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Ketamine disrupts synaptic neuromodulation

of thedrug ketamine Indeed,sub-anesthetidoseof ketamineproducerapid antidepressant
actionswithin afewhours[5£7], evenin otherwiserefractorypatientg8]. Thus,the potential
benefitsof this newpharmacologicahterventionprovidegreatpromisefor the treatmentof
major depression.

Surprisingly the neurologicamechanismsinderlyingthe antidepressardctionsof
ketamineremainpoorly understood Receneffortshavefocusedn the regulationof glutama-
tergicsynapsem the prefrontalcortex(PFC)asa potentialprocessy which ketaminemodu-
latesbehavior Ketamineitselfis an antagonisof N-methyl-D-aspartat§NMDA) -type
glutamatereceptordyNMDARS) [9], thoughit mayhaveotheractionsaswell[10]. Acute
administrationof ketamineproduceamild dissociativeeffectghat subsidewithin two hours
afteradministration[11], while the antidepressaractionsmay persistfor up to aweek[5, 6].
In animalmodels ketaminestimulatesa signalingcascad¢hat producedong-termenhance-
mentof glutamatergid¢ransmissiorin the PFC including increasedynapticprotein synthesis
andincreasedlensityof dendritic spinesthe structuralsitesof individual excitatoryinputs
[12+15].Moreover thesesynapticchangepersistfor severatlaysafteradministration[13].

Thecellularmechanismsinderlyingthesealterationsn synapticstructureandfunction are
unclear,andavarietyof signalingpathwaysavebeenimplicatedin linking NMDAR blockade
to long-termalterationof glutamatergisignalingincluding the mammaliantargetof rapamycin
(mTOR)andbrain-derivedneurotrophicfactor(BDNF)[13,16,17]. Boththesgprocessebave
beenshownto regulatethe growth and stability of glutamatergisynapseglL8, 19]. However,
ketaminehasalsobeenlinked to alterationsn inhibitory y-aminobutyricacid(GABA) -ergic
signaling both directly andindirectly by disruptingactivity in inhibitory interneurong[20+22].

A recentstudysuggestethat acuteadministrationof ketaminemight alsoimpactthe func-
tion of the protein regulatorof G-proteinsignalingtype-4(RGS4)23]. RGS4s aGTPase
activatingproteinthat acceleratethe hydrolysisof guanosine-5'-triphosphat@& TP) to guano-
sine-5'-diphosphatéGDP) following the activationof G proteinsby avarietyof ligand-recep-
tor interactiong[24, 25]. Behavioraktudiesn micelackingRGS4demonstratedhat this
enzymecanactasakeynegativemodulatorof ketamine-mediate@ntidepressaractions[23],
andketamineitselfis capablef reducinglevelsof RGS4n the PFC.Previousstudiesound
thatRGS4playsacrucialrole in regulatingthe neuromodulationof glutamatergicsynapsem
the PFC[26]. Thesedatashowedhatthe specificityof adrenergiand GABAergiccontrol over
o-amino-3-hydroxy-5-methyl-4soxazolepropioniacid (AMPA)- and NMDA-type glutamate
receptorsrespectivelyis abolishedollowing pharmacologicablockadeof RGS4unction.

Asneuromodulationmayplayakeyrolein normal prefrontalfunction, weinvestigated
whetherketaminemight disrupt the regulationof glutamatereceptorsn the PFC.We used
whole-cellpatchclampelectrophysiologgnd 2-photoncalciumimagingin acuteslicesrom
themousePFCto measurgostsynapticesponsesvokedoy focal2-photonglutamateuncag-
ing. We found that a singledoseof ketaminedid not alterbasafunction of postsynaptigluta-
matereceptorsHowever ketaminedid producea substantiateductionin prefrontalRGS4
leveldn the PFC We alsofound that4 hoursafterketaminetreatmentadrenergiand GABAer-
gicneuromodulatorsio longerdisplayedselectivityin the regulationof AMPA- and NMDA-
typeglutamatereceptorsThus,our work suggestanovelmechanisnby which acuteketamine
caninfluenceglutamatergicsignalingand potentiallycontributeto its antidepressardactions.

