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Abstract��

The��primary��toxic��action��of��organophosphorus��(OP)��compounds��including��pesticides��and��highly��toxic��

nerve��agents��is��the��irreversible��inhibition��of��acetylcholinesterase��(AChE),��impairing��hydrolysis��of��

acetylcholine��(ACh).��Accumulation��of��ACh��within��cholinergic��synapses��gives��rise��to��overstimulation��of��

nicotinic��(nAChR)��and��muscarinic��(mAChR)��receptors��causing��a��cholinergic��syndrome��and��finally��leads��

to��respiratory��arrest��due��to��paralysis��of��the��respiratory��muscles��and��the��central��respiratory��system.��

Medical��countermeasure��of��OP��poisoning��comprises��reactivation��of��inhibited��AChE��by��mono�r��or��

bisquarternary��pyridinium��oximes��and��competitive��antagonism��at��mAChR��by��atropine.��Thereby,��the��

currently��available��pharmacotherapy��mitigates��only��muscarinic��and��does��not��directly��target��nicotinic��

effects.��Accordingly,��direct��intervention��at��nAChR��may��be��a��promising��generic��approach��against��OP��

intoxications��to��complement��oxime�rtherapy.��The��need��of��such��a��therapeutic��strategy��is��urged��in��cases��

of��nerve��agents��resistant��to��reactivation��by��oximes��(e.g.��soman,��tabun)��and��in��case��of��suicidal��high��load��

pesticide��poisoning��as��no��broad�rspectrum��oxime��has��been��identified��yet.��In��this��context,��compounds��

acting��as��positive��allosteric��modulators��(PAM)��that��reduce��or��reverse��nAChR��desensitization��became��

of��increasing��therapeutic��relevance��wherein��the��bispyridinium��(BP)��non�roxime��MB327��found��to��

mediate��a��positive��therapeutic��effect��in��vitro��although��not��to��a��sufficiently��high��degree��was��used��as��a��

lead��structure��for��the��synthesis��of��a��series��of��structural��BP��analogues.����

In��this��study,��functional��activities��of��these��BP,��so��called��PTM��compounds,��were��identified��by��

establishing��a��whole�rcell��patch��clamp��method��performed��under��voltage�rclamping��conditions��applied��

with��planar��electrodes��in��an��automatic��system��(Nanion��Technologies��GmbH,��Munich)��to��record��human��

�r7�rnAChR��(h�r7�rnAChR)��stably��expressed��in��a��CHO�rK1��cell��line��(CHO/RIC�r3/h�r7�rnAChR).��To��this��end,��

elucidation��of��basic��electrophysiological��characteristics��of��two��mammalian��cell��lines,��GH4C1��and��CHO�r

K1��for��use��as��host��cell��system��of��h�r7�rnAChR��showed��that��CHO�rK1��cell��line��was��well��suited��verified��by��

its��low��voltage�r��and��ligand�rgated��conductance.��In��contrast,��moderate��voltage�rgated��conductance��

detected��in��GH4C1��may��cause��interference��in��voltage��clamped��screening��method��for��the��investigation��

of��nAChR��function.��The��seal��success��rate��was��optimized��for��the��establishment��of��an��efficient��screening��

method��of��h�r7�rnAChR��function��in��CHO�rK1/RIC�r3/h�r7�rnAChR��cells��by��adjusting��cellular��parameters��and��

settings��including��adjustment��of��the��pressure��applied��to��capture��and��to��hold��the��cells,��cell��passage��

range��used��and��addition��of��a��Ca2+��rich��solution��serving��as��a��“seal��enhancer”��prior��to��measurement.��

Moreover,��investigation��of��flow��rate��of��compound��solution��application��revealed��most��pronounced��

nicotine�rinduced��current��signal��intensity��at��a��flow��rate��of��171��µl/s��exposing��the��cells��for��233��ms��to��a��

test��solution.��Considering��recovery��of��receptors��from��desensitization,��a��time��interval��of��3��min��and��two��

washing��steps��between��the��next��test��solution��application��was��required��to��ensure��full��regeneration��of��

the��desensitized��state��of��h�r7�rnAChR��into��a��conductible��state.����
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Fast��kinetics��of��h�r7�rnAChR��activation��demonstrated��biphasic��dose��response��curves��ascending��at��low��

and��descending��at��high��agonist��concentrations��revealing��the��conformational��states��of��receptors��

including�� activation�� at�� low,�� inactivation�� and�� desensitization�� of�� h�r7�rnAChR�� at�� high�� agonist��

concentrations.��Positive��allosteric��modulation��of��agonist�rinduced��responses��by��PNU�r120596��yielded��

an��amplification��of��nicotine�rinduced��peak��current��amplitude��as��well��as��a��prolonged��duration��of��the��

evoked��response��representing��an��elongated��mean��open��channel��conformation.��Current�rvoltage��

relations��of��CHO�rK1/RIC�r3/h�r7�rnAChR��cells��under��control��and��upon��agonist�rinduced��activation��and��

allosteric�� modulation�� by�� PNU�r120596�� as�� well�� as�� specific�� h�r7�rnAChR�� antagonization�� with��

methyllycaconitine��verified��specific��h�r7�rnAChR��expression��and��electrophysiological��properties��with��

respect��to��selective��ion��permeability��of��h�r7�rnAChR��to��Na+��and��Ca2+.��In��the��following��screening��method,��

the��effect��of��BP��compounds��on��h�r7�rnAChR��activation��was��investigated��to��identify��structure�ractivity��

relations��and��revealed��two��different��intrinsic��activities��of��BP��compounds��on��h�r7�rnAChR��activation��

comprising��a��potentiation��of��h�r7�rnAChR��activation��by��MB327��and��five��symmetrical��PTM��compounds��

bearing��a��tert�rbutyl��or��a��methoxy�rgroup��at��2�r,3�r��and��4�rposition��of��both��pyridinium��rings.��In��contrast,��

residual��PTM��compounds��including��those��with��a��dimethylamino�rgroup��at��3�rposition,��isopropyl�rgroup��

at��2�r,3�r��and��4�rposition��or��more��than��one��substituted��group��at��both��pyridinium��rings��inhibited��nAChR��

function.��Elucidation��of��structure�ractivity��yielded��that��potentiation��was��most��pronounced��with��MB327��

and��was��dependent��on��the��position��and��chemical��structure��of��substituted��groups��as��BP��compounds��

carrying��a��tert�rbutyl��group��or��a��methoxy�rgroup��showed��a��higher��amplification��of��current��response��with��

a��substitution��at��position��3��and��4��compared��to��position��2.��By��corresponding��activity�rrelations��of��BP��

compounds,��MB327��and��PTM��compounds��bearing��a��tert�rbutyl��or��a��methoxy�rgroup��were��able��to��restore��

desensitized��h�r7�rnAChR.��Because��these��compounds��did��not��activate��h�r7�rnAChR��by��themselves��

without��agonist��and��current��response��profile��of��activated��and��desensitized��nAChR��reflected��the��one��

obtained��with��the��representative��type��II��PAM��PNU�r120596,��the��underlying��mechanism��of��action��by��

these��compounds��was��indicative��for��a��type��II��allosteric��mechanism��able��to��prevent��and��recover��

receptors��from��desensitization.��In��summary,��this��study��served��to��develop��a��stable��screening��method��

to�� identify�� structural�� requirements�� of�� test�� compounds�� to�� prevent�� and�� reverse�� h�r7�rnAChR��

desensitization��to��unravel��promising��lead��structures��capable��to��convey��a��positive��pharmacological��

effect��after��OP��poisoning.��
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Zusammenfassung��

Die�� primäre�� Wirkung�� von�� phosphororganischen�� (OP)�� Verbindungen,�� zu�� denen�� Pestizide�� und��

Nervenkampfstoffe��gehören,��beruht��auf��der��irreversiblen��Hemmung��der��Acetylcholinesterase��(AChE)��

sodass��die��katalytische��Hydrolyse��von��Acetylcholin��(Ach)��ausbleibt.��ACh��akkumuliert��unkontrolliert��im��

synaptischen��Spalt��und��verursacht��infolge��einer��Überstimulation��und��anschließender��Desensitisierung��

nikotinischer��(nAChR)��Rezeptoren��und��Überstimulation��muskarinischer��(mAChR)��Rezeptoren��eine��

cholinerge��Krise��welche��unbehandelt��zum��Tod��durch��zentrale��und��periphere��Atemlähmung��führen��

kann.��Die��derzeitige��Standardtherapie��umfasst��die��Reaktivierung��OP�rgehemmter��AChE��durch��mono�r��

oder��bisquarternäre��Pyridiniumoxime��und��kompetitive��Antagonisierung��von��mAChR��durch��Atropin.��

Dabei�� werden�� durch�� die�� derzeitig�� verfügbare�� Pharmakotherapie�� ausschließlich�� muskarinische��

Symptome��behandelt��wohingegen��nikotinerge��Effekte��am��nAChR��nicht��direkt��adressiert��werden.��

Dementsprechend��stellt��die��direkte��Intervention��an��nAChR��einen��innovativen��und��generischen��

therapeutischen��Ansatz��gegen��OP��Verbindungen��dar,��um��die��Oxim�rTherapie��zu��ergänzen.��Da��es��bisher��

noch��kein��Breitband�rOxim��gibt��und��insbesondere��bei��Vergiftungen��mit��Soman��oder��Tabun��die��

Reaktivierung��mit��Oxim��nicht��ausreichend��ist,��wird��die��Notwendigkeit��einer��solchen��alternativen��

Therapiestrategie��deutlich.��Daher��sind��Verbindungen,��die��als��positive��allosterische��Modulatoren��(PAM)��

wirken��und��die��Desensitisierung��der��nAChR��vorbeugen��bzw.��diese��wieder��aufheben��können��von��großer��

therapeutischer��Bedeutung.��Die��Bispyridinium��(BP)��Verbindung��MB327,��welche��einen��positiven��

therapeutischen��Effekt��vermittelte,��aber��keine��ausreichend��hohe��Effektivität��zeigte,��diente��in��dieser��

Studie��als��Leitstruktur��für��die��Synthese��einer��Reihe��strukturell��analoger��BP�rVerbindungen��(PTM��

Verbindungen).��In��dieser��Arbeit��wurde��die��Wirkung��der��sogenannten��PTM��Verbindungen��auf��die��

Funktion��der��nAChR��mittels��der��Etablierung��eines��automatisierten��Ganzzell�rPatchclamp�rVerfahrens��an��

CHO�rK1�rZellen��untersucht,��die��mit��dem��humanen� � � r7�rnAChR��(h�r7�rnAChR)��stabil��transfiziert��wurden��

(CHO/RIC�r3/h�r7�rnAChR).��Die��CHO�rK1��Zelllinie��wurde��anstelle��der��GH4C1��Zelllinie��für��die��stabile��

Transfektion��von��h�r7�rnAChR��verwendet,��da��grundlegende��elektrophysiologische��Eigenschaften��der��

Membranen��beiden��Säugerzelllinien��zeigten,��dass��die��CHO�rK1��Zelllinie��aufgrund��der��niedrigen��

spannungs�r��und��ligandengesteuerten��Leitfähigkeit��gut��geeignet��war��im��Gegensatz��zur��GH4C1��Zelllinie,��

welche��eine��gemäßigte��spannungsgesteuerte��Leitfähigkeit��besaß,��die��die��Untersuchung��der��nAChR��

Funktion��mit��der��Patch��Clamp��Methode��stören��könnte.��Die��Erfolgsrate��der��Sealbildung��wurde��für��die��

Etablierung��eines��effizienten��Screening�rVerfahrens��optimiert,��indem��die��zellulären��Parameter��und��

Einstellungen��angepasst��wurden,��einschließlich��der��Einstellung��des��Ansaugdrucks��der��Zelle��und��des��

Drucks��auf��die��Zelle��während��der��Messung,��der��Festlegung��des��Bereichs��der��Zellpassagen��für��die��

Messung��sowie��die��zusätzliche��Verwendung��einer��Ca2+�rreichen��Lösung,��die��dazu��diente��die��Sealbildung��

unmittelbar��vor��der��Messung��zu��verstärken.��Zudem��wurde��die��Applikation��der��Testlösung��mit��einer��
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Durchflussrate��von��171��µl/s��zugegeben��sodass��die��Zellen��für��233��ms��gegenüber��der��Testlösung��

exponiert��wurden.��Im��Falle��der��Desensitisierung��von��nAChR��waren��ein��Zeitintervall��von��3��Minuten��und��

zwei��Waschschritte��erforderlich,��um��vor��der��nächsten��Applikation��der��Testlösung��eine��vollständige��

Regeneration��des��leitfähigen��Zustands��der��Rezeptoren��zu��gewährleisten.��

Die��schnell��verlaufende��Reaktionskinetik��der��nAChR��Aktivierung��zeigte��einen��biphasischen��Verlauf��der��

Dosis�rWirkungsbeziehungen��mit��verschiedenen��klassischen��Agonisten,��sodass��sich��bei��niedrigen��

Agonist�rKonzentrationen��die��Aktivierung��erhöhte��und��bei��hohen��Konzentrationen��die��Aktivierung��

gehemmt��wurde.��Dadurch��wurden��die��verschiedenen��Konformationszustände��der��Rezeptoren��durch��

klassische��orthosterische��Agonisten��aufgezeigt,��welche��die��h�r7�rnAChR��bei��niedrigen��Konzentrationen��

aktivierten��und��bei��hohen��Konzentrationen��die��Inaktivierung��bzw.��Desensitisierung��induzierten.��Die��

positiv��allosterische��Modulation��von��Agonisten�rinduzierter��Aktivierung��durch��PNU�r120596��ergab��eine��

Verstärkung��der��Agonist�rinduzierten��Stromamplitude��sowie��eine��verlängerte��Dauer��der��Stromantwort,��

welche��eine��Verlängerung��der��durchschnittlichen��Öffnungsdauer��der��h�r7�rnAChR��anzeigte.��Durch��

Strom�rSpannungs�rBeziehungen�� von�� CHO�rK1/RIC�r3/h�r7�rnAChR�rZellen�� ohne�� und�� mit�� Agonist�r

induzierter��Stimulierung��und��allosterischer��Modulation��durch��PNU�r120596,��sowie��spezifische��h�r7�r

nAChR��Antagonisierung��mit��Methyllycaconitin��konnte��die��spezifische��h�r7�rnAChR��Expression��und��

elektrophysiologische��Eigenschaften��bezüglich��der��selektiven��Ionenpermeabilität��der��h�r7�rnAChR��für��

Na+��und��Ca2+��nachgewiesen��werden.����

Bei��der��folgenden��Screening�rMethode��wurde��die��Wirkung��von��BP�rVerbindungen��auf��die��nAChR�r

Aktivierung��untersucht,��um��Struktur�rWirkungs�rBeziehungen��zu��identifizieren.��Dabei��wurden��durch��BP�r

Verbindungen��zwei��verschiedene��intrinsische��Aktivitäten��auf��die��AChR�rAktivierung��aufgezeigt.��Die��

erste��umfasste��die��Potenzierung��der��nAChR�rAktivierung��durch��PNU�r120596,��MB327��und��fünf��

symmetrische��PTM�rVerbindungen��mit��einer��tert�rButyl��oder��einer��Methoxy��Gruppe��an��der����Position��2,��

3�� und�� 4�� beider�� Pyridiniumringe.�� Die�� zweite�� zeigte�� dass�� die�� PTM�rVerbindungen�� mit�� einer��

Dimethylaminogruppe��an��der��Position��3,��einer��Isopropylgruppe��an��der��Position��2,��3��und��4��oder��mehr��

als��einer��substituierten��Gruppe��an��beiden��Pyridiniumringen��die��nAChR�rAktivierung��inhibierten.��

