


of thedrugketamine.Indeed,sub-anestheticdosesof ketamineproducerapidantidepressant
actionswithin afewhours[5±7],evenin otherwiserefractorypatients[8]. Thus,thepotential
benefitsof thisnewpharmacologicalinterventionprovidegreatpromisefor thetreatmentof
majordepression.

Surprisingly,theneurologicalmechanismsunderlyingtheantidepressantactionsof
ketamineremainpoorlyunderstood.Recenteffortshavefocusedon theregulationof glutama-
tergicsynapsesin theprefrontalcortex(PFC)asapotentialprocessbywhichketaminemodu-
latesbehavior.Ketamineitselfisanantagonistof N-methyl-D-aspartate(NMDA) -type
glutamatereceptors(NMDARs) [9], thoughit mayhaveotheractionsaswell [10]. Acute
administrationof ketamineproducesmild dissociativeeffectsthatsubsidewithin two hours
afteradministration[11], while theantidepressantactionsmaypersistfor up to aweek[5, 6].
In animalmodels,ketaminestimulatesasignalingcascadethatproduceslong-termenhance-
mentof glutamatergictransmissionin thePFC,including increasedsynapticproteinsynthesis
andincreaseddensityof dendriticspines,thestructuralsitesof individual excitatoryinputs
[12±15].Moreover,thesesynapticchangespersistfor severaldaysafteradministration[13].

Thecellularmechanismsunderlyingthesealterationsin synapticstructureandfunction are
unclear,andavarietyof signalingpathwayshavebeenimplicatedin linking NMDAR blockade
to long-termalterationof glutamatergicsignaling,includingthemammaliantargetof rapamycin
(mTOR)andbrain-derivedneurotrophicfactor(BDNF)[13,16,17].Boththeseprocesseshave
beenshownto regulatethegrowthandstabilityof glutamatergicsynapses[18,19].However,
ketaminehasalsobeenlinked to alterationsin inhibitory γ-aminobutyricacid(GABA) -ergic
signaling,bothdirectlyandindirectlybydisruptingactivityin inhibitory interneurons[20±22].

A recentstudysuggestedthatacuteadministrationof ketaminemight alsoimpactthefunc-
tion of theproteinregulatorof G-proteinsignalingtype-4(RGS4)[23]. RGS4isaGTPase
activatingprotein thatacceleratesthehydrolysisof guanosine-5'-triphosphate(GTP)to guano-
sine-5'-diphosphate(GDP)followingtheactivationof G proteinsbyavarietyof ligand-recep-
tor interactions[24,25].Behavioralstudiesin micelackingRGS4demonstratedthat this
enzymecanactasakeynegativemodulatorof ketamine-mediatedantidepressantactions[23],
andketamineitselfiscapableof reducinglevelsof RGS4in thePFC.Previousstudiesfound
thatRGS4playsacrucialrole in regulatingtheneuromodulationof glutamatergicsynapsesin
thePFC[26]. Thesedatashowedthat thespecificityof adrenergicandGABAergiccontrol over
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionicacid(AMPA)- andNMDA-type glutamate
receptors,respectively,isabolishedfollowingpharmacologicalblockadeof RGS4function.

Asneuromodulationmayplayakeyrole in normalprefrontalfunction,weinvestigated
whetherketaminemight disrupt theregulationof glutamatereceptorsin thePFC.Weused
whole-cellpatchclampelectrophysiologyand2-photoncalciumimagingin acuteslicesfrom
themousePFCto measurepostsynapticresponsesevokedby focal2-photonglutamateuncag-
ing.Wefoundthatasingledoseof ketaminedid not alterbasalfunction of postsynapticgluta-
matereceptors.However,ketaminedid produceasubstantialreductionin prefrontalRGS4
levelsin thePFC.Wealsofoundthat4hoursafterketaminetreatmentadrenergicandGABAer-
gicneuromodulatorsno longerdisplayedselectivityin theregulationof AMPA- andNMDA-
typeglutamatereceptors.Thus,our work suggestsanovelmechanismbywhichacuteketamine
caninfluenceglutamatergicsignalingandpotentiallycontributeto its antidepressantactions.