Materials and methods
Animals and drug treatment

All animalhandlingwasperformedin accordanceavith guidelinesapprovedy the YaleandUC
Irvine Institutional Animal Careand UseCommitteeandfederalguidelinesAll experiments
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wereapprovedby the abovecommitteesWild-type C57/Bl6mice (postnataday22+42)of
eithersexwereinjectedi.p. with eithersalinevehicleor ketamine(15mg/kg) 4 hoursprior to
experiments.

Slice preparation

For glutamateuncagingexperimentsye preparedacuteprefrontalcortical (PFC)slicesaspre-
viouslydescribed?26]. Briefly, micewereanesthetizewvith isofluraneanddecapitatedand
coronalsliceg300um) werecut in ice-coldsolutioncontaining(in mM): 110choline,25
NaHCQO;, 1.25NaH,PO,, 3KCI, 7MgCl,, 0.5CaCl, 10glucosell.6sodiumascorbateand
3.1sodiumpyruvate bubbledwith 95%0, and5%CO.. Slicesontainingthe prelimbic-infra-
limbic regionsof the PFCwerethentransferredo artificial cerebrospinalluid (ACSF)con-
taining (in mM): 126NaCl,26 NaHCGO;, 1.25NaH,PO,, 3KCI, 1 MgCl,, 2 CaCl, 10glucose,
0.4sodiumascorbate? sodiumpyruvateand 3 myo-inositol,bubbledwith 95%0, and5%
CO.. After anincubationperiod of 15min at 34ECthe slicesveremaintainedat 22+ 24EGor
atleast20min beforeuse.

Electrophysiology and imaging

All experimentsvereconductedat nearphysiologicatemperaturg32+34ECh asubmer-
sion-typerecordingchamberWhole-cellrecordingsin voltageclampmodewereobtained
from layer5 pyramidalcells(400+50Qum from the pial surfacejdentified with infrared differ-
entialinterferencecontrast.Glasslectrode¢1.8+3.0MQ) werefilled with internal solution
containing(in mM): 135CsMeSQ, 10HEPES4 MgCl,, 4 Na,ATP,0.4NaGTP,10sodium
creatinephosphateand 0.2%Neurobiotin (Vector Laboratoriespdjustedo pH 7.3with
CsOH.Red-fluorescenmtlexaFluor-594(10uM, Invitrogen) andthe green-fluorescertal-
cium (Ca2+)-sensitivé&luo-5F(300uM, Invitrogen) wereincludedin the pipettesolution.
Neuronswerefilled viathe patchelectroddfor 10min beforeimaging.Seriegesistancevas
10+22MQ anduncompensatedElectrophysiologicakcordingsweremadeusinga Multi-
clamp700Bamplifier (MolecularDevices)filtered at4 kHz, anddigitizedat 10kHz. Typically,
7+10trialswereaveragedhto eachresponse.

2-photonimagingwasaccomplisheavith acustom-modifiedOlympusBX51-WImicro-
scopgOlympus,Japan)including componentananufacturecoy Mike's MachineCompany
[27]. Fluorophoresvereexcitedusing840nm light from apulsedtitanium-sapphirdaser
(Ultra2, Coherent) Emittedgreenandred photonswereseparatedvith appropriateoptics
(Chroma,Semrock)and collectedby photomultiplier tubes(Hamamatsu).

For Ca2+imaging,signalswerecollectedduring 500Hz line scansacrossa spine.Ca2+sig-
nalswerefirst quantifiedasincrease greenfluorescencérom baselinenormalizedto the
averageed fluorescenc€AG/R). We thenexpressefluorescencehangessthefraction of
the G/Rratio measuredn saturatingCa2+(AG/Gs4)(Lur andHigley 2015).

2-Photon glutamate uncaging

For focalstimulation of singledendritic spinesweused2-photonlaseruncagingof glutamate
(2PLUV).To photoreleasglutamatea secondTi-Sapphirdasertunedto 720nm wasintro-
ducedinto thelight pathusingpolarizationoptics.Lasempowerwascalibratedfor eachspine
by directingthe uncagingspotto the middle of the spinehead We adjusteduncagingpowerto
achieves0%photobleachingf the Alexa594dyefilling the spine[26]. The powerusedfor
2PLUrangedfrom 8to 25mW, pulsedurationwas0.5ms.For synapticstimulation,wetypi-
callyuncagedjlutamateat 3x4separatéocationsaroundasinglespineheadto find a2hot
spot°,the placeof thelargestresponseOur previousmeasurementimdicatethatthis stimulus
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resultedin uncagingevokedexcitatorypost-synapticurrents(UEPSCs$imilarin sizeand
kineticsto spontaneousniniature excitatorypost-synapticurrents(UEPSCs)26].

