
 2027Kjeller,Norway.


E-mailaddress:bjornar.hassel@fﬁ.no(B.Hassel).


http://dx.doi.org/10.1016/j.neuro.2016.03.005
 0161-813X/ã2016ElsevierInc.Allrightsreserved.
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(2)The aim of this study was to establish whether prolonged
 exposureofneuronstohyperosmolarNaClistoxicinaninvitro
 modelandtogaininsightintothecellularresponsesofneuronsto
 highconcentrationsofNaCl,includingeffectsonenergymetabo-
 lism,handlingofextracellularaminoacids,andintracellularfree
 [Ca2+].


2.Experimentalprocedures


2.1.Cellcultureandincubationparameters


Cerebellargranulecellswereculturedfromthe cerebellaof
 8-day-oldrat pups according toSchousboe et al. (1989). Cells
 wereseeded inpoly-D-lysine-coated24-wellplastic traysorin
 plastic dishes (9cm in diameter), and kept at 37C in an
 atmosphere of air:CO2, 95:5. On day 2 cytosine D-arabinoside
 was added to a ﬁnal concentration of 10
m
mol/L to inhibit
 astrocyticgrowth.Thecultureswereusedforexperimentsonday
 8invitro.

For measurements of intracellular calcium and sodium,
 cerebellar granule cells were cultured on glass coverslips as
 described(RingandTansø,2007;seebelow).


Inexperiments,theculturemediawereremovedandreplaced
 by artiﬁcial cerebrospinal ﬂuid (aCSF) containing (in mmol/L)
 NaCl94,KCl 25,NaHCO325, NaH2PO41.4, CaCl21.2, MgCl21.2,
 givinga total[Na+] of120.4. Thehigh [K+] promotesneuronal
 survival,and[Na+] hastobereducedtoachieveiso-osmolarity
 (Galloetal.,1987;Schousboeetal.,1989;VanderValketal.,1991).


However, in some experiments NaCl was 115mmol/L (which
 together with NaHCO3 and NaH2PO4 gave a total [Na+] of
 141.4mmol/L),andKClwas4mmol/L;theothersaltsandglucose
 werekeptconstant.


Glucosewas1mmol/L,becausethisisclosetoconcentrations
 thathavebeenmeasuredextracellularlyinthebrainofwakerats
 (Kealyetal.,2013).Glucosewasincreasedto10mmol/Linsome
 experiments.


NaClwasaddedtogiveanadditionalconcentrationof10,30,
 50, 60, or 100mmol/L. In some experiments excess NaCl
 (50mmol/L) was replaced by Na-gluconate or choline-Cl,
 50mmol/L, or mannitol or glycerol, 100mmol/L. Incubations
 weredoneat37C.Insomeexperimentscellswereincubatedfor
 20h with excess NaCl in the absence or presence of MK-801,
 5
m
mol/L (RBI, Natick, MA, USA) or 2,3-dihydroxy-6-nitro-7-
 sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX) 10m
mol/L
 (TocrisBioscience,Bristol,UK).Thesolutionswereequilibrated
 withO2:CO2 (95:5),andpHwas adjustedto7.3.Experimental
 incubationstookplaceat37CinanatmosphereofairandCO2

(95:5).


2.2.Measurementsofcelldeath


Celldeathwasassessedbytheuptakeofpropidium iodide.


Celldeathwasalsoassessedwithtrypanblue uptake(Supple-
 mentalFig.1),butresultswere similartothoseobtained with
 propidiumiodide;thereforeonly thelatterare reportedinthe
 maintext.Morethan300cellswerecountedperculturedishin
 thepropidiumuptakestudies;morethan200werecountedin
 thetrypanuptakestudies.Insomeexperimentscelldeathwas
 measured as release of lactate dehydrogenase (LDH) to the
 extracellular ﬂuid as described (Dreiem et al., 2005 and
 Supplemental Fig. 2). Previously, we have found excellent
 agreementbetweendyeexclusiontestsandLDHmeasurements
 indeterminationofcelldeathinculturedcerebellargranulecells
 (Olsenetal.,1999).


2.3.ATPmeasurements


ForATPmeasurementscerebellargranulecellswereculturedin
 plastic dishes, 9cm in diameter. Cells were exposed to aCSF,
 aCSF+NaCl,50mmol/L,oraCSF+mannitol,100mmol/L,for3,5,or
 10h.Attheendofincubation,themediawereremoved,andthe
 cultureswereimmersedinliquidN2.OnemLice-coldperchloric
 acid,7%(vol/vol),wassprayedontothedeepfrozencultures,which
 were then re-immersed in liquid N2. Cells were scraped off
 together withthefrozenperchloric acid,which was allowedto
 meltintoslurry,transferredtoaplastictube,andcentrifugedat
 5000gtoremoveprotein.ThesupernatantswerebroughttopH
 8.1 withKOH,9mol/L.ATPintheextractswas analyzedﬂuoro-
 metricallyaccordingtoLowryandPassonneau(1972).Proteinwas
 analyzedaccordingtoLowryetal.(1951).


