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iii Abstract

Abstract

Theprimary toxic action of organophosphorugOP)compoundsincludingpesticidesand highlytoxic
nerve agentsis the irreversible inhibition of acetylcholinesteras€¢ AChE),impairing hydrolysisof
acetylcholinglACh) Accumulationof AChwithin cholinergicsynapsegivesriseto overstimulationof
nicotinic(nAChRand muscarinidmAChRjeceptorscausinga cholinergicsyndromeandfinally leads
to respiratoryarrestdue to paralysisof the respiratorymusclesand the central respiratorysystem.
Medical countermeasureof OP poisoningcomprisesreactivation of inhibited AChEby monoror
bisquarternarypyridinium oximesand competitive antagonismat mAChRby atropine. Thereby the
currently availablepharmacotherapymitigatesonly muscarinicand doesnot directly target nicotinic
effects. Accordingly direct intervention at nAChRmay be a promisinggenericapproachagainstOP
intoxicationsto complementoximetherapy. Theneedof suchatherapeuticstrategyis urgedin cases
of nerveagentsresistantto reactivationby oximes(e.g.soman tabun)andin caseof suicidahighload
pesticidepoisoningasno broad spectrumoximehasbeenidentified yet. In this context,compounds
actingaspositive allostericmodulators(PAM)that reduceor reversenAChRlesensitizatiorbecame
of increasingtherapeutic relevancewherein the bispyridinium (BP) non pxime MB327 found to
mediatea positivetherapeuticeffectin vitro althoughnot to a sufficientlyhighdegreewasusedasa
leadstructurefor the synthesisf a seriesof structuralBPanalogues.
In this study, functional activities of these BP, so called PTM compounds,were identified by
establishinga whole cell patch clampmethod performed under voltageclampingconditionsapplied
with planarelectrodesin anautomaticsystem(NanionTechnologie&SmbH Munich)to recordhuman
r7 nAChRh r7 nAChR}tably expressedn a CHOK1 cell line (CHO/RI®/h r7 nAChR)To this end,
elucidationof basicelectrophysiologicatharacteristicof two mammaliancell lines, GHG and CHOr
K1for useashostcell systemof h r7 nAChRshowedthat CHOK 1 cell line waswell suited verified by
its low voltagerand ligandgated conductance.ln contrast, moderate voltagegated conductance
detectedin GHG may causeinterferencein voltageclampedscreeningmethod for the investigation
of NnAChRunction. Thesealsuccessate wasoptimizedfor the establishmenbf an efficientscreening
methodof h r7 nAChRunctionin CHOK1/RI@/h r7 nAChReellsby adjustingcellularparametersand
settingsincludingadjustmentof the pressureappliedto captureandto hold the cells,cell passage
rangeusedand addition of a C&* rich solution servingas a “seal enhancer”prior to measurement.
Moreover, investigationof flow rate of compoundsolution applicationrevealedmaost pronounced
nicotine inducedcurrent signalintensity at a flow rate of 171 pl/s exposingthe cellsfor 233 msto a
test solution. Consideringecoveryof receptorsfrom desensitizationa time interval of 3 min andtwo
washingstepsbetweenthe nexttest solutionapplicationwasrequiredto ensurefull regenerationof

the desensitizedstate of h r7 nAChRnto a conductiblestate.
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Fastkineticsof h r7 nAChRactivationdemonstratedbiphasicdoseresponsecurvesascendingat low
and descendingat high agonist concentrationsrevealingthe conformational states of receptors
including activation at low, inactivation and desensitization of hr7 nAChRat high agonist
concentrations Positiveallostericmodulation of agonistinducedresponsesdy PNUA20596yielded
an amplificationof nicotine inducedpeak current amplitude as well as a prolongedduration of the
evoked responserepresentingan elongated mean open channel conformation. Currentroltage
relations of CHOK1/RI@/h r7 nAChRcellsunder control and upon agonistinducedactivationand
allosteric modulation by PNUA20596 as well as specific hr7 nAChR antagonization with
methyllycaconitineverified specifich r7 nAChRexpressionand electrophysiologicaproperties with
respectto selectiveion permeabilityof h r7 nAChRo Na" andC&*. In the following screeningnethod,
the effect of BPcompoundson h r7 nAChRactivationwas investigatedto identify structure activity
relations and revealedtwo different intrinsic activities of BP compoundson h r7 nAChRactivation
comprisinga potentiation of h r7 nAChRactivationby MB327and five symmetricalPTMcompounds
bearinga tert butyl or a methoxygroupat 2 3 rand 4 position of both pyridiniumrings.In contrast,
residualPTMcompoundsincludingthose with a dimethylaminogroupat 3 position,isopropylgroup
at 2 r3 rand 4 position or more than one substitutedgroup at both pyridiniumringsinhibited NAChR
function. Elucidatiorof structure activity yieldedthat potentiation wasmostpronouncedwith MB327
and wasdependenton the position and chemicalstructure of substitutedgroupsas BPcompounds
carryingatert butyl groupor a methoxygroupshoweda higheramplificationof currentresponsewith
a substitution at position 3 and 4 comparedto position 2. By correspondingactivity relations of BP
compoundsMB327andPTMcompoundsbearingatert butyl or amethoxygroupwereableto restore
desensitizedh r7 nAChR.Becausethese compoundsdid not activate h r7 nAChRby themselves
without agonistand current responseprofile of activatedand desensitizechAChReflectedthe one
obtained with the representativetype Il PAMPNU@L20596,the underlyingmechanismof action by
these compoundswas indicative for a type Il allosteric mechanismable to prevent and recover
receptorsfrom desensitizationln summary this study servedto developa stablescreeningmethod
to identify structural requirements of test compounds to prevent and reverse hr7 nAChR
desensitizationto unravel promisinglead structurescapableto conveya positive pharmacological

effectafter OPpoisoning.
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Zusammenfassung

Die primare Wirkung von phosphororganischen(OP) Verbindungen,zu denen Pestizide und
Nervenkampfstoffegehoren,beruht auf der irreversiblenHemmungder AcetylcholinesteraséAChE)
sodasdlie katalytischeHydrolysevon Acetylcholin(Ach)ausbleibt. AChakkumuliertunkontrolliertim
synaptischerSpaltund verursachtinfolge einer Uberstimulationund anschlieRendeDesensitisierung
nikotinischer (NnAChR)Rezeptorenund Uberstimulation muskarinischefmAChR)Rezeptoreneine
cholinergeKrisewelche unbehandeltzum Tod durch zentrale und periphere Atemlahmungfiihren
kann.Die derzeitigeStandardtherapiaimfasstdie ReaktivierungOPgehemmterAChEdurch monor
oder bisquarternarePyridiniumoximeund kompetitive Antagonisierungzon mAChRdurch Atropin.
Dabei werden durch die derzeitig verfigbare Pharmakotherapieausschlie3lichmuskarinische
Symptomebehandelt wohingegennikotinerge Effekte am nAChRnicht direkt adressiertwerden.
Dementsprechendstellt die direkte Intervention an nAChReinen innovativen und generischen
therapeutischemnsatzgegenOPVerbindungerdar, um die OximiTherapiezuerganzenDaesbisher
noch kein BreitbandOxim gibt und insbesonderebei Vergiftungen mit Somanoder Tabun die
Reaktivierungmit Oxim nicht ausreichendist, wird die Notwendigkeiteiner solchenalternativen
Therapiestrategieleutlich.DahersindVerbindungendie alspositiveallosterischéviodulatoren(PAM)
wirkenunddie Desensitisierunger nAChRrorbeugerbzw.diesewiederaufhebenkénnenvongrol3er
therapeutischer Bedeutung. Die Bispyridinium (BP) Verbindung MB327, welche einen positiven
therapeutischerEffekt vermittelte, aber keine ausreichendhohe Effektivitat zeigte,diente in dieser
Studie als Leitstruktur fir die Syntheseeiner Reihe strukturell analoger BPWerbindungen(PTM
Verbindungen).In dieser Arbeit wurde die Wirkung der sogenanntenPTM Verbindungenauf die
Funktionder nAChRmittels der EtablierungeinesautomatisiertenGanzzelPatchclampverfahrensan
CHOK1Zellenuntersucht,die mit dem humanen T nAChRh r7 nAChR}tabil transfiziertwurden
(CHO/RI®@/h r7 nAChR).Die CHOK1 Zelllinie wurde anstelle der GHG Zelllinie fur die stabile
Transfektionvon h r7 nAChRverwendet, da grundlegendeelektrophysiologischd&igenschafterder
Membranen beiden Saugerzelllinienzeigten, dass die CHOK1 Zelllinie aufgrund der niedrigen
spannungsund ligandengesteuerteh eitfahigkeitgut geeignetwar im Gegensatzur GHG Zelllinie,
welche eine gemaRigtespannungsgesteuerteeitfahigkeitbesal,die die Untersuchungder nAChR
Funktionmit der PatchClampMethode stérenkdnnte. Die Erfolgsrateder Sealbildungvurde fir die
Etablierungeines effizienten Screeningverfahrensoptimiert, indem die zellularenParameterund
Einstellungerangepassiwurden, einschlie3lichder Einstellungdes Ansaugdrucksler Zelleund des
Drucksauf die Zellewéhrend der Messung,der Festlegungdes Bereichsder Zellpassageriir die
Messungsowiedie zusatzliché/erwendungeiner C&* reichenLosunggdie dazudiente die Sealbildung

unmittelbar vor der Messungzu verstarken.Zudemwurde die Applikationder Testlsungmit einer
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Durchflussratevon 171 pl/s zugegebensodassdie Zellenfur 233 ms gegentberder Testlosung
exponiertwurden.Im Falleder Desensitisierungon nAChRvarenein Zeitintervallvon 3 Minuten und
zwei Waschschritteerforderlich, um vor der nachstenApplikationder Testldsungeine vollstandige
RegeneratiordesleitfahigenZustandsier Rezeptorerzugewéahrleisten.
DieschnellverlaufendeReaktionskinetikler nAChRAktivierungzeigteeinenbiphasischeVerlaufder
DosisWirkungsbeziehungemnit verschiedenenklassischenAgonisten, sodasssich bei niedrigen
AgonistKonzentrationendie Aktivierungerhdhte und bei hohen Konzentrationendie Aktivierung
gehemmtwurde. Dadurchwurden die verschiedenerKonformationszustandder Rezeptorerdurch
klassischerthosterischeAgonistenaufgezeigtwelchedie h r7 nAChRbei niedrigenKonzentrationen
aktivierten und bei hohen Konzentrationerdie Inaktivierungbzw. Desensitisierungnduzierten.Die
positivallosterischeModulation von Agonisteninduzierter AktivierungdurchPNUL20596ergabeine
Verstarkungler AgonistinduziertenStromamplitudesowieeineverlangerteDauerder Stromantwort,
welche eine Verlangerungder durchschnittlichenOffnungsdauerder h r7 nAChRanzeigte.Durch
StromSpannung8Beziehungen von CHOK1/RI@B/h r7 nAChRZellen ohne und mit Agonistr
induzierter Stimulierungund allosterischerModulation durch PNUA20596, sowie spezifischeh r7 r
nAChRAnNtagonisierungmit Methyllycaconitinkonnte die spezifischeh r7 nAChRExpressionund
elektrophysiologisch&igenschafterbeziglichder selektivenlonenpermeabilitdtder h r7 nAChRr
Na" und C&*nachgewiesenverden.

Bei der folgenden ScreeningMethode wurde die Wirkung von BP¥erbindungenauf die nAChR
Aktivierunguntersucht,um Struktur WirkungsBeziehungerzuidentifizieren.DabeiwurdendurchBPr
Verbindungenzwei verschiedeneintrinsische Aktivitaten auf die AChRAktivierungaufgezeigt.Die
erste umfasste die Potenzierungder nAChRAktivierung durch PNUL20596, MB327 und finf
symmetrischdPTMWVerbindungemit einertert Butyloder einer Methoxy Gruppean der Position2,
3 und 4 beider Pyridiniumringe. Die zweite zeigte dass die PTMWNerbindungen mit einer
Dimethylaminogruppen der Position3, einer Isopropylgruppean der Position2, 3 und 4 oder mehr
alseiner substituiertenGruppean beidenPyridiniumringerdie nAChRAktivierunginhibierten.

Die Bestimmungvon StrukturAktivitits Beziehungenergab, dass die Potenzierungder nAChR
Aktivierung von der Position und der chemischenStruktur und der substituierten Gruppe der
Testsubstanabhangt,daBPWerbindungendie einetert Butyl Gruppeoder eine Methoxy Gruppean
der Position3 und 4 tragen, eine hohere Amplifikation der Stromantwort zeigtenals eine solche
Substitutionan der Position2. Untersuchungereur Wiederherstellungder Rezeptorfunktionnach
Desensitisierungzeigten, dass diese BPNVerbindungendie Desensitisierungaufhoben und dabei
vergleichbare StrukturAktivitditsBeziehungen in ihrer Effektivitat wie zuvor bei den
Aktivierungsprofilen zeigten. Stromantwortprofile der nAChRAktivierung sowie der nAChR

Desensitisierunginter Einflussder BPWVerbindungerwarenwenigerausgepragaberanalogzu PNUr
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1204596Stromantwortprofilen,einembekanntenPAM,und die Rezeptorerwarenalleinedurch BPr
Verbindungen in Abwesenheit des Agonisten Nikotin nicht aktivierbar. Demnach war die
zugrundeliegende Wirkungsweise der BPWNerbindungen durch eine Typ Il allosterische
Wechselwirkungnit den Rezeptoremaheliegenddie durch eine Vorbeugungsowie der Aufhebung
der nAChRDesensitisierungekennzeichneist.