Data acquisition and analysis

ImagingandphysiologydatawereacquiredusingNationalInstrumentsdataacquisition
boardsand customsoftwarewritten in MATLAB (Mathworks,[28]). Off-line analysisvasper-
formedusingcustomroutineswritten in MATLAB andlgorPro (Wavemetrics) AMPAR-
mediatedEPSCamplitudeswerecalculatedy finding the peakof the currenttracesandaver-
agingthe valueswithin a0.3mswindow. NMDAR-mediatedcurrentsweremeasuredn a3
mswindow aroundthe peak 2PLU-evoked\Ca2+wascalculatedasthe averageAG/Gg,over
a100mswindow, starting5 msafterthe uncagingevent.Statisticacomparisonsverecon-
ductedin GraphPadPrism5. All datawereanalyzedisingone-wayanalysiof variance
(ANOVA)-testscorrectedfor multiple comparisongTukey).

Pharmacology and reagents

2PLUexperimentsvereperformedin normal ACSFsupplementedvith MNI-glutamate(2.5
mM) andD-serine(10uM). To isolateAMPAR-mediateccurrentsin voltageclampexperi-
ments weaddedtetrodotoxin(TTX) (1 uM) to blocksodiumchannelspicrotoxin (50uM) to
block GABA, receptorsCGP55845%3 uM) to block GABAg receptorsand 3-(2-Carboxypi-
perazin-4-yl)propyl-1-phosphoniacid (CPP)(10uM) to blockNMDA-type glutamaterecep-
torsto the ACSF.To isolateNMDAR-mediatedcurrents wemodified our original ACSFto
contain0 mM Mg and3mM Ca2+andincludedTTX (1 uM), picrotoxin (50uM), CGP55845
(3 M), and 2,3-dihydroxy-6-nitro-7-slfamoyl-benzo[flquinoxalingNBQX) (10uM) to
block AMPA-typeglutamatereceptorsTo activaten2 adrenergiceceptorsveused4OuM
guanfacingTocris). TheselectiveasABAg receptoragonistbaclofen(Tocris),adrug primarily
usedasamusclerelaxantapprovedoy the USFoodand Drug Administration, wasappliedat
5 uM. Both G-protein coupledreceptor(GPCR)agonistsvereapplied5+7minutesprior to
datacollectionandremainedin the bathfor the duration of the experimentput typicallyno
longerthan 20 minutesto avoidreceptordesensitizationAll compoundsand saltswerefrom
Tocrisand Sigmarespectively.

Western blot analysis

For RGS4westerrblot analysiswe prepared300um thick brain slicescontainingthe PFC
from C57/blémiceasdescribedabove Followingthe recoveryperiod,the prelimbic regionof
the prefrontalcortexwasdissecteaut of the sliceson ice. Tissuesamplesverehomogenized
andsonicatedn icecoldlysisbuffercontaining20mM Tris, 1 mM ethylenediaminetetraacetic
acid(EDTA) and 1x Halt proteaseand phosphatasmhibitor cocktail(Thermo Scientific)and
0.5%SDS pH 8.0.After a 10-minutecentrifugationat 14000rpm, the supernatantvascol-
lected,andprotein contentwasdeterminedusingPierceBCA Protein Assay(Thermo Scien-
tific). Samplegontainingequalamountsof protein wereseparate@n a 6%poly-acrylamide
gelandtransferredo polyvinylidenedifluoride (PVDF) membranesAfter blockingfor 1h at
room temperaturewith 3%non-fatmilk and0.02%Na-azidein Tris bufferedsaltsolution
with 0.05%Tween20(TBST),membranesvereimmunoreactedvith aprimary antibody
againsRGS4Millipore, RBT17)[29] in 1%milk and0.02%Na-aziden TBST,1:1000pver-
night. After washingoff excesgprimary antibodyandincubationwith the appropriatehorse-
radishperoxidas€¢HRP) conjugatedsecondanantibody(GE HealthcareUK) for 2 hoursat
room temperaturén TBST bandswerevisualizedusingHyGlo ChemiluminescenHRP Anti-
bodyDetectionReagen{Denville Scientificinc.) andexposednto autoradiographyilm