2.4.Radiolabelingfrom[14C]glucose.Measurementofaminoacids,
 glucose,andlactate


For metabolic radiotracer studies the culture media were
 removed,andthecellswerewashedoncewithaCSF.Thencultures
 wereincubatedfor1or10hwithaCSFcontainingadditionalNaCl,
 50mmol/L,ormannitol, 100mmol/L.Glucosewas1mmol/L.Fifteen
 minutes before harvesting the cells, 1
m
Ci of [U-14C]glucose,
 3m
Ci/m
mol (American Radiolabeled Chemicals, St. Louis, MO,
 USA),wasaddedtotheincubationmedia.Attheendofexperiments
 theaCSFwasremoved,andcultureswerewashedoncewith10mL
 ice-cold aCSF before cells were harvested in 200m
L ice-cold
 perchloric acid, 3% (vol/vol), containing a
-aminoadipate,
 50m
mol/L, as an internal concentration standard. Protein was
 removedbycentrifugation,andsupernatantswereneutralizedwith
 KOH,9mol/L.TheprecipitatingKClO4wasremovedbycentrifuga-
 tion,andsupernatantswerelyophilizedtodrynessandredissolved
 in60m
Ldouble-distilledH2O.Thetotallevelsofaminoacidswere
 quantiﬁedbyHPLCand ﬂuorescence detection afterpre-column
 derivatizationwitho-phthaldialdehyde,asdescribed(Hasseletal.,
 1995).Radiolabelingofglutamateandaspartatewasdetermined
 afterseparationbyHPLCasabove.TheHPLCeluatewascollectedin
 1-minutefractions,andradiolabelingwasmeasuredby scintillation
 counting(Hasseletal.,1995).

AminoacidconcentrationsinaCSFweredeterminedbyHPLC
 and ﬂuorescence detection as above after mixing the media
 1:1with
a
-aminoadipate,50m
mol/L.Concentrationsof glucose
 andlactateweremeasuredbyreﬂectancespectrophotometrywith
 aDT60IIEktachem(Kodak,Rochester,NY,USA).

2.5.High-afﬁnityuptakeof3H-labeledglutamate


Cerebellar granule cells were washed once with aCSF and
 exposedtoaCSFcontaining[2,3-3H]glutamate(24Ci/mmol;ﬁnal
 concentration50nmol/L;NewEnglandNuclear,Boston,MA,USA)
 and increasingconcentrationsofsodiumchloride(0–60mmol/L
 excess)atroomtemperature.At3minthecultureswerewashed
 twicewithice-cold aCSFcontaining cholinechloride insteadof
 NaCl. Blankvalues were obtainedbyexposing cells to [2,3-3H]


glutamate in sucrose. Blank values were <10% of sodium-
 dependent values. Cells wereharvested in 0.5mL 70%ethanol,
 protein was removed by centrifugation, and radioactivity was
 measuredbyscintillationcounting.


2.6.Measurementsofintracellularfree[Ca2+]and[Na+]


Intracellularfree[Ca2+]wasmeasuredwithfura-2/AM(Molec-
ular Probes, Leiden, The Netherlands). Primary cultures of
cerebellargranulecellswereculturedon6024mmrectangular
coverslips(Menzel,Germany).Cellswereincubatedat37Cina



(3)humidiﬁed5%CO2atmospherefor40minwith5
m
Mfura-2/AMin
 theculturemedium.Fourcoverslipsweremountedinacustom-
 builtchamber(RingandTansø2007)giving12isolatedwellson
 eachcoverslipandatotalof48wellsforeachexperiment.Aplate
 reader (Fluostar Optima, BMG Labtechnologies, Germany),
 equippedwithinjectors,exposed cells tohypertonic orcontrol
 solutionsduringtheexperiment.Theextracellularconcentration
 ofsodiumwasincreasedby50mmol/Lbythe1:5additionofaCSF
 (with K+ at 25 or 4mmol/L, as appropriate) with excess NaCl,
 250mmol/L. For mannitol experiments aCSF with mannitol,
 500mmol/L,wasadded1:5(blackcolumns).Excitationalternated
 between 340nm and 380nm and emission was measured at
 510nm.Thebandwidthwas10nmfor allﬁlters.Excitation and
 emissionwasfromthebottomside of theglasscoverslips.The
 systemwascalibratedwithcells permeabilizedwithionomycin
 and solutions containing EGTA, 1mmol/L (0Ca2+), or Ca2+,
 5mmol/L,toobtainminimumandmaximumcalciumresponses,
 respectively.Backgroundautoﬂuorescencewasdeterminedfrom
 coverslipswithcellsnotpreincubatedwithfura-2/AM.Intracellu-
 lar[Ca2+]wasestimatedfromthe340/380ﬂuorescenceratio,as
 describedbyGrynkiewiczetal.(1985).Becauseintracellularfree
 [Ca2+]incellsexposedtocontrolmedia([Na+]120.4mmol/L,[K+]
 25mmol/L)variedbetween140and150nmol/L(seeResults)data
 aregiven as percentof control. Intracellularsodium ions were
 monitoredsimilarlywiththeuseofSBFI/AM(MolecularProbes),
 excitationat340nmand380nm,andemissionat505nm.