Materials and methods

Animals and drug treatment

All animalhandlingwasperformedin accordancewith guidelinesapprovedbytheYaleandUC
Irvine Institutional Animal CareandUseCommitteeandfederalguidelines.All experiments
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wereapprovedby theabovecommittees.Wild-typeC57/Bl6mice(postnatalday22±42)of
eithersexwereinjectedi.p.with eithersalinevehicleor ketamine(15mg/kg)4hoursprior to
experiments.

Slice preparation

Forglutamateuncagingexperiments,wepreparedacuteprefrontalcortical(PFC)slicesaspre-
viouslydescribed[26]. Briefly,micewereanesthetizedwith isofluraneanddecapitated,and
coronalslices(300μm) werecut in ice-coldsolutioncontaining(in mM): 110choline,25
NaHCO3, 1.25NaH2PO4, 3 KCl, 7MgCl2, 0.5CaCl2, 10glucose,11.6sodiumascorbateand
3.1sodiumpyruvate,bubbledwith 95%O2 and5%CO2. Slicescontainingtheprelimbic-infra-
limbic regionsof thePFCwerethentransferredto artificial cerebrospinalfluid (ACSF)con-
taining (in mM): 126NaCl,26NaHCO3, 1.25NaH2PO4, 3KCl, 1 MgCl2, 2 CaCl2, 10glucose,
0.4sodiumascorbate,2sodiumpyruvateand3 myo-inositol,bubbledwith 95%O2 and5%
CO2. After anincubationperiodof 15min at34ÊC,theslicesweremaintainedat22±24ÊCfor
at least20min beforeuse.

Electrophysiology and imaging

All experimentswereconductedatnearphysiologicaltemperature(32±34ÊC)in asubmer-
sion-typerecordingchamber.Whole-cellrecordingsin voltageclampmodewereobtained
from layer5 pyramidalcells(400±500μm from thepial surface)identifiedwith infrareddiffer-
entialinterferencecontrast.Glasselectrodes(1.8±3.0MΩ) werefilled with internalsolution
containing(in mM): 135CsMeSO3, 10HEPES,4 MgCl2, 4 Na2ATP,0.4NaGTP,10sodium
creatinephosphateand0.2%Neurobiotin(VectorLaboratories)adjustedto pH 7.3with
CsOH.Red-fluorescentAlexaFluor-594(10μM, Invitrogen)andthegreen-fluorescentcal-
cium (Ca2+)-sensitiveFluo-5F(300μM, Invitrogen)wereincludedin thepipettesolution.
Neuronswerefilled viathepatchelectrodefor 10min beforeimaging.Seriesresistancewas
10±22MΩ anduncompensated.ElectrophysiologicalrecordingsweremadeusingaMulti-
clamp700Bamplifier (MolecularDevices),filteredat4kHz,anddigitizedat10kHz.Typically,
7±10trialswereaveragedinto eachresponse.

2-photonimagingwasaccomplishedwith acustom-modifiedOlympusBX51-WImicro-
scope(Olympus,Japan),includingcomponentsmanufacturedbyMike'sMachineCompany
[27]. Fluorophoreswereexcitedusing840nm light from apulsedtitanium-sapphirelaser
(Ultra2,Coherent).Emittedgreenandredphotonswereseparatedwith appropriateoptics
(Chroma,Semrock)andcollectedbyphotomultiplier tubes(Hamamatsu).

ForCa2+imaging,signalswerecollectedduring 500Hz line scansacrossaspine.Ca2+sig-
nalswerefirst quantifiedasincreasesin greenfluorescencefrom baselinenormalizedto the
averageredfluorescence(ΔG/R).Wethenexpressedfluorescencechangesasthefractionof
theG/Rratio measuredin saturatingCa2+(ΔG/Gsat)(Lur andHigley2015).