PLOS ONE | https://doi.org/10.1371/journal.pone.0213721 March 13,2019 4/13


https://doi.org/10.1371/journal.pone.0213721

©'PLOS|ONE

Ketamine disrupts synaptic neuromodulation

(Denville Scientificinc.). Membraneswverethen strippedfrom antibodiesusingRestore
PlusWesternBlot StrippingBuffer (15 minutesatroom temperature Thermo Scientific) re-
blockedandimmunoreactedwvith anti-g-tubulin (SIGMA) primary antibodyfollowedby the
appropriateHRP-secondarantibodyto establisttotal amountf-tubulin in the samplesAuto-
radiographyfilms weredevelopedn aKodakautomaticdeveloperthenscannedcndanalyzed
with ImageJRGS4evelwasquantifiedasRGS4 B-tubulin.

Behavioral analysis

To performtheforcedswimtest(FST)micewereindividually placedn atransparenglassyl-
inder (40cm high, 20cm diameter)containing2000ml of clearwaterat 24+ 26 for 6 min.
Mice werenot ableto reachthetop of the beakeror touchthe bottom with their tail. A mouse
wasjudgedto beimmobile whenit remainedfloating passivelyn thewater.Usingavideo
recording,immobility time during the 4 lastminutesof the testwasmeasuregost-hocby two
independeninvestigatorsvho wereblindedto the animal'scondition. A decreasé immobil-
ity time indicatesan antidepressant-likeesponse.

Forthelight / dark boxtest(LDB) astandardmousecagewvassplitinto two regionsatthe
2:1ratio with abarrierthathada5 x 5 cm gateto allowfreemovementbetweerthe chambers.
The smallerchamber(onethird) wasdarkenedTheapparatusvassetup un abrightly lit test-
ing room. Animalsweretransferredo thedark sideof anapparatusandtheir activityrecorded
for 6 minutes.Two independeninvestigatorsblindedto the animal'scondition, measuredhe
numberof entriesandthetime spentin the brightly chambermost-hoc.

Behaviorakxperimentsvereconductedon 8 mice.On day1 animalswereinjectedwith
salinevehicleat10amandtestedn LDB andFSTat 2+4pm. After adayof rest,on day3 mice
wereinjectedwith 15mg/kgketaminein salineat10amandre-testedn LDB andFSTat2+4
pm. It hasbeenshownnumeroustimes[30, 31]that 2 repeat®f theseestdo not alterthe ani-
mal'sperformanceThis designallowedusto perform pairedstatisticson the datawhile mini-
mizing animalsacrificeasper IACUC guidelines.

