ISSN 2320-5407 International Journal of Advanced Research (2015), Volume 3, Issue 3, 58-67

Journal homepage:http://www.journalijar.com INTERNATIONAL JOURNAL
OF ADVANCED RESEARCH

RESEARCH ARTICLE

ISSN NO. 2320-5407

Volume Transmission in the PathophysiologyofDelirium

Adonis Sfera MD, Carolina Osorio MD

Manuscript Info ABSTRACT:

Manuscript History: Delirium is a neurobehavioral syndrome marked by disturbances in
Received: 15 J 2015 cognition, attention, memory, perception and sleep-wake cycle which is
Fii;ﬁ"fcc'eptedfn;g%bmaw 2015 common in hospitalized elderly. Although it is one of the oldest conditions

Published Online: March 2015 known to medicine, its pathophysiology remains poorly understood. Since
currently there are no preventive therapies for delirium, elucidation of
cellular and molecular underpinnings of this condition may lead to the
development of early interventions and thus prevent permanent neurologic

*Corresponding Author damage. _ )
............................. Phylogenetically, many neurotransmitters relevant to modern neurology and
Adonis Sfera MD psychiatry have been present in primitive organisms prior to the existence of

a nervous system. Ontogenetically, several neurotransmitters, including
acetylcholine, are present before synaptogenesis or neurogenesis, suggesting
an alternative communication platform than synaptic transmission.

In this article we make the case for the role of volume transmission in the
CNS physiology and pathology. This is a signaling modality which
engenders a slower but widespread type of information processing, different
than the quick point-to-point synaptic-based one. Volume transmission may
be responsible for mass-sustained signaling which engenders the states of
awareness, cognition or wakefulness, known to “wax and wane” in delirium.
Understanding, therefore volume transmission and the information
processing fathomed by it may lead us to a better grasp on the
pathophysiology of this condition.
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INTRODUCTION

Volume transmission (VT) representsanon-synaptic mode of intercellular signaling in the CNS in which the transfer
of information is mediated by diffusion of neurotransmitters through the extracellular space (ECS). The journey of
signaling molecules through the brain parenchymais dependent on the expression of aquaporin-4 (AQP-4) water
channels on astrocytic membranes and the geometry of the ECS.

VT is relevant to delirium because, unlike synaptic communication, it is as low and wide spreadsignaling
platformbettersuited ~ forpervasiveCNS  functionssuch  asarousal,attention,mood,cognition and  circadian
rhythm.Thesefunctionsareoften impairedin delirium. In addition,mostneurotransmitters believed tobeaffectedin
delirium,such ~ asmonoamines,acetylcholine,glutamate,  endogenousopioids, = GABA,aswellaschemokinesand
cytokinesare volumetransmitters.

Neuroinflammation,apossiblepathoetiologicalmechanism ofdelirium,ischaracterizedbyexcessive glutamatereleasein

theECSand astrocyte edemaatthe expenseoftheECS volume(1).ReducedECS
impairsVTofmultipleneurotransmittersystems,possiblyresultingin ~ symptomsofdelirium.  Erythropoietin  (EPO)
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wasshown toreversethetoxiceffectsofglutamateintheECSbydown-regulating AQP-
4receptors,decreasingastrocyticedema,and normalizing theECS fluid homeostasis.
NonerythropoieticvariantsofEPO,such asasialoerythropoietin,may proveto be valuabletherapeutic

additionstothearmamentariumofdeliriumtherapies.
Volume orwired transmission: the soupsorthe sparks

Whetherneuronscommunicatewithoneanotherelectrically(sparks) orchemically(soups)wasa matteroffiercedebate in
theearly 1900s. In1921, withOtto Loewi'sdiscovery ofthe"Vagusstoff"
(laternamedacetylcholine),theconceptoftheneurotransmitterwasborn(2). By  the1980sitbecame  clearthatnot
onlyneurons,butallICNS cellscommunicatewith each otherbyreleasingsignaling moleculesinto theECSofthebrain.
Thisgavebirthtotheconceptof volumetransmission (VT)(3).

VT wasdescribedasacommunication platform among brain cellsinwhich signaling moleculesdiffuse through theECS

with theflowoftheinterstitialfluid(1ISF)and/orcerebrospinalfluid (CSPh)to actupon non-
synapticreceptorssituatedatadistancefrom  thesourceofthesignal(3).  Thisconceptreceived limitedattention in
psychiatryin spiteofthefactthatmostneurotransmittersrelevantto neuropsychiatricdisorders,including

monoamines,acetylcholine  (4),glutamate  (5),endogenous  opioids (6),GABA(7),as  wellaschemokinesand
cytokines(8)areknownvolumetransmitters.