2-Photon glutamate uncaging

For focalstimulationof singledendriticspines,weused2-photonlaseruncagingof glutamate
(2PLU).To photoreleaseglutamate,asecondTi-Sapphirelasertunedto 720nm wasintro-
ducedinto thelight pathusingpolarizationoptics.Laserpowerwascalibratedfor eachspine
bydirectingtheuncagingspotto themiddleof thespinehead.Weadjusteduncagingpowerto
achieve50%photobleachingof theAlexa594dyefilling thespine[26]. Thepowerusedfor
2PLUrangedfrom 8 to 25mW, pulsedurationwas0.5ms.Forsynapticstimulation,wetypi-
callyuncagedglutamateat3±4separatelocationsaroundasinglespineheadto find aªhot
spotº,theplaceof thelargestresponse.Our previousmeasurementsindicatethat thisstimulus
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resultedin uncagingevokedexcitatorypost-synapticcurrents(uEPSCs)similar in sizeand
kineticsto spontaneousminiatureexcitatorypost-synapticcurrents(uEPSCs)[26].

Data acquisition and analysis

ImagingandphysiologydatawereacquiredusingNationalInstrumentsdataacquisition
boardsandcustomsoftwarewritten in MATLAB (Mathworks,[28]). Off-line analysiswasper-
formedusingcustomroutineswritten in MATLAB andIgorPro(Wavemetrics).AMPAR-
mediatedEPSCamplitudeswerecalculatedby finding thepeakof thecurrenttracesandaver-
agingthevalueswithin a0.3mswindow.NMDAR-mediatedcurrentsweremeasuredin a3
mswindowaroundthepeak.2PLU-evokedΔCa2+wascalculatedastheaverageΔG/Gsatover
a100mswindow,starting5msaftertheuncagingevent.Statisticalcomparisonswerecon-
ductedin GraphPadPrism5.All datawereanalyzedusingone-wayanalysisof variance
(ANOVA)-testscorrectedfor multiple comparisons(Tukey).

Pharmacology and reagents

2PLUexperimentswereperformedin normalACSFsupplementedwith MNI-glutamate(2.5
mM) andD-serine(10μM). To isolateAMPAR-mediatedcurrentsin voltageclampexperi-
ments,weaddedtetrodotoxin(TTX) (1μM) to blocksodiumchannels,picrotoxin (50μM) to
blockGABAA receptors,CGP55845(3μM) to blockGABAB receptors,and3-(2-Carboxypi-
perazin-4-yl)propyl-1-phosphonicacid(CPP)(10μM) to blockNMDA-type glutamaterecep-
torsto theACSF.To isolateNMDAR-mediatedcurrents,wemodifiedour originalACSFto
contain0mM Mg and3mM Ca2+andincludedTTX (1μM), picrotoxin (50μM), CGP55845
(3μM), and2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline(NBQX) (10μM) to
blockAMPA-typeglutamatereceptors.To activateα2 adrenergicreceptorsweused40μM
guanfacine(Tocris).TheselectiveGABAB receptoragonistbaclofen(Tocris),adrugprimarily
usedasamusclerelaxant,approvedby theUSFoodandDrug Administration,wasappliedat
5μM. BothG-proteincoupledreceptor(GPCR)agonistswereapplied5±7minutesprior to
datacollectionandremainedin thebathfor thedurationof theexperiment,but typicallyno
longerthan20minutesto avoidreceptordesensitization.All compoundsandsaltswerefrom
TocrisandSigma,respectively.

Western blot analysis

ForRGS4westernblot analysis,weprepared300μm thick brain slicescontainingthePFC
from C57/bl6miceasdescribedabove.Followingtherecoveryperiod,theprelimbicregionof
theprefrontalcortexwasdissectedout of thesliceson ice.Tissuesampleswerehomogenized
andsonicatedin icecold lysisbuffercontaining20mM Tris,1mM ethylenediaminetetraacetic
acid(EDTA) and1xHalt proteaseandphosphataseinhibitor cocktail(ThermoScientific)and
0.5%SDS,pH 8.0.After a10-minutecentrifugationat14000rpm, thesupernatantwascol-
lected,andproteincontentwasdeterminedusingPierceBCAProteinAssay(ThermoScien-
tific). Samplescontainingequalamountsof proteinwereseparatedon a6%poly-acrylamide
gelandtransferredto polyvinylidenedifluoride (PVDF)membranes.After blockingfor 1hat
room temperaturewith 3%non-fatmilk and0.02%Na-azidein Tris bufferedsaltsolution
with 0.05%Tween20(TBST),membraneswereimmunoreactedwith aprimary antibody
againstRGS4(Millipore, RBT17)[29] in 1%milk and0.02%Na-azidein TBST,1:1000,over-
night.After washingoff excessprimary antibodyandincubationwith theappropriatehorse-
radishperoxidase(HRP)conjugatedsecondaryantibody(GEHealthcare,UK) for 2 hoursat
room temperaturein TBST,bandswerevisualizedusingHyGlo ChemiluminescentHRPAnti-
bodyDetectionReagent(DenvilleScientificInc.) andexposedonto autoradiographyfilm
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(DenvilleScientificInc.).Membraneswerethenstrippedfrom antibodiesusingRestore
PlusWesternBlot StrippingBuffer(15minutesat room temperature,ThermoScientific),re-
blockedandimmunoreactedwith anti-β-tubulin (SIGMA) primary antibodyfollowedby the
appropriateHRP-secondaryantibodyto establishtotalamountβ-tubulin in thesamples.Auto-
radiographyfilms weredevelopedin aKodakautomaticdeveloper,thenscannedandanalyzed
with ImageJ.RGS4levelwasquantifiedasRGS4/ β-tubulin.