Zusammenfassenllonnte in dieser Studie eine stabile Screeningviethode entwickelt werden, um
strukturelle Anforderungenan Testverbindungereu identifizieren, die die nAChRDesensitisierung
vorbeugenund aufhebenkdnnen,um vielversprechendd_eit Strukturen zu identifizieren, die eine
positive pharmakologisch&Virkung nach OPWVergiftungvermitteln um dieseeffizient behandelnzu

kdénnen.
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1. Introduction

1.1. Organophosphorugompounds—generalbackground

Discoveredby accidentabandonedoy the ChemicalWeaponConvention(CWC)useduntil today—
Organophosphoru€OP)compounds

Throughouthistory, extremelytoxic chemicalsservedasweaponsusedin wars, conflicts,terrorists”,
extremists’anddictators activities[195,231,255,319]. Theearliestform of chemicalwarfareagents
canbe tracedbackto the useof socalled“arrow poisons”,naturaltoxinsfrom plantsor animalsused
to coat arrowheads[35, 126]. With advancementsin scienceand chemistry, a wide variety of
organophosphorusgOP) compoundswere developed and left their footprints since their initial
developmentas insecticidesand later as highly toxic warfare nerve agentsby the turn of the 21
century[55,78,126,143,178,287].Beginningn the mid 49" century, literally hundredsof OPbased
compoundswvere synthesizednostimportantly O ethyl N,Ndiethyl phosphoramidocyanidatey close
tabun analoguedescribedby the chemistMichaelis,and tetraethyl pyrophosphate(TEPPylescribed
by the FrenchchemistJeanLassaignandPhilipDeClermont[78, 213]. Nearly80yearslater, in 1932,
the history of nerveagentsbeganwhenLangeandKruegerdiscoveredhat alkylphosphorofluoridates
evokemiosisand difficulty in breathingprobablyleadingthe GermanchemistGerhardSchraderto
isolate a seriesof fluorine containingesterswhile he was engagedin his programto developnew
insecticidestthe conglomeratd.G.Farben178,287].Besidexommonlyusedinsecticidegparathion,
0O,0Odiethyl Sf4 nitrophenyl) phosphate, and its oxygen analog paraoxon, O,Odiethyl O(4r
nitrophenyl) phosphate, Schraderidentified, rather accidentallythan by intention, a series of
considerablymore toxic estersdenoted as G type nerve agentscomprisingtabun (GA),O ethyl N,Nr
dimethyl phosphoramidocyanidateand later toward the end of world war Il (WWII) sarin (GB),
isopropyl methyl phosphonofluoridate(Figurel) [36, 142, 143, 199, 205, 286, 287]. Theseagents
showedvery highmammaliantoxicity and were thus unsuitablefor the useasinsecticidesHowever,
prior to WWII,the Germanmilitary recognizedhe military valueof the discovereds mgentsandtheir
potentialto be usedaschemicawarfareagents[345]. In the wakeof war, the nerveagentslike tabun
were manufacturedin quantity andweaponizedn bombs,shellsandrockets[199]. Largestocksheld
by Germanywere discoveredand capturedby the Alliesby the end of WWII[199]. In spite of fearsto
the contrary,no provenincidentsof the useof chemicalnerveagentsin Europewasrecordedduring
WWII [199, 348]. In the war period, the nerve agent soman (GD), pinacolyl methyl
phosphonofluoridatewasdiscoveredn the courseof Dr. Richardkuhn”swork on the pharmacology

of tabun andsarinat the GermanArmy (Figurel) [130]. Further,intenseresearchon OPcompounds



20 1 Introduction

out of studiesof putativeinsecticidecontinuedin the post war periodandled to the developmentof
the V mgentsin 1952long after studieson the G agentswere underway[26, 110, 323]. Toxicityof VX,
O ethyl S@ N,Ndiisopropylaminoethymethyl phosphonothioatewasshownto be manifoldgreater
thantoxicity of nerveagentsof the G series(Figurel)[72,113,300,302].1t wasnot until the incidents
in Japanduringthe 1990sthat disseminatiorof thesedeadlyV agentswasusedin a moderatescale
[344]. Nozakireported that membersof the Aum Shinrikyoreligiouscult were involvedin anincident
of VXpoisoningof an attempted assassinationf individualsin 1994in Tokyoand, in the sameyear,
this groupdisseminatedraporizedsarinin Matsumotocity targetingjudgesin their apartments[231,
318, 343, 344]. Reportedly,the nerve agentsarin deployedin the Tokyosubwayterrorist attackin
March of 1995wasreleasedby the samepolitico religiousgroup[223, 226,231,236, 319]. Further
globalincidentsof exposure suchasof sarindeployedin Iragin the conflictwith Iranfrom 19801988
and alsoagainstits indigenousKurdishpopulationin 1988 causedmasscasualtiesof death andthus
havereceivedincreasingattention sincethe postwar period [131, 195, 239]. The awarenesof the
need to control the persistentthreat coming from chemicalwarfare agentsand the existenceof
stockpilesof military gradechemicalweapons,e.g.,sarinand VXin the USA somanand RussiarvVX
(VR, Orsobutyl SN,Ndiethylaminoethyl methyl phosphonothioate),in the former Soviet Union
culminatedin the conclusiorof the ChemicalWeaponsConvention(CWC)n April 1997embracinghe
prohibition of the development production, stockpilingand use of chemicalweapons[200,204,244,
246, 320, 349]. Accordingto the Organizationfor the Prohibition of ChemicalWeapons(OPCW)
verifying the implementation of the CWCprogram, 192 State Partiescovering98 % of the global
populationjoined the Conventionsinceits entry into force and declaredto meet the obligationsto
disarm the world of chemicalweapons[243]. This treaty is consideredto be a very successful
developmentwith respectto the OPCW wision to achieve complete disarmamentof chemical
weaponsand preventtheir re emergenceworldwide and thus to contribute to international security
andstability[242,245].Everyfive years the implementingbody of the CWds assessedndevaluated
bythe StatePartiesin areviewconferenceandfocuseson the necessityof the StatePartiesto respond
to rapid advancesin scientific and technologicaldevelopmentsand to shifts in the international
environment[241].Accordingo this, suchchangingheedsmayconcernthe managemenbf treatment
of alargenumberof casualtiesuchasin the intentionalincidentconductedin the Ghoutadistrict near
Damascusn Syriaon the 21% of August2013[255, 353]. Moreover,to further build on the succes®f
the CW0dn the attempt to preventfuture useof chemicalwarfareagents,the needto respondto the
growingterrorist activitiesthat mayusechemicawarfarenerveagentsthroughoutthe world isurgent
[255,386].Indeed,internationalnewsreports surmisedthat the terrorist grouplslamicState(IS)may

be capableof both acquiringand deployingchemicalwarfare agentssupportedby the fact that highly
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technicalinformation regardingchemicalweaponsand raw materialsfor makingthem are readily
accessibl¢73,359].

In contrastto the military intention to find OPcompoundswith enhancechumantoxicity, the course
of the proceedingintenseresearchon OPcompoundsyieldedalsonumerouscompoundsdeveloped
for useaspesticidessuchasphosphorylatedhiocholinederivates[55, 87]. TheseOPpesticidesvere

increasinglyusedas pestcontrol agentsin the agriculturalindustry. However,some of them were

found to possessmammaliantoxicity exerted through the same mechanismas nerve agentsand

accountedfor over 300.000accidental,suicidaland homicidal casefatalities per year worldwide,

especiallyin the third world [32, 125]. Althoughwidely bannedin many developingcountries, OP
pesticideconsumptionisstill in the rangeof multiple kilotonsper yearandthus OPpesticidepoisoning
is still an ongoingmajor concern[32, 93, 125]. Sincemore than one hundreddifferent OPcompounds
areactiveingredientsin pesticidedormulations,the possibilityof escalatingexposureof OPpesticides
mosttoxicto humansunderscorehe needto restrictthe useof thesepesticidesasapproachedoy the

World HealthOrganizationfWHO)[59, 90,91, 270]. Toconclude,it is indicatedthat effectivemedical
treatment is mandatorywhen facedwith the highrisk of exposureto OP pesticidesand evenmore

important whenfacedwith the possibilityof further terrorist attacksat present[47, 336, 386].

1.2  Classificatiorand toxicokinetic aspectsof organophosphorus

compounds

AllOPcompoundsareencounteredasviscousgcolorlesdiquidsat moderatetemperatureandpressure
[199]. Theysharea similargenericformula characterizedby a tetrahedral phosphorusatom bonded
to four different groups. Thesegroupsconstitute esterr amideror thiol derivativesof phosphoric,
phosphonicor phosphinicacids,two alkyl substituents(Rand R")and a leavinggroup (X: OR,SR/F,
CN)with varyingcombinationsof oxygen,carbon,sulfur, or nitrogen (Figurel) [307,366]. In contrast
to nerve agents,classicalOP pesticideslike parathion and malathion comprise phosphorothioates
which exert their toxicity after metabolizationinto their oxon analogvia oxidativedesulfuration[56,
87]. Comparedo pesticides OPnerveagentspossess unique phosphoruscarbonbond and exerta
significantlysuperiormammaliantoxicity [199]. TheOPnerveagentsare generallydividedinto Grand
Vagents [365]. The common Gegents are sarin, soman, cyclosarin (GF, O cyclohexyl methyl
fluorophosphonate)and tabun while within the V agentsVXis the most remarkabledue to its
extremely high toxicity [7, 68, 112]. The physicochemicaproperties of OPnerve agentsare highly

variableand essentiafor hazardassessmenand determinationfor the mode of use[354].
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G agentsproducea moderateto highvaporpressureandare highlyvolatile[255, 354]. Sarinis one of
the most volatile and therefore dangerousagentsasit canbe effectively disseminatedand inhaled
[255,354].In contrast,dueto the low volatility andvaporpressure V agentsmay persistfor weeksin
the environment[157]. Accordingto their high lipophilicity, percutaneousabsorptionthrough skin
penetrationisperceivedo betheir mainhazardratherthaninhalationasin casefor the non persistent
Gagents[199, 354]. In addition, most Gtype and V type nerve agents possesschirality at the
phosphorusatom (P). Theresultingstereoisomerdliffer in their toxicologicalproperties[29, 30]. (£)r
sarin, () cyclosarin(t) tabun and () MXhavea stereogenigchiral) phosphorusatom and consistof
an equimolarmixture of P() rand P(+)rsterecisomerswhereasC(z)P(xboman,with two different
chiral centers(at the phosphorusand carbonatom), existsas four isomers[29, 30]. Thereby,it is
documentedhat the P() isomersof sarin,tabunandVXaswell asthe C()P() isomerof somanappear
to be more toxic in vivo compared to their corresponding P(+)isomers [29, 30]. Besides
physicochemicaproperties, toxicokineticand toxicodynamicproperties are determiningfactors for
the developmentof appropriate drug treatment [30, 386]. Investigationsof distinct toxicokinetic
propertiesafter different routes of nerveagentexposureat severalsystemicorganandtissuedoses
were conducted[30, 354, 386]. Thesestudiesdeliverimportant indicationsfor the assessmentf the
time period of acuteintoxicationby nerve agentswhichis in turn essentialfor the developmentof
strategiesfor timely administrationof antidotes[354]. For example,absorptionand distribution of
volatile G mgentexposureis very rapid leadingto a fast onsetof acute symptomsandthe needof an
immediate therapeutic intervention [354]. In contrast, percutaneousexposureto lessvolatile VX
developsacute toxic effects more slowly and persistsover a longer period of probably due to a
subcutaneougdepot from which the agentis distributed [97, 264, 355]. Thus,with respectto VX
poisoning therapeuticinterventionhasto be adaptedto systemicsignsof poisoningoccurringafter a
time lag[216, 354]. Forobviousreasonsjoxicokineticdata of OPpoisonedhumansare very scarcely
documented,but especiallydue to the high variability in toxicologyof nerve agentpoisoning,these
data are of ultimate importancefor the designof new pharmacotherapeutical strategiesagainst

intoxicationwith nerveagents[132,267,301,386].

1.3  Molecularmechanism=f organophosphorusompounds

In1937,EberhardGrosswhile studyingthe OPcompoundssynthesizedy GerhardSchradergdetected
that the pathophysiologicainajor reaction of OP nerve agentsis exerted through inhibition of the
enzymeacetylcholinesterasAChE)AChE3.1.1.7)saserineproteasethat belonggo the carboxylase
family and playsa keyrole in the termination of transmissiorimpulseat cholinergicsynapseandthe

neuromuscularendplateby degradationof the neurotransmitteracetylcholineg(ACh)[143, 181, 286,
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287]. The monomer of AChEis an ellipsoidalprotein found in varioustypes of conductingtissue
involved in cholinergicsynaptictransmission,such as nervesand muscles,central and peripheral
tissuesmotor, sensoryandcholinergidibers.It isencodedby a singlegenein humansandmostother
vertebratesandoccursin multiple molecularforms, suchashomaodimeror tetramer, either solubleor
attachedto the cell surface[180, 332]. Eachmonomercontainstwelve tsheetssurroundedby 14 rr
helicesand hasan activesite locatedcloseto the bottom of a gorgetike fold penetratinghalfwayinto
the enzymeand wideningout closeto its base[317]. Theactive site is composedof two conserved
domains:the esteraticsubsitecomprisingthe catalytictriad andthe anionicsubsite(Figurel) [317].
Bothsitesareinvolvedin the extremelyrapid hydrolyzationof AChinto acetateandcholine[249]. The
anionicsubsite,unchargedand lipophilic, consistsof Trg?4, Phe®®°, and Phe®! and interactswith the
positivequaternaryamineof the cholinemoiety of AChwhereasthe orientation of the substratethat
entersthe gorgeis mainlymediatedby Trp?*[259, 317]. Asindicatedby the name, the catalytictriad
definedby the three aminoacidresiduesSer®, His“% and GIu*?’ containsthe catalyticmachineryof
the enzyme. It mediatesthe nucleophilicattack of the serineoxygenat the activesite of the enzyme
with the electrophiliccarbonof the carboxylesterof AChresultingin the formation of anacylenzyme
andfree choline[19]. Thenativeenzymeis subsequentlyregeneratedoy aqueoushydrolysig69]. The
liberatedcholinefrom the AChdestructionis takenup againby the presynapticnerveandisrecycled
by a one step reactionwith acetyl coenzymeA through catalysiswith choline acetyltransferaseto
regenerateACh(Figure2) [69]. TheregeneratedAChis storedinto vesicleghat take up AChthrough
an energydependentpump acidifyingthe vesicle(Figure2) [234]. DuringneurotransmissionAChis
releasednto the synapticcleft by fusionof the vesicleswith the presynaptiaonembraneandtransmits

the signalfrom the nerveby bindingto postsynapticholinergicAChreceptors(Figure?)[11,260,331].
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Figurel: Principalreactionsof inhibition of AChEby an OPcompound,subsequentagingand oxime r

induced reactivation of OPmhibited AChE The formation of an AChBOP intermediate involves
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interactionsof an OPcompoundwith the activesite of AChEcomprisingthe esteraticsubsitewith the
catalytictriad consistingof the aminoresiduesserine histidineand glutamateandthe anionicsubsite.
After covalentbindingof the phosphategroupof the OPcompoundto the hydroxylgroupof the serine
residue, the leaving group (X) is releasedand thereby partially stabilizesthe intermediate. The
phosphylatedAChHs reactivatedby a nucleophilicattackby an oximevia hydrolysisof the esterbond
resultingin the formation of a phosphylAChEoxime conjugateand subsequentlyin a removalof the
phosphylresiduefrom the intermediarycomplexwhichis transferredto the oxime (Sv2 mechanism).
Reactiorproductsincludethe free enzymeand phosphyloximgPOX)Dependingon the nature of the
leavinggroup, the phosphylatedAChEmay undergodealkylation,a processcomprisingthe lossof an
alkylgroupleadingto the formation of a stable AChEOPcomplexthat is resistantto reactivationby
oximes,suchasin poisoningwith soman(“aging”). Structuresof generalOPcompoundsand oximes

areincluded.Figurewasadaptedfrom [353].

AChwas the first neurotransmitter discoveredand is mainly presentin the autonomousnervous
system[259, 325]. Within the centralnervoussystem(CNS)AChis mainlyfound in interneuronsand

servesasthe excitatoryneurotransmitterin the preganglioniand parasympatheticieurons[259]. In

the peripheral nervoussystem (PNS)AChis the neurotransmitter at the neuromuscularjunction

betweenthe motor nerveandthe skeletalmuscle[69]. Consideringhe abundantexpressiorsitesof

ACh,the major involvementof AChin numerouscholinergicpathwaysbecomesclear so that it is

indicativethat impairmentof AChhydrolysisby AChEnvolvesgravepathologicalconsequencef260].

Asproposedby Burgenthe mainprincipleof irreversibleAChEnhibitionisthe phosphylationdenotes
phosphorylationand phosphonylation;the latter being more common with nerve agents)of the

hydroxyl group of serine in the active site of the enzyme (Figure 1) [50, 90]. Until today, the

anticholinesterasdoxicologyof OPnerve agentsis consideredto accountfor their primary action of

toxic mechanism{143,170,181,199, 233, 365]. SinceOPcompoundsfunction assubstratefor AChE
by interacting with its substrate binding domain, binding and subsequenthydrolyzationof AChis

preventedresultingin completefailure of AChEactivity[11, 265]. Chemicallythis reactionis conveyed
by a nucleophilicattack (Si2 mechanism)of the hydroxyl group of the serine residue with the

electrophilic phosphorusatom of the OP compound resulting in the formation of a transient

intermediatecomplex(Figurel) [11, 199]. Thisintermediate chemicaltransition stateis stabilizedvia

coupledproton transfer by the releaseof the leavinggroup (Figurel) [11, 199]. Asdescribedfor the

reactionof ACh the covalentlybound phosphategroupat the hydroxylgroup of the serineresidueis

analogoudo the acylatedintermediatein substratehydrolysig11,199,332,341].