In thepastthreedecades,clinicaland preclinicalstudieshavedemonstrated thatin addition tosynaptic or wired
transmission (WT),occurring among neuronalpopulations,thebrain cellssuch asglia,
endothelialcellsofmicrovesselsandpericytescommunicatewith each otherandwith theneuronsby releasingsignaling
moleculesintotheECS,a commonmodeofcommunicationamongcellsthroughout mostbodytissues.

Thetwo modesofcommunicationintheCNS,WTand VT,presentwith differentsignaling
characteristics.WTenablesfast,selectiveand focusedCNS functions,such asthoserequiredforplaying
piano,practicingsports,ordriving avehicle(9)(10). On theotherhand,signaling byVTistemporally slower,broaderin
reach,affecting large volumesofbrain tissuein awidespreadmanner(9)(10).This modeofsignaling
isbettersuitedforenabling pervasiveandmass-sustained brain functionssuchas
arousal,attention,cognition,mood,appetite,and circadian rhythm(11).Interestingly,thesearealso theCNS
functionsaffectedin delirium.

VTismadepossiblebythecirculationofECSfluid viaAQP-4waterchannelsexpressedon perivascular  astrocyticend-
feet. Theflow ofCSF andISFfacilitatesboththediffusionofneurotransmitters  through  thebrain  parenchyma
andtheclearance ofmolecularwaste,such asbetaamyloidand othermisfolded proteins.Down-regulationofAQP-
4receptors on astrocytespredisposestothepericellular accumulationoffluid and ECSswelling. Up-regulationofAQP-
4receptorsfacilitatesthefluid entryinto theastrocytes,causing astrocyticedemaandECSshrinking(12). A desiccated
ECS withlossoffluidflow facilitates stagnation andaccumulationofmolecular waste whichmaypredisposeto
neuroinflammation.  Adequateexpression ofAQP-4 channels on astrocytic  end-feetisessentialfortwo
functions:loweringthesusceptibilitytoneuroinflammation andenabling physiologicalfluid fluctuationsduring sleep
and wakefulness(13)(14). Recentstudiesdemonstrated thatup-regulation of AQP-4receptorsinducesapro-
inflammatorystate,manifested byastrocytosisand microgliosisaswell asimpairmentoffluid homeostasis(15)(16).

A bodyof evidencegoingasfarbackas1980demonstratesthattheECSfluidvolumefluctuateswith
thelevelofneuronalactivity. Forexample, during information processing (usuallyduring theday)the ECS
decreasesinsize,asthefluid  ispumped  out.During  sleep,theCSF  gushesinviaAQP-4receptors,  swelling
theECS. Thistidalwave ofECSfluid washesthemolecular wasteproduced bythesynaptic  activitythroughout
thepreviousintervalof wakefulness(17)(18)(19).Thecircadian pattern ofsignaling byVTreflected
inthedailyfluctuationsoftheECS volumemay engenderhuman chronobiological rhythms,such as
arousal,attention,cognition ormood. PathologicalvariationsofECSvolumewith accompanying patternofsignaling
(inneurotransmittersystemsutilizing VT)may manifestclinicallyas
fluctuationsinthelevelofawarenessfrequentlyseenin delirium.

Tablel. Extracellularspace volumeand fluid circulation
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Volume transmittersand delirium

Receptormappingevidenceobtained overthepastthreedecades,utilizingautoradiographyand
immunochemistrydemonstratesthatsome neurotransmittersystemssignalalmostexclusivelyviaVT,
whileothersutilizeboth  WTand  VT(20)(9). ItwassuggestedthatWTand VT  maybecomplementary
modesofcellularcommunicationandthatcellularnetworksmayswitch from onetothe other depending
onthetypeofinformation processing they engagein(21).

Theimportance ofacetylcholine(ACh)in delirium wasextensivelydocumented bymultiplestudies,
howevertheroleofacetylcholinevolumetransmissionin  thisdisorderhasheenemphasized lessoften eventhough86—
93%ofthecholinergicboutonsintheCNSdo notmakesynapticcontact,releasing ACh directlyinto
theECS(4)(9).Untilrecentlyitwasbelievedthatthediffusion ofthisneurotransmitter to distantnon-

synaptictargetswasunlikelybecause of thepresenceofACh-degrading enzymes acetylcholinesterase(AChE)and
butyrylcholinesterase(BUChE)in ~ theECS.Recently,howeverastudy = demonstrated  thatACh  coulddiffuseto
considerable extracellulardistancesin spite of AChEand BuChE because ofthehigh extracellularconcentrationsofACh-
synthesizing enzyme,choline-acetyltransferase (ChAT). Thisenzymeisableto manufactureACh
locally,thusenablingitslong distanceV Tat physiologicalECSconcentrations ofAChEand BuChE(22).