Behavioral analysis

To performtheforcedswimtest(FST)micewereindividuallyplacedin atransparentglasscyl-
inder (40cmhigh,20cmdiameter)containing2000ml of clearwaterat24±26ÊC for 6 min.
Micewerenot ableto reachthetop of thebeakeror touchthebottomwith their tail. A mouse
wasjudgedto beimmobilewhenit remainedfloatingpassivelyin thewater.Usingavideo
recording,immobility time during the4 lastminutesof thetestwasmeasuredpost-hocby two
independentinvestigatorswhowereblindedto theanimal'scondition.A decreasein immobil-
ity time indicatesanantidepressant-likeresponse.

For thelight / darkboxtest(LDB) astandardmousecagewassplit into two regionsat the
2:1ratio with abarrier thathada5 x 5 cmgateto allowfreemovementbetweenthechambers.
Thesmallerchamber(onethird) wasdarkened.Theapparatuswassetup un abrightly lit test-
ing room.Animalsweretransferredto thedarksideof anapparatusandtheir activityrecorded
for 6 minutes.Two independentinvestigators,blindedto theanimal'scondition,measuredthe
numberof entriesandthetime spentin thebrightly chamberpost-hoc.

Behavioralexperimentswereconductedon 8 mice.On day1 animalswereinjectedwith
salinevehicleat10amandtestedin LDBandFSTat2±4pm.After adayof rest,on day3 mice
wereinjectedwith 15mg/kgketaminein salineat10amandre-testedin LDBandFSTat2±4
pm. It hasbeenshownnumeroustimes[30,31] that2 repeatsof thesetestdo not altertheani-
mal'sperformance.Thisdesignallowedusto performpairedstatisticson thedatawhilemini-
mizinganimalsacrificeasperIACUC guidelines.

Results

Ketamine exerts no effect on NMDA receptors 4 hours post treatment

Previousworksinvestigatingtherapidonsetantidepressantactionsof ketaminein rodents
haveplacedtheeffectivedoseof ketaminebetween5 and50mg/kg[13,23,32,33].To investi-
gatetheconsequencesof ketaminefor glutamatergicsignaling,weinjectedmicewith eithera
singledoseof ketamine(15mg/kg)or salinevehicle.At four hourspost-injection,weprepared
acutebrain slicesfrom themedialprefrontalcortex(PFC)of theinjectedanimalsandmade
wholecellvoltageclamprecordingsfrom layer5pyramidalneuronsin theprelimbicregion
(Fig1A).Wemeasuredexcitatorypostsynapticcurrents(EPSCs)evokedby2-photonlaser
uncaging(2PLU)of glutamateonto spinesalongthebasaldendrites,whilesimultaneously
monitoring intra-spineCa2+transientsusing2-photonlaserscanningmicroscopy(2PLSM)
(Fig1B).Wefoundno differencein AMPAR-mediatedEPSCsbetweenvehicle(20.9± 1.9pA,
n = 31spines)andketamine(21.0± 1.4pA, n = 33spines,p = 0.96,t-test,Figs1Cand4A)
groups.Notably,wealsofailedto observealterationsin NMDAR-mediatedcurrents(vehicle:
22.9± 2 pA, n = 31spines,ketamine:21.4± 1.8pA, n = 31spines,p = 0.59,t-test,Figs1Cand
4B)or Ca2+transients(vehicle:0.52± 0.02ΔG/Gsat, ketamine:0.54± 0.02ΔG/Gsat, p = 0.31,t-
test,Figs1Cand4B),indicatingtheabsenceof persistentNMDAR blockade.Overall,our
resultssuggestthat4hoursposttreatment,ketamineproducesno changein postsynapticglu-
tamatereceptorresponsiveness.
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Ketamine significantly reduces RGS4 expression in the PFC