Results
Ketamine exerts no effect on NMDA receptors 4 hours post treatment

Previouswvorksinvestigatinghe rapid onsetantidepressaractionsof ketaminein rodents
haveplacedthe effectivedoseof ketaminebetweerb and50mg/kg[13,23,32,33]. To investi-
gatethe consequences ketaminefor glutamatergisignalingweinjectedmicewith eithera
singledoseof ketamine(15mg/kg) or salinevehicle At four hourspost-injection,we prepared
acutebrain slicesfrom the medialprefrontalcortex(PFC)of theinjectedanimalsandmade
wholecellvoltageclamprecordingsfrom layer5 pyramidalneuronsin the prelimbicregion
(Fig 1A). We measuredbxcitatorypostsynapticurrents(EPSCsgvokedby 2-photonlaser
uncaging(2PLU)of glutamateonto spinesalongthe basaldendriteswhile simultaneously
monitoring intra-spineCa2-+transientsusing2-photonlaserscanningmicroscopy(2PLSM)
(Fig 1B).We found no differencein AMPAR-mediatedEPSCdetweervehicle(20.9+ 1.9pA,
n = 31spinesiandketamine(21.0+ 1.4pA, n = 33spinesp = 0.96 t-test,FigslCand4A)
groups.Notably,wealsofailedto observealterationan NMDAR-mediatedcurrents(vehicle:
22.9+ 2 pA, n = 31spinesketamine21.4+ 1.8pA, n = 31spinesp = 0.59 t-test,Figs1Cand
4B)or Caz+transientqvehicle0.52+ 0.02AG/Gg,; ketamine0.54+ 0.02AG/Gg; p = 0.31t-
test,Figs1Cand4B),indicatingthe absencef persistenNMDAR blockadeOverall,our
resultssuggesthat4 hoursposttreatment ketamineproducesno changen postsynaptiglu-
tamatereceptomresponsiveness.
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Fig 1. Ketamine administration does not affect postsynaptic glutamate receptor activation 4 hours post
treatment. (A) A 2-photonimageof alayer5 pyramidalneuronvisualizel by Alexa594fluorescencehite
boxhighlightsthe extentof the basabendritic arbor searchedor spines(Bi) Imageof adendritic spine. White
asteriskshowsthe uncagig location.Fluoresceoeintensitywasmeasuredn aline scanhighlightedby the yellow
dashedine. (Bii) Chronogran showingthe changen greenfluorescencendicatingatransientincreasef intracellula
Ca2+concentraion in the spineheadin responséo glutamateuncaging(arrowhead)(Ci) MeanAMPAR-mediated
UEPSC# vehicle(black)andin ketamine(blue)treatedanimalst SEM(shadedareas)(Cii) 2PLU-evékedNMDAR
currentsand(Ciii) Ca2+transiensin vehicle(black)andin ketaminetreatedanimals(blue),mean(solidlines)+ SEM
(shadedhreas):: p<0.05unpairedt-test.

https://abi.org/10.1371durnal.por.0213721.g0L

Ketamine significantly reduces RGS4 expression in the PFC

To testwhetherketamineadministrationresultsin reduceddepression-likdehaviorst hours
post-administrationwe performedforcedswimtestgFST).Ketaminetreatmentsignificantly
reducedmmobility timescomparedo vehicleinjection (p = 0.0034n = 8, Pairedt-test,Fig
2A). To further characteriz¢he effectof ketaminewe alsomeasuredhe animal'sanxiety-like
behaviorasingthelight/dark boxtest(LDB). We found that vehicleand ketaminetreated
micespentthe sameamountof time in the brightly lit compartment(p = 0.64,n = 8, Pairedt-
testFig 2B) but ketamineinjectedmiceachievedhis in fewergatecrossinggp = 0.032n = 8,
Pairedt-test,Fig 2B),resultingin asignificantlyhigherratio betweertime spentin thelight
compartmentandthe numberof entries(p = 0.0013n = 8, pairedt-test,Fig 2B). Thesedata
arein strongagreementvith previousliterature[13,23,32,33], suggestinghat4 hoursof
ketaminetreatmentresultsin reduceddepressionandanxiety-likebehaviordn mice.
Endogenougontrol of glutamatergidransmissiorby G-protein coupledreceptors
(GPCRs)laysacentralrolein prefrontalfunction. Previousstudiesshowedhat both
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Fig 2. Acute ketamine treatment decreases depression-like behavior and reduces prefrontal RGS4 levels. (A) Bars
showmeanimmobility timesin forcedswimtest(FST).(B) Bargraphshowingresultsof light / dark boxtest.Left:
meantime spentin the brightly lit compartmet, middle:numberof entriesto the bright compartment, right: ration of
time spentin light andthe numberof entries*: p < 0.05 pairedt-test.(C) Examplewesterrblot of RGS4and -
tubulin in vehicle-versusketamine-treatedmice.(D) Quantificaton of RGS4evelsn vehicle(black)andketamine
(blue)treatedmice.Barsshowmeant SEM,*: p<0.05unpairedt-test.

https://bi.org/10.1371durnal.por.0213721.¢02

noradrenergi@and GABAergicmodulationof glutamatergicynapses influencedby the
activity of the smallGTPasdRGS426], whoseprotein levelis thoughtto beregulatedy anti-
depressantmcluding ketamine[23]. To examinethe consequenced acuteketamineon
RGS4unctionin the prefrontalcortex,wefirst preparedissuesamplesgrom the prelimbic
regionfour hoursafteranimalswereinjectedwith eitherketamineor saline Notethatthese
samplesncludeboth Layer5 pyramidalneuronsaswell asadditionalexcitatoryandinhibitory
cellsacrossall layersWestern-blotanalysiconfirmeda 50+ 0.1%reductionof RGS4protein
level(p = 0.0016n = 5animalsunpairedt-test,Fig 2C and 2D), suggestinghat ketaminemay
disrupt neuromodulationat glutamatergicsynapses.