2.7.Datapresentationandstatistics


DataaregivenasmeansSDvalues.Statisticaldifferencewas
 assessed with Kruskal-Wallis test or one-way ANOVA with
 Dunnett’s or Newman-Keuls’ corrections for multiple compar-
 isons, as appropriate, using GraphPad Prism 6. A
 p-value<0.05wasconsideredsigniﬁcant.


3.Results


3.1.ToxicityofhyperosmolarNaCl


Incubationofcerebellargranulecellsinartiﬁcialcerebrospinal
 ﬂuid (aCSF), containing KCl, 25mmol/L, and a total [Na+] of
 120.4mmol/Lproducedlittlecelldeathover20h,ascouldbeseen
 frompropidiumiodidestaining(Fig.1a).IncreasingNaClcaused
 celldeathinaconcentration-dependentmanner;thiseffectwas
 evidentevenwhentheconcentrationofNaClwasraisedbyaslittle
 as10mmol/L abovecontrol.Incubation ofcells with50mmol/L
 excessNaClfor 10hdidnotcauseanycell deathabovecontrol
 levels.


Whenneuronswerekeptfor20hinaCSFwithKCl,4mmol/L,
 andatotal[Na+]of141.4mmol/L,celldeathwashigh(Fig.1b).An
 excessNaClof50mmol/Lreducedcelldeathunderthesecircum-
 stances.Tobeabletostudypossibletoxiceffectsofhyperosmolar
 sodiumchloridewethereforeproceededwithaCSFwithKClat
 25mmol/Landatotal[Na+]of120.4mmol/Lincontrolsolutions.


3.2.IdentiﬁcationofhyperosmolarNa+asneurotoxic


ReplacementofexcessNaCl,50mmol/L,withcholinechloride
 resultedincelldeathatcontrollevels,whereasreplacementwith
 sodiumgluconatecausedasmuchcelldeathasdidtheexcessNaCl,
 50mmol/L (Fig. 1c). Results were the same when cells were
 exposedtoexcessNaCl,100mmol/L,orcholinechlorideorsodium
 gluconate,100mmol/L (not shown). Challenging the cells with
 osmoticagents (mannitol,100mmol/L, orglycerol,100mmol/L)
 did not cause signiﬁcant cell death (Fig. 1c). These ﬁndings


Fig.1.Neurotoxiceffectof sodium chloride.a:Cerebellar granulecells were
incubatedfor20hinaCSFwith[Na+]120.4mmol/Land[K+]25mmol/L(Ctr).NaCl
(Na)wasaddedinexcessat10,30,60,or100mmol/L.b:Cerebellargranulecells
were incubated in aCSF with [K+] 25mmol/L (two left columns) and [Na+]
120.4mmol/L(whitecolumn)or170.4mmol/L(blackcolumn)orinaCSFwith[K+]
4mmol/L(tworight columns)and[Na+]141.4mmol/L(lightgreycolumn) or
191.4mmol/L(darkgreycolumn).c:Cerebellargranulecellswereincubatedin
controlaCSFasina.NaCl,cholinechloride(ChCl),orsodiumgluconate(NaG)were
addedat50mmol/L,whereasglycerol(Glyc)ormannitol(Mann)wereaddedat
100mmol/L. Necrotic cell death was determinedfrom nuclear stainingwith
propidiumiodide.Dataarepercentdeadcells,mean+SDvalues(N=4–7).Datain
Fig.1aandcwereanalysedbyone-wayANOVAandDunnett’s correctionfor
multiplecomparisons;*:differentfromcontrol,p<0.05,**:p<0.01.DatainFig.1b
were analysedby Newman-Keuls all pairwise comparison; **:differentfrom
corresponding aCSF controlwithoutaddedNaCl, p<0.01; ##:differentfrom
controlaCSFwith[K+]25mmol/L,p<0.01.



(4)indicatedthatexcessNa+wasresponsiblefortheneurotoxicityof
 hyperosmolarNaCl.