To testwhetherketamineadministrationresultsin reduceddepression-likebehaviors4hours
post-administration,weperformedforcedswimtests(FST).Ketaminetreatmentsignificantly
reducedimmobility timescomparedto vehicleinjection(p = 0.0034,n = 8,Pairedt-test,Fig
2A).To further characterizetheeffectof ketaminewealsomeasuredtheanimal'sanxiety-like
behaviorsusingthelight/dark boxtest(LDB).Wefound thatvehicleandketaminetreated
micespentthesameamountof time in thebrightly lit compartment(p = 0.64,n = 8,Pairedt-
testFig2B)but ketamineinjectedmiceachievedthis in fewergatecrossings(p = 0.032,n = 8,
Pairedt-test,Fig2B),resultingin asignificantlyhigherratio betweentime spentin thelight
compartmentandthenumberof entries(p = 0.0013,n = 8,pairedt-test,Fig2B).Thesedata
arein strongagreementwith previousliterature[13,23,32,33],suggestingthat4 hoursof
ketaminetreatmentresultsin reduceddepression-andanxiety-likebehaviorsin mice.

Endogenouscontrol of glutamatergictransmissionbyG-proteincoupledreceptors
(GPCRs)playsacentralrole in prefrontalfunction.Previousstudiesshowedthatboth

Fig 1. Ketamine administration does not affect postsynaptic glutamate receptor activation 4 hours post

treatment. (A) A 2-photonimageof alayer5pyramidalneuronvisualized byAlexa594fluorescence.White
boxhighlightstheextentof thebasaldendriticarborsearchedfor spines.(Bi) Imageof adendriticspine.White
asteriskshowstheuncaging location.Fluorescenceintensitywasmeasuredin aline scanhighlightedby theyellow
dashedline.(Bii) Chronogram showingthechangein greenfluorescenceindicatingatransientincreaseof intracellular
Ca2+concentration in thespineheadin responseto glutamateuncaging(arrowhead).(Ci) MeanAMPAR-mediated
uEPSCsin vehicle(black)andin ketamine(blue)treatedanimals± SEM(shadedareas).(Cii) 2PLU-evokedNMDAR
currentsand(Ciii) Ca2+transientsin vehicle(black)andin ketaminetreatedanimals(blue),mean(solidlines)± SEM
(shadedareas).�: p<0.05,unpairedt-test.

https://doi.org/10.1371/journal.pone.0213721.g001
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noradrenergicandGABAergicmodulationof glutamatergicsynapsesis influencedby the
activityof thesmallGTPaseRGS4[26], whoseprotein levelis thoughtto beregulatedbyanti-
depressantsincludingketamine[23]. To examinetheconsequencesof acuteketamineon
RGS4function in theprefrontalcortex,wefirst preparedtissuesamplesfrom theprelimbic
regionfour hoursafteranimalswereinjectedwith eitherketamineor saline.Notethat these
samplesincludebothLayer5 pyramidalneuronsaswellasadditionalexcitatoryandinhibitory
cellsacrossall layers.Western-blotanalysisconfirmeda50± 0.1%reductionof RGS4protein
level(p = 0.0016,n = 5animals,unpairedt-test,Fig2Cand2D),suggestingthatketaminemay
disruptneuromodulationatglutamatergicsynapses.