Reduced specificity of postsynaptic neuromodulation after ketamine
exposure

Activation of alpha2adrenergiaeceptorand GABAg receptorsegativelynodulateAMPARS
andNMDARs, respectivelyiadownregulationof proteinkinaseA (PKA) activity [26]. More-
over this selectiveouplingof GPCR4go distinct synapticproteinsrequiresRGS4andis lost
following smallmoleculeantagonisnof RGS4activity [26]. We thereforeaskedvhetherketa-
mine producessimilar dysregulatiorof synapticmodulation.First,weconfirmedthat,in
saline-injectednice,applicationof the alpha2adrenergiagonistguanfacinesignificantly
reduced2PLU-evokedAMPAR-mediateccurrents(to 13.0+ 0.8pA, n = 25spinespne-way
ANOVA (F=9.93p<0.0001)Tukey'smultiple comparisontestp<0.01 Figs3Ai and4A) but
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Fig 3. Differential control of excitatory transmission by 0.2- and GABAD receptors. (Ai) MeanAMPAR-mediated
UEPSC#n control (black)andguanfacindorange) + SEM(shadedareas)(Aii) 2PLU-ev&kedNMDAR currentsand
(Aiii) Ca2+transientsn control (black)andguanfacindorange) mean(solidlines)+ SEM(shadedareas)(Bi) Mean
AMPAR-mediateduEPSCén control (black)andbaclofenimagenta} SEM(shadedareas)(Bii) NMDAR-mediated
UEPSCsind (Biii) Ca2+transientsn control (black)andbaclofen(magenta} SEM(shadedareas):: p<0.(,
unpairedt-test.

https://i.org/10.1371durnal.por.0213721.¢08

did not alter2PLU-evokedNMDAR-mediatedcurrents(22.3+ 2 pA, n = 33spinespne-way
ANOVA (F = 6.53,p = 0.0004)Tukey'smultiple comparisorntestp>0.05 Figs3Aii and4B)or
ACa2+(0.54+ 0.02AG/Gs4; one-wayANOVA (F = 8.1,p<0.0001)Tukey'smultiple compari-
sontestp>0.05Figs3Aiii and4). Converselyapplicationof the GABAg agonisthacloferdid
not alter2PLU-evokedAMPAR-mediatecturrents(20.3+ 1.5pA, n = 32spinespne-way
ANOVA (F=10.3,p<0.0001)Tukey'smultiple comparisortestp>0.05 Figs3Biand 4A) or
NMDAR currents(23.0+ 2.5pA, n = 25spinespne-wayANOVA (F=5.01,p =0.0008),
Tukey'smultiple comparisortestp>0.05 Figs3Bii and4B)but reducedNMDAR-dependent
ACa2+(to 0.39+ 0.01AG/Gg,; one-wayANOVA (F=12.11p<0.0001)Tukey'smultiple
comparisontestp<0.001Figs3Biiiand4C).

Wethenperformedsimilar experimentsn miceinjectedfour hoursprior to sliceprepara-
tion with ketamineIn contrastto saline-treatednimals AMPAR-mediatecturrentswere
significantlyreducedby baclofen(to 12.1+ 1 pA, n = 33spinespne-wayANOVA (F=9.93,
p<0.0001)Tukey'smultiple comparisortestp<0.001Fig 4Ai and4B)while guanfacinesig-
nificantly reducedboth NMDAR currents(to 13.6+ 1.3pA, n = 37spinespne-wayANOVA
(F=5.0,p=0.0008)Tukey'smultiple comparisorntestp<0.05Fig 4Aii and4C)and ACa2+
(to 0.42+ 0.02AG/Gg4; 0ne-wayANOVA (F = 12.1,p<0.0001)Tukey'smultiple comparison
testp<0.001Fig4Aiii and4D). Previousstudiesshowedhat blockingRGS4unction does
not alterthe effectof guanfacineon AMPARSsor the baclofeninducedreductionof NMDAR
dependenta2+influx. This earlierwork alsoshowedhat multiple methodsof RGS4nhibi-
tion introducedbacloferinducedreductionof NMDAR currents(Lur et al, 2015) Our current
resultsmatchthesepreviousobservationsOverall thesefindings showdisruptedneuromodu-
lation of glutamatergicsignalingin basadendritesof layer5 pyramidalneurons4 hoursafter
ketamineadministrationbut no directactionson synapticpotency.