In caseof some G agents,the OPAChEcomplexmay undergoa rapid secondarydealkylationof the

phosphate group known as “aging”, a time dependent, postinhibitory process causingsevere
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problemsin clinicaltreatment (Figurel) [29,101,214,383]. Therate of agingvariesdependingon the

nature of the inhibiting OPcompound,in particularthe chemicalstructure of the substitutedalkoxy
chainthat isdealkylated 101,293,299, 383].n this context,aginghalf fife ratesof AChEnerveagent
adductsrangefrom afew minutesfor somanwhichhasabulkybranchedchainpromotingrapidaging,
to manyhoursfor tabun and VXallowingfor alongerlastingperiod of therapeuticintervention[101,

293, 299, 383]. The mechanismof the dealkylatingagingreaction involvescleavingof the alkoxy
moietiesfrom the centralphosphorusatom of the OPcompound(Figurel) [218]. TheremainingP OH
function of the alkylphosphonylatedAChEwill undergo deprotonation thus leaving a negatively

chargedphosphorusmoiety that is stabilizedby the organophosphoryAChBbond (Figurel) [218].

1.4  Toxicologicakignsand symptomsof organophosphorusompounds

Toxicologyof OPcompoundshasbeenextensivelyresearchedoredominantlyby referringto casualty
reports of OPpesticidepoisoningand by extrapolatinganimaldatato human sincecasesof human
exposureo chemicalarfareagentsarerare[199,265]. Theprimaryroutesof nerveagents’exposure
are inhalationand absorptionthrough the skinand OPcompoundsexert their main toxic action by

inhibiting AChEin the PNSand CNSJ[11, 29, 142]. Consequently,excessiveamounts of the

neurotransmitterAChat the synapticcleft leadto overstimulationof cholinergicreceptorsaswell as
depolarizationblockageat cholinergicsynapsesand neuromuscularjunctions resulting in diverse

symptomsand signsinvolvedin the cholinergiccrisis(Figure2) [11,29,142].
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Figure2: Overviewof the cholinergicneurotransmissionat the neuronal cholinergicsynapseand at
the endplate of the neuromuscularjunction under physiologicalconditionsand in the presenceof
OPcompound Thenerveimpulseis transmitted to the postsynapticcell or effector (muscle)cell by
releaseof the neurotransmitter acetylcholine(ACh)from the presynapticmembraneof the axon
terminal by fusion of the synapticvesiclecontaining AChwith the presynapticmembrane.In the
synapticcleft, AChdiffusesacrossthe cleft and bindsto and activatescholinergicreceptorsat the
postsynaptianembraneincludingmuscarinidmAChR#and nicotinicacetylcholinereceptors(nAChR),
thereby causingdepolarization of the postsynapticcell. Under physiologicalconditions, ACh is
hydrolyzedby the serinehydrolaseacetylcholinesteras€AChE)nto choline(Ch)andacetate(A)and

thereby terminatesthe neuronaland neuromusculartransmission.Chis transported backinto the
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axonterminal by a Na" dependentmembranecholinetransporterand AChis regeneratedfrom acetyl
coenzym@eA (CoAndChthroughthe catalyticactionof the enzymecholineacetyltransferas¢ ChAT).
In the presenceof OPcompound,AChHs irreversiblyinhibited resultingin accumulationof AChand
overstimulationof mMAChRand nAChRMuscariniceffectsare treated with atropine. Nicotiniceffects
involvinginitial overstimulationfollowed by desensitizatiorwhichmayleadto life endangeringentral

andperipheralrespiratoryarrestcannot be treated andleavea therapeuticgap.

Dependingon the route of exposure poisonload,chemicahature andsolubility of the OPcompound,
awide rangeof toxic effectson muscle glandsandnervesis caused4, 237,254,301]. Theacutesigns
and symptomsof the cholinergiccrisis occur within minutes to hours and have centered on (1)
muscarinic(2) nicotinicand (3) central manifestations(Tablel) [121, 142,199, 249,254,332, 360].
Thereby,the most severesymptomsare provoked by desensitizationof nAChRdue to continued
overstimulationwhichcausesentraland peripheraldepressiorof the respiratorysystemif untreated
[76,142,389]. In detail, the peripheralnicotinic effects of initial overstimulationare associatedwvith

skeletalmusclefasciculationand are followed by subsequentdesensitizingneuromusculablockade,
causingweaknesof the respiratorymusclesand paralysisof the respiratorycenter (Tablel). Acute
central symptomsderiving from nicotinic effects comprise restlessnessagitation, confusionand
sometimesconvulsionscompromisingairway and breathing, increasingaspirationrisk and hypoxia
(Tablel) [60, 254, 299, 360]. As suggestedby a more complete clinical list of acute symptoms,
respiratoryfailure, resulting from both diaphragmparalysisand failure of central respiratorydrive
ultimately accountsor the usualcauseof death (Tablel)[199, 266]. Concerningnuscariniceffectsof

this receptorbasedclassificationa commontoxidrome of acute OPpoisoningconcernsthe relevant
glandsand causesthe peripheral SLUDGHKSalivation,Lacrimation,Urination, Defecation, Gastric
cramps Emesisyymptomswvhereasmuscarinieffectsin the centralnervoussystemcausesonfusion,
comaandconvulsiongTablel) [254,360]. Initially dominatingmuscarinicsymptomsof salivationand
bronchorrheamay giverise to life threatening effects on the heart (bradycardiahypotension)and

mayfurther causedrowsypatientsto drown in their secretiong254,360].
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Tablel: Signsand symptomsof OPpoisoningat varioussitesin the body (adaptedfrom [199]).

cholinergicreceptors

central nervous

muscarinic nicotinic
system
signs&
targetorgan signs& symptoms targetorgan  signs& symptoms
symptoms
glands autonomic sympatheticeffects, giddiness,
nasalmucosa rhinorrhea includingpallor, anxiety,
bronchialmucosa bronchorrhea tachycardia, restlessness,
sweat sweating hypertension, headache,
lachrymal lachrymation weakness tremor,
salivary salivation dizziness,
twitching of fine drowsiness,
smoothmuscle muscles, confusion,
iris miosis hyperreflexia, slurredspeech,
ciliarymuscle failure of fasciculations, failureto
accommodation muscleweakness, concentrate,
gut abdominalcramp, reducedtendinous convulsions,
diarrhea, reflexes paralysis ataxia,
bladder involuntary affectingdiaphragm psychosisand
defecation andrespiratory respiratory
frequency, muscles depression
heart involuntary
micturition
bradycardia

Inadditionto theseacutesymptomswhichare categorizedby receptorr(muscarini@andnicotinic)and

organspecific (cardiovascular respiratory or neurological manifestations) means, a time based

approachmayalsobe consideredwherein symptomsand signsare categorizecasacute (minutesto

hours)anddelayedor late (daysto weeks)[43, 86,116].In contrastto the acutesyndromesvherethe

ascribedcholinergicsyndromedevelopswithin minutes to hours after exposureof nerve agents,

delayedandlongterm healtheffectsincludingthe intermediatesyndrome(IMS)andorganophosphate

induceddelayedneuropathy (OPIDN)may occur daysto weeksfollowing exposureeither after an

initial period of intense cholinergicsymptomsand signsor after a period of minimal or no clinical

features[5, 77, 305]. For instance,it was reported that about 60.000 PersianGulf War veterans
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sufferedfrom suchdelayedadversehealth effects after nerve agentexposure.Thissyndromewas
referredto asthe “Gulf Warlllness’andwaspossiblydueto low doseexposureof nerveagents[127].
Howeverapartfrom someepidemiologicastudies the etiologyof this syndromeis still controversially
discussed68, 207]. With respectto the IMS,the classicalate onsetconstitutesparalysisof proximal
limb musclesneckflexors,motor cranialnervesandrespiratorymuscleswith weaknesdastingfor up
to 18 daysand may proceedin a delayedonset coma[254, 292]. The neurotoxic effect of OPIDN
involvescrampingpain and paresthesiaof the extremitiesfollowed by weaknessof the distal limb
muscles,especiallyin the legs[86, 191]. Both delayed manifestationsare thought to derive from
delayed phosphylation of neuropathy target esterase (NTE)at nerve tissues which leads to
degeneratiorof longandlargediametermotor andsensoryaxonsof both peripheralnervesandspinal
cord [86, 190,191, 224]. However,sincedelayedmanifestationshave been more comprehensively
describedin associationwith OP pesticidespoisoning,most attention of signsand symptomsof OP

intoxicationhasbeengivento the acutesyndromeof nerveagents[199, 386].

1.5  Currenttherapeuticregimenagainstorganophosphatepoisoning

While inhibition of cholinesterasess animportant commonfeature of OPpesticidesand highlytoxic
OP nerve agent poisoning, their physicochemicaltoxicodynamicand toxicokinetic properties are
highly variable [11, 354]. For these reasons,pharmacotherapypresents a major challenge for
toxicologists, intensive care units, medical doctors and medical personnel [335]. Nevertheless,
stepwiseunderstandingof toxicokineticand dynamicpropertiesof nerveagentcompounddy studies
conductedin the lasttwo decadesof the last century contributedto today’stherapeuticregimento
treat nerve agent poisoning[29, 91, 307, 354]. Currenttherapy comprisesthe administrationof a
nucleophilicagent,socalledoxime,to reactivatephosphylatedAChEand of the muscarinicholinergic
antagonist,atropine, to counteract muscariniceffects (Figure2) [29, 91, 307, 354]. Atropine is a
racemic hyoscyamineand constitutes the main active componentin Atropa belladonna(deadly
nightshade),Datura stramonium (thorn apple) and Hyoscyamusniger (henbane)[44, 334]. It was
introduced in the early 1950s as initial first fine antidote against OP pesticide and nerve agent
poisoningand is classifiedas a symptomaticanticholinergicdrug competitivelyantagonizingnAChR
by competingwith AChfor acommonbindingsite at muscariniageceptors(M1 M5) [43,44,334].Thus,
rapid atropine administrationof a recommendeddose (2 mg in patientswith mild symptoms,4 mg
with moderate symptomsand 6 mg with severe symptoms)to OP poisoned patients mitigates
muscariniceffects of AChhyperstimulationat neuroeffectorsites on smooth muscle,heart muscle,
glands,peripheralgangliaand in the CNSand thus prevent life threatening airway secretions,and

airway spasmderiving from muscarinicsymptoms(rhinorrhea, bronchorrhea)(Table 1) [43]. The
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usefulnes®f atropineisvirtually undisputedbut, asthe antidotalmechanisnis basedon competition,
the atropine dosehasto be carefullyadjustedto clinicalsignsin order to avoid adverseside effects
[133,208,335]. However largerdosesof atropine are requiredto obtain appreciableconcentrations
of atropineinto the CNJ208, 210, 298]. Apart from effectivelyantagonizingAChat most peripheral
and partly at centralmAChRatropine is unableto counteractthe nicotinic signsof intoxication(e.g.
muscle fasciculation, muscle fatigue, weakness)[91, 133]. Here, reversal of nicotinic signs of
intoxicationis therapeuticallyaccomplished/ia oximesactingasreactivatorsof phosphorylatedAChE
[76,164].

Thehistory of oximesdatesbackto the early 1950s,startingwith the compound2 pyridinealdoxime
methyl chloride, calledpralidoxime(2 PAM),which wasresearchedand publishedindependentlyby
Wilsonand Ginsburgin the United Statesand Childsand coworkersin the UKin 1955[64, 374]. The
initial focus of researchprogramswas to identify an oxime that effectively counteracts soman
poisoning.Asmentionedearlier, somaninhibited AChHs dealkylatedrapidly leadingto an agedOPr
AChEcomplexthat is resistantto oximereactivationand thus presentsa major challengeto therapy
[101,214,283].Furthermore,n the lastseveraldecadesnumerousstudiesof nextgenerationoximes
havefocusedon the developmentof broadspectrumoximesableto effectivelyreactivatestructurally
diversenerveagents[64,137,139,256,374]. Unfortunately,noneof suchoximederivativesthat have
emergedwere effectiveagainstall nerveagents[25, 79,89,171,189,192,238,309].
Extensiveesearchover the last decadesof oxime reactivatorsyieldedthat the antidotal potency of
thesenucleophiliccompoundsis attributed to their ability to displacethe phosphorusatom from the
activesite of the enzymeand thereby regeneratingthe physiologicaenzymefunction (Figurel) [22,
91, 139,192,217, 256, 374]. Thisreactionis conveyedvia a nucleophilicattack of the oxime on the
phosphyl group of the OPinhibited AChEleading to a pentacoordinatetransition state of the
intermediate phosphyloxime[88, 370]. Subsequentlythe phosphylresidue is removed from the
intermediarycomplexand transferredto the oxime, resultingin formation of the reaction products
phosphyloxime and the free enzyme with its restored enzyme activity after dissociation of
phosphyloximd158,217]. Thedissociatiorreactionisfacilitatedby the polarizationof the phosphorus
oxygenbond which is mediated by a chargetransfer from the phosphorusto the double bonded
oxygenof the phosphateester [91]. Efficacyof oximesto restore AChEactivity dependson the
nucleophilicityand the architecture of the oxime, the decayrate of the phosphyloxime,and the
concentrationof oximewhichis presentat the activesite andthe rate of post mhibitory dealkylation
known asaging[91]. In particular, it is apparentthat rather stable phosphylatedoximescomprising
those of 4 pyridinium aldoximesrather than those of unstable2 substituted pyridinium compounds
could be potent re inhibitors of the reactivatedenzymeafter the reactivationprocesg21, 168,379,

380].Moreover efficacyof oximesin the CNSsimpairedsincepenetrationof mono randbispyridinium
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compoundsacrosghe blood brainbarrierislimited [54, 120]. Althoughit wasshownthat somanmay
openthe blood brainbarrierin a seizurerelatedmanner,higheroximeconcentrationsare requiredto
enableto passagehe brainbarrier[54, 120].In contextof oxime concentration therapeuticwindow
is narrow sincean appropriateinitial doseis requiredin treatment becauseoximesarerapidlycleared
from the body[217].f the doseistoo low oximesmaynot be sufficientlypersistentandeffectiveafter
atime lagwhenanothercycleof inhibition suchaswith slowfloodingof VXmaysucceed217].In such
casesclinicalimprovementcanonly be achievedby repeatedor persistentoxime administrationas
long asneeded[217]. However the treatment of somanpoisoningis particularlyfraught becauseof
the rapid“aging” procesf the conjugatethat is usuallyfasteranduntraceablefor the oximeinduced
dephosphylatiorreaction[101, 333]. Therefore,oximesare of little valuein suchcasesif not given
instantaneously22, 91]. In addition to rapid aging,inefficientoximetreatment of OPinhibited AChE
is associatedwith limited accessof oximesto the gorgedue to spatial constraintsof the gorgein
combination with the steric limitations of bulky oximesas well as steric hindrance by some OP
compounds(e.g.tabun) boundto the enzyme[22, 91]. Fromthe above,it is apparentthat research
efforts developinginnumerableoximesdid not result in oximesthat can be consideredas broad
spectrumantidotes with superior efficacyagainststructurally diverse OP compounds,in particular
againstrapid “aging” by soman[283]. Moreover, the synthesisof new, unknown structuresof OP
compounds can be easily adopted and modified since synthesisroutes are readily accessible
exemplifiedby former modificationof VXto Chineseor Russian/X.Theriskof exposureto agentsthat
are hardto treat with currentregimencomplicateshe developmentof suchoximes[164,174,217].
In additionto the lackof a broad spectrumtherapyoption, the currenttreatment regimencomprising
oxime and atropine does not counteract symptomsmediated by overstimulationof nAChR.Thus
patientsare not sufficientlyprotectedfrom nicotiniceffectscausingcentraland peripheralrespiratory
arrestrepresentinghe maincauseof deathafter OPpoisoning[24,272,283,386]. Therefore callsfor
alternative therapeutic approachesmplicatedwith the prevention of respiratoryarrest coveringa

wide rangeof OPcompoundsmaybe of greatpromise[24, 283,386].