Reduced specificity of postsynaptic neuromodulation after ketamine

exposure

Activationof alpha2adrenergicreceptorsandGABAB receptorsnegativelymodulateAMPARs
andNMDARs,respectivelyviadownregulationof proteinkinaseA (PKA) activity[26]. More-
over,thisselectivecouplingof GPCRsto distinctsynapticproteinsrequiresRGS4andis lost
followingsmallmoleculeantagonismof RGS4activity[26]. Wethereforeaskedwhetherketa-
mineproducessimilardysregulationof synapticmodulation.First,weconfirmedthat,in
saline-injectedmice,applicationof thealpha2adrenergicagonistguanfacinesignificantly
reduced2PLU-evokedAMPAR-mediatedcurrents(to 13.0± 0.8pA, n = 25spines,one-way
ANOVA (F = 9.93,p<0.0001),Tukey'smultiple comparisontestp<0.01,Figs3Ai and4A) but

Fig 2. Acute ketamine treatment decreases depression-like behavior and reduces prefrontal RGS4 levels. (A) Bars
showmeanimmobility timesin forcedswimtest(FST).(B) Bargraphshowingresultsof light / darkboxtest.Left:
meantime spentin thebrightly lit compartment, middle:numberof entriesto thebright compartment, right: ration of
timespentin light andthenumberof entries.�: p< 0.05,pairedt-test.(C) Examplewesternblot of RGS4andβ-
tubulin in vehicle-versusketamine-treatedmice.(D) Quantification of RGS4levelsin vehicle(black)andketamine
(blue)treatedmice.Barsshowmean± SEM,�: p<0.05,unpairedt-test.

https://doi.org/10.1371/journal.pone.0213721.g002
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did not alter2PLU-evokedNMDAR-mediatedcurrents(22.3± 2 pA, n = 33spines,one-way
ANOVA (F = 6.53,p = 0.0004),Tukey'smultiple comparisontestp>0.05,Figs3Aii and4B)or
ΔCa2+(0.54± 0.02ΔG/Gsat, one-wayANOVA (F = 8.1,p<0.0001),Tukey'smultiple compari-
sontestp>0.05,Figs3Aiii and4).Conversely,applicationof theGABAB agonistbaclofendid
not alter2PLU-evokedAMPAR-mediatedcurrents(20.3± 1.5pA, n = 32spines,one-way
ANOVA (F = 10.3,p<0.0001),Tukey'smultiple comparisontestp>0.05,Figs3Biand4A) or
NMDAR currents(23.0± 2.5pA, n = 25spines,one-wayANOVA (F = 5.01,p = 0.0008),
Tukey'smultiple comparisontestp>0.05,Figs3Bii and4B)but reducedNMDAR-dependent
ΔCa2+(to 0.39± 0.01ΔG/Gsat, one-wayANOVA (F = 12.11,p<0.0001),Tukey'smultiple
comparisontestp<0.001,Figs3Biii and4C).

Wethenperformedsimilarexperimentsin miceinjectedfour hoursprior to sliceprepara-
tion with ketamine.In contrastto saline-treatedanimals,AMPAR-mediatedcurrentswere
significantlyreducedbybaclofen(to 12.1± 1pA, n = 33spines,one-wayANOVA (F = 9.93,
p<0.0001),Tukey'smultiple comparisontestp<0.001,Fig4Ai and4B)whileguanfacinesig-
nificantly reducedbothNMDAR currents(to 13.6± 1.3pA, n = 37spines,one-wayANOVA
(F = 5.0,p = 0.0008),Tukey'smultiple comparisontestp<0.05,Fig4Aii and4C)andΔCa2+
(to 0.42± 0.02ΔG/Gsat, one-wayANOVA (F = 12.1,p<0.0001),Tukey'smultiple comparison
testp<0.001,Fig4Aiii and4D).PreviousstudiesshowedthatblockingRGS4function does
not altertheeffectof guanfacineon AMPARsor thebaclofeninducedreductionof NMDAR
dependentCa2+influx. Thisearlierwork alsoshowedthatmultiple methodsof RGS4inhibi-
tion introducedbaclofeninducedreductionof NMDAR currents(Lur et al, 2015).Our current
resultsmatchthesepreviousobservations.Overall,thesefindingsshowdisruptedneuromodu-
lation of glutamatergicsignalingin basaldendritesof layer5pyramidalneurons4 hoursafter
ketamineadministrationbut no directactionson synapticpotency.