Glycineand glutamateneurotransmittersystemsweredemonstratedtoutilizeboth,VVTand WT signaling
(5)(23).Thestudyofglutamatedynamicsin theECSwasmadepossiblebytherecent developmentoffluorescent
visualizationtechniques.With  thehelpofthesenovel  toolsitwaslearned  thattheECS  glutamate  originates
eitherfromsynapticspill-overorfrom releasebythe astrocytes (24). In theECS,glutamateacts upon non-
synapticionotropicreceptors(AMPA kainateand NMDA)and type | mGIluRs(25).Non-synapticmGIluRslwerefound
toplayakeyrolein dendriticinformationprocessing,

suggesting thatglutamateVV TisessentialfortheCNScomputation(26)(27). Glutamatemaybecrucial to
thedevelopmentofdeliriumbecauseitachieves high extracellularconcentrationsduring
neuroinflammation.Chemokinesproduced bymacrophages migrating into theCNStriggerglutamate releaseinto
theECS alongwithup-regulation ofAQP-4receptorson astrocyticend-feet, resulting in astrocytic edemaand
desiccationoftheECS,possiblyengendering delirium-likesymptoms(1).

Monoaminesarereleasedin theECSto diffusewith theflowoffluid todistanttargets(27).Preclinical
studiesdemonstratethat 94%oftyrosinehydroxylase-positiveboutonsinarealOoftheprefrontal
cortexhavenoidentifiablesynapticstructures(28).Interestingly, NEsignaling  byVTfacilitatesthe  circadian
ejectionoffluid from theECS,during wakefulness. In arecent study, micetreatedwithNE blockersshowed both,signs
ofsleepinessandincreased ECS fluid volume,onMRI,suggestingadirect relationship betweenNE
modulationoftheECSvolumeand thephysiologyofsleep(15).

GABAisreleasedbyastrocytes into theECSviabestrophin 1channels(29)(30). ThepathologyofGABA
VTmaybecomeclinicallymanifestwhenthe  ECSfluid volume isreduced,resulting in  high extracellular
concentrationofthisneurotransmitter. Thismayexplainthehypersensitivityofdeliriumpatientsto the effectsofGABA-
ergicdrugs.
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Pro-inflammatorycytokinessuch asinterleukinlbetaand tumornecrosing factoralphaareproduced
bythereactiveastrocytesand microglia. Thesecytokinesareexclusive volumetransmitters with documented
involvementinsleep physiologyandthepathologyofneuroinflammation(31)(32).

Beta-endorphin’slong  distancediffusion  alongwith  theflowofISF  andCSFwasestablished  bymultiple

studies(33)(34)(35).Thisneurotransmitterwasshown to modulatewidespreadCNS functionssuchas
arousal,feeding,learning,sexualbehavior, pain and reward(25)(10). A reduction oftheECSfluid volume
mayresultinexcessivelevels ofbeta-endorphins,perhapsmanifestedclinicallyasfluctuating confusion.A

recentstudyfound increased circulating levelsof betaendorphin and cortisolin postoperativedelirium(36).

Apathophysiologicalmodelofdelirium:go-with-the-flowtoxicity hypothesis

Wehypothesizethatreduced ECSvolumeresultsinhigh extracellularconcentrationsofmolecularwaste  productsand
diffusing neurotransmitters.Bothmayresultindeliriumbyimpairingsignaling byVTin neurotransmittersystems which
engender widespreadand pervasive CNS functionssuch as arousal, attention,mood,cognitionand circadian rhythm.
Wehypothesizefurther thatexogenously

administered drugsmayinteractwith thehighlyconcentratedvolumetransmittersin thereduced ECS, resulting in
agonisticortoxic effectsmanifested clinicallyasdelirium.

Following isaproposed stepwisepathophysiologicalmodel ofdeliriumtriggered bytheperipheral
inflammation,such asinfectionorsurgery(37),leading toneuroinflammation andimpairmentof signaling byVT:

1. In responsetoperipheralinflammationmacrophagesmigratetotheCNS andrelease
chemokines(locallyactingcytokines)whichinhibitglutamatetransporter-1(GLT-1)protein in astrocyticend-
feet,leading to elevatedconcentrationofglutamatein theECS(38)(39)(40).