3.3.EffectofhyperosmolarNaClonextracellularlevelsofaminoacids


Hyperosmolarityinducedbyadditionofsucrosehasbeenused
 toelicitglutamatereleaseinbrainslices(StevensandWilliams,
 2000), and an increase in extracellular glutamate may cause
 neuronalcelldeaththroughexcitotoxicity(Choi,1987).Cultured
 neuronsgiveoffaminoacidstotheextracellularﬂuidevenunder
 controlconditions(Hasseletal.,1995).Wethereforemeasuredthe
 extracellularconcentrationof glutamateand otheramino acids
 afterexposuretohyperosmolarNaCl.Theextracellularconcentra-
 tionof glutamate decreased progressively withincreasing con-
 centrationsofNaCl(Fig.2a),asdeterminedafter1hofincubation.


AdecreasewasalsoseenforGABAandtaurine.Aspartatewasnot
 detectableextracellularlyincontrolculturesorculturesexposedto
 hyperosmolar NaCl.The extracellularconcentrations of alanine,
 glycine, or glutamine were not signiﬁcantly altered by hyper-
 osmolarsodiumchloride(Fig.2b).


Increasingconcentrations of NaCl augmented theuptake of


3H-labeled glutamate into cultured granule cells (Fig. 2c), an
 effect thatmayexplainthelowering ofextracellularglutamate
 with increasing concentrations of sodium chloride (compare
 Fig.2aandc).


Toseeifglutamatetoxicitymightcontributetothetoxiceffect
 ofhyperosmolarNa+inspiteofareducedextracellularconcentra-
 tionof glutamate,weincubatedcells inaCSFwithexcessNaCl,
 100mmol/L,inthepresenceorabsenceofN-methyl-D-aspartate
 (NMDA) receptor blocker MK-801, 5
m
mol/L, or a
-amino-3-
 hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor
 blocker 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-
 2,3-dione (NBQX), 10m
mol/L. None of the glutamate receptor
 blockersreducedcelldeathinducedbyhyperosmolarNaCl(data
 notshown).

3.4.TheeffectofhyperosmolarNaClonglucosemetabolism


Becauseinhibitionofenergymetabolismcouldbeacauseof
 neurotoxicity,weexposedneuronalculturestoaCSFwithexcess
 NaCl,50mmol/L,ormannitol,100mmol/L,for1or10handadded


14C-labeledglucoseduringthelast15minofincubation.Therewas
 nocelldeathateithertimepoint,ascouldbeobservedinsister
 cultures. At 1h, no signiﬁcant differences were seen in the
 concentrationofglucoseorlactateintheincubationmedia(not
 shown).However,at10h,diminishedconsumptionofglucosewas
 evidentfromahigherlevelofglucoseandalowerleveloflactatein
 theincubationmediaofcellsexposedtoexcessNaCl(Fig.3a).After
 1hof incubationwithexcessNaCl,50mmol/L, theintracellular
 concentration of aspartate had increased (Fig. 3b), and this
 tendencywasevenmorepronouncedafter10h(Fig.3c).Atthis
 lattertimepointtheintracellularconcentrationofglutamatewas
 alsoincreased.Theradiolabelingofintracellularaminoacidsfrom


14C-labeled glucose was not signiﬁcantly changed after 1h of
 incubation (Fig. 3d), but at 10h the formation of radiolabeled
 glutamatefrom[U-14C]glucosewasreducedby29%(Fig.3e).In
 contrast, addition of mannitol, 100mmol/L, did not cause
 signiﬁcantchangesinglucosemetabolismorintracellularlevels
 ofglutamateoraspartate(Fig.3a–e).


3.5.EffectofpyruvateoncelldeathcausedbyhyperosmolarNaCl


Toseeifinhibitionofglycolysismightunderliethetoxiceffect
 of hyperosmolar Na+ we added Na-pyruvate,10mmol/L, during
 exposuretoexcessNaCl,50mmol/L.Thistreatmentreducedcell
 deathat20hsigniﬁcantly(Fig.4).Increasingtheconcentrationof
 glucoseintheaCSFfrom1to10mmol/Lalsoreducedcelldeath
 causedbyhyperosmolarNaCl(Fig.4).