1.6  Novelmedicalcountermeasuresagainstorganophosphategyoisoning

1.6.1 Noveloximes

Many scientificinstitutions around the world are engagedn the developmentof improved medical
countermeasuresagainst chemical warfare agents and this ongoing progressculminated in the
developmentof someoximeswith superiorefficacywhen comparedto pralidoxime,the first oxime

therapeutically used [82, 101, 179, 283]. Hereby, symmetric bispyridinium compoundssuch as
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methoxime (MMB #), trimedoxime (TMB#4) and obidoxime as well as asymmetric bispyridinium
compoundsof the Heseries,suchas HI6 and HL67,which were developedin the laboratory of
ProfessorHagedorn,were of greatinterest [25, 79, 89, 171, 189, 192, 238, 309]. Although not yet
commerciallyavailable,HI 6 is probably the most promising oxime under developmentin many
countriessinceit wasshownto havesuperiorefficacyto VXcomparedto 2 PAMandverygoodaction
with sarin,but a poor or no responsevhentreatingtabun exposureg58,66,150,194,198,212,238].
At present, apart from the huge number of further oximes developedthat are far away from
commercialuse, a few oximesincludingpralidoximeare in clinicalusein the USAand Asiawhile in
severaEuropearcountriesobidoximeisthe oximeof choice[335,336]. TMB# isonlylicensedn Israel
for usein autoinjectors[335]. Further progresson oxime researchled to numerousreviewsdealing
with noveloximes.Howeversincethere is still no broad spectrumreactivatorandthe complexityfor
the developmentof suchan oximeis high, the researchof novel promisingoximeshampers.Instead,
new trendsto improvethe conventionalmedicalcountermeasurdor treatment of OPpoisoningare

startingto emerge[24, 283].

1.6.2 Catalyticscavengers

Atthe endof the 1980s researchprogramswere initiated to developbioscavengerfor humanusein
orderto sequestemandinactivatehighlytoxicchemicalsn circulationbeforethey reachtheir biological
targets[376]. Endogenousandidatebioscavengeproteinsincludingenzymesuchascholinesterases
(ChE)and carboxylesterase§CaE)hat stoichiometricallycatalyzecleavageof OP compoundswere
investigatedextensivelyj102,134,263]. Therebyplasmaderivedhumanbutyrylcholinesteras¢BChE)
wasenvisionedasa prophylactictreatment in humansdue to its rapid reactionwith nerveagents,a
prolonged circulatory residencetime in humans,expectedabsenceof undesirableimmunological
responsesandits physiologicallynnocuousin the absenceof nerveagent[80, 183,225,279,283].To
allow a constantsourceof BChEof reproduciblepurity and activity, researchinvestigationgprompted
production of recombinanthuman BChE[146, 147, 280]. However, catalytical activities of these
mutants are too slow for practical use and thus, these researchefforts continue to improve OPr
hydrolyzingactivity of the enzymeandto reduceimmunogenicityby site directedmutagenesig283].
Moreover, a high dose of the stoichiometricbioscavengeiis needed and the high costsinvolved
producingrecombinantBChHimit their applicability[201].

Hence pseudocatalyticscavengerso mdministeredwith an oximewere examinedfor their ability to
potentially producegreaterextentto degradeOPcompoundsby usingsmallerquantitiesof chemical
scavengers[201, 283]. Similar to pseudocatalytic scavengersthe value of synthetic catalytic
scavengersvas discoveredcapableof trapping and catalyticallyhydrolyzingOP compoundswith a

higherturnovernumberthanfoundwith naturallyoccurringcatalyticenzymeg81,160,161,202,346].
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Conceivedas pretreatment and/or post exposuretreatment, this concept of fast and efficient
degradationof OPcompoundsin the bloodstreamby catalyticscavengergoncentratedprimarily on
bacterialphosphotriesterase$PTE)and paraoxonasdl (PONdL), but alsoon humanBChH34, 201,
272,342,382]. Therecent unprecedentedprogressmade in the developmentof bioscavengersor
humanuse justifies the succesof this novel approach[84, 114]. In the near future, optimized OP
compounddegradingenzymesy re designof knownenzymespplyingnewtechniguesusedcurrently
for drug design could be implemented [100, 201]. Among them, molecular modeling/docking
techniguesguantumchemical/moleculamechanicgalculationscouldbe appliedto reachthistarget

of this promisingresearch167,201].

1.7  Nicotinicreceptorsastargetsfor nerve agenttherapy

1.7.1  Potential benefits

Theanticholinesteraseffect of nerveagentsand other OPesterselicit toxicity throughaccumulation
of AChin the synapticcleft and subsequentoverstimulationof postsynapticcholinergicreceptorsin

the centraland peripheralsystem resultingin a syndromereferredto asthe cholinergiccrisis[11, 29,

142]. Medicalresearchled to the developmentof the current therapeuticregimenconsistingof the

combinedadministrationof an oxime to reactivate AChE atropine to symptomaticallyantagonize
muscariniceffectsandlater to the developmentof promisingalternativetherapeuticapproachesfor

instancecatalytic scavengerghat degradeOP compounds[23, 80, 133, 183, 225, 279, 283, 374].

Ongoingresearchon these therapeutic interventions together with medical assessmeniof OPr
poisoned casualtiescontributed to a better understandingand reappraisalof therapeutic needs
necessaryo optimizecurrenttreatment[283, 384]. In this regard, previouscasualtyreports showed
that OPpoisonedindividualssufferingfrom severeclinicalsignsand symptomsof fasciculationand

paralysisof the respiratory muscle deriving from dysfunctionof nicotinic receptors could not be

sufficientlyrecoveredby the standardtherapy[24,272,283,335].

However,if untreated, such nicotinic symptomsarising from uncontrolled AChaccumulationand

overstimulation of receptors may lead to subsequent desensitizationin case of continued
overstimulation. Desensitizationis a transitional receptor state in which the receptor cannot be

immediatelyreactivatedis formed. Thusparalysids causedby disruptionof the respiratorycentersin

the brainandtransmissiorfailure at neuromusculajunctionsof the respiratorymuscleg60, 76,142,
254,299,360,389].Althoughnicotiniceffectscanbe counteractedndirectlyby oximes theseprevious

casualtieslyingfrom respiratorydepressiorhaveproventhat oximebasedtherapymaybe insufficient
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[24,208,237,272,283,335]. In additionto theseacutesymptoms delayedmanifestationghat have
beenobservedafter the Gulf War period were presumedto be at leastpartly attributed to nicotinic
effects [13, 369]. Prior to the role of nicotinic receptorsin nerve agent poisoning,dysfunctionof
nicotinic receptors was already shown to be implicated in neurodegenerativediseasessuch as
Alzheimer disease Parkinson’slisease schizophreniaand alsomyastheniagravis[6]. Dueto their
involvementin severalimportant pathologies,nAChRwere studied extensivelywith regardto their
molecularstructure, pathologicalmechanismsand different ligandsbinding to varioussites of the
receptor[117,148,182,322].

1.7.2  Nicotinicreceptors

Investigationson nicotinicacetylcholinereceptors(nAChR3tartedin the beginningof the 20" century
with studiesof the effect of alkaloidsmuscarineand nicotine on cholinergicreceptorscarriedout by
SirHenryDaleandgaveoriginto classificatiorof acetylcholinegeceptorsinto muscariniandnicotinic
receptors[57, 75]. The two types of receptors are fundamentally different. While metabotropic
muscarinicreceptorswhich are coupledvia guanosinariphosphatebinding proteins (G proteins)to
the enzymesadenylatecyclaseor phospholipaseC,are usingsecondmessengesystemsnAChRare
part of the ligandgatedion channelfamily [57, 247]. To date, five subtypesof muscarinicreceptors
designatedM1 to M5 have been cloned and are found in parasympatheticeffector organs,and,
prejunctionallyat the neuromusculajunction whereasnicotinicacetylcholinereceptorsare found in
both the PN&at the neuromusculajunctionandin the autonomicsystemaswell asin the CNSTable
2)[38,39,159,172,173,199,251].



36 1 Introduction

Table2: Distributionof nAChRsubunitmRNAand proteinexpressiorioundin the humancentral

nervoussystem(adaptedfrom [117,148)).

CNS CNSsubunits
r3 4 5r 6 r 7r 2r 3t 4t

cortex | I |

frontal | | " | " |

parietal | | ” | | "

occipital | |

temporal | " | " | " | "

insular | | |
thalamus | | | | | |

anterior

lateralnuclei | |

dorsomedial

lateralgeniculate

reticular | |
midbrain | | " | | 1 | |
brainstem
hippocampus | " | " | | ” | ” | |
entorhinalcortex | " | " | " | " "
subiculum | | | |
pyramidalcells ” n ” ” ”
dentategyrus | " | " | " | " "
basalganglia | | | | | | |
caudate | | . |
putamen | ” | ” ” ” | ” | ” ”
globuspallidus
cerebellum | " | " | " |* nooow | | ”

MRNA( |), protein expression "). Asterix(*) indicatesthat mMRNAwasobservedn deepcerebellar

nucleibut not in cerebellarcortex,globuspallidusor caudate.
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Nicotinicreceptorsbelongto the Cystoop family,afamily of ligandgatedion channelgLGIC)hat also
include vaminobutyricacidA (GABA) receptors glycinereceptorsand5 hydroxytryptamine3 (5 HTs)

receptors[247]. A uniqgue commoncharacteristideature of theseintegralmembraneproteinsis the

presenceof a conservedlisulfidebridgeflankedby two covalentlybondedcysteineresiduesnthe Nr
terminal extracellulardomain of each subunit (Figure3 A). In addition to the large N terminal

extracellular domain, each subunit comprisesa transmembranedomain with four hydrophobic
segmentsnamed M1 M4 with M2 lining the inner pore lumen of the channel,and a hydrophilic
cytoplasmiacdomaincarryinga phosphorylatiorsite (Figure3 A)[162].

Furthermore they sharea commonstructuralpentamericpattern composindive subunitswhichare

arrangedsymmetricallyand build a central pore. Thepore is permeantto the following cations:Na,

K', or C&* (Figure3 B) [276, 322]. The structure of the nAChRhas been reviewed revealingsome
differencesbetweenreceptorsexpressedt the neuromusculajunctionandthosein neuronaltissue
(Figure3 C)[40, 322,350]. Historically the muscletype nicotinicreceptorwasthe first studiedwhen

it wasextractedandpurifiedfrom the Torpedoelectricray[261]. It isformed by four different subunits
with a stoichiometryof (r), t x wihereasin adultmammalianmuscletissuethe »subunitsisreplaced
bya wubunit(Figure3 C)[220, 375]. TheneuronalnAChRncludeboth homopentamerswhich are

formed by five identicalsubunits,and heteropentamerghat resultfrom the combinationof different

subunits(Figure3 C)[61, 63,105,277].In total, elevenneuronalnAChRsubunitshavebeenidentified

inmammals(r2ri7, ®, 10, 2r#), with the combinationof 2r6and 2 r#formingheteromeric
nAChHR61,63,105,277]. More precisely heteromericreceptorsare commonlycomposedof a single
randasingle tsubunitwith a stoichiometryof ( r), and( t); (Figure3 C)[276]. Subunitcompositionof

homomericreceptorsareformedby r(7 A0)subunits(Figure3 C)[276].Notably,the bridgedcysteines
are only presentin the rsubunitin the N terminal extracellulardomainand bear a sequenceof 13

residueswhich form the Cystoop located between the ligandbinding domain and the ion channel
domain [303]. With respectto expressionsites of NAChRthe classicaldistribution in muscleand

neuronalreceptorsappearsto be outdated sinceapart from neuronaltissues,neuronalnAChRwvere

also reported to be present in nonneuronal tissuessuch as lymphocytes,macrophagesjungs,
keratinocytes vascularendothelium,and others[70, 104,117,119, 166, 196, 250, 361]. Thebroad

spectrum of various assembliesof neuronal nAChRsubtypesrevealsreceptorsthat deviate with

respect to their permeability of a specific cation species,with respectto their activation and

desensitizatiorkinetic profiles,and, moreover,displaya distinctligandpharmacology152].
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Figure 3 A D: Schematicrepresentation of the nAChRstructure, heterogeneity of subtypesand
conformationaltransitions of NAChRA. Topographyof a singlenAChRsubunitin the cellmembrane.
B. Schematicsideview of a nAChRn the cell membranewith one subunitremovedto revealthe ion
channelumen.Shownare notionalsitesof actionfor agonistancludingtop view of the agonistbinding
site loop model,competitiveand non competitiveantagonistsand positiveallostericmodulators.The
agonistbindingsite is enlargedgroupingthe contributing polypeptideloopsinto the primary (loop A,
B and C)and complementarycomponents(loopsD, EandF).

C.Classificatiomf nAChRare shownby exemplarymajor subunitcombinationgpresentin the CNSand
the peripherywith putative agonistbinding sitesindicated by grey circlesat subunitinterfaces.D.
Model of conformationalstatesof nAChRncludingresting, active and desensitizedstates (fast and

slowonset).Figurewasadaptedfrom [377].

1.7.3 Ligandsallosterictransitionsandimplicationsin organophosphatepoisoning
On the basisof binding studies, invaluableinformation of severalligandsbinding to nAChRwas

providedto advancethe understandingof the bindingdomainand rational designof nAChRigands
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[49, 186,193]. Besideghe endogenousagonistAChactivatingall NAChRsubtypes a diversearray of
plant and animaltoxinsthat target N AChRwvasidentified asagonistswith varyingsubtypeselectivity.
Themostprominentonesare naturallyoccurringagonistssuchas( ) nicotine,( ) cytisine,(+) anatoxin
A, (+)epibatidine, anabasineand anabaseine[275, 377]. The perceived validity of nAChRas
therapeutictargetin particularin neurodegenerativaliseasedasstimulatedthe designof synthetic
ligandswith specificsubtypeselectivityusingagonistsof natural sourceaslead structure [152, 153,
215,273,274,281,316,377]. Thisculminatedin adiversearrayof agonistancludingcarbamoylcholine
derivedfrom a modificationof AChto a carbamate varenicline(ChantixTMUSA) ChampixTMEU))
which is a cytosinecongenerdevelopedto exploit the properties of cytosineas an aid to smoking
sensationand A 85380recapitulatingthe chemicalpropertiesfrom epibatidine[152, 153, 215,273,
274,281,316,377].Inthe lastfew years severapublicationshaverevieweda highnumberof nicotinic
ligands,however,sincethe largenumber of agonistsidentified is beyondthe scopeof this study,the
readerisreferredto the aforementionedstudies[148,162,275,276,377].

Theavailabledata suggesthat the primarybindingsite of AChand other agonistdss positionedat the
interfacebetweentwo adjacentsubunitswhereinthe rsubunitin the N terminaldomainconstitutes
the principalcomponentof the bindingsite andthe adjacentsubunitthe complementarysite (Figure
3B)[118,303].

In caseof homomericnAChRsuchas ¥ nAChReachsubunithasboth primaryand complementary
facesof the agonistbindingsite, hence,the ¥ nAChRpossessefive insteadof two agonistbinding
sitesasin casewith heteromericnAChRFigure3 C)[118, 303]. Notably,amino acid residuesthat
contribute to the agonistbinding site consistof highly conservedthrough the LGICtamily, aromatic
residuesthat arereferredto asloop A, Band Cof the principalcomponentandloop D, Eand Fof the
complementarycomponent(Figure3 B)[118,303]. Thesdoopsform a compactcavityin the centerof
the interfaceof the extracellulardomain(ECDf the nAChR15, 71,124,163].