Physiologically,theextracellularglutamateisregulated byafamilyofglutamatetransporters, including GLT-
land GLT-2 whicharepredominantlyexpressed on astrocytes(41). Interestingly, it
wasdemonstratedthatGLT-1 mayformfunctionalcomplexeswithAQP-4waterchannelsand
possiblywitherythropoietin receptors(EPOR)which arealsofound in astrocyticend-feet (42)(43).

2. Extracellular glutamate,acting onnon-synapticmGIluRstype |,increaseswaterpermeabilityof astrocyticend-
feetbyup-regulating AQP-4channels,leading to astrocyticedemaand neuroinflammation(44).

Neuroinflammationmaybeadirectresultofastrocytic edema,ormaybetriggered bythe
accumulationofmolecularwastein theECS.

62



ISSN 2320-5407 International Journal of Advanced Research (2015), Volume 3, Issue 3, 58-67

3. Edematousastrocytesalong withneuroinflammationcontribute tolocalcellularcrowdingatthe expenseoftheECS
volume(46)(47).

4. ReducedECSfluid volumeand flowcontributes tobuild up oflargeconcentrations ofvolume
transmitters,such asdopamine,NE,GABA betaendorphin,cytokinesorcortisolas wellas
molecularwaste, likeimproperlyfolded proteins,impairing VT of  multipleneurotransmitter
systems,resulting inthefluctuatingsymptomsofdelirium(45).

TheconceptofVTin thecontextofreduced ECS fluidvolumemaychangethewaywethinkaboutthe —actionofdrugsin
delirium.Aftercrossing theblood-brain-barrier,mostpharmacological compounds diffusethroughouttheECS and
readilyaccessnon-synapticreceptors. Thesereceptorsarenotonly
morenumerousthanthesynapticones,buttheyweredemonstratedto havehigheraffinityforligands,

leading to thesuggestion thatpsychotropicdrugsmaynotreach synapticreceptorsatall,butexerttheir actionon non-
synapticreceptors exclusively(25).

UnderpathologicalcircumstancesoflowECSvolumeand high concentrationsofvolumetransmitters (such
asinflammationorischemia),  theexogenouslyadministered  drugsmayinteractintheECS  with  diffusing

agonisticneurotransmitters,resulting in additiveadverseeffectsortoxicity,whichmay
manifestassymptomsofdelirium.Thismechanism mayexplain,forexample, deliriuminduced by low
lithiumlevelsfrequentlyseen  in  elderlyillpatients.  Other  examples  mayincludetheECS interaction
betweenbenzodiazepinesand thevolumetransmitterGABA, engenderingconfusion,oropiatedrugs and

theendogenous volumetransmitterbeta-endorphin,causing variousdegrees oflethargy.

Extensiveliteratureexists aboutdopaminergicdrugs, lithium, opiatesand benzodiazepinespredisposing
todelirium(48),however thefactthattheymayreach high concentrationsin thedesiccatedECSand interactthere
withdiffusing agonisticneurotransmitterswas,perhapsgiven lessthought.

Erythropoietinand aquaporins: ofblood and water

Erythropoietin (EPO)isahematopoieticgrowth factorproduced inthekidneyand fetalliver. EPOisalso produced in
theCNSasa cytokinereleasedbyvariousnon-neuronalcellsinto  theECSwhereitdiffuses with the fluid flow.

Overthepastdecade,EPOwasfound to haveneuroprotectiveproperties dependenton
geneactivationwhicharecompletelyindependentfromitserythroid effects(49).Inthe pastfewyearsan
immediateactionofEPQ, independent ongeneactivation,and unrelatedto neuroprotectionwasdemonstrated.
Itconsistsofblockingextra-synaptictype ImGIuRs,preventing AQP-4up-

regulation. ThisactionistriggeredbyEPObinding toerythropoietin receptors(EPOR) on astrocytic end-feetwith
theimmediateeffectofrestoringfluid homeostasisintheECS(50)(51).The
anti-inflammatoryactionofEPOistwofold:direct,relatedtolowering  extracellularglutamate,and  indirectbydown-
regulation ofAQP-4receptorsand reductionofastrocyticedema. Both pathways blockreactiveastrocytosisand
microgliosis,and inhibitthepro-inflammatorycytokines (demonstrated byblocking lipopolysaccharideinduced
cytotoxicity)(52).

Recombinanthuman erythropoietinwasfound to betherapeuticinseveralCNS disordersincluding
ischemicstroke,mechanicaltrauma,experimentalautoimmuneencephalitis,subarachnoid hemorrhage,
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seizuredisorderand neurodegenerativedisorders.Arecentstudyin ratsdocumented thatif administered systemicallyup
to 3hoursaftercerebralarterialocclusion,EPOreducesinfarctionvolume by75%(53).