3.6.EffectofhyperosmolarNaClonthelevelofATP


Toseewhetherthereductioninglucosemetabolismcausedby
 hyperosmolarNaClwasassociatedwithchangesinATPlevels,we
 incubated cells with excess NaCl, 50mmol/L, or mannitol,
 100mmol/L, and determined neuronal ATP content at various
 timepoints.After3hofexposuretoexcessNaCl,50mmol/L,there
 wasnosigniﬁcantreductioninATP,butafter5and10hofexposure
 thelevelofATPhadfallenby18%and29%,respectively(Fig.5).At
 neithertimepointwasthereanycelldeath,ascouldbedetermined
 in sister cultures. Exposure of cells to aCSF with mannitol,
 Fig.2.EffectofhyperosmolarNaClonextracellularlevelsofaminoacidsandhigh-


afﬁnityglutamateuptake.(a)Levelofglutamate,taurine,andGABA,and(b)levelof
 glutamine,glycine,andalanineintheincubationmediumat1hofincubationat
 37CofcerebellargranulecellswithaCSFsupplementedwithexcessNaCl,0–


100mmol/L.Dataaremmol/L,mean+SEMvalues.Allaminoacidconcentrationsin
 (a) were signiﬁcantly reduced by excess NaCl (p<0.001; one-way ANOVA,
 Dunnett’s method),exceptGABAatexcessNaCl,10mmol/L.c: Uptakeof 3H-
 labeledglutamatebycerebellargranulecellsatroomtemperatureduring3minin
 thepresenceofexcessNaCl,0–60mmol/L.Dataarepercentofcontrol,mean+SD
 values(N=4-6pervalue).Asterisks:signiﬁcantlydifferentfromcontrolvalue;*:


p<0.05;***:p<0.001;one-wayANOVA,Dunnett’smethod.



(5)100mmol/L,didnotcauseanyreductioninATPlevelscomparedto
 control(Fig.5).


3.7.Hyperosmolarsolutionsandintracellularfree[Ca2+]


In cells incubated under control conditions ([Na+]
 120.4mmol/L, [K+] 25mmol/L), mean intracellular free [Ca2+]
 was145–165nmol/Linthevariousexperiments.Incellsincubated
 with[Na+]141.4mmol/Land[K+]4mmol/L,meanintracellularfree
 [Ca2+] was approximately 80 nmol/L. Below, intracellular free


[Ca2+] is given as percent of values obtained with [Na+]
 120.4mmol/Land[K+]25mmol/L.


Bothacute (10min) and long-term(3and 10h)exposure to
 excess NaCl, 50mmol/L, led to a signiﬁcant reduction in
 intracellularfree[Ca2+](Fig.6a).Thiseffectwashighlyreproduc-
 ible in six separate experiments, and it was seen, although at
 smallermagnitude,with25mmol/LexcessNaCl(Fig.6b).Howev-
 er,the reduction in intracellularfree [Ca2+] was not speciﬁcto
 sodiumchloride,butwasalsoseenincellsexposedtomannitol,
 100mmol/L(Fig.6a).


Fig.3. EffectofhyperosmolarNaClonglucosemetabolismincerebellargranulecells.Cerebellargranulecellswereincubatedfor1or10hinaCSFwithexcessNaCl,50mmol/L
 (blackbars),ormannitol,100mmol/L(greybars).Glucosewas1mmol/L.Fifteenminutesbeforeharvestingthecells[U-14C]glucose,1mCi,wasadded.a:Concentrationof
 glucoseandlactateintheaCSFafter10hrsofincubation.b:Levelsofintracellularaspartate(Asp),glutamate(Glu)andglutamine(Gln)after1hofincubationc:Levelsof
 intracellularaminoacidsafter10hofincubation.d:Radiolabelingofaminoacidsfrom[U-14C]glucoseafter1hofincubation.e:Radiolabelingofaminoacidsfrom[U-14C]


glucoseafter10hofincubation.Intracellularaminoacidsarenmol/mgprotein,radiolabelingisdpm/mgprotein,glucoseandlactateintheaCSFaremmol/L.Alldataare
means+SDvalues;N=6).Asterisks:differentfromcontrolvalue;*:p<0.05;***:p<0.001;one-wayANOVA,Dunnett’smethod.



(6)With[K+]4mmol/L,and[Na+]141.4mmol/L,intracellularfree
 [Ca2+]wasapproximately50%ofthevalueobtainedwithhigh[K+]
 andlower[Na+].RaisingextracellularNaClby50mmol/Lcaused
 intracellularfree[Ca2+]todecreasefurther(Fig.6c).


3.8.Effectofhyperosmolarsodiumchlorideoncytosolic[Na+]


ExcessNaCl,50mmol/L,producedanincreaseinintracellular
 [Na+]within10minofexposuretoNaCl,ascouldbeseenfroman
 increaseinSBFIsignal(Fig.7).Thiseffectwasseenwhetherthe
 incubation medium had high potassium (25mmol/L) or low
 (4mmol/L), and it was also seen with addition of mannitol,
 100mmol/L.Atlatertimepoints(2and4h)duringexposureto
 excessNaClormannitolnoincreaseinSBFIsignalwasseen(data
 notshown).