Fig 3. Differential control of excitatory transmission by α2- and GABAb receptors. (Ai) MeanAMPAR-mediated
uEPSCsin control (black)andguanfacine(orange)± SEM(shadedareas).(Aii) 2PLU-evokedNMDAR currentsand
(Aiii) Ca2+transientsin control (black)andguanfacine(orange),mean(solidlines)± SEM(shadedareas).(Bi) Mean
AMPAR-mediateduEPSCsin control (black)andbaclofen(magenta)± SEM(shadedareas).(Bii) NMDAR-mediated
uEPSCsand(Biii) Ca2+transientsin control (black)andbaclofen(magenta)± SEM(shadedareas).�: p<0.05,
unpairedt-test.

https://doi.org/10.1371/journal.pone.0213721.g003
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Conclusions
In our presentstudy,wedemonstratesignificantdysregulationof neuromodulatorycontrol
overglutamatergicsignalingin themouseprefrontalcortexfollowing theadministrationof
asingle,sub-anestheticdoseof ketamine.Specifically,followingketamineadministration,
adrenergicandGABAergicreceptoractivationinhibits NMDARsandAMPARs,respectively,
aphenomenonthatdoesnot occurin untreatedanimals.Our resultssuggestthisprocessmay
bemediatedbyacutereductionin levelsof thesmallGTPaseRGS4,whichwerepreviously
shownto preventneuromodulatorycross-talkin dendriticspines[26]. Our findingsthus
extendour knowledgeof targetsfor ketaminethatmaycontributeto or interactwith its anti-
depressantactionsin vivo.

G-proteincoupledreceptors(GPCRs)provideaubiquitousmechanismfor regulatingsyn-
aptictransmissionvianeuromodulatorslike norepinephrine,GABA,serotonin,dopamine
andadenosine.Despitetheir vastcapacityto distinguishextracellularligands,GPCRactivation
mayengageonly ahandfulof intracellularsignalingcascades,manyof whichrelyon soluble,
smallmoleculesecondmessengersystems.In theory,thepaucityof uniqueintracellular
responsepathwaysandthehighmobility of secondmessengerscouldseverelylimit thesys-
tem'scapacityfor selectiveregulation.Thiswouldbeincreasinglytrue for smallvolumecellu-
lar compartmentslike thedendriticspine.Our previouswork showedthatwithin asingle
synapse,distinctglutamatereceptorsubtypes(AMPA andNMDA receptors)areselectively
regulatedbyα2 adrenoreceptorsandGABAB receptors,respectively,despitebeingcoupledto

Fig 4. Ketamine treatment eliminates compartmentalized neuromodulation. (Ai) MeanAMPAR-mediateduEPSCsin control (black)andbaclofen
(magenta)± SEM(shadedareas).(Aii) 2PLU-evokedNMDAR currentsand(Aiii) Ca2+transientsin control (black)andguanfacine(salmon), mean
(solidlines)± SEM(shadedareas).(B) Barsrepresentmeanamplitude± SEMof AMPARcurrents,(C) NMDAR-mediatedcurrentsand(D) NMDAR-
mediatedCa2+transientsin control (gray),in guanfacine(orange)or in baclofen(magenta)from vehicle-versusketamine-treatedmice.Ctr: control,
GF:guanfacinetreatment,Bac:baclofentreatment,Veh:vehicleinjected,Ket:ketamineinjected.�: p<0.05,Tukey'smultiplecomparisontest.

https://doi.org/10.1371/journal.pone.0213721.g004
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identicalsecondmessengerpathways.Weshowedthat thissegregationwaspossibledueto the
establishmentof synapticmicrodomainsthroughtheactionsof RGS4.In general,thismecha-
nismallowstheclosecoexistenceandnuancedfunction of neuromodulatorysystems.