Thesafetyofhuman recombinanterythropoietinwasdemonstrated bymorethan adecade of widespreadclinicaluseand
preclinicalinvestigations(54)(55). To ourknowledge,EPOor nonerythropoieticvariantsofEPOwereneverstudiedin
delirium,in spiteoftheirfavorableactionon extracellularglutamateand AQP-4receptors. Nonerythropoieticvariantsof
EPO,such as asialoerythropoietin,maybe idealcandidatesforclinicaltrialsin delirium becausetheyreadilycross
theblood brain barrierand lackthe effectsonred cellmassorplateletsaggregability occasionallyseen with
erythropoieticvariants (56).

Conclusions

Widespread CNS functionssuch asarousal,attention,mood,cognition andcircadian rhythm,frequently affectedin
delirium,arebelieved tobe mediatedbyVT. Majorneurotransmittersystemsinvolvedin
thepathoetiologyofdeliriumareknownfortheirnon-synapticreceptorsandtheabilitytorelease signaling moleculesinto
theECS.Pathologicalreduction oftheECS fluidvolume predisposesto increased concentrations ofvolumetransmitters
which in combinationwithexogenouslyadministered agonisticdrugsmayleadtoadditive toxiceffects.
Understandingfluid homeostasis,

neuroinflammation,andVTin theCNSmaylead toimplementationofbetterdeliriumprevention strategies.EPOhasan
established safetyrecord,including usein newborn children. In ouropinion,the
abilityofnonerythropoieticvariantsofEPOtoreversethetoxiceffectsofglutamatein theECS renders them
optimalcandidatesfordeliriumtherapy.

References:

1. FukudaAM,BadautJ. Aquaporin 4:APlayerin CerebralEdemaand Neuroinflammation. Journalof
Neuroinflammation (2012)9:279d0i:10.1186/1742-2094-9-279

2. ElliotS. Valenstein. TheWaroftheSoupsand Sparks: TheDiscoveryofNeurotransmittersand the
Dispute overHowNervesCommunicate. NewY ork,ColumbiaUniversityPress(2005).256p.

3. ZoliM, Jansson A,SykovaE,AgnatiLF,FuxeK. Volumetransmissionin theCNS and itsrelevancefor
neuropsychopharmacology. TrendsPharmacolSci.(1999)(4):142-50.

4. LendvaiB,E. ViziS.NonsynapticChemicalTransmission  Through  NicotinicAcetylcholineReceptors.
PhysiologicalReviews(2008)Vol. 88no. 333-349D0I:10.1152/physrev.00040.2006

5. OkuboY,lino M. Visualizationofglutamateasavolumetransmitter.J  Physiol.(2011)589  (Pt3):481-8.
doi:10.1113/jphysiol.(2010).199539.

6. Veening JG,GerritsPO,BarendregtHP. Volumetransmission ofbeta-endorphin viathecerebrospinal fluid;areview.
Fluidsand BarriersoftheCNS (2012) 9:16.doi:10.1186/2045-8118-9-16

64



ISSN 2320-5407 International Journal of Advanced Research (2015), Volume 3, Issue 3, 58-67

7. TruetaC,De-MiguelFF.Extrasynapticexocytosisand itsmechanisms:asourceofmolecules mediating
volumetransmission in thenervoussystem. Front.Physiol.(2012). doi:10.3389/fphys.2012.00319

8. FuxeK,Borroto-EscuelaDO, TarakanovA,Fernandez WR,MangerP,RiveraA,van CraenenbroeckK, SkieterskakK,
Diaz-CabialeZ, Malgorzata F.Understanding thebalanceand integrationofvolumeand synaptictransmission.
Relevanceforpsychiatry. Neurology,Psychiatryand BrainResearch (2013). Volumel9,Issue4p. 141-158.

9. KatherineH. Taber,Ph.D.;Robin A. Hurley,M.D. VolumeTransmission intheBrain:Beyondthe Synapse.
TheJournalofNeuropsychiatryand ClinicalNeurosciences(2014)26:iv-4.
doi:10.1176/appi.neuropsych.13110351

10. GualtieriTC. Brain Injuryand MentalRetardation:PsychopharmacologyandNeuropsychiatry
LippincottWilliams&Wilkins(2002)Philadelphiapp.464-465

11.ViziES,FeketeA, KarolyR,MikeA.Non-synapticreceptorsand transportersinvolved in brain functionsand
targetsofdrug treatment.BrJPharmacol. (2010)160(4):785-809.doi:10.1111/j.1476-
5381.2009.00624.x.