Cells incubated in aCSF with [K+] at 4mmol/L and [Na+]
 141.4mmol/Lhadahigherintracellular[Na+]thancellsincubated
 inaCSFwith[K+]at25mmol/Land[Na+]at120.4mmol/L,ascould
 beseenfromtheSBFIsignalintheformergroupbeing1097%of
 thesignalinthelattergroup(p=0.02,Student’st-test).


Fig.4.Neuroprotectiveeffectofglucoseandpyruvateoncerebellargranulecells
 exposedtoexcessNaCl,50mmol/L,for20h.Celldeathwasdeterminedfromlactate
 dehydrogenase(LDH)release.Valuesarepercentofcontrolwithoutadditionof
 glucoseorpyruvate;means+SD.Asterisks:differencefromculturesexposedto
 excessNaCl,50mmol/L;*:p<0.05;****:p<0.0001;ANOVA,Dunnett’smethod.


Fig.5. LevelsofATPincellsexposedtoexcessNaCl,50mmol/L,ortomannitol,
 100mmol/L,for3,5,or10h(beforemeasurablehyperosmolarity-inducedcell
 death).Dataarenmol/mgprotein,mean+SDvalues;N=4-6pervalue.Asterisks:


differencefromcontrol;*:p<0.05;Kruskal-Wallistest,Dunn’scorrection.Note
 thatwhileexcessNaCl,50mmol/L,leadstoareductioninATPlevels,thereisno
 sucheffectofmannitol.


Fig.6.EffectofhyperosmolarNaClonintracellularfree[Ca2+]detectedbyFura-2.a:


Intracellularfree[Ca2+]after10min,3,or10hofexposuretoaCSFwithexcessNaCl,
50mmol/L (black columns) or mannitol, 100mmol/L (grey columns). White
columnsarecontrols.b:Intracellularfree[Ca2+]after5h’exposuretoaCSFwith
excessNaCl,25,50,or100mmol/L.c:Intracellularfree[Ca2+]inculturesincubated
with25mmolK+/L(twoleftcolumns)or4mmolK+/L(tworightcolumns)andthe
effectofexcessNaCl,50mmol/L(valuesat10min).Meanintracellularfree[Ca2+]in
controlculturesincubatedwith25mmolK+/L(a–c)was145–160nmol/L.Valuesare
percent ofcontrol, means+SD (N=7–12 per value). Asterisks:different from
correspondingcontrolgroup;*:p<0.05;**:p<0.01;***:p<0.001;##:different
from control group incubatedwith 25mmolK+/L: p<0.01; one-way ANOVA,
Dunnett’sorNewman-Keulsmethods,asappropriate.



(7)4.Discussion


4.1.Evaluationofthemodel


The present study is based on conventional incubation of
 cerebellar granule cells with a high concentration of KCl
 (25mmol/L) and an adjusted sodium concentration to achieve
 physiologicosmolarity(Galloetal.,1987;Schousboeetal.,1989;


VanderValketal.,1991;Hasseletal.,1995),leadingtoatotal[Na+]
 of120.4mmol/Linthecontrolsituation.Itmaybearguedfroma
 physiologicalpointofviewthatincreasing[Na+]inthissituation
 would be to normalize extracellular [Na+]. However, cultured
 neurons will remain electrophysiologically inactive at [K+] at
 4mmol/L and will lack the trophic effect of depolarization,
 includingNMDAreceptoractivation(Galloet al.,1987; Vander
 Valketal.,1991;Zhouetal.,2015).Thiswasprobablywhy,inthe
 present study, incubation of cerebellar granulecells in a more


‘physiologic’aCSF,with[K+]at4mmol/Land[Na+]at141.4mmol/L
 ledtopronouncedcelldeath, and increasingextracellular[Na+]
 under these circumstances reduced cell death. To be able to
 describe possible neurotoxic effects of hyperosmolar NaCl we
 thereforechosetousethemodelwhichallowedcellsurvivalinthe
 controlsituationandwhichproducedcelldeathwithincreasing
 concentrationsofNaCl.


Themodelallowsadescriptionofvariouscellularreactionsto
 hyperosmolarNaCl that takeplacebefore thecells die,that is,
 within 10h of exposure to hyperosmolar solutions, including
 changesinglucosemetabolism,ATPlevels,uptakeofaminoacids,
 andintracellular free[Ca2+]. However,necrosis,which occurred
 aftermorethan10hofexposuretohyperosmolarNaCl,andwhich
 wasmeasuredat20h,entailsdisruptionofthecellmembraneand
 hencealossofbothcellcontentandiongradients,includinglossof
 glutamatetotheextracellularﬂuidandcytosoliccalciumoverload
 (Choi,1987; Schramm et al.,1990). Thus, the 20-h incubation
 periodconsistedoftwodistinctphases:aﬁrstphaseinwhichcells
 reacted to hyperosmolar NaCl by reduced glycolysis, increased
 uptake of glutamate, and lowered intracellular free [Ca2+], but
 withoutcelldeath,andasecond,necrotic,phase,whichoccurred
 aftermorethan10hofincubation.