Xray studiesrevealedthat upon agonistbindinga conformationaltransition of the loop Cistriggered
to form a closedconformationby the cappingof loop C[83, 322]. In contrast,the ligandfree resting
stateis associatedvith amore openloop Cconformation[83, 275]. Thisconformationalshift involves
a sequenceof rearrangementsf the subunittransmembraneregionsfollowing ligand binding [83,
275]. Upon binding, the channel pore opens, which leads to an increasein Na conductance,
depolarizatiorof the cellmembraneandneuronalandneuromusculatransmissionrespectivel\{322,
377]. Thetransitionfrom the restingto the openstate uponactivationoccurswithin afew milliseconds
andinactivatesrapidlywhichis dueto the low affinity of the ligandcausingfast dissociatiorfrom the
binding site [377]. During sustainedexposureof moderate AChconcentrations,controlled synaptic
transmission constitutes repeatedly transition of the receptor from the agonistbound open

conformationto a non conductingstate, the deactivation,asthe AChdissociatedrom the receptor
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(Figure3 D) [148]. However,high concentrationsof accumulatedAChresultsin increasedbinding of
the neurotransmitterto the receptor. Thus,the probability of the receptorto transitionto a nonr
conducting state, known as desensitization,a conformational state wherein the receptor is not
susceptiblefor immediate re activation, increases(Figure3 D) [148]. Receptordesensitizationis
associatedvith highligandaffinity of AChto the ligandbindingsite andinducesa depolarizatiorblock
of the endplate at the neuromuscularjunction and interruption of neuronaltransmission thereby
leading to muscle weakness and paralysis [148, 377]. Following nerve agent exposure,
hyperstimulationof cholinergicreceptorsincludingmAChRand nAChRs followed by desensitization
of nAChReadingto toxic signsof poisoningasevidentin casualtiedrom the terrorist attackin Tokyo,
Japanwhererespiratorydistresswasobservedn approximately3%of the casualtie§237,266,387].
Wheredeath occurred,it was causedby a combinationof effectsat both central (lossof respiratory
drive) and peripheral(weaknesat intercostalmuscles)evels[209]. In compliancewith this notion, it
would seemappropriateto developnicotinicantagonistsastherapeuticagentsfor patientsdisplaying
nicotinicdominantsignsin order to mitigate the effectsof excessivéChat nAChR296].
Thereby,competitive antagonistsbind at or near the orthosteric site preventingaccesdor agonists
andstabilizingthe receptorin a conformationwith the channelclosed[42, 135,148]. Theuseof such
anicotinicantagonistin the sameway asatropine antagonizinghe muscariniceffectsin OPpoisoning
is currently not consideredas a therapeuticapproachbecausenAChRfunction and conformational
changesdiffer from those in mAChR[278, 306, 330]. In this context, a major problem of such
competitive antagoniststo be applied as therapeutic agentsis that very high concentrationsof
antagonistare neededto overcomethe effects of excessiveAChstimulation of nicotinic receptors
[330]. Themainchallengenherebyisto envisagea competitiverangedosagehat isnot sohighthat the
now normalizedfunctionitself becomescompromisecby excessantagonismandthus causingserious
adverseside effects in unpoisonedindividuals[296]. Moreover, many nicotinic antagonistsare of
highlytoxic nature suchastubocurarine whichis the principalcomponentof an arrow poisonusedin
South America,named curare [35]. Hence,clinical use of competitive nicotinic antagonistsis not
feasibleto addresghe nicotiniceffectsof OPpoisoning[296, 330].

A more attractive propositionwould be to use non competitive nAChRantagonistsbindingto other
regions than the orthosteric site so that their block would not be overcome by increasing
concentrations of ACh [330, 377]. Their inhibitory effect could be used to reduce nAChR
overstimulationand agonistevokeddepolarizationblockcausedby continuedexcesf ACh.Hereby,
non competitivenAChRantagonistdind distinctfrom orthostericagonistbindingsitesandexerttheir
functionthroughastericmechanisnor throughallostericconformationalchange®f the channelupon
binding[33,61,330,377].
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Suchan antagonistthat inhibits NnAChRactivity via an allostericmodulationof the receptoris referred
to as a negativeallostericmodulator (NAM) and a typical representativeexampleis progesterone,
which inhibits 4rt2 nAChR[33]. The underlying mechanismof action to reduce ligandinduced
responseauponnegativeallostericmodulationof the receptoris associatedvith changesn the energy
barrier betweentransition states[33, 62]. Accordingo Hurstand colleaguesbindingof NAM evokes
an increaseof the energybarrier betweenthe restingand open state. Giventhis, these compounds
should have no effect in healthy individualsbecauseof their low intrinsic activity as their actionis
contingentupon prior NAChRactivationby an agonist[148, 330]. In this regard,it shouldselectively
inhibit nAChRactivity in the faceof increasingAChconcentrationdn a usedependentmannersothat
the proportion blockedis maintainedirrespectiveof the concentrationof AChin the synapsg330].

In additionto NAM, nAChRmodulationcanalsobe carried out via positive allostericmodulation by
increasinghe probabilityof channelopeninginducedby AChand,additionally by decreasingeceptor
desensitizationvia interactions with sites distinct from classicalAChbinding sites [33, 85]. These
positiveallostericmodulators(PAM)representa pharmacologicatlassof moleculesthat reducethe
energybarrierfrom the restingto the activatedstateandtherebyincreasehe agonistresponseand/or
enhancethe energybarrier betweenthe activatedand the desensitizedstate [33, 62]. In respectof
their mechanistiqrofile, PAMare categorizednto type | andtype || PAMdependingon whetherthey
only enhanceagonistresponsgtypel) or, in addition,reduceagonistinduceddesensitizatioritypell).
Hereby,types | PAMreduce the energybarrier between the resting and the active state (type I)
amplifyingagonistresponse.Typell PAMreduce agonistinduced desensitizatiorby increasingthe
energylevel of the desensitizedstate, thus destabilizingthe desensitizedstate and promoting re r
openingof receptorsfrom the desensitizedstate (type I1) [149]. NumerouscompoundsactingasPAM
at nAChRhavebeendescribedin literature, suchas 7 nAChRspecifictype Il PAMsPNUAL20596and
NSA738[148,149,337].Sofar, PAMof nAChRhavenot progressedo full developmentyet, but the
ongoingprogressn understandingnAChRunctionalpropertieswill providea considerablenumberof
opportunitiesfor the developmentof noveltherapeuticapplicationd276,322]. Forinstance gvidence
has been provided that the reversible cholinesteraseinhibitors physostigmineand galanthamine
activatemuscleandneuronalnAChRby a nicotinicallostericaction[235,252,253,288,294,295,314].
Both compoundswere found to reversedesensitizedeceptorsevenat high agonistconcentrations
andwere detectedto be insensitiveto inhibition by competitiveantagonistsof nAChR235, 252,253,
288, 294, 295, 314]. Furthermore, galanthamineis currently approvedfor treatment of cognitive
dysfunctiondgn Alzheimer gliseaselts benefitis contributedto its effectivenessn improvingsynaptic
transmissiorin the brain cholinergicsystemand protection of neuronsfrom neurodegeneratiof107,
188,197,282]. Symptomgderivingfrom compromiseof the cholinergicsystemare not only evidentin

suchneurologicaldisordersbut alsoobservedin individualsintoxicatedwith nerve agentsand other
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OP[6, 289]. In particular, those symptomsinclude muscle weaknessand fatigue observedin OP
poisonedpatientsandare alsoevidentin myastheniagravis,anautoimmunediseasecharacterizedy
muscleweaknessderiving from destruction of nAChRat the neuromusculafunction [6, 289]. This
considerationleadsto the assumptionthat drugs intended for treatment of neurodegenerative
diseasessuch as myastheniagravis,Alzheimer’sor Parkinson sddiseasemay also be interestingin
protection of centraland peripheralnicotiniceffectsin OPpoisoning[6, 10]. In this respect,a studyby
Albuquerqueand colleagueshasshowna superiortherapeuticeffect of galanthaminein somanand
other nerveagentintoxicationg[10]. Thepossibleutility of thesePAMin Alzheimer'ddiseasenayalso
be a promisingconceptfor an alternativetherapeuticapproachagainstOPpoisoning.The potential
benefit of the useof NAChRPAMIn OPpoisoningis the genericbasedapproachfor the development
broad spectrumantidote. In this context, effectsof PAMon nAChRare conveyeddownstreamfrom

AChEnhibition andthusits efficacydoesnot dependon a specificnerveagentstructure[268,296].

1.7.4  Preliminarywork and state of the art

Duringthe searchof a broad spectrumoxime that is more effective than presently availableand
clinicallyusedoximes,in particularwith improvedefficacyrelatedto soman,dataderivedfrom soman
intoxicated non human primates hasindicatedthat oxime HI 6 exertsa positive therapeutic effect
other than AChHEeactivation.Thisis basedon the observationthat low AChEactivitieswere found in
blood of these primates which can be explainedby the rapid aging of the enzymeresistantto
reactivation[128]. Fromthese data and subsequentdata confirmingthese positive pharmacological
effectsof HI B, it was concludedthat processe®ther than AChEeactivationare important for the
survivalof somanintoxicated primates [66, 128, 177, 356, 357]. In a continuation of the in vivo
experimentson the pharmacologicaéffects,it wasshownthat evencompoundsthat lackthe oxime
reactivatinggroup (SADL28, 1,1' oxybis(methylenepis 4 (1,1 dimethylethyl) pyridinium dichloride)
haveefficacyin treatment of OPpoisoningresultingin a recoveryof the neuronaltransmissiorin the
respiratorycentersin the brain and recoveryof neuromusculatransmission123, 150, 238,285]. A
numberof different explanationof this surprisingnon reactivatingeffect by thesebispyridinium(BP)
compoundswere suggestedncludingreversibleAChEnhibition, decreasinghe rate of rapid aging,
inhibition of muscarinicreceptorsin a competitive or allostericmanner,or interactionswith nAChR
[123,129,169,175, 285]. Of all thesepossibleexplanationsit is the effect on the nAChRassociated
with a modulation of the postsynapticresponseof nAChRthat is of particular interest for new
therapeuticinterventionsin OPpoisoning[12,65,297,315,329]. Thereby modulationof nicotinicion
channelsby allosteric modulators so that in caseof AChaccumulation,nAChRare rendered less
sensitiveto overstimulationin a usedependent manner, became a promising approachin OP

poisoning[229, 230]. Thuslife endangerindailure of neuronaltransmissiorin the respiratorycenters
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of the brain and neuromusculattransmissionin the respiratory musclesafter OPpoisoningmay be
restoredsufficientlyin caseswvhere AChEactivity appearedto be insufficientto be treated by oximes
[330].

Asa starting point of this new conceptto maintain nAChRunction by pharmacologicainteractions
usingpotential allostericmodulators the bispyridinium(BP)structurewhichisalsopresentin HI 6 and
SADd.28servedasatemplateto synthesizea seriesof structurallyrelatedderivativeg262,329,363].
The anti nicotinic potency and effectivenessin recovering neuromuscular function of these
compoundshasbeenevaluatedin vitro by measuringthe muscleforce productionof the guineapig
phrenic nerve hemidiaphragmvia direct and indirect stimulation tested with the field stimulation
technique[321, 329]. Under basalconditions,controlled musclecontractionsof these preparations
occurredwhereasafter treatingthesewith soman arapidlydecayingcontractionoccurred[321,329].
Thisso calledtetanic fade couldbe reversedby addingincreasingconcentrationof the bispyridinium
compound MB327 (1,1'{propanetfl,3diyl)bis(4tert butylpyridinium) diiodide), a symmetrical
bispyridiniumcompoundwith a tert butyl group at position 4 at both pyridinium rings [138, 329].
MB327wasthe mosteffectivein aseriesof BPcompoundswith recoveryof responseof approximately
30 % measuredat 100 uM MB327 determinedby the areaunder the curve (AUC)of the response
comparedto the control tetanic stimulation [329, 330]. Followinganimal studiesusingan identical
compoundto MB327,namedP62 (diiodide salt), Schoeneand coworkersfound that mice poisoned
with soman (LDs) and pretreated with atropine showed decreasedtoxic effects when P62 was
administeredby a dose of 1.76 x 10® mol kg® [285]. Furthermore, protection of animalsby nonr
competitiveligandswasfurther confirmedby a correlatingstudy by Timperleyand colleaguesusing
the water solubledi(methansulfonateyaltof MB327namedMB399givenat 3.30x 105 mol kg? [338].
BothcompoundsMB327andMB399,havebeenobservedo haveno effecton somaninhibited AChE,
thus indicatingthat therapeutic efficacyis associatedwith interactionsat nicotinic receptors[285,
330]. Consideringhe developmentof therapiesfor nerve agentpoisoning,it hasto be considered
whether experimentalsettingsin animal studiescan be extrapolatedto the situationsin humans.
Unfortunately,enormousspeciedifferenceswith respectto sensitivityand oximeeffectivenesdave
been found so that translationinto humansis complicated[378, 379, 381, 385]. Becauseclinical
investigationsn humansareobviouslynot possible pneapproachfor instanceto estimateappropriate
concentrationsof oximesto be applied in humans can be obtained from data of toxicor and
pharmacodynamistudiesinvestigatingnteractionsof OPcompound,oximesand AChH29, 91, 157,
355,383].

Basedon these kinetic data, Seegerand colleaguesused human intercostal musclepreparationsto
investigatethe effect of therapeuticallyestimatedconcentrationsof HI 6 and whether this effect is

associatedvith anenhancemenbf muscleAChEactivity [291]. Moreover,correspondingo the study
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by Tattersall and coworkers, Seegerand colleaguesstudied the ability of MB327 to recover
neuromusculartransmissionusing human preparations[290, 329]. Thereby,an increaseof muscle
forcein somanexposechumanmusclesy pharmacologicainechanismstherthan AChEeactivation
couldnot be observedwith HI 6 in contrastto earlierstudiesusingrodent and marmosetrespiratory
muscle However testingof MB327verifieda concentrationdependentrecoverythat wasnot related
to AChHeactivationasseenin guineapigrespiratorymuscleg51,211,290,329,356,357]. Therefore,
convincingevidenceis providedby this studythat the effect of HI 6 appearsto be without relevance
for humantherapywhereastherapeuticeffectsof MB327found in animalstudiescanbe translatedto
humans [330]. Although further promisingin vitro and in vivo experimentshave confirmed the
beneficialpharmacologicatffectwith MB327 the potencyrequiredfor humanapplicationistoo weak
andinsufficientin the concentrationrangeneededfor therapeuticadministration[165,257,290,329,
347]. Within the framewaorkof this study, the medicinalchemistryprogramat hand hasbeenstarted
to develop more potent substancedy usingMB327 as a lead structure to develop analoguesof
symmetricalBP compoundsbearing different substituted groups at varying positions by efficient
synthetic routes [262]. By application of new techniquesfor rational drug design,amongthem
prediction of new structures using chemometric tools, click chemistry, radioligand and liquid
chromatography massspectrometry(LCMS)binding studiesin combinationwith functionalassays
to establishstructure activity relations, this alternative approachis used to identify promising
candidatesable to efficiently recover desensitizednAChRand thus providing the closure of a

therapeuticgapin the therapyof OPpoisoning[363].

1.8  Aim of the presentsubjectmatter

Increasingrisk of terrorist attacks and homicidal use of OP compoundscalls for improvement of
medicalcountermeasuresThedevelopmentof ligandsinteractingwith nAChRastherapeuticagents
againstOPpoisoninghasraisedmuchinterestin recentyears.In particular,ligandsactingaspositive
allostericmodulators(PAM)of nAChRepresentan important classof potential therapeuticdrugsas
they bind to a site distinct from the orthosteric binding site of AChand thus may preservenAChR
desensitizationby stabilizingits open state configuration and may “resensitize” the receptor by
destabilizingthe desensitizedstate. The current therapeutic regimen of oxime administration to
reactivate AChEand atropine to counteractmuscariniceffects providesefficient treatment against
some OP compoundsbut not againstall kinds of OPcompounds,i.e. somandue to rapid “aging”.
Accordinglythis alternativetherapeuticapproachcould provide a broad spectrumantidote because
the effect of nicotinic PAM is effective downstream of AChEinhibition. Moreover, this generic

approachis a promisingstrategyto closethe therapeuticgapin OP poisoningwhich is inducedby
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nicotinic effectsthat may causedeath if untreated due to severecentralrespiratorydepressionand
paralysisof respiratorymusclesPrevioudn vivoandin vitro studiesdemonstratedpartial recoveryof
the neuromusculatransmissionwith the bispyridinium(BP)non pxime compoundMB327 (4 tert r
butyl bispyridinium)oy aproposedallostericinteractionwith nAChRatherthanaclassicateactivation
of the inhibited AChE However,the potency of MB327is not sufficient enoughto be applied at
therapeutic concentrationsand thus a deeper understandingof the structureactivity relation is
required for a better understandingof the structural determinantsfor this beneficialeffect. In this
context, the aim of this study comprisedthe establishmentof a patch clamp screeningmethod to
investigate the ability of BP compounds(denoted as PTM compounds),which were structural
analogueso MB327 to preventandto recoverhumanacetylcholinaeceptorsof the subtype 7 (hr7r
nAChRJrom desensitizationForthis purpose,stablytransfectedChinesehamsterovary (CHOXells
expressingthe hr7 nAChR(CHO/RI®/h r7 nAChRcell line) were used and investigated by an
automatedplanarpatchclampsystem.