12.PapadopoulosMC,Verkman AS.Aquaporin-4andbrain edema. PediatrNephrol. (2007)22(6):778-84.

13.XieL,Kang H, XuQ,Chen MJ, Liao Y,ThiyagarajanM,etal. Sleep drivesmetaboliteclearancefrom theadultbrain.
Science(2013)342:373-710.1126/science.1241224

14.Yang L,KressBT,WeberHJ, ThiyagarajanM,WangB,DeaneR,etal. Evaluating glymphaticpathway function
utilizing clinicallyrelevantintrathecalinfusion of CSFtracer.J TransIMed(2013)
11(1):107.10.1186/1479-5876-11-107

15.Li L,Zhang H,Varrin-DoyerM,ScottS. Z,VerkmanAS. Proinflammatoryrole ofaquaporin-4in
autoimmuneneuroinflammation. TheFASEBJournal(2011)vol.25n0.51556-1566. doi:10.1096/fj.10-
177279

16. Aoki-YoshinoK,UchiharaT,DuyckaertsC,NakamuraA,HauwJJ,Wakayamay. Enhanced expression
ofaquaporindin human brain with inflammatorydiseases. ActaNeuropathol. (2005)110(3):281-8

17. iffJJ,HedokL,YuM,Feng T,Logan J,NedergaardM,etal.Brain-widepathwayfor wasteclearance captured
bycontrast-enhanced MRI. JClin Invest(2013)123:1299-30910.1172/JC167677

18.Dietzell,HeinemannU,HofmeierG. Transientchangesin thesizeoftheextracellularspacein the
sensorimotorcortexofcatsin relation tostimulus-induced changesin potassium concentration. ExperimentalBrain
Research. (1980)40(4):432-439.

19. Haj-Yasein NN,JensenV,@stby,OmholtSW,VoipioJ,Kaila K,OttersenOP,Hvalby@,NagelhusEA. Aquaporin-

4regulatesextracellularspacevolumedynamicsduring high-frequencysynapticstimulation: agenedeletion studyin
mousehippocampus.Glia(2012)60(6):867-74. doi:10.1002/glia.22319.

65



ISSN 2320-5407 International Journal of Advanced Research (2015), Volume 3, Issue 3, 58-67

20. AgnatiLF,ZoliM,Strémberg  I,FuxeK. Intercellularcommunication in thebrain: wiringversus
volumetransmission. Neuroscience(1995)69(3):711-26.

21. ZoliM, TorriC,Ferrari R,Jansson A,Zinil,FuxeK,Agnati LF.Theemergenceofthevolume transmission
concept. Brain ResBrainResRev. (1998)26(2-3):136-47.

22. VijayaraghavanS,KaramiA,Aeinehband S,BehbahaniH,Grandien A, KristinaNE, Lindblom RPF,
PiehlF,Darreh-ShoriT.Regulated  ExtracellularCholineAcetyltransferaseActivity—  ThePlausible  Missing
LinkoftheDistantActionofAcetylcholinein theCholinergicAnti-InflammatoryPathway. PLOS
One(2013)DOI:10.1371/journal.pone.0065936

23.  HarsingLGJr,MatyusP:Mechanismsofglycinerelease,which ~ build up  synapticand  extrasynaptic
glycinelevels:theroleofsynapticand non-synapticglycinetransporters.Brain ResBull(2013) 93:110—
119

24.0kubo Y, linoM.Visualizationofglutamateasavolumetransmitter.J Physiol.(2011)589(Pt3):481-
8. doi:10.1113/jphysiol.2010.199539.

25.ViziES,FeketeA, KarolyR,MikeA.Non-synapticreceptorsand transportersinvolved in brain functionsand
targetsofdrug treatment.BrJPharmacol. (2010)160(4):785-809.d0i:10.1111/j.1476-
5381.2009.00624.x.

26.CamiréO,LacailleJC, TopolnikL.Dendriticsignaling in inhibitoryinterneurons:localtuning viagroup |
metabotropicglutamatereceptors. Front.Physiol.(2012)doi: 10.3389/fphys.2012.00259

27. FuxeK, Borroto-Escuela DO,Romero-FernandezW, Diaz-CabialeZ,RiveraA,Ferraro L, TanganelliS,
TarakanovAO,Garriga P,Narvaez JA,CiruelaF,Guescini M,AgnatLF.ExtrasynapticNeurotransmission
in theModulationofBrainFunction. FocusontheStriatalNeuronal-GlialNetworks. FrontPhysiol(2012)