4.2.HyperosmolaritycausedbyNa+isneurotoxic


This study shows that prolonged exposure to hyperosmolar
 NaCl causes cell death in cultured cerebellar granule cells. An
 increaseinextracellularNaClof aslittleas10mmol/Lcaused a
 small,but signiﬁcantincrease incelldeath.Na+wasclearlythe
 neurotoxicagent,asreplacementwithcholinereducedcelldeath
 tocontrolvalues,whereasreplacementoftheexcesschlorideions
 withgluconatedidnot.Hyperosmolarityperse(withmannitolor
 glycerol)waswithoutneurotoxiceffect.Previously,Himmelseher
 et al. (2001) reported that a transient (15-min) exposure of
 culturedhippocampalneuronstoincreasedosmolarity,partlydue
 to NaCl, caused cell death at 24h. Their study addressed the
 questionofwhethertherapeutichypernatremia inneurocritical
 caremaybeharmfultothebrain.Theresultsofthepresentstudy
 mayaddtotheworrythatsuchtreatmenthasuntowardeffects,
 butgiventhelimitationsoftheinvitromodel(seeSection3.1),
 furtherstudiesarenecessarytoelucidatethisquestion.


4.3.HyperosmolarNaClinhibitsglycolysisandreducesATPlevels


IncubationofcerebellargranulecellswithexcessNaClcaused
 reduction in glucose metabolism, as could be seen from the
 reducedconsumptionofglucoseandthediminishedformationof
 lactate, indicating lower glycolytic activity. The reduced


14C-labelingofglutamatefrom14C-glucoseisconsistentwiththis


interpretation. The reduction in glycolytic activity probably
 contributed to the reduction in ATP levels in cells exposed to
 hyperosmolar NaCl and it was probablyan important causeof
 necrosisinthesecells,assuggestedbythereductionincelldeath
 byadditionofpyruvate, whichbypassesglycolysisasanenergy
 substrate.


The increasein intracellular aspartatein response tohyper-
 osmolarNaClprobablyreﬂectedtwo distinctmechanisms.First,
 increaseduptakeof glutamateandGABA fromtheextracellular
 ﬂuidwouldleadtoﬂoodingofthetricarboxylicacid(TCA)cycle
 with intermediates, causing build-up of oxaloacetate as the
 terminalintermediateoftheTCAcycle(Fig.8).Oxaloacetatewill
 onlybemetabolizedfurthertocitrateifacetyl-CoAisavailable,the
 formation of which iscontrolled bypyruvatedehydrogenase, a
 rate-limitingenzymeforTCAcycleactivityinthebrain(Laietal.,
 1977;Morlandetal.,2007).Oxaloacetateisinequilibriumwith
 aspartate,sowhentheformerbuildsup,sodoesthelatter.Second,
 build-upofaspartateisakeymetaboliceventduringinhibitionof
 glycolysis(Engelsenet al.,1986; Gundersen etal.,2001):when
 availability of acetyl-CoA (derived from glycolytic end product
 pyruvate) is reduced, oxaloacetate (and hence aspartate) accu-
 mulates(cf.Fig.8).Asimilarincreasein aspartate,wasseenin
 brainsofacutelyhypernatremicmice(Thurstonetal.,1986).This
 effect of hypernatremia was ascribed to a reduction in serum
 glucose(Thurstonetal.,1986),buttreatmentwithglucosedidnot
 reversesymptomsorbiochemicalabnormalities,lendingsupport
 totheviewthattheglycolyticpathwayitselfwasinhibited.The
 higher level of glutamate in cells after 10h of incubation in
 hyperosmolarsodiumchloridecouldbeexplainedbythehigher
 uptake of extracellular glutamate in these cultures. A similar
 increaseinbrainglutamatewasseeninhypernatremicmiceinvivo
 (Thurstonetal.,1986).


WecannotatpresentexplainhowhyperosmolarNaClleadsto
 inhibition ofglycolysis.A high[Na+]hasbeenshown toinhibit
 hexokinase in vitro (Olsen et al., 2007), and an increase in
 extracellular[Na+]mayreduceintracellularpH(Okadaetal.,2001;