Structurenctivity relations of such PTM compoundson h r7 nAChRfunction were determined to
identify structuraldeterminantsmediatinga positiveallostericmechanismon h r7 nAChRMoreover,
responseprofilesof suchPTMcompoundswvere comparedto the effect by the lead structure MB327
andthe well prescribedpositive PAMPNUA20596in order to gaininsideinto the mode of action.
Priorto suchscreeningpasicelectrophysiologicapropertiesof wildtype CHOK1and GHG cell line
were elucidatedin orderto selecta hostcellline mostsuitablefor stabletransfectionof h r7 nAChRn
orderto investigateh r7 nAChRunctionby anelectrophysiologicahethod.Inthe end, CHCcellswere
used as host system for stable transfection of h r7 nAChR(CHO/RI®/h r7 nAChRcell line) and
electrophysiologicgbropertiesof thesestablytransfectedcellswere investigated Forthe subsequent
establishmentof the screeningmethod, optimizationof cellularparametersand settingsto obtain a
highersealsuccessate of patch clamprecordingswasexaminedincludingadjustmentof the underr
pressureappliedto captureandto hold the cellsat a fixed position, addition of a C&* rich solution
servingasa“sealenhancer’andadjustmentof the cellpassageangeused.Furthermore the flow rate
of test compoundapplicationwasadjustedto increasesignalintensity, whichwasessentiadueto the
fast conformational changeof h r7 nAChR.Then, amount of time and number of washing steps
between eachtest compoundapplicationwere adjustedto ensurefull recoveryof receptorsfrom
desensitizatiorprior to the nexttest compoundapplication.Differenttransition statesof the receptor
were investigated by application of agonistsand a prescribedallosteric modulator. In addition,
inhibition of h r7 nAChRactivitybyanantagonisin the absenceandpresenceof aprescribecdallosteric
modulatorwasessentiako confirm subtypespecificexpressiorof 7 NAChRIn conclusionthis study
servedto developa screeningmethod to investigatefunctional activities of these so called PTM

compoundson h r7 nAChRfunction in order to identify structural requirementsof test compounds
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that prevent and reverse nAChRdesensitization.Basedon the findings of the present study,
identification of promisinglead structurescapableto conveya positive pharmacologicaéffect after
OPpoisoningmay testify to the utility of PAMof the h r7 nAChRasa noveltherapeuticprinciple for

treating acute OPpoisoning.
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2. Materials & Methods

2.1  Devicesandsupplies

Table3: Laboratorydevicesgquipmentand software.

laboratory devices

analyticalbalance

autoclave

automaticcellcountingandanalyzingsystem

incubator

laminarflow sterilebench

automatedplanarpatchclampsystem

ultra microbalance

MSE324&SartoriusAG,Gottingen,Germany)
VX850 (SystecGmbHLabortechnikLinden,
Germany)

Cas§ TTQRocheMannheim,Germany)
BBD6220(ThermoElectronLEDGmbH,
Langenselboldsermany)

KS12 HERAsaféThermofisheiScientificGmbH,
Bonn,Germany)

PatchlineP Octo(NanionTechnologie&smbH,
Munich,Germany)

MSAG6.6%SartoriusAG,Gottingen,Germany)

equipment

centrifugewith cooling,
pre coolinganddifferent rotors

deepfreezer

freezer

liquid nitrogentank with accessories

magneticstirrerswith accessories

microscope

with

externalheatingplate,

digital cameraand control unit
pH meter

refrigerator

ultrapurewater system

Rotina420R(HettichZentrifugen,Tuttlingen,
Germany)

Innovau72515, BO°C(New
Brunswick/Eppendortdiamburg,Germany)
LGUEX1500L20 °C(Liebherr,Ochsenhausen,
Germany)
LS3000(TaylorwWharton, Theodore USA)

Mr HeiTec(HeidolphElectroGmbH Kehlheim,
Germany)

InversTS100F (NiconGmbH Dusseldorf,
Germany)

T3500(NiconGmbH DisseldorfGermany)
DSWil (NiconGmbH DusseldorfGermany)
LR325(WTWGmbH Weilheim,Germany)
LKUexv610MedLine(Liebherr,
OchsenhauserGGermany)

Synerg§UV R (Millipore, Darmstadt,Germany)
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vortexer Vortex3 (IKAWerkeGmbH& Co.KGStaufen,
Germany)
water bath SW22 (JulabadLabortechnikSeelbach,
Germany)
amplifierquadropatchclamp EP@.0 Quadropatchclampamplifiers (HEKA
ElektronikLambrecht/PfalzGGermany)
software
PatchControlHT NanionTechnologiesdVunich,Germany
PatchMaster HEKAElektronikGmbH Lambrecht/Pfalz,
Germany
GraphPadPrism5.0 SanDiego,CA,USA
IGORProyersion6.2.2.2 LakeOswegoQOregon,USA
Table4: Consumableand supplies.
consumables
aspirationpipette 2 ml, catalogNo. 357558(Falcordistributed by
VWR Darmstadt,Germany)
coverslips catalogNo.6310168(VWR Darmstadt,
Germany)
cellculture flask Ti75, catalogNo.7340965(Falcondistributed
by VWR Darmstadt,Germany)
measurementhipfor patchclamp NPCd.6 Chipsmediumresistancg/Nanion
experiments Technologie$smbH,Munich, Germany)
microscopeslides SuperfrostPlusGold,catalogNo. K5800AMNZ

(ThermoScientific Darmstadt,Germany)
pipette tips 0,520 ul, catalogNo.0030000.854
2 200pl, catalogNo.0030000.870
504.000ul, catalogNo.0030000.919
5006000ul, catalogNo.0030000.978
(EppendorfHamburg,Germany)
cryovials polypropylene(PP)cryovialsl,5ml, catalog.No
4798221 (Nalgendlistributedby VWR,
Darmstadt,Germany)

reactionvessels polypropylene(PP)eactionvessels,
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1.5ml, sterile,catalogNo.0030108.081
0.5ml, catalogNo.0030108.094
1.5ml, catalogN0.0030108.116
(EppendorfHamburg,Germany)
serologicapipettes non pyrogenic sterile
1 ml, catalogNo.357521,
5ml, catalogNo.357543,
10ml, catalogNo. 357551,
25ml, catalogNo. 357525,
50ml, catalogNo. 357750,
100ml, catalogNo. 357600,
(Falcondistributedby VWR Darmstadt,
Germany)
tubesfor cellcounting cellanalyzerPPtube, ,CASYcups“, catalogNo.

05651794001 (RocheMannheim,Germany)

cellulosemembrane nitro cellulose(Millipore, Darmstadt,Germany)
supplies

amberglassbottles 1000ml (VWR Darmstadt,Germany)

beakers different sizegVWR Darmstadt,Germany)
measuringeylinder 1000ml (VWR Darmstadt,Germany)
volumetricflask 1000ml (VWR Darmstadt,Germany)

glasvials 4 ml (ZinsseAnalyticsGmbH Frankfurtam

Main, Germany)

2.2  Chemicalsandreagents

All chemicalsand reagentsusedin this study were of a commercialgradeand, unlessfurther details
havebeenprovided,were obtainedfrom the companiesMerck KGa(DarmstadtGermany)CarlRoth
GmbH + Co. KG (Karlsruhe,Germany), SigmaAldrich (Taufkirchen,Germany), Tocris Bioscience
(WiesbaderNordenstadt,Germany),GIBCOistributed by Life TechnologiegDarmstadt,Germany)
andRochg(Mannheim,Germany)Tableb, Table7, Table8).
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Table5: Ligandsof nAChR.

nicotine () nicotine, CANo0.54 4.1 6 (SigmaAldrich,
TaufkirchenGermany)

methyllycaconitine methyllycaconitinecitrate (MLA),CASNo.
11282505 b (TocrisBioscienceWiesbaderr
Nordenstadt,Germany)

carbamoylcholine carbamoylcholinehloride, CASN0.51 83 2
(SigmaAldrich, TaufkirchenGermany)

acetylcholine acetylcholindodide, CANo. 6081 d (Sigma
Aldrich, TaufkirchenGermany)

epibatidine (x)—epibatidinedihydrochloride CASNo.
14815266 B (TocrisBioscienceWiesbaderr
Nordenstadt,Germany)

PNU120596 1 (5 chloro®,4 dimethoxyphenylB 5 r
methylisoxazoB yl)urea,CASN0.50192581 d
(SigmaAldrich, TaufkirchenGermany)

MB327 1,1'(propaned,3 diyl)bis(4tert r
butylpyridinium)diiodide/
trifluoromethanesulfonatg Centreof Pharma
ResearchDepartmentof Pharmacyl.udwigr

MaximillianstJniversitat,Munich, Germany)

R4 R4

yZ Y Ra~ -~ Rs Rs._~ R3
|N+ +N | S |N+ + N |

™ \/\_/ X R; \/\_/ X R,
21 R, 2 X Ry

MB327 Generalstructureof a substitutedBPcompound

Figure4: Generalstructure of a BPcompoundand of lead structure MB327.

Testcompoundsused for electrophysiologicascreeningusingthe bispyridinium(BP)non pxime
MB327asaleadstructurecomprisednovelstructuralBPanalogueseferredto asPTMcompounds

which were synthesizedat the Centre of PharmaResearchDepartmentof Pharmacy Ludwigr
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Maximillianstniversitat,Germany and were availableasiodide (1) andtrifluoromethanesulfonate

(Tfo) salts(Figured; Table6) [262].

Table6: BPcompoundseferredto asPTMcompounds.

PTMcode structural chemicalformula PTMcode structural chemicalformula
MeO\© = OMe
SOVS;
X - = _N N
PTMO0001 @ 21 @ PTMO0008 o
£Bu” DTN t-Bu 2TfO
GiHaoloNy: 566309/m0| Ci7HooRNGsS: 55847g/m0|
A =
Ch2s [ ISPt
N N Y — NS
PTM0002 e PTMO00g ~ MeO™ 7= ome
t-Bu t-Bu 2 TfO
CzangFeNzOeSgZ 610.63g/mo| C17H20F5N208832 558.47g/m0|
| S = | | N = |
_N N _N Na
PTMO0003 ey PTM0010 hoe
iPr 2TfO  iPr MeO 2 TfO OMe
C21H28F5N206521 582589/m0| C17H20F5N208822 55847g/m0|
t-Bu | N Db ¢ | t-Bu
| SN Me Me Y | /[\rl L\_l\
PTMO0004 N AN PTMO0011 DDDD
Me 2TfO Me 2TfO
C19H24F5N20652Z 554.52g/mo| ngHzeDeFaNzOe&Z 61655g/mol
Me Me
JoNS!
PTMO0005 Me” ISy PTM0012 ‘DBC)SC© 270" @(‘3(003)3
2 TfO N A~UNS
CigH24RsN20sS: 554.52g/mol GsHi1aDisFsN20sS: 628.74g/mol
Me xMe Me __~__Me i-Pr | AN = | i-Pr
| |
_N N _N N
PTMO0006 S PTM0013 e
Me 2 TfO Me 2 TfO
C21H28F5N205521 582589/m0| C21H28F5N20682Z 58257g/m0|
Gl JODNSt
N N , N N )
PTMO007 ~ MeN” R ""UN""Nue, | prmoo14  FPrT TR ST i

270

CioHbsFsN4OsS: 584.55g/mol

2TO

Go1HosFeN20sS: 582.57g/mol
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t-Bu XN yZ t-Bu t-Bu N = t-Bu
0) N _~_Nx ) N _~_ Ny
PTMO0015 * ot PTMO0020 Cl + ~ ¥ cl
OEt 2 TfO OEt 2 TfO
GooHaoFsN2010S: 754.7Sg/mol GoaHaoChRN2OsS: 679.51g/m0|
t-Bu N Z t-Bu t-Bu XN = t-Bu
PTM0016  MeO + e OMe PTMO0021 F * o F
2 TfO 2 TfO
CosHsFsN20:S: 670.68g/mol CosHoRsN206S: 646.61g/mol
t-Bu N Z t-Bu t-Bu SN Pz t-Bu
PTMO0017 Me ¥ o Me PTMO0022 Ph ¥ o Ph
2 TfO 2 TfO
CosHasRsN20sS: 638.68g/mol CasHaoRsN206S: 762.82g/mol
B tB | h - |
peSN e oty
N~ Ny _
PTM0018 Br v o Br PTMO0045 tBu 21 tBu
2 TfO
CGosHsoBrRsN2OsS: 768.42g/mol
etk g GoaHaaloNy: 566.31g/mo|
t-Bu XN Z t-Bu t-Bu N = t-Bu
| N~ Ny | | N _~_Nx |
PTM0019  NC * * CN PTM0061 * *

270

GosHaoFsN4OsS: 660.65g/mol

2TfO

GosHa2FsN20:S: 610.63g/mol

" deuterated PTM compounds were synthesizedfor use in liquid chromatography mass

spectrometry(LCMS)bindingstudiesandwere not analyzedn this study[363].

Stocksolutionswere preparedas 10 mM solutionsof ACh,nicotine, epibatidine,carbamoylcholine

andmethyllycaconitind MLA)in externalrecordingsolution(Table7). PTMcompoundsverefreshly

preparedin external recordingsolution (Table7) and diluted to appropriate concentrationsfor

electrophysiologicameasurementsPNUA20596stock solutionswere preparedas 1 mM solution

in 10%aqueousDMSGQCandstoredat B0 °Cuntil use.
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Table7: Buffersand solutionsfor patchclampexperiments.

internal solution

KCI 50mM
NacCl 10mM
KF 60mM
EGTA 20mM
HEPES 10mM
KOH internal solution

adjustedto pH7.4

potassiumchloride(KCl)catalogNo. 7447407
(CarlRothGmbH Karlsruhe Germany)
sodiumchloride(NaCl)catalogNo. 768162 ©
(CarlRothGmbH Karlsruhe Germany)
potassiumfluoride (KF)catalogNo. 778923 8
(CarlRothGmbH Karlsruhe Germany)
ethyleneglycolbis(aminoethgther) N,N,N",
N' tetraaceticacid(EGTACAN0.67 126
(SigmaAldrich, TaufkirchenGermany)

2 (4 (2 hydroxyethyl)d piperazinyl)ethane
sulfonicacid(HEPESELANo0.7527789 8
(SigmaAldrich, TaufkirchenGermany)
potassiumhydroxide(KOH)CASN0.131068 8
(MerckKGaGmbH Darmstadt,Germany)

external solution

NaCl 140mM

KCI 3mM

MgCh 1mM

Cadl 2mM

glucose 5mM

HEPES 10mM

NaOH externalsolution

adjustedto pH7.4

sodiumchloride(NaCl)catalogNo. 768162 ©
(CarlRothGmbH Karlsruhe Germany)
potassiumchloride(KCl)catalogNo. 7447401,
CarlRothGmbH Karlsruhe Germany)
magnesiunchloridehexahydratgMgC} |H0),
catalogNo.77914.8 6 (CarlRothGmbH,
Karlsruhe Germany)
calciumchloridedehydrate(CaCGl H.O),catalog
No.1003504 8 (CarlRothGmbH Karlsruhe,
Germany)

D (+)glucosecatalogNo. 1443143 7 (CarlRoth
GmbH KarlsruheGermany)

2 (4 (2 hydroxyethyl)d piperazinyl)ethane
sulfonicacid(HEPESEASNo. 7527789 8
(SigmaAldrich, TaufkirchenGermany)
sodiumhydroxide(NaOH)catalogNo.131073r
2 (CarlRothGmbH Karlsruhe Germany)

sealenhancer
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NaCl 80mM sodiumchloride(NaCl)catalogNo. 768162 8
(CarlRothGmbH Karlsruhe Germany)

KCI 3mM potassiumchloride(KCl)catalogNo. 7447407
(CarlRothGmbH Karlsruhe Germany)

MgCh 10mM magnesiunchloridehexahydratgMgC} |H0),
catalogNo.7791d.8 6 (CarlRothGmbH,
Karlsruhe Germany)

Cad 35mM calciumchloridedehydrate(CaCGl H.O),catalog
No.1003504 8 (CarlRothGmbH Karlsruhe,
Germany)

HEPES 10mM 2 (4 (2 hydroxyethyl)d piperazinyl)ethane
sulfonicacid(HEPESELANo. 7527789 8
(SigmaAldrich, TaufkirchenGermany)

HCI sealenhancer 0.1mol/l, CANo.764701 0 (CarlRothGmbH,

adjustedto pH7.4  KarlsruheGermany)

For the preparation of aqueousbuffer solutions, deionizedwater, which was additionally freshly

distilled,wasused.All bufferswerefiltered througha cellulosemembrane(0.2 M) andstoredat

20 °C.Priorto anexperiment,bufferswere freshlythawedandhold at room temperatureduringan

experiment.