3:136. doi:10.3389/fphys.2012.00136

28.MartinKA,Spuhlerl A: Thefinestructureofthedopaminergicinnervation ofarealOofmacaque
prefrontalcortex.EurJ Neurosci. (2013)37:1061-1071

29. SeonmiJ,Yarishkin O,Yu J H,YeEC,ParkM,DongH W,BaelY,KimT,LeeJ,Chun H, ParkHJ,YongD L,Hong
J,KimHY,0Oh SJ,ParkSJ,LeeH,Yoon BE, Kim YS,Jeong Y,Shiml,BaeYC,J ChoJ,KowalINW,Ryu H,Hwang E,Kim
D, LeeCJ.GABA fromreactiveastrocytesimpairs memoryinmousemodelsof Alzheimer'sdisease.
NatureMedicine(2014). doi:10.1038/nm.3639

30.KotaniN, AkaikeN: Theeffectsofvolatileanesthetics onsynapticand extrasynapticGABA-induced
neurotransmission. Brain ResBull(2013)93:69-79

31. VitkovicL,BockaertJ,JacqueC. "Inflammatory"cytokines:neuromodulatorsin normalbrain?J
Neurochem.(2000)74(2):457-71.

32.van GoolWA. Brain disordersincriticalillness. In:StevensRD,SharsharT,WesleyEE ,editors. editors.Mechanisms,
Diagnosis,andTreatment. Cambridge:CambridgeUniversityPress;(2013). 102p.

66



ISSN 2320-5407 International Journal of Advanced Research (2015), Volume 3, Issue 3, 58-67

33. Hartung HP,Dihne”M.VolumeTransmission—Mediated EncephalopathiesAPossibleNewConcept? Arch Neurol.
(2012)69(3):315-321. doi:10.1001/archneurol.2011.933.

34. Fuxe K, Romero-Fernandez ~W,Wei-bo Zhang WB,LuigiF.  Agnati,Borroto-EscuelaDO.
Volume28transmission anditsdifferentformsin thecentralnervoussystem. Chinesejournal of
integrativemedicine(2013)Volume19,Issue5,pp323-329doi.org/10.1007/s11655-013-1455-1

35. Veening JG,GerritsPO,BarendregtHP. Volumetransmission ofbeta-endorphin viathecerebrospinal fluid;areview.
FluidsandBarriersoftheCNS (2012)9:16d0i:10.1186/2045-8118-9-16

36.McIntosh TK,Bush HL,Yeston NS,GrasbergerR,PalterM,Aun F,EgdahlRH.Beta-endorphin,cortisol and
postoperativedelirium:apreliminaryreport.Psychoneuroendocrinology. (1985)10(3):303-13.

37. VacasS,DegosV, Tracey KJ,MazeM. High-mobilitygroup box1protein initiatespostoperative
cognitivedeclinebyengaging bonemarrow-derivedmacrophages. Anesthesiology(2014) 120(5):1160-7.
doi:10.1097/ALN.0000000000000045

38. AZeng XN,SunXL,Gao L,Fan Y,Ding JH,Hu G.Aquaporin-4deficiencydown-regulatesglutamate uptakeand
GLT-1expression in astrocytes. MolCellNeurosci.(2007)34(1):34-9.DOI:
10.1016/j.mcn.2006.09.008

39.LiYK,Wang F, WangW,Luo Y ,WuPF,XiaoJL,Hu ZLJin Y,Hu G,Chen JG. Aquaporin-4Deficiency
ImpairsSynapticPlasticityand  AssociativeFearMemoryintheLateralAmygdala:Involvementof  Downregulation
ofGlutamateTransporter-1Expression. Neuropsychopharmacology(2012)37, 1867—
1878;d0i:10.1038/npp.2012.34.

40. Fang J,HanD,Hong J,Tan Q,TianY. Thechemokine,macrophageinflammatoryprotein-2y,reduces the expression
ofglutamatetransporter-lon  astrocytesand increasesneuronalsensitivitytoglutamate  excitotoxicity.  Journal
ofNeuroinflammation(2012)9:267d0i:10.1186/1742-2094-9-267

41. Gundersen  GA.Rolesofaquaporin-4in  brain  fluiddynamics.Doctoraldissertation ~ (2013).University
ofOslo.Permanentlink:http://urn.nb.no/URN:NBN:no-35336

42.Mogoantal,CiureaM,Piricil,Margaritescu C,Simionescu C,lonDA,PiriciD.DifferentDynamicsof Aquaporin
4and GlutamateTransporter-1Distribution in thePerineuronalandPerivascular Compartmentsduring
IschemicStroke. Brain Pathol. (2014). doi: 10.1111/bpa.12134.