RGS4isasmallGTPasethat limits signalingthroughG protein-coupledreceptorpathways
byacceleratingthehydrolysisof GTPto GDP[24,34,35].Undercontrol conditions,thisactiv-
ity producesmicrodomainswithin singledendriticspinesthat restrictsneuromodulatorycas-
cades.Forexample,adrenergicα2 receptorsandGABAB receptorsarebothcoupledto Gi

proteinsthatdown-regulatecAMPproductionandPKA activity.Surprisingly,wefound
thatboth receptorsarepresentin singlespinesbut areselectivelyableto negativelymodulate
AMPARsandNMDARs,respectively[26]. However,whenRGS4isblockedpharmacologi-
cally,thismicrodomainorganizationbreaksdown,leadingto crosstalk betweentheneuromo-
dulatorysignalingcascades[26,35].Remarkably,asingledoseof ketamineappearsto produce
substantiallossof RGS4within afewhours[23], afinding confirmedin our presentstudy,sug-
gestingthisprotein is rapidly turnedoverin corticalneurons.Consistentwith our previous
resultsusingsmallmoleculeinhibitors of RGS4,ketamine-induceddown-regulationof RGS4
isassociatedwith aberrantcross-talkbetweenmodulatorysignalsandglutamatereceptors.
While theseresultsarestronglysuggestive,it will benecessaryin futurestudiesto experimen-
tally restoreRGS4to control levelsto directlyconfirm causallinks betweenketamine,RGS4
signaling,andsynapticmodulation.

Previousstudieslookingat theeffectsof ketamineadministration24hourspost-exposure
showedincreasedfrequencyfor pharmacologicallyevokedEPSCsin layer5PNs.Thisresult
waslinked to anincreasein bothspinevolumeandthedensityof maturespinesandattributed
to changesin postsynapticgeneexpression[13]. Othershavefound increasedNMDAR EPSC
amplitudesat the24-hourtime point [36]. In contrast,our resultsindicatethat four hours
afterketamineadministrationbasalpostsynapticglutamatergicsignalingthrougheither
AMPARsor NMDARsisunaltered.Thisdifferencemaybedueto alongertime window
requiredfor alteredsynapticgeneexpressionto manifest.Additionally,changesin pharmaco-
logicallyevokedEPSCsaredifficult to interpret,aspre-or postsynapticalterationscannotbe
distinguished.Importantly,wedemonstratebehavioraleffectsof ketaminecommensurable
with previousfindings[13,23,32,33,37].

Acutedosesof ketaminehavebeenshownto producerapidsynapticreorganizationin the
prefrontalcortexthatcoincideswith antidepressantactionsin rodentmodels[21,38].Interest-
ingly, theseeffectsarethoughtto bemediatedthroughinhibition of NMDARsbyketamine
[38]. ThishypothesisissupportedbyevidencethatotherNMDAR blockerscanproduce
similarsynapticandbehavioraleffects[17,38].Lossof NMDAR signalingmayactivateboth
mTORandBDNFsignalingpathwaysthatmayprovidemolecularmechanismsfor synaptic
changesfollowingketamine[13,16±19,33].To ensurecompatibilitywith theseprevious
resultswealsodirectedour recordingsto themedialPFC.Wefocusedour effortson layer5
pyramidalneuronsbecausethiscellpopulationgeneratesthemajority of thesynapticoutput
of theneocortex.Our findingssuggesttheintriguing possibilitythatketaminemayalsosup-
pressNMDAR activitybybroadeningtheconsequencesof adrenergicsignaling,evenafterthe
NMDAR antagonisticeffectof ketaminefaded.That is,followingketamine,α2 receptorsmay
further suppresstheseglutamatereceptors.Thus,activationof adrenergicsignalingcouldbe
anadjunctapproachto boosttheeffectsof ketamine.Indeed,guanfacinealoneexhibitsantide-
pressantactivityin rodents[39,40].

In conclusion,our currentfindingsprovidenovelevidencethatacuteketaminecaninflu-
enceglutamatergictransmissionin themouseprefrontalcortex,potentiallyviadown-regula-
tion of RGS4anddysregulationof neuromodulatorysignaling.Theseresultsexpandour view
of thepossibledownstreamactionsof ketamineandsuggestthat inhibition of NMDARsbyα2
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adrenergicsignalingmayprovidebenefitin modelsof depressionwhendeliveredalongside
sub-anestheticdosesof ketamine.Pendingfurther experimentalconfirmation,our results
mayadvancetheclinicalapplicationof ketaminein thetreatmentof depressionandanxiety
disorders.
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