Table8: Reagentdor cellcultureand handling.

DMSO

cellculture medium

ethanol

liquid nitrogen

dimethylsulfoxide(DMSO)sterilefiltered, CAS
No.67 68 b (Invitrogen,Darmstadt,Germany)
DMEM/Fd.2 Media+ GlutaMax™, catalogNo.
10565018 Gibcodistributedby Life
TechnologiesDarmstadt,Germany)

Ham’sF 4.2 Nutrient Mix, GlutaMAXM, catalog
No.31765035Gibcodistributed by Life
TechnologiesDarmstadt,Germany)

dried SeccoSofycatalogNo. 1.00990(Merck
KGaGmbH Darmstadt,Germany)
CANo0.772787 B (AirLiquide,Dusseldorf,

Germany)
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HEPES 2 (4 (2 hydroxyethyl)d piperazinyl)ethane
sulfonicacid(HEPESELANo0.7527789 8
(SigmaAldrich, TaufkirchenGermany)

hygromycinB 60 mg/ml, catalogNo.10687010(Gibco
distributed by Life TechnologiesDarmstadt,
Germany)

geneticin 50 mg/ml, catalogNo0.10131019Gibco
distributed by Life TechnologiesDarmstadt,
Germany)

sodiumpyruvate 100mM, catalogNo.11360070(Gibco
distributed by Life TechnologiesDarmstadt,
Germany)

isopropanol catalogNo. 100995(MerckKGaGmbH,
Darmstadt,Germany)

NMDG M2004,N methyl D glucamingNMDG) CAS
No.6284rA0 B8 (SigmaAldrich, Taufkirchen,
Germany)

PBS phosphatebuffered saline(PBS)sterile,280r
315m0Osm/kgpH7,4,catalogNo.1001015
(Gibcodistributed by Invitrogen,(Darmstadt,
Germany)

celldissociatiorreagent ,TrypLEM Express“gatalogNo. 12605010
(Gibcodistributed by Invitrogen,Darmstadt,
Germany)
celldissociatiorbuffer, enzymefree, PBS
based,catalogNo.13151014Gibco,
distributed by Invitrogen,Darmstadt,Germany)

“CAS¥ton* isotonicmeasuremenbuffer for cellcounting
with anautomaticcell countingandanalyzing
system catalogNo.05 651808001 (Roche,
Mannheim,Germany)

“CASYclean® capillaryand systemcleaningagentfor cell
countingwith anautomaticcell countingand
analyzingsystem catalogNo.05651786001

(RocheMannheim,Germany)
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“CASYblue* cytotoxicagentfor viability determinationand
cellsizing,catalogNo.05651 760001 (Roche,
Mannheim,Germany)

FBS fetal bovineserum(FBS)catalogNo.:
16000036(Gibcodistributed by Life

Technologies)

2.3 Cellculture

Immortalizedmammaliancellsderivingfrom rat pituitary tumor cells(Rattusnorvegicuy, GHG, and
CHOK1cellsderivingfrom Chinesehamsterovary (Cricetulugriseu$ were obtainedfrom Genionics
(Schlieren,Switzerland).CHOK1 cells were stably transfected with cDNAof human 7rnicotinic
acetylcholinereceptor (h r7 nAChR}and the acetylcholinereceptor chaperoneRICB also known as
resistanceo inhibitors of cholinesteraseé (RIOB) expeditingthe transportof the receptorto the cell
membrane (Figure5) [176]. Thesecells were denoted as CHO/RI®/h r7 nAChRcells and were
obtainedfrom Genionic{SchlierenSwitzerland)Thefollowing h r7 nAChRsubunitcDNAandh RIC3
cDNAwith start and end codonshighlightedin blue in Figure5 were appliedfor insertioninto the
mammalianexpressionvector pBudCE4.XInvitrogen distributed by Life TechnologiesParmstadt,

Germany)whichwasdesignedor simultaneousexpressiorof two genesin mammaliancelllines.
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NCBlopenreadingframe (ORFsequenceof human 7 nAChRsubunit(NM_000746version2)

ATACGCTGCTCGCCGGGAGGCGTCTGGCTGGCGCTGGCCGCGTCGCTCCTGCACGTGTCCCTGCAAGGCG
AGTTCCAGAGGAAGCTTTACAAGGAGCTGGTCAAGAACTACAATCCCTTGGAGAGGCCCGTGGCCAATGA
CTCGCAACCACTCACCGTCTACTTCTCCCTGAGCCTCCTGCAGATCATGGACGTGGATGAGAAGAACCAA
GTTTTAACCACCAACATTTGGCTGCAAATGTCTTGGACAGATCACTATTTACAGTGGAATGTGTCAGAAT
ATCCAGGGGTGAAGACTGTTCGTTTCCCAGATGGCCAGATTTGGAAACCAGACATTCTTCTCTATAACAG
TGCTGATGAGCGCTTTGACGCCACATTCCACACTAACGTGTTGGTGAATTCTTCTGGGCATTGCCAGTAC
CTGCCTCCAGGCATATTCAAGAGTTCCTGCTACATCGATGTACGCTGGTTTCCCTTTGATGTGCAGCACT
GCAAACTGAAGTTTGGGTCCTGGTCTTACGGAGGCTGGTCCTTGGATCTGCAGATGCAGGAGGCAGATAT
CAGTGGCTATATCCCCAATGGAGAATGGGACCTAGTGGGAATCCCCGGCAAGAGGAGTGAAAGGTTCTAT
GAGTGCTGCAAAGAGCCCTACCCCGATGTCACCTTCACAGTGACCATGCGCCGCAGGACGCTCTACTATG
GCCTCAACCTGCTGATCCCCTGTGTGCTCATCTCCGCCCTCGCCCTGCTGGTGTTCCTGCTTCCTGCAGA
TTCCGGGGAGAAGATTTCCCTGGGGATAACAGTCTTACTCTCTCTTACCGTCTTCATGCTGCTCGTGGCT
GAGATCATGCCCGCAACATCCGATTCGGTACCATTGATAGCCCAGTACTTCGCCAGCACCATGATCATCG
TGGGCCTCTCGGTGGTGGTGACAGTGATCGTGCTGCAGTACCACCACCACGACCCCGACGGGGGCAAGAT
GCCCAAGTGGACCAGAGTCATCCTTCTGAACTGGTGCGCGTGGTTCCTGCGAATGAAGAGGCCCGGGGAG
GACAAGGTGCGCCCGGCCTGCCAGCACAAGCAGCGGCGCTGCAGCCTGGCCAGTGTGGAGATGAGCGCCG
TGGCGCCGCCGCCCGCCAGCAACGGGAACCTGCTGTACATCGGCTTCCGCGGCCTGGACGGCGTGCACTG
TGTCCCGACCCCCGACTCTGGGGTAGTGTGTGGCCGCATGGCCTGCTCCCCCACGCACGATGAGCACCTC
CTGCACGGCGGGCAACCCCCCGAGGGGGACCCGGACTTGGCCAAGATCCTGGAGGAGGTCCGCTACATTG

CCAACCGCTTCCGCTGCCAGGACGAAAGCGAGGCGGTCTGCAGCGAGTGGAAGTTCGCCGCCTGTGTGGT
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GGACCGCCTGTGCCTCATGGCCTTCTCGGTCTTCACCATCATCTGCACCATCGGCATCCTGATGTCGGCT

CCCAACTTCGTGGAGGCCGTGTCCAAAGACTIAGSCG

NCBlopenreadingframe (ORFsequenceof humanRIC8 (NM_00120667 Version2)

ATGGCGTACTCCACAGTGCAGAGAGTCGCTCTGGCTTCTGGGCTTGTCCTGGCTCTGTCGCTGCTGCTGC
CCAAGGCCTTCCTGTCCCGCGGGAAGCGGCAGGAGCCGCCGCCGACACCTGAAGGAAAATTGGGCCGATT
TCCACCTATGATGCATCATCACCAGGCACCCTCAGATGGCCAGACTCCTGGGGCTCGTTTCCAGAGGTCT
CACCTTGCCGAGGCATTTGCAAAGGCCAAAGGATCAGGTGGAGGTGCTGGAGGAGGAGGTAGTGGAAGAG
GTCTGATGGGGCAGATTATTCCAATCTACGGTTTTGGGATTTTTTTATATATACTGTACATTCTATTTAA
GCTCTCAAAGGGGAAAACAACTGCAGAGGATGGGAAATGCTATACTGCCATGCCTGGAAACACCCACAGG
AAAATTACCAGTTTTGAGCTTGCTCAACTGCAAGAAAAACTGAAGGAGACAGAAGCAGCCATGGAAAAAT
TAATCAACAGAGTGGGACCTAATGGTGAGAGCAGAGCACAGACTGTGACTTCTGACCAAGAGAAACGGTT
GCTACATCAGCTCCGAGAAATCACCAGGGTCATGAAAGAAGGAAAATTCATTGACAGATTTTCTCCAGAG
AAAGAAGCTGAGGAGGCCCCTTACATGGAGGACTGGGAAGGTTACCCTGAAGAGACTTACCCAATTTATG
ACCTTTCAGACTGTATCAAGCGTAGGCAAGAAACAATCTTGGTGGATTACCCTGACCCAAAAGAACTTTC
TGCTGAAGAAATAGCTGAAAGAATGGGAATGATAGAAGAGGAAGAATCAGATCATTTGGGTTGGGAAAGT
CTGCCCACTGACCCCAGAGCCCAGGAAGATAATTCTGTTACCTCGTGTGATCCAAAGCCAGAAACATGTT
CCTGCTGTTTTCATGAAGACGAGGATCCTGCTGTCTTGGCAGAGAATGCTGGATTCAGTGCAGATAGCTA
CCCTGAGCAAGAGGAAACCACCAAAGAAGAGTGGTCCCAAGACTTTAAAGATGAAGGGTTGGGCATCAGC

ACCGATAAAGCATATACAGGCAGCATGCTGAGGAAGCGTAACCCCCAGGGEATTAGAG

Figure 5: Mammalian expression vector pBudCE4.1(4595 pb) (Invitrogen distributed by
LifeTechnologiesParmstadt, Germany)for stable transfection of h r7 nAChRsubunit and h RIC3
cDNAinto CHOK1 cells (CHO/RI@/h r7 nAChR)and open reading frames of h r7 nAChRsubunit
and h RIC3cDNA. Elementsof pBudCE4.-esignedfor simultaneousexpressionof two genesin

mammaliancelllinesare describedn Table9 and start and stop codonsof cDNAare shownin blue.
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Table9: Elementsof pBudCE4.14595bp) (Invitrogen,distributed by Life TechnologiesDarmstadt,

Germany).

element location (bases) specification

humancytomegalovirus 7694 permitshigh tevelexpressiorof

(CMV)immediateearly recombinantprotein

promoter/enhancer

CMVforward primingsite 544 664 permitssequencinghroughthe
insertfrom the 5 ;end

T7promoter/priming site 638657 permitssequencinghroughthe
insertfrom the 5 ;end. Allowsfor in
vitro transcriptionin the sense
orientation

CMVmultiple cloningsite 6641713 sevenuniquesitesallowinsertionof
gene

SV4Qpolyadenylatiorsignal 803833 transcriptionterminationand
polyadenylatiorof mMRNA

hygromycin B resistance 106304437 selectionof transformantsin E.coli

gene (complementarystrand) andstabletransfectantsin
mammaliancells

EM7promoter 14564510 syntheticpromoter basedon the

(complementarystrand)  bacteriophagel 7 promoter for

expressiorof the hygromycin
resistancegenein E.coli

SVA4Qearlypromoter and 15474869 permitshigh tevelexpressiorof the

origin (complementarystrand)  hygromycinB resistancegeneand
episomalreplicationin cells
expressinghe SV4QdargeT antigen

humanelongationfactor1r 18858051 permitshigh tevelexpressiorof

(EFAL r) promoter recombinantprotein

EFd r forward primingsite 29998019 permitssequencinghroughthe
insertfrom the 5 :end

EFd r multiple cloningsite 30628126 sevenuniquesitesallowinsertionof
the gene

bovine growth hormone 32188235 permitssequencinghroughthe

(BGHYeverseprimingsite (complementarystrand) insertfrom the 3 ;end
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BGHpolyadenylatiorsignal 32248447 transcriptionterminationand
polyadenylatiorof mMRNA
pUCorigin 35214194 highcopynumberreplicationand

growthin E.coli

Transfectionof the constructwas performed accordingto the manufacture”sprotocol (Genionics,
Schlieren,Switzerland)and stably transfected CHO/RI®/h r7 nAChRcells were cultivated in the

presencenf the selectionmarkerhygromycirBto separateransfectedcellsfrom not transfectedcells.
Functionalproperties of h r7 nAChRwere validated by patch clamp techniquesin the whole cell

configurationaccordingto the manufacture”sprotocol (Genionics Schlieren Switzerland) Forlongr
term storage,GHGC, CHOK1 and CHOK1/RIM3/h r7 nAChRcellswere suspendedn fresh freezing
medium containingcompletemediumgivenin Table10 supplementedwith 10 % DMSQat a density
of approx.of 2 x 10° cells/ml. Aliquots of 0.5 ml of cell suspensiorwere filled into cryovialsand

transferredto aliquid nitrogentank.

Table10: Compositiorof cellculturemediafor differentcelllines.

cellline cell culture medium supplements
GHG DMEM/Fd.2 Media+ GlutaMax™ FCS10%
+ natrium pyruvate,1mM
CHOK1 Ham’sF 4.2 Nutrient Mix, GlutaMAXM  FCS10%
CHOK1/RI®B/h r7r Ham’sF 4.2 Nutrient Mix, GlutaMAXM  FCS10%
nAChR +hygromycinB, 300 ug/ml

For cultivation, cellswere thawed quicklyat 37 °Candtransferredinto T 75 culture flaskscontaining
20ml pre wvarmedcompletemedium(Tablel0)andwere maintainedat 37 °Cin ahumidified,5 % CQ
environmentin supplementeccell culture media.

Cellswere incubatedat 37 °Cfor 24 h to allow cellsto attachto the bottom of the flaskbefore the
medium was aspirated and replacedby fresh complete medium. When cellsreached70 80 %
confluencetheywere passagedr-orthis purpose the culturemediumwasaspiratedandwashedonce
with 4 ml PBSSubsequently3 ml celldissociatiorbuffer (enzymecontaining trypsin free) wasadded
to the cellsandthe flaskwastilt gentlyto distribute the solution evenly. Then,most of the solution
was removedleavingonly a thin film coveringthe cells.Duringincubationof cellsfor 3 min in the
incubator(37°C.,95%0; and5 % CQ) cellsdetachedfrom the surfaceof the cultureflask.Then,cells
were resuspendedn 10 ml pre warmedcompleteculture mediumand an aliquot of 2 ml containing

approx.2 x 1(° cellswas transferredto a Ti75 culture flask prefilled with 20 ml fresh pre warmed
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culture medium. For further cultivation, cells were routinely passagedafter 3 daysat 70 BO %
confluenceaccordingo the prescribedorocedure Forcellcounting,100 |.of the cellsuspensionvere
addedto 10 ml of CASY@n prefilled in a CASY®up and the cell numberwas determined by an

automaticcell countingandanalyzingsystem(Cas§ TTC).