PLOS ONE | https://doi.org/10.1371/journal.pone.0213721 March 13,2019 8/13


https://doi.org/10.1371/journal.pone.0213721.g003
https://doi.org/10.1371/journal.pone.0213721

® PLOS |ONE

Ketamine disrupts synaptic neuromodulation

A

1
60mV  -60mV

uEPSC A uEPSC A spine ACa*

AMPAR 5% NMDAR i

Post-ketamine

— Control
— Guanfacine 2% AG/G,
— Baclofen 100 ms
C D
30 1 . 0.6 -
2 o’ : *
* N 9; 20 1 . S 044
L T
§1o- ;faz
. g
0 - 0.0
(}S (;< Q)’b(’ (}& Q”bc (}S (.’<>< <b’b(’ (}k (;< (>S (;< Q)’bc (}S (.'<><

Fig 4. Ketamine treatment eliminates compartmentalized neuromodulation. (Ai) MeanAMPAR-mediateduEPSCén control (black)andbaclofen
(magenta} SEM(shadedareas)(Aii) 2PLU-ev&kedNMDAR currentsand (Aiii) Ca2+transientsn control (black)andguanfacingsalmor), mean
(solidlines)+ SEM(shadedareas)(B) Barsrepresenmeanamplitude+ SEMof AMPAR currents,(C) NMD AR-mediatecturrertsand (D) NMDAR-
mediatedCa2+transientsn control (gray),in guanfacingorange)or in baclofen(magentafrom vehicle-versusetamine-tratedmice.Ctr: control,
GF:guanfacindgreatment,Bac:baclofertreatment,Veh:vehicleinjected Ket: ketamineinjected.”: p<0.05,Tukey'smultiple comparisortest.

https://doi.0g/10.1371§urnal.pon®213721.9g004

Conclusions

In our presentstudy,we demonstratesignificantdysregulatiorof neuromodulatorycontrol
overglutamatergisignalingin the mouseprefrontalcortexfollowing the administrationof
asingle sub-anesthetidoseof ketamine Specificallyfollowing ketamineadministration,
adrenergiand GABAergicreceptoractivationinhibits NMDARs and AMPARSs respectively,
aphenomenorthatdoesnot occurin untreatedanimals.Our resultssuggesthis processnay
bemediatedby acutereductionin levelsof the smallGTPasdRGS4whichwerepreviously
shownto preventneuromodulatorycross-talkin dendritic spineq26]. Our findingsthus
extendour knowledgeof targetsor ketaminethat maycontributeto or interactwith its anti-
depressanactionsin vivo.

G-proteincoupledreceptord GPCRs)rovideaubiquitousmechanisnfor regulatingsyn-
aptictransmissiorvianeuromodulatordike norepinephrine GABA, serotonin,dopamine
andadenosineDespitetheir vastcapacityto distinguishextracellulatigands,GPCRactivation
mayengag®nly ahandfulof intracellularsignalingcascadesnanyof whichrely on soluble,
smallmoleculesecondmessengesystemsln theory,the paucityof uniqueintracellular
responsgathwaysandthe high mobility of secondnessengersouldseverelyimit the sys-
tem'scapacityfor selectiveegulation.Thiswould beincreasinglhtrue for smallvolumecellu-
lar compartmentdike the dendritic spine.Our previouswork showedhatwithin asingle
synapsedistinct glutamatereceptorsubtypegAMPA andNMDA receptorsareselectively
regulatedoy o2 adrenoreceptorand GABAg receptorsrespectivelydespitebeingcoupledto
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identicalsecondmessengepathwaysWe showedhat this segregationvaspossibledueto the
establishmenof synapticmicrodomainsthroughthe actionsof RGS4In generalthis mecha-
nism allowsthe closecoexistencand nuancedunction of neuromodulatorysystems.