43. Beart PM,O'SheaRD.Transportersforl-glutamate:an updateon theirmolecularpharmacologyand
pathologicalinvolvement.BrJ Pharmacol(2007)1505-17. doi:10.1038/sj.bjp.0706949

44. Gunnarson E,SongaY,KowalewskicJM,HBrismaraH,BrinesdM,Ceramid  A,Anderssonal, ZeleninaaM,

AperiaaA.  Erythropoietinmodulation  ofastrocytewaterpermeabilityasacomponentof  neuroprotection.PANS
(2009)106(5)1602-1607doi:10.1073/pnas.0812708106

67


http://urn.nb.no/URN:NBN:no-35336

ISSN 2320-5407 International Journal of Advanced Research (2015), Volume 3, Issue 3, 58-67

45.  Aoki-Yoshino  K,UchiharaT,DuyckaertsC,NakamuraA,HauwJJ,WakayamaY.  Enhanced  expression
ofaquaporindin human brain with inflammatorydiseases. ActaNeuropathol. (2005)110(3):281-8.DOI:
10.1007/s00401-005-1052-2

46. SykovaE,NicholsonC.Diffusion in brainextracellularspace.Physiologicalreviews(2008)
88(4):1277-1340. doi: 10.1152/physrev.00027.2007.

47, SykovaE.Extrasynapticvolumetransmission and diffusion parametersoftheextracellularspace.
Neuroscience(2004)129(4):861-76.DOI: 10.1016/j.neuroscience.2004.06.077

48.MaldomadoJR.PathoetiologicalModelofDelirium:aComprehensiveUnderstanding ofthe
NeurobiologyofDeliriumand an Evidence-Based Approach to Prevention andTreatment. CritCareClin
24(2008)789-856D0I: 10.1016/j.ccc.2008.06.004

49. NoguchiCT,Asavaritikrai P,Teng R, JiaY. Roleof erythropoietin in thebrain.CritRevOncolHematol. (2007)64(2):
159-171. doi: 10.1016/j.critrevonc.2007.03.001

50. NagelhusEA, OttersenOP.PhysiologicalRolesofAquaporin-4in Brain.PhysiolRev. (2013)93(4):
1543-1562.doi: 10.1152/physrev.00011.2013

51.Tang  ZSun  X,HuoG,XieY,ShiQ,ChenS, WangX,Liao  Z.Protectiveeffectsoferythropoietinon
astrocyticswelling afteroxygen-glucosedeprivation and reoxygenation: mediation through AQP4 expression
andMAPKpathway. Neuropharmacology(2013)67:8-15.doi:

10.1016/j.neuropharm.2012.10.017

52. Brissaud O,VillegaF,PieterKonsman J,Sanchez S,Raffard G,FranconiJM,ChateilJF,Bouzier-Sore AK. Short-
termeffectoferythropoietinon brain lesionsand aquaporin-4expression in ahypoxic-
ischemicneonatalratmodelassessed bymagneticresonancediffusion weighted imaging and immunohistochemistry.
PediatrRes.(2010) 68(2):123-7. doi:10.1203/00006450-201011001-00237.

53.  Anna-LeenaSirén  AL,FratelliM,BrinesM,CGoemansC,S  CasagrandeC,Lewczuk  P,Keenan S,
GleiterCl,CPasqualiC,CapobiancoA, MenniniT,Heumann R,CeramiA,Ehrenreich H,GhezziP. Erythropoietin
preventsneuronalapoptosisaftercerebralischemiaandmetabolicstress.PNAS(2001)
98(7)4044-4049.d0i:10.1073/pnas.051606598

54. BrinesM,CeramiA. Emerging biologicalrolesforerythropoietin inthenervoussystem. Nature
ReviewsNeuroscience(2005)6,484-494d0i:10.1038/nrn1687

55.MartiHH.Erythropoietin and thehypoxicbrain. J Exp Biol. (2004)207,3233-324doi:
10.1242/jeh.01049

56.ErbayraktarS,Grasso G,SfacteriaA, XieQW,Coleman T, Kreilgaard M,Torup L,SagerT,Erbayraktar Z,Gokmen
N,YilmazO,Ghezzi P,VillaP,FratelliM,CasagrandeS,LeistM,Helboe  L,GerweinJ, Christensen S,GeistMA,
PedersenLd,Cerami-HandC, Wuerth JP,CeramiA,Brines M.

Asialoerythropoietin isanonerythropoieticcytokinewith broadneuroprotectiveactivityinvivo.Proc
NatlAcad SciUS A. (2003)100(11):6741-6

68