RoseandKarus,2013),whichinturncouldaffecttheactivityof
phosphofructokinase(TrivediandDanforth,1966).However,the
increase inintracellular [Na+] was onlytransient, and mannitol
also caused an increase in intracellular [Na+] without affecting
glycolysisorcausing celldeath.Probably,thistransientincrease
reﬂectedtheefﬂuxofwaterfromthecellsasaresponse tothe
increasedosmolarityintheextracellularﬂuid,producingahigher
concentration of intracellular sodium ions. Further, increasing
intracellular[Na+]haspreviouslybeenshowntostimulaterather
thaninhibitglycolyticactivityinsynaptosomes(Erecinskaetal.,
1991).Alternatively,thereductioninintracellularfree[Ca2+]may
have reduced theactivityof glyceraldehyde-3-phosphate dehy-
drogenase,which,atleastinmuscle,isactivatedbycalciumina
calmodulin-dependent manner (Singh et al., 2004); however,
mannitol also caused a reduction in intracellular free [Ca2+],
without affecting glycolysis or causing cell death. Because the
intracellular effects of hyperosmolar NaCl werealso seen with
mannitol,whereasonlyhyperosmolar NaClcausedinhibitionof
glycolysis and celldeath, it is possiblethat hyperosmolar NaCl
inhibited glycolysis through an extracellular effect, e.g. on the
neuronal glucose transporter, GLUT3. In agreement with this
interpretation,Himmelseheretal.(2001)observedareductionin
the neuronal uptake and accumulation of 3H-labeled 2-deoxy-
glucoseafterexposuretoa15-minutepulseofhypertonicsaline
and hydroxyethyl starch (350mOsm/L) indicative of reduced
uptakeofglucoseintoneurons.Accumulationof2-deoxyglucose
reﬂectsthecombinedactivityoftheglucosetransporterandthe
phosphorylatingactivityofhexokinase(Sokoloffetal.,1977).The
possibilitythathexokinasewasinhibitedbyhyperosmolarNaCl,
appears less attractive, given that, in the present study,



(8)hyperosmolar NaCland mannitol produced the same transient
 increase in intracellular NaCl,whereas onlyhyperosmolar NaCl
 causedreductioninglucoseconsumption.Wethereforehypothe-
 size that hyperosmolar Na+ somehow reduces the activity of
 GLUT3. Further studies are needed examine the relationship
 betweenglucosetransportandextracellular[Na+].


4.4.Intracellularfree[Ca2+]respondstohyperosmolarity


Intracellular free [Ca2+] was reduced in response to high
 extracellular NaCland mannitol alike, suggesting that it repre-
 senteda responsetohyperosmolarityratherthan hyperosmolar
 NaClspeciﬁcally.Anincreasedintracellularfree[Ca2+]ispartofthe
 volume regulatory responseto hypo-osmolarity(Morales-Mulia
 et al.,1998; Okadaet al.,2001).To ourknowledge,thepresent
 studyistheﬁrsttodemonstrateadecreaseinintracellular[Ca2+]in
 neuronsinresponsetoextracellularhyperosmolarity.


4.5.Caneffectsofhyperosmolarityhelpexplaincerebraldysfunction
 indehydration?


Hypernatremiamaycausecognitivedysfunctionanddelirium
 (forreview,seeLieberman,2007;Vidánetal.,2009).Inourstudy
 hyperosmolarNaClledtoanincreaseinglutamateuptakeandto
 reduced extracellular concentrations of glutamate, GABA, and
 Fig.7.EffectofhyperosmolarNaClonintracellularfree[Na+].Culturedcerebellar


granule cells were kept in aCSF with 25mmolK+/L (three left columns) or
 4mmolK+/L(threerightcolumns).Theextracellularconcentrationofsodiumwas
 increased by 50mmol/L (black columns), or mannitol was added at a ﬁnal
 concentrationof100mmol/L(greycolumns).Incubationtimewas10min.Atlater
 timepoints(2or4h)nodifferencewasseenbetweengroups(notshown).Values
 arepercentof thecorrespondingcontrolgroup, means+SD(N=8per value).


Asterisks:differentfromcorrespondingcontrolgroup;*:p<0.05,**:p<0.01;one-
 wayANOVA,Dunnett’smethod.


Fig.8. SimpliﬁedschemeofglycolysisandTCAcycleactivity,showinghowaspartatebuildsupwhenoxaloacetatelevelexceedstheavailabilityofacetyl-CoA.Diminished
 glycolyticactivityleadstoreducedformationofacetyl-CoA,whileincreaseduptakeofglutamateandGABAﬂoodstheTCAcyclewithintermediates,leadingtoaccumulation
 ofoxaloacetate,becausepyruvatedehydrogenase(PDH)israte-limiting(Laietal.,1977;Morlandetal.,2007).Oxaloacetateistransaminatedtoaspartate.Glutamate
 transporters(EAAT)andGABAtransporters(GAT)aresodium-dependentandrespondtoincreasedextracellular[Na+]withanincreaseintransportactivity.Abbreviations:


Asp:aspartate;EAAT:excitatoryaminoacidtransporter;GAT:GABAtransporter;a-KG:a-ketoglutarate;PDH:pyruvatedehydrogenase.
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