2.4  Patchclamptechnique

2.4.1  Theoreticalbackground-ionictheory

Theelectricalpropertiesof a cellderivefrom the propertiesof the cellmembrane.Thecellmembrane
isselectivelypermeableto specifidon specieghroughion channelsandtransporterswhichdetermine
the electricalpotential differencebetweenthe interior andthe exterior of a cell[8, 31]. Thissocalled
membranepotential is generatedby the unequal concentrationsof ions on opposite sidesof the
membranedue to the semipermeableproperty of the membraneof a cell. The membraneis in
electricalterms a resistor or conductor becauseit is selectivelypermeableto specificion species
whereasit is a barrier for the flow of other ion specieqFigure6) [3, 310]. In this context,ions move
through the semipermeablemembrane by diffusion down their concentrationgradient and their
electricalforce. In addition, ions move by active transport through integral membranetransporters
and pump proteins that actively carry ions againsttheir concentrationgradient under the use of
cellular energy adenosinetriphosphate (ATP)(Figure 6) [52]. The most relevant ion pump for
membranepotential that carryout activetransportisthe Na” K" pumpthat usesenergyderivedfrom
ATPto takethree Na‘'ionsoutsidethe cellin exchangeof two Kionsthat aretransportedto the inside
of the cell[140]. In that way, K" concentrationis highinsidethe cellandlow outsidethe cellwhereas
Na'is at low concentrationsnsideand at high concentrationsoutsidethe membrane(Figure6) [310,
311]. Theinsideof the cellis slightlymore negativelychargedrelativeto the outsideof the celldueto
the high Na" concentrationoutside the cell and the excessof negativelychargedions and proteins
inside the cell (Figure6) [228, 388]. Hence,the ion gradient of a cell membrane consistsof two
componentsthat determine the movementof ions acrossthe membrane,an electricalcomponent
causinga chargedifference and a chemicalcomponentcausinga concentrationdifference of ions
acrosghe membraneandtogetherthisis calledthe electrochemicagiradient[228,394]. Thisgradient
is determined by ion diffusion with the gradient through ion channelsthat can be classifiedinto
voltagegated(VGICandligandgatedion channel{LGIChesidesther channelsTheseVGlGndLGIC
openand closethe channelpore selectivefor one type of ion, for exampleK channeldn responseo
the voltageor to the bindingof aligandmolecule[367]. Theion specieghat is the maindrivingforce

for the formation of the membranepotential is K"dueto its high permeabilityacrossthe membrane,
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but canalsoinvolveNa', whereasC&* and Clfionscanbe omitted [48]. Therefore the electrochemical
gradientof K' constitutesthe tendencyof K'ionsto diffuse out of the cell due to the concentration
differenceof K" betweenthe two sidesof the membrane.In contrast,the positivechargeof the K'ion
leadsto diffusion of K"with the electricalgradientto the inside of the cell [228]. Consequentlythe
electrochemicagradientcausesanunequalconcentrationof K at its equilibriumandcausesa voltage

differencebetweenthe insideandthe outsideof the cell (Figure6) [48,228,388].

Figure6: Diagramof electrochemicalequilibrium and chargefor Na', K*, Cl'and proteins (A) across

the semipermeablecellularmembrane(Imageadaptedfrom [2]).
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Whenthe concentrationof anionisequilibratedon both sidesof the membrane the reversalpotential
of thationisreachedwhichisthe equilibriumpotential of anion at whichdiffusiveandelectricalforces
counterbalancg48]. Thusthe chemicalbradientequalsthe electricalgradientat the reversalpotential

andcanbe calculatedfor singleionsby usingthe Nernstequation[48]:

v Lg\_./:\ ||f3ft‘i? a equationl
- 0
with In (xX)= B.3log1o (X):

' L F44au Hicel & equation2
- 0

with In (xX)= B.3loguo (X):
andRT/F=25.2mV (at 20 °C):

'L F tau T twatsl&HKC F w 25,48 H K C equation3
e} ]

whereRisthe gasconstant(8.314V CK® mol?), Tisthe absolutetemperature(T=273°+C°),zisthe
chargeofion A, Fis Faraday'sonstant(9.648x10 Cmol?), and[A], and [A] are the concentrationof

ion A outsidethe cellandinsidethe cell,respectively.

Consideringhe ion concentrationsof the externalandinternal solutionusedin this study,the Nernst

potential of the singletype of ionswere calculatedfor K*and N&* by the following equations:

Nernstpotential

‘s L F o wz sh%/é—?{ WKIC F w 254&%5_ FHy 1 8C equation4
. (0]

' o 584 a .
co6L F wz 18 53{% cs L F w 25,2825 Bxik 1B  equations

Bydefinition, the voltagegeneratedby the gradientof singleionsdeterminedby the Nernstpotential
isbasedon chargeandthe interior and exterior concentrationof the ion in questionwhile the voltage
generatedby the gradientof all ionsis reachedwhenthe net flow of currentacrossthe membraneis
zero[221].Thissocalledrestingmembranepotential (RMP)sdefinedasthe potentialat the innerside
of the membranerelative to the potential at the outer side of the membranein a steadystate
condition for a long period of time [3] and typicallyrangesbetween— 40 to — 80 mV insidethe cell

membraneof mammaliancells[48,228,388]. Therebythe GoldmanHodgkinKatzequationdescribes
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the averagedreversalpotentials of all ion speciesand considersthe permeability of the plasma
membraneto eachion specieqequation6),in orderto calculatethe RMP[48]. Theequationgivesthe

weighted,whichmeansthe ionsrelative permeability,averageof the equilibriumpotential considering
all permeantions[48]. Changesnh membranepotentialsanddeterminantsof the RMPare determined
by propertiesof semipermeablanembraneghroughwhichionsmoveby diffusion,uponion channel
activationor activetransport. Thus the membranepotential changesvith change®f the permeability
of the membranedue to openingof ion channelsandis directly proportionalto the conductanceof a

cell[3, 48,221,228,388].
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equation6

whereRisthe gasconstant(8.314V CK® mol?), Tisthe absolutetemperature(T=273°+C°),zisthe
chargeof ion A, Fis Faraday'sconstant(9.648x16 Cmol?),[Al, and [A]i are the concentrationof ion
[outsidethe cellandinsidethe cell]and R is the relative permeabilityof the ion type outsidethe cell

andinsidethe cell,respectively.

Basedon the factsthat cellspossess distinct RMPdue to unequaldistribution of ions mediatedby
the electrochemical gradient of the semipermeable membrane and on the fact that the
transmembranepotential changesupon activation of ion channels,the developmentof the patch
clamptechniquewas intendedto recordthe electricalcurrentsderiving from ions flowing through
singlechannelon a plasmamembraneof a cell. Thistechniquederivedfrom the conceptof avoltager
clampdescribedin section2.4.4.By convention,currentsinducedby an inflow of positivelycharged
ionsinto the cellare denotedasaninward currentandare displayedasdownwarddeflectingcurrent
whereasan efflux of positivelychargedionsis denotedasan outflux andis displayedasan upwards
deflecting current in the patch clamp recordings.For negativelychargedions the opposite applies
[232].

2.4.2  Basicprinciple of the patchclamptechnique

Basedon the work by KennethColeand J.H. Curtis[67] on the techniqueof the voltageclamp,the
electrophysiologicapatch clamptechniquewasdevelopedin 1976 by the pioneeringwork by Erwin
NeherandBert Sakmanrwho were awardedthe NobelPrizefor the developmentof the patchclamp
methodin 1991[227]. In principle,the patch clamptechniqueis usedto investigatethe propertiesof
ion channelsby recordingelectricalcurrentsflowing through singlechannelson a plasmamembrane

of a cell [227]. In this technique, a glass micropipette called a patch pipette as a recording
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microelectrodewith a smallopeningis pressedagainsta cell that is floating in a physiologicabath
solutionwhere a secondelectrode,a bath electrode,is placedasareferencegroundelectrode[221].
The pipette is filled with a solution correspondingthe ionic compositionof the bath solution and
capturesasurfaceareaor socalledpatchof a cellthat containsjustone or afew ion channelmolecules
[232]. By applicationof slightunder pressurein the pipette, a portion of the membraneis suctioned
into the pipette andformstight sealingbetweenthe cellmembraneandthe rim of the glasspipette in
terms of high resistance[221]. The high resistanceof this sealcreatesa resistanceof the order of
severalgigaohm,the so called“gigaseal’that electronicallyisolatesthe patch from the rest of the
membraneandallowsfor directmeasuremenof electriccurrentacrosshe patchedmembrane[221].
Suchcurrentsareinducedby activationof ion channeldelowthe pipette opening.Achievingagigaseal
providesmechanicaktability to the recordingand low noiserecordingsandthus allowsfor resolving
smallcurrents,evenat singlechannellevel[232]. ThisgigaseaprocedureallowedNeherand Sakmann
andtheir co workersto obtain the so calledcell attachedpatch clamprecordingconfigurationwhich
is usedfor the measurementof singlechannels.Hereby,it is assumedthat the patch which is the
membraneunderthe openingof the pipette containsjust oneion channelmolecule[227]. Moreover,
three other measurementonfigurationshesidethe cell attachedconfigurationcanbe excised232].
Oneof them isthe insideput patchwherethe pipette is pulled backto isolatethe membranepatch
andthus, the cytosolicsideof the membraneis separatedfrom the residualmembraneandfacesthe
externalsaltsolutionallowingmodificationsof the solutionto test for intracellularfactorsthat control
membranechannelactivity [232]. The most commonmode is the whole cell configurationwhich is
achievedrom the cell attachedconfigurationby briefly applyinga suctionpulsewhile maintainingthe
tight sealto rupture the cellmembraneunderthe openingof the pipette in orderto accesshe interior
of the cell[232]. In this mode, the ionic continuity betweenthe solutionin the pipette andthe interior
of the cell is perfused,thus, the ionic compositionof the pipette solution correspondsthat of the
cytoplasmicionic composition when measuringin the whole cell configuration [221]. The main
differenceof the whole cellmodeto cellattachedmodeis that electricalcurrentsare recordedfrom
the entire cell membranein the whole cell mode instead of from the membrane patch [221]. A
modification of the whole cell mode is the outsideout configuration.In this case,the pipette is
retractedduringthe whole cellconfigurationresultingin rupture andrearrangemenof the membrane
sothat two piecesof membranewith the cytosolicsite facingthe pipette solutionreconnectat the tip
of the pipette to form a vesicularstructure with the extracellularsurfaceexposedo the extracellular
site [221]. The outsideput configurationenablesinvestigationof small populationsof channelsor
singlechannelsand allowsmodifyingthe extracellularmediumby rapid perfusion[221]. In this study,

the whole cell configurationwasused.
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2.4.3  Automatedplanarpatchclamp

Theconventionapatchclamptechniqueis consideredasthe state of the art technologyfor obtaining
highly resolvedinformation in real time about ion channelfunction and regulation through direct
measurementof ion flow acrossthese membraneproteins [221]. However,patch clampingsuffers
from beingextremelylaboriousandverylaborintensesincea skilledand highlytrained experimenter
andtechnicalmeansto visuallyandmechanicallycontrol the pipette andto shieldthe recordingsrom
vibrationsandelectromagnetimoisearerequired[94, 96]. Dueto the seriousthroughputrestrictions
of conventionabatchclampingjt isnot feasibleto be routinelyemployedin mostphasef largescale
ion channeldrugscreeningandion channelrelatedresearchin industrialdrug developmentprograms
[94,96]. Thedevelopmentof automatedpatchclamptechnologyis aimedat removingthis bottle neck
and enabling the generation of highquality data with efficient high throughput capabilities by
automationand parallelizatiorto facilitate the drug screeningof ion channelsactivecompoundg98,
313]. Suchautomatedpatchclampplatformsbecomeincreasinglyusedwithin areasof drugdiscovery
aswell as academicresearchand are pivotal for safety assessmentsecondaryscreeningand lead
optimization [94, 96]. Many platforms have been launchedand are commerciallyavailablesuchas
NPQ1L6 PatchlinePand SyncroPatch96 (NanionTechnologie§SmbH Munich, Germany)CytoPatch™
(Cytocentrics AG, Rostock, Germany), PatchXpress 7000A, lonWork$ Quattro and lonWorks
Barracuda™olecularDevices|LCWals,Austria) Dynaflow?HT(CellectricomrAB,Mé6Indal, Sweden),
QPatchHT(SophiorA/S,CopenhagemDenmarklandlonFluxHT(FluxionBiosciencénc, SanFrancisco,
USA)[219, 313, 362]. Herewe describefeaturesof Nanion’sPatchlinef, which is a fully automated
patch clampworkstationsupportinggigaseatecordingsfrom up to eight cellssimultaneouslyFigure
7) [95]. Thistechnologyutilizesmicro structured borsilicateglasschipswith small perforationsof a
diameterof ~1 um assealforming substrates(NPQchips)with 16 recordingchamberg(Figure7) [45,
46]. Thesdiny holesmimicthe geometryof aninvertedpatchpipette tip andreplacethe traditionally
used, manuallymanipulated,glassmicropipette for patch clamprecordings.In total, three NPC1.6
chipscan be mounted on the chip loadingareaat a time so that up to 48 experimentscanbe prer
programmedand executedin a row [95]. Eachof the recordingchambersis a three part structurein
which a rectangularglassplate is sandwichedbetween two pieces containingthe microchannel
structures,the upperone for the administrationof externalsolutionto the uppersite, andthe lower
onefor the administrationof internal solutions(Figure7) [45, 46, 95]. Thewhole systemis integrated
into a liquid handlingenvironmentenablingapplicationof solutions,cell suspensiorand compounds
on the chip by a robotic pipetting arm (Figure7) [95]. The robot and thus the electrophysiological
measurementsvere controlledusingagraphicaluserinterfacewith auserdeterminedprotocolwhich

waspre programmedand computercontrolled[95].
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Figure 7: The automated planar patch clamp workstation of a Patchlinef® using NPCL6 chips for
parallel recordingsin the cell attached and whole cell configuration On the left, the patchliner
platformis shownwith the measurementeadmagnifiedin the right front cornerwhich containsthe
pneumaticand electriccontactsfor recording.Thechipsare placedon a motorizedstage ,whichslide
automaticallyinto the headstation. Onthe upperright, the chip containingl6 recordingchannelswith
a solutiondeliverypipette insertedinto the extracellularninlet of one chamberis shown.Onthe lower
right, aschematiadrawingof singlerecordingsite of the 16 well microfluidiccartridgewith microfluidic
crosschannelgeometrywith internal and externalmicrofluidic perfusionchannelsis illustrated [46,

95].

Therebythe softwareadaptstwo simultaneouslyunningprograms PatchControlH&ndPatchmaster
[95]. ThePatchmastewasusedto control the settingsof the amplifierandto conductthe recordings
while in PatchControlHThe completesequenceof the experimentwasdefinedwhich containedthe
userdeterminedexperimentalroutine from cell catch,over sealing,gainingwhole cell accesgo the
electrophysiologicatecordingsand solution exchange[95]. Followingthe setup of this sequential
protocol, the chip was first filled with 35 | .internal solution which was added to the lower
compartmentof the chipunderneaththe aperture(Figure9). Then,40 |externalsolutionwasadded
to the upper compartmentabovethe aperture (Figure9). Subsequentlyan externaland an internal
coated silver chloride electrode were applied to both compartments, whereas the internal

microelectrode correspondedthe recording microelectrode and the external microelectrodethe














































