RGS4s asmallGTPasehatlimits signalingthrough G protein-coupledreceptorpathways
by acceleratinghe hydrolysisof GTPto GDP[24,34,35]. Under control conditions,this activ-
ity producesmicrodomainswithin singledendritic spineghat restrictsneuromodulatorycas-
cadesFor exampleadrenergiax2 receptorsand GABAg receptorsareboth coupledto G;
proteinsthat down-regulatecAMP productionand PKA activity. Surprisingly wefound
thatboth receptorsarepresentin singlespineshut areselectivelableto negativelymodulate
AMPARsandNMDARSs, respectively26]. However whenRGS4s blockedpharmacologi-
cally,this microdomainorganizationbreaksdown, leadingto crosstalk betweerthe neuromo-
dulatorysignalingcascadeg6, 35]. Remarkablya singledoseof ketamineappeardo produce
substantialossof RGS4within afewhours[23], afinding confirmedin our presenttudy,sug-
gestinghis proteinis rapidly turned overin corticalneurons.Consistentith our previous
resultsusingsmallmoleculeinhibitors of RGS4ketamine-inducediown-regulationof RGS4
is associatewith aberrantcross-talkbetweermodulatorysignalsand glutamatereceptors.
While theseresultsarestronglysuggestivet will benecessarin future studieso experimen-
tally restoreRGS4o control levelso directly confirm causalinks betweerketamine RGS4
signalingandsynapticmodulation.

Previousstudiedooking atthe effectsof ketamineadministration24 hourspost-exposure
showedncreasedrequencyfor pharmacologicallgvokedEPSCsn layer5 PNs.Thisresult
waslinked to anincreasen both spinevolumeandthe densityof maturespinesandattributed
to changedn postsynaptigeneexpressioril3]. Othershavefound increaseddMDAR EPSC
amplitudesatthe 24-hourtime point [36]. In contrast,our resultsindicatethatfour hours
afterketamineadministrationbasabostsynaptiglutamatergisignalingthrougheither
AMPARsor NMDARs s unaltered.This differencemaybedueto alongertime window
requiredfor alteredsynaptiogeneexpressiorto manifest Additionally, changesn pharmaco-
logicallyevokedEPSCsredifficult to interpret,aspre- or postsynapti@lterationscannotbe
distinguishedImportantly, we demonstratédehaviorakffectsof ketaminecommensurable
with previousfindings[13,23,32,33,37].

Acutedoseof ketaminehavebeenshownto producerapid synapticreorganizatiorin the
prefrontalcortexthat coincideswith antidepressardctionsin rodentmodels[21, 38]. Interest-
ingly, theseeffectsarethoughtto be mediatedthroughinhibition of NMDARSs by ketamine
[38]. This hypothesiss supportedby evidencehat other NMDAR blockerscanproduce
similar synapticandbehaviorakffectd17, 38]. Lossof NMDAR signalingmayactivateboth
mTOR and BDNF signalingpathwayghat mayprovide molecularmechanismgor synaptic
changedollowing ketaming[13, 16+1933]. To ensurecompatibilitywith theseprevious
resultswealsodirectedour recordingsto the medialPFC.We focusecdbour effortson layer5
pyramidalneuronsbecausghis cellpopulationgeneratethe majority of the synapticoutput
of the neocortexOur findings suggesthe intriguing possibilitythat ketaminemayalsosup-
pressNMDAR activity by broadeningthe consequenced adrenergicsignaling evenafterthe
NMDAR antagonistieffectof ketaminefaded.Thatis, following ketamine o2 receptorsnay
further suppresshesegglutamatereceptorsThus,activationof adrenergicsignalingcouldbe
anadjunctapproacho boostthe effectsof ketamine Indeed,guanfacineloneexhibitsantide-
pressangctivityin rodents[39,40].

In conclusionpur currentfindings providenovelevidencehat acuteketaminecaninflu-
enceglutamatergidransmissiorin the mouseprefrontalcortex,potentiallyviadown-regula-
tion of RGS4anddysregulatiorof neuromodulatorysignaling. Theseresultsexpandour view
of the possibledownstreamactionsof ketamineand suggesthatinhibition of NMDARs by o2
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adrenergicsignalingmayprovidebenefitin modelsof depressionwhendeliveredalongside
sub-anesthetidosef ketamine Pendingfurther experimentatonfirmation,our results
mayadvancehe clinical applicationof ketaminein thetreatmentof depressiorandanxiety
disorders.
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