Die��Bestimmung��von��Struktur�rAktivitäts�rBeziehungen��ergab,��dass��die��Potenzierung��der��nAChR�r

Aktivierung��von��der��Position��und��der��chemischen��Struktur��und��der��substituierten��Gruppe��der��

Testsubstanz��abhängt,��da��BP�rVerbindungen,��die��eine��tert�rButyl�rGruppe��oder��eine��Methoxy�rGruppe��an��

der��Position��3��und��4��tragen,��eine��höhere��Amplifikation��der��Stromantwort��zeigten��als��eine��solche��

Substitution��an��der��Position��2.��Untersuchungen��zur��Wiederherstellung��der��Rezeptorfunktion��nach��

Desensitisierung��zeigten,��dass��diese��BP�rVerbindungen��die��Desensitisierung��aufhoben��und��dabei��

vergleichbare�� Struktur�rAktivitäts�rBeziehungen�� in�� ihrer�� Effektivität�� wie�� zuvor�� bei�� den��

Aktivierungsprofilen�� zeigten.�� Stromantwortprofile�� der�� nAChR�rAktivierung�� sowie�� der�� nAChR��

Desensitisierung��unter��Einfluss��der��BP�rVerbindungen��waren��weniger��ausgeprägt��aber��analog��zu��PNU�r
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1204596��Stromantwortprofilen,��einem��bekannten��PAM,��und��die��Rezeptoren��waren��alleine��durch��BP�r

Verbindungen�� in�� Abwesenheit�� des�� Agonisten�� Nikotin�� nicht�� aktivierbar.�� Demnach�� war�� die��

zugrundeliegende�� Wirkungsweise�� der�� BP�rVerbindungen�� durch�� eine�� Typ�� II�� allosterische��

Wechselwirkung��mit��den��Rezeptoren��naheliegend,��die��durch��eine��Vorbeugung��sowie��der��Aufhebung��

der��nAChR��Desensitisierung��gekennzeichnet��ist.����

Zusammenfassend��konnte��in��dieser��Studie��eine��stabile��Screening�rMethode��entwickelt��werden,��um��

strukturelle��Anforderungen��an��Testverbindungen��zu��identifizieren,��die��die��nAChR�rDesensitisierung��

vorbeugen��und��aufheben��können,��um��vielversprechende��Leit�rStrukturen��zu��identifizieren,��die��eine��

positive��pharmakologische��Wirkung����nach��OP�rVergiftung��vermitteln��um��diese��effizient��behandeln��zu��

können.��
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sind,��als��solche��kenntlich��gemacht��und��nach��ihrer��Herkunft��unter��Bezeichnung��der��Fundstelle��einzeln��
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1. Introduction��
��

1.1. Organophosphorus��compounds��–��general��background��

Discovered��by��accident,��abandoned��by��the��Chemical��Weapon��Convention��(CWC),��used��until��today��–��

Organophosphorus��(OP)��compounds����

��

Throughout��history,��extremely��toxic��chemicals��served��as��weapons��used��in��wars,��conflicts,��terrorists´,��

extremists�́�and��dictators �́�activities��[195,��231,��255,��319].��The��earliest��form��of��chemical��warfare��agents��

can��be��traced��back��to��the��use��of��so��called��“arrow��poisons”,��natural��toxins��from��plants��or��animals��used��

to��coat��arrowheads��[35,��126].��With��advancements��in��science��and��chemistry,��a��wide��variety��of��

organophosphorus��(OP)��compounds��were��developed��and��left��their��footprints��since��their��initial��

development��as��insecticides��and��later��as��highly��toxic��warfare��nerve��agents��by��the��turn��of��the��21st��

century��[55,��78,��126,��143,��178,��287].��Beginning��in��the��mid�r19th��century,��literally��hundreds��of��OP�rbased��

compounds��were��synthesized��most��importantly��O�rethyl��N,N�rdiethyl��phosphoramidocyanidate,��a��close��

tabun��analogue��described��by��the��chemist��Michaelis,��and��tetraethyl��pyrophosphate��(TEPP)��described��

by��the��French��chemist��Jean��Lassaigne��and��Philip��De��Clermont����[78,��213].��Nearly��80��years��later,��in��1932,��

the��history��of��nerve��agents��began��when��Lange��and��Krueger��discovered��that��alkyl��phosphorofluoridates��

evoke��miosis��and��difficulty��in��breathing��probably��leading��the��German��chemist��Gerhard��Schrader��to��

isolate��a��series��of��fluorine�rcontaining��esters��while��he��was��engaged��in��his��program��to��develop��new��

insecticides��at��the��conglomerate��I.G.��Farben��[178,��287].��Besides��commonly��used��insecticides��parathion,��

O,O�rdiethyl�� S�r(4�rnitrophenyl)�� phosphate,�� and�� its�� oxygen�� analog�� paraoxon,�� O,O�rdiethyl�� O�r(4�r

nitrophenyl)��phosphate,��Schrader��identified,��rather��accidentally��than��by��intention,��a��series��of��

considerably��more��toxic��esters��denoted��as��G�rtype��nerve��agents��comprising��tabun��(GA),��O�rethyl��N,N�r

dimethyl��phosphoramidocyanidate,��and��later��toward��the��end��of��world��war��II��(WWII)��sarin��(GB),��

isopropyl��methyl��phosphonofluoridate��(Figure��1)��[36,��142,��143,��199,��205,��286,��287].��These��agents��

showed��very��high��mammalian��toxicity��and��were��thus��unsuitable��for��the��use��as��insecticides.��However,��

prior��to��WWII,��the��German��military��recognized��the��military��value��of��the��discovered��G�ragents��and��their��

potential��to��be��used��as��chemical��warfare��agents��[345].��In��the��wake��of��war,��the��nerve��agents��like��tabun��

were��manufactured��in��quantity��and��weaponized��in��bombs,��shells��and��rockets��[199].��Large��stocks��held��

by��Germany��were��discovered��and��captured��by��the��Allies��by��the��end��of��WWII��[199].��In��spite��of��fears��to��

the��contrary,��no��proven��incidents��of��the��use��of��chemical��nerve��agents��in��Europe��was��recorded��during��

WWII�� [199,�� 348].�� In�� the�� war�� period,�� the�� nerve�� agent�� soman�� (GD),�� pinacolyl�� methyl��

phosphonofluoridate,��was��discovered��in��the��course��of��Dr.��Richard��Kuhn´s��work��on��the��pharmacology��

of��tabun��and��sarin��at��the��German��Army��(Figure��1)��[130].��Further,��intense��research��on��OP��compounds��
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out��of��studies��of��putative��insecticides��continued��in��the��post�rwar��period��and��led��to��the��development��of��

the��V�ragents��in��1952��long��after��studies��on��the��G�ragents��were��underway��[26,��110,��323].��Toxicity��of��VX,��

O�rethyl��S�r2�rN,N�rdiisopropylaminoethyl��methyl��phosphonothioate,��was��shown��to��be��manifold��greater��

than��toxicity��of��nerve��agents��of��the��G�rseries��(Figure��1)��[72,��113,��300,��302].��It��was��not��until��the��incidents��

in��Japan��during��the��1990s��that��dissemination��of��these��deadly��V�ragents��was��used��in��a��moderate��scale��

[344].��Nozaki��reported��that��members��of��the��Aum��Shinrikyo��religious��cult��were��involved��in��an��incident��

of��VX��poisoning��of��an��attempted��assassination��of��individuals��in��1994��in��Tokyo��and,��in��the��same��year,��

this��group��disseminated��vaporized��sarin��in��Matsumoto��city��targeting��judges��in��their��apartments��[231,��

318,��343,��344].��Reportedly,��the��nerve��agent��sarin��deployed��in��the��Tokyo��subway��terrorist��attack��in��

March��of��1995��was��released��by��the��same��politico�rreligious��group��[223,��226,��231,��236,��319].��Further��

global��incidents��of��exposure,��such��as��of��sarin��deployed��in��Iraq��in��the��conflict��with��Iran��from��1980�r1988��

and��also��against��its��indigenous��Kurdish��population��in��1988��caused��mass��casualties��of��death��and��thus��

have��received��increasing��attention��since��the��post�rwar��period��[131,��195,��239].��The��awareness��of��the��

need��to��control��the��persistent��threat��coming��from��chemical��warfare��agents��and��the��existence��of��

stockpiles��of��military�rgrade��chemical��weapons,��e.g.,��sarin��and��VX��in��the��USA,��soman��and��Russian��VX��

(VR,��O�risobutyl��S�rN,N�rdiethylaminoethyl��methyl��phosphonothioate),��in��the��former��Soviet��Union��

culminated��in��the��conclusion��of��the��Chemical��Weapons��Convention��(CWC)��in��April��1997��embracing��the��

prohibition��of��the��development,��production,��stockpiling��and��use��of��chemical��weapons��[200,��204,��244,��

246,��320,��349].��According��to��the��Organization��for��the��Prohibition��of��Chemical��Weapons��(OPCW)��

verifying��the��implementation��of��the��CWC��program,��192��State��Parties��covering��98��%��of��the��global��

population��joined��the��Convention��since��its��entry�rinto�rforce��and��declared��to��meet��the��obligations��to��

disarm��the��world��of��chemical��weapons��[243].��This��treaty��is��considered��to��be��a��very��successful��

development��with��respect��to��the��OPCW´s��vision��to��achieve��complete��disarmament��of��chemical��

weapons��and��prevent��their��re�remergence��worldwide��and��thus��to��contribute��to��international��security��

and��stability��[242,��245].��Every��five��years,��the��implementing��body��of��the��CWC��is��assessed��and��evaluated��

by��the��State��Parties��in��a��review��conference��and��focuses��on��the��necessity��of��the��State��Parties��to��respond��

to��rapid��advances��in��scientific��and��technological��developments��and��to��shifts��in��the��international��

environment��[241].��According��to��this,��such��changing��needs��may��concern��the��management��of��treatment��

of��a��large��number��of��casualties��such��as��in��the��intentional��incident��conducted��in��the��Ghouta��district��near��

Damascus��in��Syria��on��the��21st��of��August��2013��[255,��353].��Moreover,��to��further��build��on��the��success��of��

the��CWC��in��the��attempt��to��prevent��future��use��of��chemical��warfare��agents,��the��need��to��respond��to��the��

growing��terrorist��activities��that��may��use��chemical��warfare��nerve��agents��throughout��the��world��is��urgent��

[255,��386].��Indeed,��international��news��reports��surmised��that��the��terrorist��group��Islamic��State��(IS)��may��

be��capable��of��both��acquiring��and��deploying��chemical��warfare��agents��supported��by��the��fact��that��highly��
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technical��information��regarding��chemical��weapons��and��raw��materials��for��making��them��are��readily��

accessible��[73,��359].����

In��contrast��to��the��military��intention��to��find��OP��compounds��with��enhanced��human��toxicity,��the��course��

of��the��proceeding��intense��research��on��OP��compounds��yielded��also��numerous��compounds��developed��

for��use��as��pesticides,��such��as��phosphorylated��thiocholine��derivates��[55,��87].��These��OP��pesticides��were��

increasingly��used��as��pest�rcontrol��agents��in��the��agricultural��industry.��However,��some��of��them��were��

found��to��possess��mammalian��toxicity��exerted��through��the��same��mechanism��as��nerve��agents��and��

accounted��for��over��300.000��accidental,��suicidal��and��homicidal��case��fatalities��per��year��worldwide,��

especially��in��the��third��world��[32,��125].��Although��widely��banned��in��many��developing��countries,��OP��

pesticide��consumption��is��still��in��the��range��of��multiple��kilotons��per��year��and��thus��OP��pesticide��poisoning��

is��still��an��ongoing��major��concern��[32,��93,��125].��Since��more��than��one��hundred��different��OP��compounds��

are��active��ingredients��in��pesticides��formulations,��the��possibility��of��escalating��exposure��of��OP��pesticides��

most��toxic��to��humans��underscore��the��need��to��restrict��the��use��of��these��pesticides��as��approached��by��the��

World��Health��Organization��(WHO)��[59,��90,��91,��270].��To��conclude,��it��is��indicated��that��effective��medical��

treatment��is��mandatory��when��faced��with��the��high��risk��of��exposure��to��OP��pesticides��and��even��more��

important��when��faced��with��the��possibility��of��further��terrorist��attacks��at��present��[47,��336,��386].��

��

��

1.2 Classification��and��toxicokinetic��aspects��of��organophosphorus��

compounds��

All��OP��compounds��are��encountered��as��viscous,��colorless��liquids��at��moderate��temperature��and��pressure��

[199].��They��share��a��similar��generic��formula��characterized��by��a��tetrahedral��phosphorus��atom��bonded��

to��four��different��groups.��These��groups��constitute��ester�r,��amide�r��or��thiol�rderivatives��of��phosphoric,��

phosphonic��or��phosphinic��acids,��two��alkyl��substituents��(R��and��R´)��and��a��leaving��group��(X:����OR,��SR,��F,��

CN)��with��varying��combinations��of��oxygen,��carbon,��sulfur,��or��nitrogen��(Figure��1)��[307,��366].��In��contrast��

to��nerve��agents,��classical��OP��pesticides��like��parathion��and��malathion��comprise��phosphorothioates��

which��exert��their��toxicity��after��metabolization��into��their��oxon��analog��via��oxidative��desulfuration��[56,��

87].��Compared��to��pesticides,��OP��nerve��agents��possess��a��unique��phosphorus��carbon��bond��and��exert��a��

significantly��superior��mammalian��toxicity��[199].��The��OP��nerve��agents��are��generally��divided��into��G�r��and��

V�ragents��[365].��The��common��G�ragents��are��sarin,��soman,��cyclosarin��(GF,��O�rcyclohexyl��methyl��

fluorophosphonate)��and��tabun��while��within��the��V�ragents��VX��is��the��most��remarkable��due��to��its��

extremely��high��toxicity��[7,��68,��112].��The��physicochemical��properties��of��OP��nerve��agents��are��highly��

variable��and��essential��for��hazard��assessment��and��determination��for��the��mode��of��use��[354].��
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G�ragents��produce��a��moderate��to��high��vapor��pressure��and��are��highly��volatile��[255,��354].��Sarin��is��one��of��

the��most��volatile��and��therefore��dangerous��agents��as��it��can��be��effectively��disseminated��and��inhaled��

[255,��354].��In��contrast,��due��to��the��low��volatility��and��vapor��pressure,��V�ragents��may��persist��for��weeks��in��

the��environment��[157].��According��to��their��high��lipophilicity,��percutaneous��absorption��through��skin��

penetration��is��perceived��to��be��their��main��hazard��rather��than��inhalation��as��in��case��for��the��non�rpersistent��

G�ragents��[199,��354].��In��addition,��most��G�rtype��and��V�rtype��nerve��agents��possess��chirality��at��the��

phosphorus��atom��(P).��The��resulting��stereoisomers��differ��in��their��toxicological��properties��[29,��30].��(±)�r

sarin,��(±)�rcyclosarin,��(±)�rtabun��and��(±)�rVX��have��a��stereogenic��(chiral)��phosphorus��atom��and��consist��of��

an��equimolar��mixture��of��P(�r)�r��and��P(+)�r��stereoisomers,��whereas��C(±)P(±)�rsoman,��with��two��different��

chiral��centers��(at��the��phosphorus��and��carbon��atom),��exists��as��four��isomers��[29,��30].��Thereby,��it��is��

documented��that��the��P(�r)�risomers��of��sarin,��tabun��and��VX��as��well��as��the��C(�r)P(�r)�risomer��of��soman��appear��

to�� be�� more�� toxic�� in�� vivo�� compared�� to�� their�� corresponding�� P(+)�risomers�� [29,�� 30].�� Besides��

physicochemical��properties,��toxicokinetic��and��toxicodynamic��properties��are��determining��factors��for��

the��development��of��appropriate��drug��treatment��[30,��386].��Investigations��of��distinct��toxicokinetic��

properties��after��different��routes��of��nerve��agent��exposure��at��several��systemic,��organ��and��tissue��doses��

were��conducted��[30,��354,��386].��These��studies��deliver��important��indications��for��the��assessment��of��the��

time��period��of��acute��intoxication��by��nerve��agents��which��is��in��turn��essential��for��the��development��of��

strategies��for��timely��administration��of��antidotes��[354].��For��example,��absorption��and��distribution��of��

volatile��G�ragent��exposure��is��very��rapid��leading��to��a��fast��onset��of��acute��symptoms��and��the��need��of��an��

immediate��therapeutic��intervention��[354].��In��contrast,��percutaneous��exposure��to��less��volatile��VX��

develops��acute��toxic��effects��more��slowly��and��persists��over��a��longer��period��of��probably��due��to��a��

subcutaneous��depot��from��which��the��agent��is��distributed��[97,��264,��355].��Thus,��with��respect��to��VX��

poisoning,��therapeutic��intervention��has��to��be��adapted��to��systemic��signs��of��poisoning��occurring��after��a��

time��lag��[216,��354].��For��obvious��reasons,��toxicokinetic��data��of��OP��poisoned��humans��are��very��scarcely��

documented,��but��especially��due��to��the��high��variability��in��toxicology��of��nerve��agent��poisoning,��these��

data��are��of��ultimate��importance��for��the��design��of��new��pharmaco�rtherapeutical��strategies��against��

intoxication��with��nerve��agents��[132,��267,��301,��386].��

��

��

1.3 Molecular��mechanisms��of��organophosphorus��compounds��

In��1937,��Eberhard��Gross,��while��studying��the��OP��compounds��synthesized��by��Gerhard��Schrader,��detected��

that��the��pathophysiological��major��reaction��of��OP��nerve��agents��is��exerted��through��inhibition��of��the��

enzyme��acetylcholinesterase��(AChE).��AChE��(3.1.1.7)��is��a��serine��protease��that��belongs��to��the��carboxylase��

family��and��plays��a��key��role��in��the��termination��of��transmission��impulse��at��cholinergic��synapses��and��the��

neuromuscular��endplate��by��degradation��of��the��neurotransmitter��acetylcholine��(ACh)��[143,��181,��286,��
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287].��The��monomer��of��AChE��is��an��ellipsoidal��protein��found��in��various��types��of��conducting��tissue��

involved��in��cholinergic��synaptic��transmission,��such��as��nerves��and��muscles,��central��and��peripheral��

tissues,��motor,��sensory��and��cholinergic��fibers.��It��is��encoded��by��a��single��gene��in��humans��and��most��other��

vertebrates��and��occurs��in��multiple��molecular��forms,��such��as��homodimer��or��tetramer,��either��soluble��or��

attached��to��the��cell��surface��[180,��332].��Each��monomer��contains��twelve���t�rsheets��surrounded��by��14���r�r

helices��and��has��an��active��site��located��close��to��the��bottom��of��a��gorge�rlike��fold��penetrating��halfway��into��

the��enzyme��and��widening��out��close��to��its��base��[317].��The��active��site��is��composed��of��two��conserved��

domains:��the��esteratic��subsite��comprising��the��catalytic��triad��and��the��anionic��subsite��(Figure��1)��[317].����

Both��sites��are��involved��in��the��extremely��rapid��hydrolyzation��of��ACh��into��acetate��and��choline��[249].��The��

anionic��subsite,��uncharged��and��lipophilic,��consists��of��Trp84,��Phe330,��and��Phe331��and��interacts��with��the��

positive��quaternary��amine��of��the��choline��moiety��of��ACh,��whereas��the��orientation��of��the��substrate��that��

enters��the��gorge��is��mainly��mediated��by��Trp84��[259,��317].��As��indicated��by��the��name,��the��catalytic��triad��

defined��by��the��three��amino��acid��residues��Ser200,��His440,��and��Glu327��contains��the��catalytic��machinery��of��

the��enzyme.��It��mediates��the��nucleophilic��attack��of��the��serine��oxygen��at��the��active��site��of��the��enzyme��

with��the��electrophilic��carbon��of��the��carboxyl��ester��of��ACh��resulting��in��the��formation��of��an��acyl�renzyme��

and��free��choline��[19].��The��native��enzyme��is��subsequently��regenerated��by��aqueous��hydrolysis��[69].��The��

liberated��choline��from��the��ACh��destruction��is��taken��up��again��by��the��presynaptic��nerve��and��is��recycled��

by��a��one�rstep��reaction��with��acetyl��coenzyme��A��through��catalysis��with��choline��acetyltransferase,��to��

regenerate��ACh��(Figure��2)��[69].��The��regenerated��ACh��is��stored��into��vesicles��that��take��up��ACh��through��

an��energy�rdependent��pump��acidifying��the��vesicle��(Figure��2)��[234].��During��neurotransmission,��ACh��is��

released��into��the��synaptic��cleft��by��fusion��of��the��vesicles��with��the��presynaptic��membrane��and��transmits��

the��signal��from��the��nerve��by��binding��to��postsynaptic��cholinergic��ACh��receptors��(Figure��2)��[11,��260,��331].��

��

��

��
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Figure��1:��Principal��reactions��of��inhibition��of��AChE��by��an��OP��compound,��subsequent��aging��and��oxime�r

induced��reactivation��of��OP�rinhibited��AChE.��The��formation��of��an��AChE�rOP��intermediate��involves��
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interactions��of��an��OP��compound��with��the��active��site��of��AChE��comprising��the��esteratic��subsite��with��the��

catalytic��triad��consisting��of��the��amino��residues��serine,��histidine��and��glutamate��and��the��anionic��subsite.��

After��covalent��binding��of��the��phosphate��group��of��the��OP��compound��to��the��hydroxyl��group��of��the��serine��

residue,��the��leaving��group��(X)��is��released��and��thereby��partially��stabilizes��the��intermediate.��The��

phosphylated��AChE��is��reactivated��by��a��nucleophilic��attack��by��an��oxime��via��hydrolysis��of��the��ester��bond��

resulting��in��the��formation��of��a��phosphyl�rAChE�roxime�rconjugate��and��subsequently��in��a��removal��of��the��

phosphyl��residue��from��the��intermediary��complex��which��is��transferred��to��the��oxime��(SN2��mechanism).��

Reaction��products��include��the��free��enzyme��and��phosphyloxime��(POX).��Depending��on��the��nature��of��the��

leaving��group,��the��phosphylated��AChE��may��undergo��dealkylation,��a��process��comprising��the��loss��of��an��

alkyl��group��leading��to��the��formation��of��a��stable��AChE�rOP��complex��that��is��resistant��to��reactivation��by��

oximes,��such��as��in��poisoning��with��soman��(“aging”).��Structures��of��general��OP��compounds��and��oximes��

are��included.��Figure��was��adapted��from��[353].��

��

ACh��was��the��first��neurotransmitter��discovered��and��is��mainly��present��in��the��autonomous��nervous��

system��[259,��325].��Within��the��central��nervous��system��(CNS),��ACh��is��mainly��found��in��interneurons��and��

serves��as��the��excitatory��neurotransmitter��in��the��preganglionic��and��parasympathetic��neurons��[259].��In��

the��peripheral��nervous��system��(PNS),��ACh��is��the��neurotransmitter��at��the��neuromuscular��junction��

between��the��motor��nerve��and��the��skeletal��muscle��[69].��Considering��the��abundant��expression��sites��of��

ACh,��the��major��involvement��of��ACh��in��numerous��cholinergic��pathways��becomes��clear��so��that��it��is��

indicative��that��impairment��of��ACh��hydrolysis��by��AChE��involves��grave��pathological��consequences��[260].��

As��proposed��by��Burgen,��the��main��principle��of��irreversible��AChE��inhibition��is��the��phosphylation��(denotes��

phosphorylation��and��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��

anticholinesterase��toxicology��of��OP��nerve��agents��is��considered��to��account��for��their��primary��action��of��

toxic��mechanism��[143,��170,��181,��199,��233,��365].��Since��OP��compounds��function��as��substrate��for��AChE��

by��interacting��with��its��substrate��binding��domain,��binding��and��subsequent��hydrolyzation��of��ACh��is��

prevented��resulting��in��complete��failure��of��AChE��activity��[11,��265].��Chemically,��this��reaction��is��conveyed��

by��a��nucleophilic��attack��(SN2��mechanism)��of��the��hydroxyl��group��of��the��serine��residue��with��the��

electrophilic��phosphorus��atom��of��the��OP��compound��resulting��in��the��formation��of��a��transient��

intermediate��complex��(Figure��1)��[11,��199].��This��intermediate��chemical��transition��state��is��stabilized��via��

coupled��proton��transfer��by��the��release��of��the��leaving��group��(Figure��1)��[11,��199].��As��described��for��the��

reaction��of��ACh,��the��covalently��bound��phosphate��group��at��the��hydroxyl��group��of��the��serine��residue��is��

analogous��to��the��acylated��intermediate��in��substrate��hydrolysis��[11,��199,��332,��341].��

In��case��of��some��G�ragents,��the��OP�rAChE��complex��may��undergo��a��rapid��secondary��dealkylation��of��the��

phosphate��group��known��as��“aging”,��a��time�rdependent,��post�rinhibitory��process��causing��severe��



26� � � �1��Introduction��

��

problems��in��clinical��treatment��(Figure��1)��[29,��101,��214,��383].��The��rate��of��aging��varies��depending��on��the��

nature��of��the��inhibiting��OP��compound,��in��particular��the��chemical��structure��of��the��substituted��alkoxy��

chain��that��is��dealkylated��[101,��293,��299,��383].��In��this��context,��aging��half�rlife��rates��of��AChE�rnerve��agent��

adducts��range��from��a��few��minutes��for��soman,��which��has��a��bulky��branched��chain��promoting��rapid��aging,��

to��many��hours��for��tabun��and��VX��allowing��for��a��longer��lasting��period��of��therapeutic��intervention��[101,��

293,��299,��383].��The��mechanism��of��the��dealkylating��aging��reaction��involves��cleaving��of��the��alkoxy��

moieties��from��the��central��phosphorus��atom��of��the��OP��compound��(Figure��1)��[218].��The��remaining��P�rOH��

function��of��the��alkylphosphonylated��AChE��will��undergo��deprotonation��thus��leaving��a��negatively��

charged��phosphorus��moiety��that��is��stabilized��by��the��organophosphoryl�rAChE��bond��(Figure��1)��[218].��

��

��

1.4 Toxicological��signs��and��symptoms��of��organophosphorus��compounds��

Toxicology��of��OP��compounds��has��been��extensively��researched��predominantly��by��referring��to��casualty��

reports��of��OP��pesticide��poisoning��and��by��extrapolating��animal��data��to��human��since��cases��of��human��

exposure��to��chemical��warfare��agents��are��rare��[199,��265].��The��primary��routes��of��nerve��agents’��exposure��

are��inhalation��and��absorption��through��the��skin��and��OP��compounds��exert��their��main��toxic��action��by��

inhibiting��AChE��in��the��PNS��and��CNS��[11,��29,��142].� � � �Consequently,��excessive��amounts��of��the��

neurotransmitter��ACh��at��the��synaptic��cleft��lead��to��overstimulation��of��cholinergic��receptors��as��well��as��

depolarization��blockage��at��cholinergic��synapses��and��neuromuscular��junctions��resulting��in��diverse��

symptoms��and��signs��involved��in��the��cholinergic��crisis��(Figure��2)��[11,��29,��142].����

��



27� � � �1��Introduction��

��

��

Figure��2:��Overview��of��the��cholinergic��neurotransmission��at��the��neuronal��cholinergic��synapse��and��at��

the��endplate��of��the��neuromuscular��junction��under��physiological��conditions��and��in��the��presence��of��

OP��compound.��The��nerve��impulse��is��transmitted��to��the��postsynaptic��cell��or��effector��(muscle)��cell��by��

release��of��the��neurotransmitter��acetylcholine��(ACh)��from��the��presynaptic��membrane��of��the��axon��

terminal��by��fusion��of��the��synaptic��vesicle��containing��ACh��with��the��presynaptic��membrane.��In��the��

synaptic��cleft,��ACh��diffuses��across��the��cleft��and��binds��to��and��activates��cholinergic��receptors��at��the��

postsynaptic��membrane��including��muscarinic��(mAChR)��and��nicotinic��acetylcholine��receptors��(nAChR),��

thereby��causing��depolarization��of��the��postsynaptic��cell.��Under��physiological��conditions,��ACh��is��

hydrolyzed��by��the��serine��hydrolase��acetylcholinesterase��(AChE)��into��choline��(Ch)��and��acetate��(A)��and��

thereby��terminates��the��neuronal��and��neuromuscular��transmission.��Ch��is��transported��back��into��the��
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axon��terminal��by��a��Na+�rdependent��membrane��choline��transporter��and��ACh��is��regenerated��from��acetyl��

coenzyme��A��(CoA)��and��Ch��through��the��catalytic��action��of��the��enzyme��choline��acetyltransferase��(ChAT).��

In��the��presence��of��OP��compound,��AChE��is��irreversibly��inhibited��resulting��in��accumulation��of��ACh��and��

overstimulation��of��mAChR��and��nAChR.��Muscarinic��effects��are��treated��with��atropine.��Nicotinic��effects��

involving��initial��overstimulation��followed��by��desensitization��which��may��lead��to��life��endangering��central��

and��peripheral��respiratory��arrest��can��not��be��treated��and��leave��a��therapeutic��gap.��

��

Depending��on��the��route��of��exposure,��poison��load,��chemical��nature��and��solubility��of��the��OP��compound,��

a��wide��range��of��toxic��effects��on��muscle,��glands��and��nerves��is��caused��[4,��237,��254,��301].��The��acute��signs��

and��symptoms��of��the��cholinergic��crisis��occur��within��minutes��to��hours��and��have��centered��on��(1)��

muscarinic,��(2)��nicotinic��and��(3)��central��manifestations��(Table��1)��[121,��142,��199,��249,��254,��332,��360].��

Thereby,��the��most��severe��symptoms��are��provoked��by��desensitization��of��nAChR��due��to��continued��

overstimulation��which��causes��central��and��peripheral��depression��of��the��respiratory��system��if��untreated��

[76,��142,��389].��In��detail,��the��peripheral��nicotinic��effects��of��initial��overstimulation��are��associated��with��

skeletal��muscle��fasciculation��and��are��followed��by��subsequent��desensitizing��neuromuscular��blockade,��

causing��weakness��of��the��respiratory��muscles��and��paralysis��of��the��respiratory��center��(Table��1).��Acute��

central��symptoms��deriving��from��nicotinic��effects��comprise��restlessness,��agitation,��confusion��and��

sometimes��convulsions��compromising��airway��and��breathing,��increasing��aspiration��risk��and��hypoxia��

(Table��1)��[60,��254,��299,��360].��As��suggested��by��a��more��complete��clinical��list��of��acute��symptoms,��

respiratory��failure,��resulting��from��both��diaphragm��paralysis��and��failure��of��central��respiratory��drive��

ultimately��accounts��for��the��usual��cause��of��death��(Table��1)��[199,��266].��Concerning��muscarinic��effects��of��

this��receptor�rbased��classification,��a��common��toxidrome��of��acute��OP��poisoning��concerns��the��relevant��

glands��and��causes��the��peripheral��SLUDGE��(Salivation,��Lacrimation,��Urination,��Defecation,��Gastric��

cramps,��Emesis)��symptoms��whereas��muscarinic��effects��in��the��central��nervous��system��causes��confusion,��

coma��and��convulsions��(Table��1)��[254,��360].��Initially��dominating��muscarinic��symptoms��of��salivation��and��

bronchorrhea��may��give��rise��to��life�rthreatening��effects��on��the��heart��(bradycardia,��hypotension)��and��

may��further��cause��drowsy��patients��to��drown��in��their��secretions��[254,��360].����

��

��

��

��

��

��

��

��
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Table��1:��Signs��and��symptoms��of��OP��poisoning��at��various��sites��in��the��body��(adapted��from��[199]).��

cholinergic��receptors��

muscarinic�� nicotinic��
central��nervous��

system��

target��organ�� signs��&��symptoms�� target��organ�� signs��&��symptoms��
signs��&��

symptoms��

glands��

nasal��mucosa��

bronchial��mucosa��

sweat��

lachrymal��

salivary��

��

smooth��muscle��

iris��

ciliary��muscle��

��

gut��

��

bladder��

��

��

heart��

��

rhinorrhea��

bronchorrhea��

sweating��

lachrymation��

salivation��

��

��

miosis��

failure��of��

accommodation��

abdominal��cramp,��

diarrhea,��

involuntary��

defecation��

frequency,��

involuntary��

micturition��

bradycardia��

autonomic��

ganglia��

��

��

��

��

skeletal��

muscle��

sympathetic��effects,��

including��pallor,��

tachycardia,��

hypertension,��

weakness��

��

twitching��of��fine��

muscles,��

hyperreflexia,��

fasciculations,��

muscle��weakness,��

reduced��tendinous��

reflexes,��paralysis��

affecting��diaphragm��

and��respiratory��

muscles��

giddiness,��

anxiety,��

restlessness,��

headache,��

tremor,��

dizziness,��

drowsiness,��

confusion,��

slurred��speech,��

failure��to��

concentrate,��

convulsions,��

ataxia,��

psychosis��and����

respiratory��

depression��

��

In��addition��to��these��acute��symptoms��which��are��categorized��by��receptor�r��(muscarinic��and��nicotinic)��and��

organ�rspecific��(cardiovascular,��respiratory��or��neurological��manifestations)��means,��a��time�rbased��

approach��may��also��be��considered,��wherein��symptoms��and��signs��are��categorized��as��acute��(minutes��to��

hours)��and��delayed��or��late��(days��to��weeks)��[43,��86,��116].��In��contrast��to��the��acute��syndromes��where��the��

ascribed��cholinergic��syndrome��develops��within��minutes��to��hours��after��exposure��of��nerve��agents,��

delayed��and��long��term��health��effects��including��the��intermediate��syndrome��(IMS)��and��organophosphate��

induced��delayed��neuropathy��(OPIDN)��may��occur��days��to��weeks��following��exposure��either��after��an��

initial��period��of��intense��cholinergic��symptoms��and��signs��or��after��a��period��of��minimal��or��no��clinical��

features��[5,��77,��305].��For��instance,��it��was��reported��that��about��60.000��Persian��Gulf��War��veterans��
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suffered��from��such��delayed��adverse��health��effects��after��nerve��agent��exposure.��This��syndrome��was��

referred��to��as��the��“Gulf��War��Illness”��and��was��possibly��due��to��low�rdose��exposure��of��nerve��agents��[127].��

However,��apart��from��some��epidemiological��studies,��the��etiology��of��this��syndrome��is��still��controversially��

discussed��[68,��207].��With��respect��to��the��IMS,��the��classical��late��onset��constitutes��paralysis��of��proximal��

limb��muscles,��neck��flexors,��motor��cranial��nerves��and��respiratory��muscles��with��weakness��lasting��for��up��

to��18��days��and��may��proceed��in��a��delayed��onset��coma��[254,��292].��The��neurotoxic��effect��of��OPIDN��

involves��cramping��pain��and��paresthesia��of��the��extremities��followed��by��weakness��of��the��distal��limb��

muscles,��especially��in��the��legs��[86,��191].��Both��delayed��manifestations��are��thought��to��derive��from��

delayed��phosphylation��of��neuropathy�� target��esterase�� (NTE)��at��nerve�� tissues��which�� leads�� to��

degeneration��of��long��and��large��diameter��motor��and��sensory��axons��of��both��peripheral��nerves��and��spinal��

cord��[86,��190,��191,��224].��However,��since��delayed��manifestations��have��been��more��comprehensively��

described��in��association��with��OP��pesticides��poisoning,��most��attention��of��signs��and��symptoms��of��OP��

intoxication��has��been��given��to��the��acute��syndrome��of��nerve��agents��[199,��386].����

��

��

1.5 Current��therapeutic��regimen��against��organophosphate��poisoning��

While��inhibition��of��cholinesterases��is��an��important��common��feature��of��OP��pesticides��and��highly��toxic��

OP��nerve��agent��poisoning,��their��physicochemical,��toxicodynamic��and��toxicokinetic��properties��are��

highly��variable��[11,��354].��For��these��reasons,��pharmacotherapy��presents��a��major��challenge��for��

toxicologists,��intensive��care��units,��medical��doctors��and��medical��personnel��[335].��Nevertheless,��

stepwise��understanding��of��toxicokinetic��and���rdynamic��properties��of��nerve��agent��compounds��by��studies��

conducted��in��the��last��two��decades��of��the��last��century��contributed��to��today’s��therapeutic��regimen��to��

treat��nerve��agent��poisoning��[29,��91,��307,��354].��Current��therapy��comprises��the��administration��of��a��

nucleophilic��agent,��so��called��oxime,��to��reactivate��phosphylated��AChE��and��of��the��muscarinic��cholinergic��

antagonist,��atropine,��to��counteract��muscarinic��effects��(Figure��2)��[29,��91,��307,��354].��Atropine��is��a��

racemic��hyoscyamine��and��constitutes��the��main��active��component��in��Atropa��belladonna��(deadly��

nightshade),��Datura��stramonium��(thorn��apple)��and��Hyoscyamus��niger��(henbane)��[44,��334].��It��was��

introduced��in��the��early��1950s��as��initial��first�rline��antidote��against��OP��pesticide��and��nerve��agent��

poisoning��and��is��classified��as��a��symptomatic��anticholinergic��drug��competitively��antagonizing��mAChR��

by��competing��with��ACh��for��a��common��binding��site��at��muscarinic��receptors��(M1�rM5)��[43,��44,��334].��Thus,��

rapid��atropine��administration��of��a��recommended��dose��(2��mg��in��patients��with��mild��symptoms,��4��mg��

with��moderate��symptoms��and��6��mg��with��severe��symptoms)��to��OP��poisoned��patients��mitigates��

muscarinic��effects��of��ACh��hyperstimulation��at��neuroeffector��sites��on��smooth��muscle,��heart��muscle,��

glands,��peripheral��ganglia��and��in��the��CNS��and��thus��prevent��life�rthreatening��airway��secretions,��and��

airway��spasm��deriving��from��muscarinic��symptoms��(rhinorrhea,��bronchorrhea)��(Table��1)��[43].��The��
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usefulness��of��atropine��is��virtually��undisputed��but,��as��the��antidotal��mechanism��is��based��on��competition,��

the��atropine��dose��has��to��be��carefully��adjusted��to��clinical��signs��in��order��to��avoid��adverse��side��effects��

[133,��208,��335].��However,��larger��doses��of��atropine��are��required��to��obtain��appreciable��concentrations��

of��atropine��into��the��CNS��[208,��210,��298].��Apart��from��effectively��antagonizing��ACh��at��most��peripheral��

and��partly��at��central��mAChR,��atropine��is��unable��to��counteract��the��nicotinic��signs��of��intoxication��(e.g.��

muscle��fasciculation,��muscle��fatigue,��weakness)��[91,��133].��Here,��reversal��of��nicotinic��signs��of��

intoxication��is��therapeutically��accomplished��via��oximes��acting��as��reactivators��of��phosphorylated��AChE��

[76,��164].����

The��history��of��oximes��dates��back��to��the��early��1950s,��starting��with��the��compound��2�rpyridine��aldoxime��

methyl��chloride,��called��pralidoxime��(2�rPAM),��which��was��researched��and��published��independently��by��

Wilson��and��Ginsburg��in��the��United��States��and��Childs��and��coworkers��in��the��UK��in��1955��[64,��374].��The��

initial��focus��of��research��programs��was��to��identify��an��oxime��that��effectively��counteracts��soman��

poisoning.��As��mentioned��earlier,��soman�rinhibited��AChE��is��dealkylated��rapidly��leading��to��an��aged��OP�r

AChE��complex��that��is��resistant��to��oxime��reactivation��and��thus��presents��a��major��challenge��to��therapy��

[101,��214,��283].��Furthermore,��in��the��last��several��decades,��numerous��studies��of��next��generation��oximes��

have��focused��on��the��development��of��broad��spectrum��oximes��able��to��effectively��reactivate��structurally��

diverse��nerve��agents��[64,��137,��139,��256,��374].��Unfortunately,��none��of��such��oxime��derivatives��that��have��

emerged��were��effective��against��all��nerve��agents��[25,��79,��89,��171,��189,��192,��238,��309].��

Extensive��research��over��the��last��decades��of��oxime��reactivators��yielded��that��the��antidotal��potency��of��

these��nucleophilic��compounds��is��attributed��to��their��ability��to��displace��the��phosphorus��atom��from��the��

active��site��of��the��enzyme��and��thereby��regenerating��the��physiological��enzyme��function��(Figure��1)��[22,��

91,��139,��192,��217,��256,��374].��This��reaction��is��conveyed��via��a��nucleophilic��attack��of��the��oxime��on��the��

phosphyl��group��of��the��OP�rinhibited��AChE��leading��to��a��pentacoordinate��transition��state��of��the��

intermediate��phosphyloxime��[88,��370].��Subsequently,��the��phosphyl��residue��is��removed��from��the��

intermediary��complex��and��transferred��to��the��oxime,��resulting��in��formation��of��the��reaction��products��

phosphyloxime��and�� the�� free��enzyme��with�� its�� restored��enzyme��activity��after��dissociation��of��

phosphyloxime��[158,��217].��The��dissociation��reaction��is��facilitated��by��the��polarization��of��the��phosphorus��

oxygen��bond��which��is��mediated��by��a��charge��transfer��from��the��phosphorus��to��the��double��bonded��

oxygen��of��the��phosphate��ester��[91].��Efficacy��of��oximes��to��restore��AChE��activity��depends��on��the��

nucleophilicity��and��the��architecture��of��the��oxime,��the��decay��rate��of��the��phosphyloxime,��and��the��

concentration��of��oxime��which��is��present��at��the��active��site��and��the��rate��of��post�rinhibitory��dealkylation��

known��as��aging��[91].��In��particular,��it��is��apparent��that��rather��stable��phosphylated��oximes��comprising��

those��of��4�rpyridinium��aldoximes��rather��than��those��of��unstable��2�rsubstituted��pyridinium��compounds��

could��be��potent��re�rinhibitors��of��the��reactivated��enzyme��after��the��reactivation��process��[21,��168,��379,��

380].��Moreover,��efficacy��of��oximes��in��the��CNS��is��impaired��since��penetration��of��mono�r��and��bispyridinium��
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compounds��across��the��blood�rbrain��barrier��is��limited��[54,��120].��Although��it��was��shown��that��soman��may��

open��the��blood�rbrain��barrier��in��a��seizure��related��manner,��higher��oxime��concentrations��are��required��to��

enable��to��passage��the��brain��barrier��[54,��120].��In��context��of��oxime��concentration,��therapeutic��window��

is��narrow��since��an��appropriate��initial��dose��is��required��in��treatment��because��oximes��are��rapidly��cleared��

from��the��body��[217].��If��the��dose��is��too��low��oximes��may��not��be��sufficiently��persistent��and��effective��after��

a��time��lag��when��another��cycle��of��inhibition��such��as��with��slow��flooding��of��VX��may��succeed��[217].��In��such��

cases,��clinical��improvement��can��only��be��achieved��by��repeated��or��persistent��oxime��administration��as��

long��as��needed��[217].��However,��the��treatment��of��soman��poisoning��is��particularly��fraught��because��of��

the��rapid��“aging”��process��of��the��conjugate��that��is��usually��faster��and��untraceable��for��the��oxime�rinduced��

dephosphylation��reaction��[101,��333].��Therefore,��oximes��are��of��little��value��in��such��cases��if��not��given��

instantaneously��[22,��91].��In��addition��to��rapid��aging,��inefficient��oxime��treatment��of��OP�rinhibited��AChE��

is��associated��with��limited��access��of��oximes��to��the��gorge��due��to��spatial��constraints��of��the��gorge��in��

combination��with��the��steric��limitations��of��bulky��oximes��as��well��as��steric��hindrance��by��some��OP��

compounds��(e.g.��tabun)��bound��to��the��enzyme��[22,��91].��From��the��above,��it��is��apparent��that��research��

efforts��developing��innumerable��oximes��did��not��result��in��oximes��that��can��be��considered��as��broad��

spectrum��antidotes��with��superior��efficacy��against��structurally��diverse��OP��compounds,��in��particular��

against��rapid��“aging”��by��soman��[283].��Moreover,��the��synthesis��of��new,��unknown��structures��of��OP��

compounds��can��be��easily��adopted��and��modified��since��synthesis��routes��are��readily��accessible��

exemplified��by��former��modification��of��VX��to��Chinese��or��Russian��VX.��The��risk��of��exposure��to��agents��that��

are��hard��to��treat��with��current��regimen��complicates��the��development��of��such��oximes��[164,��174,��217].��

In��addition��to��the��lack��of��a��broad�rspectrum��therapy��option,��the��current��treatment��regimen��comprising��

oxime��and��atropine��does��not��counteract��symptoms��mediated��by��overstimulation��of��nAChR.��Thus��

patients��are��not��sufficiently��protected��from��nicotinic��effects��causing��central��and��peripheral��respiratory��

arrest��representing��the��main��cause��of��death��after��OP��poisoning��[24,��272,��283,��386].��Therefore,��calls��for��

alternative��therapeutic��approaches��implicated��with��the��prevention��of��respiratory��arrest��covering��a��

wide��range��of��OP��compounds��may��be��of��great��promise��[24,��283,��386].��

��

��

1.6 Novel��medical��countermeasures��against��organophosphate��poisoning��

��

1.6.1 Novel��oximes��

Many��scientific��institutions��around��the��world��are��engaged��in��the��development��of��improved��medical��

countermeasures��against��chemical��warfare��agents��and��this��ongoing��progress��culminated��in��the��

development��of��some��oximes��with��superior��efficacy��when��compared��to��pralidoxime,��the��first��oxime��

therapeutically��used��[82,��101,��179,��283].��Hereby,��symmetric��bispyridinium��compounds��such��as��
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methoxime��(MMB�r4),��trimedoxime��(TMB�r4)��and��obidoxime��as��well��as��asymmetric��bispyridinium��

compounds��of��the��H�rseries,��such��as��HI�r6��and��HLö7,��which��were��developed��in��the��laboratory��of��

Professor��Hagedorn,��were��of��great��interest��[25,��79,��89,��171,��189,��192,��238,��309].��Although��not��yet��

commercially��available,��HI�r6��is��probably��the��most��promising��oxime��under��development��in��many��

countries��since��it��was��shown��to��have��superior��efficacy��to��VX��compared��to��2�rPAM��and��very��good��action��

with��sarin,��but��a��poor��or��no��response��when��treating��tabun��exposures��[58,��66,��150,��194,��198,��212,��238].��

At��present,��apart��from��the��huge��number��of��further��oximes��developed��that��are��far��away��from��

commercial��use,��a��few��oximes��including��pralidoxime��are��in��clinical��use��in��the��USA��and��Asia��while��in��

several��European��countries��obidoxime��is��the��oxime��of��choice��[335,��336].��TMB�r4��is��only��licensed��in��Israel��

for��use��in��autoinjectors��[335].��Further��progress��on��oxime��research��led��to��numerous��reviews��dealing��

with��novel��oximes.��However,��since��there��is��still��no��broad�rspectrum��reactivator��and��the��complexity��for��

the��development��of��such��an��oxime��is��high,��the��research��of��novel��promising��oximes��hampers.��Instead,��

new��trends��to��improve��the��conventional��medical��countermeasure��for��treatment��of��OP��poisoning��are��

starting��to��emerge��[24,��283].����

��

1.6.2 Catalytic��scavengers��

At��the��end��of��the��1980s,��research��programs��were��initiated��to��develop��bioscavengers��for��human��use��in��

order��to��sequester��and��inactivate��highly��toxic��chemicals��in��circulation��before��they��reach��their��biological��

targets��[376].��Endogenous��candidate��bioscavenger��proteins��including��enzymes��such��as��cholinesterases��

(ChE)��and��carboxylesterases��(CaE)��that��stoichiometrically��catalyze��cleavage��of��OP��compounds��were��

investigated��extensively��[102,��134,��263].��Thereby,��plasma�rderived��human��butyrylcholinesterase��(BChE)��

was��envisioned��as��a��prophylactic��treatment��in��humans��due��to��its��rapid��reaction��with��nerve��agents,��a��

prolonged��circulatory��residence��time��in��humans,��expected��absence��of��undesirable��immunological��

responses��and��its��physiologically��innocuous��in��the��absence��of��nerve��agent��[80,��183,��225,��279,��283].��To��

allow��a��constant��source��of��BChE��of��reproducible��purity��and��activity,��research��investigations��prompted��

production��of��recombinant��human��BChE��[146,��147,��280].��However,��catalytical��activities��of��these��

mutants��are��too��slow��for��practical��use��and��thus,��these��research��efforts��continue��to��improve��OP�r

hydrolyzing��activity��of��the��enzyme��and��to��reduce��immunogenicity��by��site�rdirected��mutagenesis��[283].��

Moreover,��a��high��dose��of��the��stoichiometric��bioscavenger��is��needed��and��the��high��costs��involved��

producing��recombinant��BChE��limit��their��applicability��[201].����

Hence,��pseudo�rcatalytic��scavengers��co�radministered��with��an��oxime��were��examined��for��their��ability��to��

potentially��produce��greater��extent��to��degrade��OP��compounds��by��using��smaller��quantities��of��chemical��

scavengers��[201,��283].��Similar��to��pseudo�rcatalytic��scavengers,��the��value��of��synthetic��catalytic��

scavengers��was��discovered��capable��of��trapping��and��catalytically��hydrolyzing��OP��compounds��with��a��

higher��turnover��number��than��found��with��naturally��occurring��catalytic��enzymes��[81,��160,��161,��202,��346].��
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Conceived��as��pretreatment��and/or��post��exposure��treatment,��this��concept��of��fast��and��efficient��

degradation��of��OP��compounds��in��the��bloodstream��by��catalytic��scavengers��concentrated��primarily��on��

bacterial��phosphotriesterases��(PTE)��and��paraoxonase�r1��(PON�r1),��but��also��on��human��BChE��[34,��201,��

272,��342,��382].��The��recent��unprecedented��progress��made��in��the��development��of��bioscavengers��for��

human��use��justifies��the��success��of��this��novel��approach��[84,��114].��In��the��near��future,��optimized��OP��

compound��degrading��enzymes��by��re�rdesign��of��known��enzymes��applying��new��techniques��used��currently��

for��drug��design��could��be��implemented��[100,��201].��Among��them,��molecular��modeling/docking��

techniques,��quantum��chemical/molecular��mechanics��calculations��could��be��applied��to��reach��this��target��

of��this��promising��research��[167,��201].��

��

��

1.7 Nicotinic��receptors��as��targets��for��nerve��agent��therapy��

��

1.7.1 Potential��benefits��

The��anticholinesterase��effect��of��nerve��agents��and��other��OP��esters��elicit��toxicity��through��accumulation��

of��ACh��in��the��synaptic��cleft��and��subsequent��overstimulation��of��postsynaptic��cholinergic��receptors��in��

the��central��and��peripheral��system,��resulting��in��a��syndrome��referred��to��as��the��cholinergic��crisis��[11,��29,��

142].��Medical��research��led��to��the��development��of��the��current��therapeutic��regimen��consisting��of��the��

combined��administration��of��an��oxime��to��reactivate��AChE,��atropine��to��symptomatically��antagonize��

muscarinic��effects��and��later��to��the��development��of��promising��alternative��therapeutic��approaches,��for��

instance��catalytic��scavengers��that��degrade��OP��compounds��[23,��80,��133,��183,��225,��279,��283,��374].��

Ongoing��research��on��these��therapeutic��interventions��together��with��medical��assessment��of��OP�r

poisoned��casualties��contributed��to��a��better��understanding��and��reappraisal��of��therapeutic��needs��

necessary��to��optimize��current��treatment��[283,��384].��In��this��regard,��previous��casualty��reports��showed��

that��OP�rpoisoned��individuals��suffering��from��severe��clinical��signs��and��symptoms��of��fasciculation��and��

paralysis��of��the��respiratory��muscle��deriving��from��dysfunction��of��nicotinic��receptors��could��not��be��

sufficiently��recovered��by��the��standard��therapy��[24,��272,��283,��335].����

However,��if��untreated,��such��nicotinic��symptoms��arising��from��uncontrolled��ACh��accumulation��and��

overstimulation�� of�� receptors�� may�� lead�� to�� subsequent�� desensitization�� in�� case�� of�� continued��

overstimulation.��Desensitization��is��a��transitional��receptor��state��in��which��the��receptor��cannot��be��

immediately��reactivated��is��formed.��Thus��paralysis��is��caused��by��disruption��of��the��respiratory��centers��in��

the��brain��and��transmission��failure��at��neuromuscular��junctions��of��the��respiratory��muscles��[60,��76,��142,��

254,��299,��360,��389].��Although��nicotinic��effects��can��be��counteracted��indirectly��by��oximes,��these��previous��

casualties��dying��from��respiratory��depression��have��proven��that��oxime��based��therapy��may��be��insufficient��
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[24,��208,��237,��272,��283,��335].��In��addition��to��these��acute��symptoms,��delayed��manifestations��that��have��

been��observed��after��the��Gulf��War��period��were��presumed��to��be��at��least��partly��attributed��to��nicotinic��

effects��[13,��369].��Prior��to��the��role��of��nicotinic��receptors��in��nerve��agent��poisoning,��dysfunction��of��

nicotinic��receptors��was��already��shown��to��be��implicated��in��neurodegenerative��diseases��such��as��

Alzheimer´s��disease,��Parkinson´s��disease,��schizophrenia��and��also��myasthenia��gravis��[6].��Due��to��their��

involvement��in��several��important��pathologies,��nAChR��were��studied��extensively��with��regard��to��their��

molecular��structure,��pathological��mechanisms��and��different��ligands��binding��to��various��sites��of��the��

receptor��[117,��148,��182,��322].��

��

1.7.2 Nicotinic��receptors��

Investigations��on��nicotinic��acetylcholine��receptors��(nAChR)��started��in��the��beginning��of��the��20th��century��

with��studies��of��the��effect��of��alkaloids��muscarine��and��nicotine��on��cholinergic��receptors��carried��out��by��

Sir��Henry��Dale��and��gave��origin��to��classification��of��acetylcholine��receptors��into��muscarinic��and��nicotinic��

receptors��[57,��75].��The��two��types��of��receptors��are��fundamentally��different.��While��metabotropic��

muscarinic��receptors��which��are��coupled��via��guanosine��triphosphate�rbinding��proteins��(G�rproteins)��to��

the��enzymes��adenylate��cyclase��or��phospholipase��C,��are��using��second��messenger��systems,��nAChR����are��

part��of��the��ligand�rgated��ion��channel��family��[57,��247].��To��date,��five��subtypes��of��muscarinic��receptors��

designated��M1��to��M5��have��been��cloned��and��are��found��in��parasympathetic��effector��organs,��and,��

prejunctionally��at��the��neuromuscular��junction��whereas��nicotinic��acetylcholine��receptors��are��found��in��

both��the��PNS��at��the��neuromuscular��junction��and��in��the��autonomic��system��as��well��as��in��the��CNS��(Table��

2)��[38,��39,��159,��172,��173,��199,��251].��

��
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Table��2:��Distribution��of��nAChR��subunit��mRNA��and��protein��expression��found��in��the��human��central��

nervous��system��(adapted��from��[117,��148]).��

CNS��
CNS��subunits��

�r3� � � r4� � � r5� � � r6� � � r7� � � t2� � � t3� � � t4��

cortex�� � � � ��| �� � � � � � ��| �� �| ��

frontal�� �| �� �|�” �� � � � ��|�” �� �| �� � � � �

parietal�� �| �� �|�” �� � � � ��| �� �|�” �� � � � �

occipital� � � ��| �� � � � ��| �� � � � � � �

temporal�� �|�” �� �|�” �� � � � ��|�” �� �|�” �� � � � �

insular�� �| �� �| �� � � � � � ��| �� � � � �

thalamus�� �| �� �| �� �| �� �� �| �� �| �� �| �� �| ��

anterior� � � � � � � � � ��| �� � � � � � �

lateral��nuclei�� �| �� � � � � � ��| �� �| �� � � � �

dorsomedial�� �| �� � � � � � ��| �� �| �� � � � �

lateral��geniculate� � � � � � � � � ��| �� � � � � � �

reticular�� �| �� � � � � � ��| �� �| �� � � � �

midbrain�� �| �� �|�” �� �| �� �� �| �� �|�” �� �| �� �| ��

brainstem�� � � � � � � � ��� � � � � � �

hippocampus�� �|�” �� �|�” �� �| �� �� �|�” �� �|�” �� �| �� �| ��

entorhinal��cortex�� �|�” �� �|�” �� � � � ��|�” �� �|�” �� �� �”��

subiculum�� �| �� �| �� � � � ��| �� �| �� � � � �

pyramidal��cells�� �”�� �”�� � � � ��”�� �”�� �� �”��

dentate��gyrus�� �|�” �� �|�” �� � � � ��|�” �� �|�” �� �� �”��

basal��ganglia�� �| �� �| �� �| �� �� �| �� �| �� �| �� �| ��

caudate�� �| �� �| �� � � � ��| * �� �| �� � � � �

putamen�� �|�” �� �|�” �� �”�� �”�� �|�” �� �|�” �� �”�� ��

globus��pallidus� � � ��� � � � � � � � � � � � �

cerebellum�� �|�” �� �|�” �� �| �� �”�� �| *�”�� �”�� �| �� �|�” ��

mRNA��(�| ),��protein��expression��(�”).��Asterix��(*)��indicates��that��mRNA��was��observed��in��deep��cerebellar��

nuclei��but��not��in��cerebellar��cortex,��globus��pallidus��or��caudate.��

��
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Nicotinic��receptors��belong��to��the��Cys�rloop��family,��a��family��of��ligand�rgated��ion��channels��(LGIC)��that��also��

include���v�raminobutyric��acid��A��(GABAA)��receptors,��glycine��receptors��and��5�rhydroxytryptamine��3��(5�rHT3)��

receptors��[247].��A��unique��common��characteristic��feature��of��these��integral��membrane��proteins��is��the��

presence��of��a��conserved��disulfide��bridge��flanked��by��two��covalently��bonded��cysteine��residues��in��the��N�r

terminal��extracellular��domain��of��each��subunit��(Figure��3��A).��In��addition��to��the��large��N�rterminal��

extracellular��domain,��each��subunit��comprises��a��transmembrane��domain��with��four��hydrophobic��

segments��named��M1�rM4��with��M2��lining��the��inner��pore��lumen��of��the��channel,��and��a��hydrophilic��

cytoplasmic��domain��carrying��a��phosphorylation��site��(Figure��3��A)��[162].����

Furthermore,��they��share��a��common��structural��pentameric��pattern��composing��five��subunits��which��are��

arranged��symmetrically��and��build��a��central��pore.��The��pore��is��permeant��to��the��following��cations:��Na+,��

K+,��or��Ca2+��(Figure��3��B)��[276,��322].��The��structure��of��the��nAChR��has��been��reviewed��revealing��some��

differences��between��receptors��expressed��at��the��neuromuscular��junction��and��those��in��neuronal��tissue��

(Figure��3��C)��[40,��322,��350].��Historically,��the��muscle�rtype��nicotinic��receptor��was��the��first��studied��when��

it��was��extracted��and��purified��from��the��Torpedo��electric��ray��[261].��It��is��formed��by��four��different��subunits��

with��a��stoichiometry��of��(�r)2���t���x���w��whereas��in��adult��mammalian��muscle��tissue,��the���x��subunits��is��replaced��

by��a���v��subunit��(Figure��3��C)��[220,��375].��The��neuronal��nAChR��include��both��homopentamers,��which��are��

formed��by��five��identical��subunits,��and��heteropentamers��that��result��from��the��combination��of��different��

subunits��(Figure��3��C)��[61,��63,��105,��277].��In��total,��eleven��neuronal��nAChR��subunits��have��been��identified��

in��mammals��(�r2�r�r7,���r9,���r10,���t2�r�t4),��with��the��combination��of���r2�r�r6��and���t2�r�t4��forming��heteromeric��

nAChR��[61,��63,��105,��277].��More��precisely,��heteromeric��receptors��are��commonly��composed��of��a��single��

�r��and��a��single���t��subunit��with��a��stoichiometry��of��(�r)2��and��(�t)3��(Figure��3��C)��[276].��Subunit��composition��of��

homomeric��receptors��are��formed��by���r��(7�r10)��subunits��(Figure��3��C)��[276].��Notably,��the��bridged��cysteines��

are��only��present��in��the���r��subunit��in��the��N�rterminal��extracellular��domain��and��bear��a��sequence��of��13��

residues��which��form��the��Cys�rloop��located��between��the��ligand�rbinding��domain��and��the��ion�rchannel��

domain��[303].��With��respect��to��expression��sites��of��nAChR,��the��classical��distribution��in��muscle��and��

neuronal��receptors��appears��to��be��outdated��since��apart��from��neuronal��tissues,��neuronal��nAChR��were��

also��reported��to��be��present��in��non�rneuronal��tissues��such��as��lymphocytes,��macrophages,��lungs,��

keratinocytes,��vascular��endothelium,��and��others��[70,��104,��117,��119,��166,��196,��250,��361].��The��broad��

spectrum��of��various��assemblies��of��neuronal��nAChR��subtypes��reveals��receptors��that��deviate��with��

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

desensitization��kinetic��profiles,��and,��moreover,��display��a��distinct��ligand��pharmacology��[152].����

��
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Figure��3��A�rD:��Schematic��representation��of��the��nAChR��structure,��heterogeneity��of��subtypes��and��

conformational��transitions��of��nAChR.��A.��Topography��of��a��single��nAChR��subunit��in��the��cell��membrane.��

B.��Schematic��side��view��of��a��nAChR��in��the��cell��membrane��with��one��subunit��removed��to��reveal��the��ion��

channel��lumen.��Shown��are��notional��sites��of��action��for��agonists��including��top��view��of��the��agonist��binding��

site��loop��model,��competitive��and��non�rcompetitive��antagonists��and��positive��allosteric��modulators.��The��

agonist��binding��site��is��enlarged��grouping��the��contributing��polypeptide��loops��into��the��primary��(loop��A,��

B��and��C)��and��complementary��components��(loops��D,��E��and��F).����

C.��Classification��of��nAChR��are��shown��by��exemplary��major��subunit��combinations��present��in��the��CNS��and��

the��periphery��with��putative��agonist��binding��sites��indicated��by��grey��circles��at��subunit��interfaces.��D.��

Model��of��conformational��states��of��nAChR��including��resting,��active��and��desensitized��states��(fast��and��

slow��onset).��Figure��was��adapted��from��[377].��

��

1.7.3 Ligands,��allosteric��transitions��and��implications��in��organophosphate��poisoning��

On��the��basis��of��binding��studies,��invaluable��information��of��several��ligands��binding��to��nAChR��was��

provided��to��advance��the��understanding��of��the��binding��domain��and��rational��design��of��nAChR��ligands��
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[49,��186,��193].��Besides��the��endogenous��agonist��ACh��activating��all��nAChR��subtypes,��a��diverse��array��of��

plant��and��animal��toxins��that��target��nAChR��was��identified��as��agonists��with��varying��subtype�rselectivity.��

The��most��prominent��ones��are��naturally��occurring��agonists��such��as��(�r)�rnicotine,��(�r)�rcytisine,��(+)�ranatoxin��

A,��(+)�repibatidine,��anabasine��and��anabaseine��[275,��377].��The��perceived��validity��of��nAChR��as��

therapeutic��target��in��particular��in��neurodegenerative��diseases��has��stimulated��the��design��of��synthetic��

ligands��with��specific��subtype�rselectivity��using��agonists��of��natural��source��as��lead��structure��[152,��153,��

215,��273,��274,��281,��316,��377].��This��culminated��in��a��diverse��array��of��agonists��including��carbamoylcholine��

derived��from��a��modification��of��ACh��to��a��carbamate,��varenicline��(ChantixTM��(USA);��ChampixTM��(EU))��

which��is��a��cytosine��congener��developed��to��exploit��the��properties��of��cytosine��as��an��aid��to��smoking��

sensation��and��A�r85380��recapitulating��the��chemical��properties��from��epibatidine��[152,��153,��215,��273,��

274,��281,��316,��377].��In��the��last��few��years,��several��publications��have��reviewed��a��high��number��of��nicotinic��

ligands,��however,��since��the��large��number��of��agonists��identified��is��beyond��the��scope��of��this��study,��the��

reader��is��referred��to��the��aforementioned��studies��[148,��162,��275,��276,��377].����

The��available��data��suggest��that��the��primary��binding��site��of��ACh��and��other��agonists��is��positioned��at��the��

interface��between��two��adjacent��subunits��wherein��the���r��subunit��in��the��N�rterminal��domain��constitutes��

the��principal��component��of��the��binding��site��and��the��adjacent��subunit��the��complementary��site��(Figure��

3��B)��[118,��303].����

In��case��of��homomeric��nAChR,��such��as���r7�rnAChR,��each��subunit��has��both��primary��and��complementary��

faces��of��the��agonist��binding��site,��hence,��the���r7�rnAChR��possesses��five��instead��of��two��agonist��binding��

sites��as��in��case��with��heteromeric��nAChR��(Figure��3��C)��[118,��303].��Notably,��amino��acid��residues��that��

contribute��to��the��agonist��binding��site��consist��of��highly��conserved,��through��the��LGIC��family,��aromatic��

residues��that��are��referred��to��as��loop��A,��B��and��C��of��the��principal��component��and��loop��D,��E��and��F��of��the��

complementary��component��(Figure��3��B)��[118,��303].��These��loops��form��a��compact��cavity��in��the��center��of��

the��interface��of��the��extracellular��domain��(ECD)��of��the��nAChR��[15,��71,��124,��163].��

X�rray��studies��revealed��that��upon��agonist��binding��a��conformational��transition��of��the��loop��C��is��triggered��

to��form��a��closed��conformation��by��the��capping��of��loop��C��[83,��322].��In��contrast,��the��ligand�rfree��resting��

state��is��associated��with��a��more��open��loop��C��conformation��[83,��275].��This��conformational��shift��involves��

a��sequence��of��rearrangements��of��the��subunit��transmembrane��regions��following��ligand��binding��[83,��

275].��Upon��binding,��the��channel��pore��opens,��which��leads��to��an��increase��in��Na+��conductance,��

depolarization��of��the��cell��membrane��and��neuronal��and��neuromuscular��transmission,��respectively��[322,��

377].��The��transition��from��the��resting��to��the��open��state��upon��activation��occurs��within��a��few��milliseconds��

and��inactivates��rapidly��which��is��due��to��the��low��affinity��of��the��ligand��causing��fast��dissociation��from��the��

binding��site��[377].��During��sustained��exposure��of��moderate��ACh��concentrations,��controlled��synaptic��

transmission�� constitutes�� repeatedly�� transition��of�� the�� receptor�� from�� the��agonist�rbound��open��

conformation��to��a��non�rconducting��state,��the��deactivation,��as��the��ACh��dissociates��from��the��receptor��
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(Figure��3��D)��[148].��However,��high��concentrations��of��accumulated��ACh��results��in��increased��binding��of��

the��neurotransmitter��to��the��receptor.��Thus,��the��probability��of��the��receptor��to��transition��to��a��non�r

conducting��state,��known��as��desensitization,��a��conformational��state��wherein��the��receptor��is��not��

susceptible��for��immediate��re�ractivation,��increases��(Figure��3��D)��[148].��Receptor��desensitization��is��

associated��with��high��ligand��affinity��of��ACh��to��the��ligand��binding��site��and��induces��a��depolarization��block��

of��the��endplate��at��the��neuromuscular��junction��and��interruption��of��neuronal��transmission,��thereby��

leading�� to�� muscle�� weakness�� and�� paralysis�� [148,�� 377].�� Following�� nerve�� agent�� exposure,��

hyperstimulation��of��cholinergic��receptors��including��mAChR��and��nAChR��is��followed��by��desensitization��

of��nAChR��leading��to��toxic��signs��of��poisoning��as��evident��in��casualties��from��the��terrorist��attack��in��Tokyo,��

Japan,��where��respiratory��distress��was��observed��in��approximately��63��%��of��the��casualties��[237,��266,��387].��

Where��death��occurred,��it��was��caused��by��a��combination��of��effects��at��both��central��(loss��of��respiratory��

drive)��and��peripheral��(weakness��at��intercostal��muscles)��levels��[209].��In��compliance��with��this��notion,��it��

would��seem��appropriate��to��develop��nicotinic��antagonists��as��therapeutic��agents��for��patients��displaying��

nicotinic�rdominant��signs��in��order��to��mitigate��the��effects��of��excessive��ACh��at��nAChR��[296].����

Thereby,��competitive��antagonists��bind��at��or��near��the��orthosteric��site��preventing��access��for��agonists��

and��stabilizing��the��receptor��in��a��conformation��with��the��channel��closed��[42,��135,��148].��The��use��of��such��

a��nicotinic��antagonist��in��the��same��way��as��atropine��antagonizing��the��muscarinic��effects��in��OP��poisoning��

is��currently��not��considered��as��a��therapeutic��approach��because��nAChR��function��and��conformational��

changes��differ��from��those��in��mAChR��[278,��306,��330].��In��this��context,��a��major��problem��of��such��

competitive��antagonists��to��be��applied��as��therapeutic��agents��is��that��very��high��concentrations��of��

antagonist��are��needed��to��overcome��the��effects��of��excessive��ACh��stimulation��of��nicotinic��receptors��

[330].��The��main��challenge��hereby��is��to��envisage��a��competitive��range��dosage��that��is��not��so��high��that��the��

now��normalized��function��itself��becomes��compromised��by��excess��antagonism��and��thus��causing��serious��

adverse��side��effects��in��unpoisoned��individuals��[296].��Moreover,��many��nicotinic��antagonists��are��of��

highly��toxic��nature��such��as��tubocurarine,��which��is��the��principal��component��of��an��arrow��poison��used��in��

South��America,��named��curare��[35].��Hence,��clinical��use��of��competitive��nicotinic��antagonists��is��not��

feasible��to��address��the��nicotinic��effects��of��OP��poisoning��[296,��330].����

A��more��attractive��proposition��would��be��to��use��non�rcompetitive��nAChR��antagonists��binding��to��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��

overstimulation��and��agonist�revoked��depolarization��block��caused��by��continued��excess��of��ACh.��Hereby,��

non�rcompetitive��nAChR��antagonists��bind��distinct��from��orthosteric��agonist��binding��sites��and��exert��their��

function��through��a��steric��mechanism��or��through��allosteric��conformational��changes��of��the��channel��upon��

binding��[33,��61,��330,��377].����
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Such��an��antagonist��that��inhibits��nAChR��activity��via��an��allosteric��modulation��of��the��receptor��is��referred��

to��as��a��negative��allosteric��modulator��(NAM)��and��a��typical��representative��example��is��progesterone,��

which��inhibits� � � r4�t2��nAChR��[33].��The��underlying��mechanism��of��action��to��reduce��ligand�rinduced��

response��upon��negative��allosteric��modulation��of��the��receptor��is��associated��with��changes��in��the��energy��

barrier��between��transition��states��[33,��62].��According��to��Hurst��and��colleagues,��binding��of��NAM��evokes��

an��increase��of��the��energy��barrier��between��the��resting��and��open��state.��Given��this,��these��compounds��

should��have��no��effect��in��healthy��individuals��because��of��their��low��intrinsic��activity��as��their��action��is��

contingent��upon��prior��nAChR��activation��by��an��agonist��[148,��330].��In��this��regard,��it��should��selectively��

inhibit��nAChR��activity��in��the��face��of��increasing��ACh��concentrations��in��a��use��dependent��manner��so��that��

the��proportion��blocked��is��maintained��irrespective��of��the��concentration��of��ACh��in��the��synapse��[330].����

In��addition��to��NAM,��nAChR��modulation��can��also��be��carried��out��via��positive��allosteric��modulation��by��

increasing��the��probability��of��channel��opening��induced��by��ACh��and,��additionally,��by��decreasing��receptor��

desensitization��via��interactions��with��sites��distinct��from��classical��ACh��binding��sites��[33,��85].��These��

positive��allosteric��modulators��(PAM)��represent��a��pharmacological��class��of��molecules��that��reduce��the��

energy��barrier��from��the��resting��to��the��activated��state��and��thereby��increase��the��agonist��response��and/or��

enhance��the��energy��barrier��between��the��activated��and��the��desensitized��state��[33,��62].��In��respect��of��

their��mechanistic��profile,��PAM��are��categorized��into��type��I��and��type��II��PAM��depending��on��whether��they��

only��enhance��agonist��response��(type��I)��or,��in��addition,��reduce��agonist�rinduced��desensitization��(type��II).��

Hereby,��types��I��PAM��reduce��the��energy��barrier��between��the��resting��and��the��active��state��(type��I)��

amplifying��agonist��response.��Type��II��PAM��reduce��agonist�rinduced��desensitization��by��increasing��the��

energy��level��of��the��desensitized��state,��thus��destabilizing��the��desensitized��state��and��promoting��re�r

opening��of��receptors��from��the��desensitized��state��(type��II)��[149].��Numerous��compounds��acting��as��PAM��

at��nAChR��have��been��described��in��literature,��such��as���r7�rnAChR��specific��type��II��PAMs��PNU�r120596��and��

NS�r1738��[148,��149,��337].��So��far,��PAM��of��nAChR��have��not��progressed��to��full��development��yet,��but��the��

ongoing��progress��in��understanding��nAChR��functional��properties��will��provide��a��considerable��number��of��

opportunities��for��the��development��of��novel��therapeutic��applications��[276,��322].��For��instance,��evidence��

has��been��provided��that��the��reversible��cholinesterase��inhibitors��physostigmine��and��galanthamine��

activate��muscle��and��neuronal��nAChR��by��a��nicotinic��allosteric��action��[235,��252,��253,��288,��294,��295,��314].��

Both��compounds��were��found��to��reverse��desensitized��receptors��even��at��high��agonist��concentrations��

and��were��detected��to��be��insensitive��to��inhibition��by��competitive��antagonists��of��nAChR��[235,��252,��253,��

288,��294,��295,��314].��Furthermore,��galanthamine��is��currently��approved��for��treatment��of��cognitive��

dysfunctions��in��Alzheimer´s��disease.��Its��benefit��is��contributed��to��its��effectiveness��in��improving��synaptic��

transmission��in��the��brain��cholinergic��system��and��protection��of��neurons��from��neurodegeneration��[107,��

188,��197,��282].��Symptoms��deriving��from��compromise��of��the��cholinergic��system��are��not��only��evident��in��

such��neurological��disorders��but��also��observed��in��individuals��intoxicated��with��nerve��agents��and��other��
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OP��[6,��289].��In��particular,��those��symptoms��include��muscle��weakness��and��fatigue��observed��in��OP��

poisoned��patients��and��are��also��evident��in��myasthenia��gravis,��an��autoimmune��disease��characterized��by��

muscle��weakness��deriving��from��destruction��of��nAChR��at��the��neuromuscular��junction��[6,��289].��This��

consideration��leads��to��the��assumption��that��drugs��intended��for��treatment��of��neurodegenerative��

diseases��such��as��myasthenia��gravis,��Alzheimer´s��or��Parkinson´s��disease��may��also��be��interesting��in��

protection��of��central��and��peripheral��nicotinic��effects��in��OP��poisoning��[6,��10].��In��this��respect,��a��study��by��

Albuquerque��and��colleagues��has��shown��a��superior��therapeutic��effect��of��galanthamine��in��soman��and��

other��nerve��agent��intoxications��[10].��The��possible��utility��of��these��PAM��in��Alzheimer’s��disease��may��also��

be��a��promising��concept��for��an��alternative��therapeutic��approach��against��OP��poisoning.��The��potential��

benefit��of��the��use��of��nAChR��PAM��in��OP��poisoning��is��the��generic��based��approach��for��the��development��

broad��spectrum��antidote.��In��this��context,��effects��of��PAM��on��nAChR��are��conveyed��downstream��from��

AChE��inhibition��and��thus��its��efficacy��does��not��depend��on��a��specific��nerve��agent��structure��[268,��296].����

��

1.7.4 Preliminary��work��and��state��of��the��art��

During��the��search��of��a��broad��spectrum��oxime��that��is��more��effective��than��presently��available��and��

clinically��used��oximes,��in��particular��with��improved��efficacy��related��to��soman,��data��derived��from��soman��

intoxicated��non�rhuman��primates��has��indicated��that��oxime��HI�r6��exerts��a��positive��therapeutic��effect��

other��than��AChE��reactivation.��This��is��based��on��the��observation��that��low��AChE��activities��were��found��in��

blood��of��these��primates��which��can��be��explained��by��the��rapid��aging��of��the��enzyme��resistant��to��

reactivation��[128].��From��these��data��and��subsequent��data��confirming��these��positive��pharmacological��

effects��of��HI�r6,��it��was��concluded��that��processes��other��than��AChE��reactivation��are��important��for��the��

survival��of��soman��intoxicated��primates��[66,��128,��177,��356,��357].��In��a��continuation��of��the��in��vivo��

experiments��on��the��pharmacological��effects,��it��was��shown��that��even��compounds��that��lack��the��oxime��

reactivating��group��(SAD�r128,��1,1'�roxybis(methylene)��bis��4�r(1,1�rdimethylethyl)��pyridinium��dichloride)��

have��efficacy��in��treatment��of��OP��poisoning��resulting��in��a��recovery��of��the��neuronal��transmission��in��the��

respiratory��centers��in��the��brain��and��recovery��of��neuromuscular��transmission��[123,��150,��238,��285].��A��

number��of��different��explanations��of��this��surprising��non�rreactivating��effect��by��these��bispyridinium��(BP)��

compounds��were��suggested��including��reversible��AChE��inhibition,��decreasing��the��rate��of��rapid��aging,��

inhibition��of��muscarinic��receptors��in��a��competitive��or��allosteric��manner,��or��interactions��with��nAChR��

[123,��129,��169,��175,��285].��Of��all��these��possible��explanations,��it��is��the��effect��on��the��nAChR��associated��

with��a��modulation��of��the��postsynaptic��response��of��nAChR��that��is��of��particular��interest��for��new��

therapeutic��interventions��in��OP��poisoning��[12,��65,��297,��315,��329].��Thereby,��modulation��of��nicotinic��ion��

channels��by��allosteric��modulators��so��that��in��case��of��ACh��accumulation,��nAChR��are��rendered��less��

sensitive��to��overstimulation��in��a��use�rdependent��manner,��became��a��promising��approach��in��OP��

poisoning��[229,��230].��Thus��life��endangering��failure��of��neuronal��transmission��in��the��respiratory��centers��
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of��the��brain��and��neuromuscular��transmission��in��the��respiratory��muscles��after��OP��poisoning��may��be��

restored��sufficiently��in��cases��where��AChE��activity��appeared��to��be��insufficient��to��be��treated��by��oximes��

[330].����

As��a��starting��point��of��this��new��concept��to��maintain��nAChR��function��by��pharmacological��interactions��

using��potential��allosteric��modulators,��the��bispyridinium��(BP)��structure��which��is��also��present��in��HI�r6��and��

SAD�r128��served��as��a��template��to��synthesize��a��series��of��structurally��related��derivatives��[262,��329,��363].��

The�� anti�rnicotinic�� potency�� and�� effectiveness�� in�� recovering�� neuromuscular�� function�� of�� these��

compounds��has��been��evaluated��in��vitro��by��measuring��the��muscle��force��production��of��the��guinea��pig��

phrenic��nerve��hemidiaphragm��via��direct��and��indirect��stimulation��tested��with��the��field��stimulation��

technique��[321,��329].��Under��basal��conditions,��controlled��muscle��contractions��of��these��preparations��

occurred��whereas��after��treating��these��with��soman,��a��rapidly��decaying��contraction��occurred��[321,��329].��

This��so��called��tetanic��fade��could��be��reversed��by��adding��increasing��concentrations��of��the��bispyridinium��

compound�� MB327�� (1,1'�r(propane�r1,3�rdiyl)bis(4�rtert�rbutylpyridinium)�� diiodide),�� a�� symmetrical��

bispyridinium��compound��with��a��tert�rbutyl��group��at��position��4��at��both��pyridinium��rings��[138,��329].��

MB327��was��the��most��effective��in��a��series��of��BP��compounds��with��recovery��of��response��of��approximately��

30��%��measured��at��100��µM��MB327��determined��by��the��area��under��the��curve��(AUC)��of��the��response��

compared��to��the��control��tetanic��stimulation��[329,��330].��Following��animal��studies��using��an��identical��

compound��to��MB327,��named��P62��(diiodide��salt),��Schoene��and��coworkers��found��that��mice��poisoned��

with��soman��(LD95)��and��pretreated��with��atropine��showed��decreased��toxic��effects��when��P62��was��

administered��by��a��dose��of��1.76��x��10�r5��mol��kg�r1��[285].��Furthermore,��protection��of��animals��by��non�r

competitive��ligands��was��further��confirmed��by��a��correlating��study��by��Timperley��and��colleagues,��using��

the��water��soluble��di(methansulfonate)��salt��of��MB327��named��MB399��given��at��3.30��x��10�r5��mol��kg�r1��[338].��

Both��compounds,��MB327��and��MB399,��have��been��observed��to��have��no��effect��on��soman��inhibited��AChE,��

thus��indicating��that��therapeutic��efficacy��is��associated��with��interactions��at��nicotinic��receptors��[285,��

330].��Considering��the��development��of��therapies��for��nerve��agent��poisoning,��it��has��to��be��considered��

whether��experimental��settings��in��animal��studies��can��be��extrapolated��to��the��situations��in��humans.��

Unfortunately,��enormous��species��differences��with��respect��to��sensitivity��and��oxime��effectiveness��have��

been��found��so��that��translation��into��humans��is��complicated��[378,��379,��381,��385].��Because��clinical��

investigations��in��humans��are��obviously��not��possible,��one��approach��for��instance��to��estimate��appropriate��

concentrations��of��oximes��to��be��applied��in��humans��can��be��obtained��from��data��of��toxico�r��and��

pharmacodynamic��studies��investigating��interactions��of��OP��compound,��oximes��and��AChE��[29,��91,��157,��

355,��383].����

Based��on��these��kinetic��data,��Seeger��and��colleagues��used��human��intercostal��muscle��preparations��to��

investigate��the��effect��of��therapeutically��estimated��concentrations��of��HI�r6��and��whether��this��effect��is��

associated��with��an��enhancement��of��muscle��AChE��activity��[291].��Moreover,��corresponding��to��the��study��
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by��Tattersall��and��coworkers,��Seeger��and��colleagues��studied��the��ability��of��MB327��to��recover��

neuromuscular��transmission��using��human��preparations��[290,��329].��Thereby,��an��increase��of��muscle��

force��in��soman��exposed��human��muscles��by��pharmacological��mechanisms��other��than��AChE��reactivation��

could��not��be��observed��with��HI�r6��in��contrast��to��earlier��studies��using��rodent��and��marmoset��respiratory��

muscle.��However,��testing��of��MB327��verified��a��concentration��dependent��recovery��that��was��not��related��

to��AChE��reactivation��as��seen��in��guinea��pig��respiratory��muscles��[51,��211,��290,��329,��356,��357].��Therefore,��

convincing��evidence��is��provided��by��this��study��that��the��effect��of��HI�r6��appears��to��be��without��relevance��

for��human��therapy��whereas��therapeutic��effects��of��MB327��found��in��animal��studies��can��be��translated��to��

humans��[330].��Although��further��promising��in��vitro��and��in��vivo��experiments��have��confirmed��the��

beneficial��pharmacological��effect��with��MB327,��the��potency��required��for��human��application��is��too��weak��

and��insufficient��in��the��concentration��range��needed��for��therapeutic��administration��[165,��257,��290,��329,��

347].��Within��the��framework��of��this��study,��the��medicinal��chemistry��program��at��hand��has��been��started��

to��develop��more��potent��substances��by��using��MB327��as��a��lead��structure��to��develop��analogues��of��

symmetrical��BP��compounds��bearing��different��substituted��groups��at��varying��positions��by��efficient��

synthetic��routes��[262].��By��application��of��new��techniques��for��rational��drug��design,��among��them��

prediction��of��new��structures��using��chemometric��tools,��click��chemistry,��radioligand��and��liquid��

chromatography���r��mass��spectrometry��(LC�rMS)��binding��studies��in��combination��with��functional��assays��

to��establish��structure� � � r� �activity��relations,��this��alternative��approach��is��used��to��identify��promising��

candidates��able��to��efficiently��recover��desensitized��nAChR��and��thus��providing��the��closure��of��a��

therapeutic��gap��in��the��therapy��of��OP��poisoning��[363].��

��

��

1.8 Aim��of��the��present��subject��matter��

Increasing��risk��of��terrorist��attacks��and��homicidal��use��of��OP��compounds��calls��for��improvement��of��

medical��countermeasures.��The��development��of��ligands��interacting��with��nAChR��as��therapeutic��agents��

against��OP��poisoning��has��raised��much��interest��in��recent��years.��In��particular,��ligands��acting��as��positive��

allosteric��modulators��(PAM)��of��nAChR��represent��an��important��class��of��potential��therapeutic��drugs��as��

they��bind��to��a��site��distinct��from��the��orthosteric��binding��site��of��ACh��and��thus��may��preserve��nAChR��

desensitization��by��stabilizing��its��open��state��configuration��and��may��“resensitize”��the��receptor��by��

destabilizing��the��desensitized��state.��The��current��therapeutic��regimen��of��oxime��administration��to��

reactivate��AChE��and��atropine��to��counteract��muscarinic��effects��provides��efficient��treatment��against��

some��OP��compounds��but��not��against��all��kinds��of��OP��compounds,��i.e.��soman��due��to��rapid��“aging”.��

Accordingly,��this��alternative��therapeutic��approach��could��provide��a��broad�rspectrum��antidote��because��

the��effect��of��nicotinic��PAM��is��effective��downstream��of��AChE��inhibition.��Moreover,��this��generic��

approach��is��a��promising��strategy��to��close��the��therapeutic��gap��in��OP��poisoning��which��is��induced��by��
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nicotinic��effects��that��may��cause��death��if��untreated��due��to��severe��central��respiratory��depression��and��

paralysis��of��respiratory��muscles.��Previous��in��vivo��and��in��vitro��studies��demonstrated��partial��recovery��of��

the��neuromuscular��transmission��with��the��bispyridinium��(BP)��non�roxime��compound��MB327��(4�rtert�r

butyl��bispyridinium)��by��a��proposed��allosteric��interaction��with��nAChR��rather��than��a��classical��reactivation��

of��the��inhibited��AChE.��However,��the��potency��of��MB327��is��not��sufficient��enough��to��be��applied��at��

therapeutic��concentrations��and��thus��a��deeper��understanding��of��the��structure�ractivity��relation��is��

required��for��a��better��understanding��of��the��structural��determinants��for��this��beneficial��effect.��In��this��

context,��the��aim��of��this��study��comprised��the��establishment��of��a��patch��clamp��screening��method��to��

investigate��the��ability��of��BP��compounds��(denoted��as��PTM��compounds),��which��were��structural��

analogues��to��MB327,��to��prevent��and��to��recover��human��acetylcholine��receptors��of��the��subtype���r7��(h�r7�r

nAChR)��from��desensitization.��For��this��purpose,��stably��transfected��Chinese��hamster��ovary��(CHO)��cells��

expressing��the��h�r7�rnAChR��(CHO/RIC�r3/h�r7�rnAChR��cell��line)��were��used��and��investigated��by��an��

automated��planar��patch��clamp��system.��

Structure�ractivity�rrelations��of��such��PTM��compounds��on��h�r7�rnAChR��function��were��determined��to��

identify��structural��determinants��mediating��a��positive��allosteric��mechanism��on��h�r7�rnAChR.��Moreover,��

response��profiles��of��such��PTM��compounds��were��compared��to��the��effect��by��the��lead��structure��MB327��

and��the��well��prescribed��positive��PAM��PNU�r120596��in��order��to��gain��inside��into��the��mode��of��action.����

Prior��to��such��screening,��basic��electrophysiological��properties��of��wildtype��CHO�rK1��and��GH4C1��cell��line��

were��elucidated��in��order��to��select��a��host��cell��line��most��suitable��for��stable��transfection��of��h�r7�rnAChR��in��

order��to��investigate��h�r7�rnAChR��function��by��an��electrophysiological��method.��In��the��end,��CHO��cells��were��

used��as��host��system��for��stable��transfection��of��h�r7�rnAChR��(CHO/RIC�r3/h�r7�rnAChR��cell��line)��and��

electrophysiological��properties��of��these��stably��transfected��cells��were��investigated.��For��the��subsequent��

establishment��of��the��screening��method,��optimization��of��cellular��parameters��and��settings��to��obtain��a��

higher��seal��success��rate��of��patch��clamp��recordings��was��examined��including��adjustment��of��the��under�r

pressure��applied��to��capture��and��to��hold��the��cells��at��a��fixed��position,��addition��of��a��Ca2+��rich��solution��

serving��as��a��“seal��enhancer”��and��adjustment��of��the��cell��passage��range��used.��Furthermore,��the��flow��rate��

of��test��compound��application��was��adjusted��to��increase��signal��intensity,��which��was��essential��due��to��the��

fast��conformational��change��of��h�r7�rnAChR.��Then,��amount��of��time��and��number��of��washing��steps��

between��each��test��compound��application��were��adjusted��to��ensure��full��recovery��of��receptors��from��

desensitization��prior��to��the��next��test��compound��application.��Different��transition��states��of��the��receptor��

were��investigated��by��application��of��agonists��and��a��prescribed��allosteric��modulator.��In��addition,��

inhibition��of��h�r7�rnAChR��activity��by��an��antagonist��in��the��absence��and��presence��of��a��prescribed��allosteric��

modulator��was��essential��to��confirm��subtype��specific��expression��of���r7�rnAChR.��In��conclusion,��this��study��

served��to��develop��a��screening��method��to��investigate��functional��activities��of��these��so��called��PTM��

compounds��on��h�r7�rnAChR��function��in��order��to��identify��structural��requirements��of��test��compounds��
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that��prevent��and��reverse��nAChR��desensitization.��Based��on��the��findings��of��the��present��study,��

identification��of��promising��lead��structures��capable��to��convey��a��positive��pharmacological��effect��after��

OP��poisoning��may��testify��to��the��utility��of��PAM��of��the��h�r7�rnAChR��as��a��novel��therapeutic��principle��for��

treating��acute��OP��poisoning.��
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2. Materials��&��Methods��
��

2.1�� Devices��and��supplies��

Table��3:��Laboratory��devices,��equipment��and��software.��

laboratory��devices�� ��

analytical��balance���� MSE324S��(Sartorius��AG,��Göttingen,��Germany)��

autoclave�� VX�r150��(Systec��GmbH��Labortechnik,��Linden,��

Germany)��

automatic��cell��counting��and��analyzing��system���� Casy®��TTC��(Roche,��Mannheim,��Germany)��

incubator���� BBD��6220��(Thermo��Electron��LED��GmbH,��

Langenselbold,��Germany)��

laminar��flow��sterile��bench���� KS��12��HERAsafe��(Thermofisher��Scientific��GmbH,��

Bonn,��Germany)��

automated��planar��patch��clamp��system���� Patchliner®��Octo��(Nanion��Technologies��GmbH,��

Munich,��Germany)��

ultra�rmicrobalance���� MSA6.6S��(Sartorius��AG,��Göttingen,��Germany)��

equipment�� ��

centrifuge��with��cooling,����

pre�rcooling��and��different��rotors����

Rotina��420R��(Hettich��Zentrifugen,��Tuttlingen,��

Germany)��

deep��freezer�� Innovau��725�rG,���r��80��°C��(New��

Brunswick/Eppendorf,��Hamburg,��Germany)��

freezer�� LGUEX1500,���r��20��°C��(Liebherr,��Ochsenhausen,��

Germany��)��

liquid��nitrogen��tank��with��accessories���� LS��3000��(Taylor�rWharton,��Theodore,��USA)��

magnetic��stirrers��with��accessories�� Mr��Hei�rTec��(Heidolph��Electro��GmbH,��Kehlheim,��

Germany)��

microscope����

with��

external��heating��plate,����

digital��camera��and��control��unit����

Invers��TS100�rF��(Nicon��GmbH,��Düsseldorf,��

Germany)��

T��3500��(Nicon��GmbH,��Düsseldorf,��Germany)��

DS�rVi��1��(Nicon��GmbH,��Düsseldorf,��Germany)��

pH�rmeter���� LR��325��(WTW��GmbH,��Weilheim,��Germany)��

refrigerator���� LKUexv��1610��MedLine��(Liebherr,��

Ochsenhausen,��Germany)��

ultrapure��water��system���� Synergy®��UV�rR��(Millipore,��Darmstadt,��Germany)��
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vortexer���� Vortex��3��(IKA�rWerke��GmbH��&��Co.KG,��Staufen,��

Germany)��

water��bath���� SW��22��(Julabo��Labortechnik,��Seelbach,��

Germany)��

amplifier��quadro��patch��clamp������ EPC�r10��Quadro��patch��clamp��amplifiers (HEKA��

Elektronik��Lambrecht/Pfalz,��Germany)��

software�� ��

PatchControlHT�� Nanion��Technologies,��Munich,��Germany��

PatchMaster�� HEKA��Elektronik��GmbH,��Lambrecht/Pfalz,��

Germany��

GraphPad��Prism��5.0�� San��Diego,��CA,��USA��

IGORPro,��Version��6.2.2.2�� Lake��Oswego,��Oregon,��USA��

��

��

Table��4:��Consumables��and��supplies.��

consumables���� ��

aspiration��pipette�� 2��ml,��catalog��No.��357558��(Falcon��distributed��by��

VWR,��Darmstadt,��Germany)��

coverslips���� catalog��No.��631�r0168��(VWR,��Darmstadt,��

Germany)��

cell��culture��flask� � � �T�r75,����catalog��No.��734�r0965��(Falcon��distributed��

by��VWR,��Darmstadt,��Germany)��

measurement��chip��for��patch��clamp��

experiments��

NPC®�r16��Chips��medium��resistance��(Nanion��

Technologies��GmbH,��Munich,��Germany)��

microscope��slides���� Superfrost��Plus��Gold,��catalog��No.��K5800AMNZ��

(Thermo��Scientific,��Darmstadt,��Germany)��

pipette��tips���� 0,5�r20��µl,��catalog��No.��0030��000.854��

2�r200��µl,��catalog��No.��0030��000.870��

50�r1000��µl,��catalog��No.��0030��000.919��

500�r5000��µl,��catalog��No.��0030��000.978��

(Eppendorf,��Hamburg,��Germany)��

cryovials��

��

polypropylene��(PP)��cryovials��1,5��ml,��catalog.��No��

479�r3221��(Nalgene��distributed��by��VWR,��

Darmstadt,��Germany)��

reaction��vessels�� polypropylene��(PP)��reaction��vessels,����
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�� 1.5��ml,��sterile,��catalog��No.��0030��108.081��

0.5��ml,��catalog��No.��0030��108.094��

1.5��ml,��catalog��No.��0030��108.116��

(Eppendorf,��Hamburg,��Germany)��

serological��pipettes�� non�rpyrogenic,��sterile��

1��ml,��catalog��No.��357521,����

5��ml,��catalog��No.��357543,����

10��ml,��catalog��No.��357551,����

25��ml,��catalog��No.��357525,����

50��ml,��catalog��No.��357750,����

100��ml,��catalog��No.��357600,��

(Falcon��distributed��by��VWR,��Darmstadt,��

Germany)��

tubes��for��cell��counting�� cell��analyzer��PP�rtube,��„CASY®��cups“��,��catalog��No.��

05��651��794��001��(Roche,��Mannheim,��Germany)��

cellulose��membrane�� nitro��cellulose��(Millipore,��Darmstadt,��Germany)��

supplies�� ��

amber��glass��bottles�� 1000��ml��(VWR,��Darmstadt,��Germany)��

beakers�� different��sizes��(VWR,��Darmstadt,��Germany)��

measuring��cylinder�� 1000��ml��(VWR,��Darmstadt,��Germany)��

volumetric��flask�� 1000��ml��(VWR,��Darmstadt,��Germany)��

glas��vials�� 4��ml��(Zinsser��Analytics��GmbH,��Frankfurt��am��

Main,��Germany)��

��

��

2.2�� Chemicals��and��reagents��

All��chemicals��and��reagents��used��in��this��study��were��of��a��commercial��grade��and,��unless��further��details��

have��been��provided,��were��obtained��from��the��companies��Merck��KGa��(Darmstadt,��Germany),��Carl��Roth��

GmbH��+��Co.��KG��(Karlsruhe,��Germany),��Sigma��Aldrich��(Taufkirchen,��Germany),��Tocris��Bioscience��

(Wiesbaden�rNordenstadt,��Germany),��GIBCO��distributed��by��Life��Technologies��(Darmstadt,��Germany)��

and��Roche��(Mannheim,��Germany)��(Table��5,��Table��7,��Table��8).����

��

��

��
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Table��5:��Ligands��of��nAChR.��

nicotine�� (�r)�rnicotine,��CAS��No.��54�r11�r5��(Sigma��Aldrich,��

Taufkirchen,��Germany)��

methyllycaconitine�� methyllycaconitine��citrate��(MLA),��CAS��No.��

112825�r05�r5��(Tocris��Bioscience,��Wiesbaden�r

Nordenstadt,��Germany)��

carbamoylcholine���� carbamoylcholine��chloride,��CAS��No.��51�r83�r2��

(Sigma��Aldrich,��Taufkirchen,��Germany)��

acetylcholine���� acetylcholine��iodide,��CAS��No.����60�r31�r1��(Sigma��

Aldrich,��Taufkirchen,��Germany)��

epibatidine���� (±)��–��epibatidine��dihydrochloride,��CAS��No.����

148152�r66�r3��(Tocris��Bioscience,��Wiesbaden�r

Nordenstadt,��Germany)��

PNU��120596�� 1�r(5�rchloro�r2,4�rdimethoxyphenyl)�r3�r(5�r

methylisoxazol�r3�ryl)urea,��CAS��No.��501925�r31�r1��

(Sigma��Aldrich,��Taufkirchen,��Germany)��

MB327�� 1,1'�r(propane�r1,3�rdiyl)bis(4�rtert�r

butylpyridinium)��diiodide/��

trifluoromethanesulfonate��(Centre��of��Pharma��

Research,��Department��of��Pharmacy,��Ludwig�r

Maximillians�rUniversität,��Munich,��Germany)��

��

��

� � � �

��

��

��

��

MB327�� General��structure��of��a��substituted��BP��compound��

Figure��4:��General��structure��of��a��BP��compound��and��of��lead��structure��MB327.��

��

Test��compounds��used��for��electrophysiological��screening��using��the��bispyridinium��(BP)��non�roxime��

MB327��as��a��lead��structure��comprised��novel��structural��BP��analogues��referred��to��as��PTM��compounds��

which��were��synthesized��at��the��Centre��of��Pharma��Research,��Department��of��Pharmacy,��Ludwig�r
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Maximillians�rUniversität,��Germany,��and��were��available��as��iodide��(I�r)��and��trifluoromethanesulfonate��

(Tfo�r)��salts��(Figure��4;��Table��6)��[262].����

��

Table��6:��BP��compounds��referred��to��as��PTM��compounds.��

PTM��code�� structural��chemical��formula�� PTM��code�� structural��chemical��formula��

PTM0001��
��

C21H32I2N2:��566.30��g/mol��

PTM0008��

C17H20F6N2O8S2:��558.47��g/mol��

PTM0002��
��

C23H32F6N2O6S2:��610.63��g/mol��

PTM0009��
��

C17H20F6N2O8S2:��558.47��g/mol��

PTM0003��
��

C21H28F6N2O6S2:��582.58��g/mol��

PTM0010��
��

C17H20F6N2O8S2:��558.47��g/mol��

PTM0004��

��

C19H24F6N2O6S2:��554.52��g/mol��

PTM0011*

��

C23H26D6F6N2O6S2:��616.55��g/mol��

PTM0005��
��

C19H24F6N2O6S2:��554.52��g/mol��

PTM0012*

C23H14D18F6N2O6S2:��628.74��g/mol��

PTM0006��
��

C21H28F6N2O6S2:��582.58��g/mol��

PTM0013��
��

C21H28F6N2O6S2:��582.57��g/mol��

PTM0007��
��

C19H26F6N4O6S2:��584.55��g/mol��

PTM0014��
��

C21H28F6N2O6S2:��582.57��g/mol��
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PTM0015��
��

C29H40F6N2O10S2:��754.75��g/mol��

PTM0020��
��

C23H30Cl2F6N2O6S2:��679.51��g/mol��

PTM0016��
��

C25H36F6N2O8S2:��670.68��g/mol��

PTM0021��
��

C23H30F8N2O6S2:��646.61��g/mol��

PTM0017��
��

C25H36F6N2O6S2:��638.68��g/mol��

PTM0022��
��

C35H40F6N2O6S2:��762.82��g/mol��

PTM0018��
��

C23H30Br2F6N2O6S2:��768.42��g/mol��

PTM0045�� ��

��

C21H32I2N2:��566.31��g/mol��

PTM0019��
��

C25H30F6N4O6S2:��660.65��g/mol��

PTM0061��
��

C23H32F6N2O6S2:��610.63��g/mol��

*��deuterated��PTM��compounds��were��synthesized�� for��use�� in�� liquid��chromatography� � � r� �mass��

spectrometry��(LC�rMS)��binding��studies��and��were��not��analyzed��in��this��study��[363].��

��

Stock��solutions��were��prepared��as��10��mM��solutions��of��ACh,��nicotine,��epibatidine,��carbamoylcholine��

and��methyllycaconitine��(MLA)��in��external��recording��solution��(Table��7).��PTM��compounds��were��freshly��

prepared��in��external��recording��solution��(Table��7)��and��diluted��to��appropriate��concentrations��for��

electrophysiological��measurements.��PNU�r120596��stock��solutions��were��prepared��as��1��mM��solution��

in��10��%��aqueous��DMSO��and��stored��at���r��80��°C��until��use.��

��

��

��

��

��

��
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Table��7:��Buffers��and��solutions��for��patch��clamp��experiments.��

internal��solution�� � � � �

KCl�� 50��mM�� potassium��chloride��(KCl),��catalog��No.��7447�r40�r7��

(Carl��Roth��GmbH,��Karlsruhe,��Germany)��

NaCl�� 10��mM�� sodium��chloride��(NaCl),��catalog��No.��7681�r52�r9��

(Carl��Roth��GmbH,��Karlsruhe,��Germany)��

KF�� 60��mM�� potassium��fluoride��(KF),��catalog��No.����7789�r23�r3��

(Carl��Roth��GmbH,��Karlsruhe,��Germany)��

EGTA�� 20��mM�� ethyleneglycolbis(aminoethyl��ether)���rN,��N,��N��',��

N'�rtetraacetic��acid��(EGTA),��CAS��No.��67�r42�r5��

(Sigma��Aldrich,��Taufkirchen,��Germany)��

HEPES��

��

10��mM�� 2�r(4�r(2�rhydroxyethyl)�r1�rpiperazinyl)�rethane��

sulfonic��acid��(HEPES),��CAS��No.��75277�r39�r3��

(Sigma��Aldrich,��Taufkirchen,��Germany)��

KOH�� internal��solution��

adjusted��to��pH��7.4��

potassium��hydroxide��(KOH),��CAS��No.��1310�r58�r3��

(Merck��KGa��GmbH,��Darmstadt,��Germany)��

external��solution��

NaCl�� 140��mM�� sodium��chloride��(NaCl),��catalog��No.��7681�r52�r9��

(Carl��Roth��GmbH,��Karlsruhe,��Germany)��

KCl�� 3��mM�� potassium��chloride��(KCl),��catalog��No.��7447�r40�r7,��

Carl��Roth��GmbH,��Karlsruhe,��Germany)��

MgCl2������ 1��mM�� magnesium��chloride��hexahydrate��(MgCl2���|��H2O),��

catalog��No.��7791�r18�r6��(Carl��Roth��GmbH,��

Karlsruhe,��Germany)��

CaCl2�� 2��mM�� calcium��chloride��dehydrate��(CaCl2���|��H2O),��catalog��

No.��10035�r04�r8��(Carl��Roth��GmbH,��Karlsruhe,��

Germany)��

glucose���� 5��mM�� D�r(+)�rglucose,��catalog��No.��14431�r43�r7��(Carl��Roth��

GmbH,��Karlsruhe,��Germany)��

HEPES��

��

10��mM�� 2�r(4�r(2�rhydroxyethyl)�r1�rpiperazinyl)�rethane��

sulfonic��acid��(HEPES),��CAS��No.��75277�r39�r3��

(Sigma��Aldrich,��Taufkirchen,��Germany)��

NaOH�� external��solution��

adjusted��to��pH��7.4��

sodium��hydroxide��(NaOH),��catalog��No.��1310�r73�r

2��(Carl��Roth��GmbH,��Karlsruhe,��Germany)��

seal��enhancer�� � � � �
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NaCl�� 80��mM�� sodium��chloride��(NaCl),��catalog��No.��7681�r52�r9��

(Carl��Roth��GmbH,��Karlsruhe,��Germany)��

KCl�� 3��mM�� potassium��chloride��(KCl),��catalog��No.��7447�r40�r7��

(Carl��Roth��GmbH,��Karlsruhe,��Germany)��

MgCl2������ 10��mM�� magnesium��chloride��hexahydrate��(MgCl2���|��H2O),��

catalog��No.��7791�r18�r6��(Carl��Roth��GmbH,��

Karlsruhe,��Germany)��

CaCl2�� 35��mM�� calcium��chloride��dehydrate��(CaCl2���|��H2O),��catalog��

No.��10035�r04�r8��(Carl��Roth��GmbH,��Karlsruhe,��

Germany)��

HEPES��

��

10��mM�� 2�r(4�r(2�rhydroxyethyl)�r1�rpiperazinyl)�rethane��

sulfonic��acid��(HEPES),��CAS��No.��75277�r39�r3��

(Sigma��Aldrich,��Taufkirchen,��Germany)��

HCl�� seal��enhancer��

adjusted��to��pH��7.4��

0.1��mol/l,��CAS��No.��7647�r01�r0��(Carl��Roth��GmbH,��

Karlsruhe,��Germany)��

��

For��the��preparation��of��aqueous��buffer��solutions,��deionized��water,��which��was��additionally��freshly��

distilled,��was��used.��All��buffers��were��filtered��through��a��cellulose��membrane��(Ø��0.2���…M)��and��stored��at����

���r��20��°C.��Prior��to��an��experiment,��buffers��were��freshly��thawed��and��hold��at��room��temperature��during��an��

experiment.��

��

Table��8:��Reagents��for��cell��culture��and��handling.��

DMSO���� dimethyl��sulfoxide��(DMSO),��sterile��filtered,��CAS��

No.��67�r68�r5��(Invitrogen,��Darmstadt,��Germany)��

cell��culture��medium�� DMEM/F�r12��Media��+��GlutaMaxTM,��catalog��No.��

10565018��(Gibco��distributed��by��Life��

Technologies,��Darmstadt,��Germany)��

Ham´s��F�r12��Nutrient��Mix,��GlutaMAXTM,��catalog��

No.��31765035��(Gibco��distributed��by��Life��

Technologies,��Darmstadt,��Germany)��

ethanol�� dried��SeccoSolv®,��catalog��No.��1.00990��(Merck��

KGa��GmbH,��Darmstadt,��Germany)��

liquid��nitrogen�� CAS��No.��7727�r37�r9��(Air��Liquide,��Düsseldorf,��

Germany)��
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HEPES�� 2�r(4�r(2�rhydroxyethyl)�r1�rpiperazinyl)�rethane��

sulfonic��acid��(HEPES),��CAS��No.��75277�r39�r3��

(Sigma��Aldrich,��Taufkirchen,��Germany)��

hygromycin��B���� 60��mg/ml,��catalog��No.��10687�r010��(Gibco��

distributed��by��Life��Technologies,��Darmstadt,��

Germany)��

geneticin�� 50��mg/ml,��catalog��No.��10131019��(Gibco��

distributed��by��Life��Technologies,��Darmstadt,��

Germany)��

sodium��pyruvate�� 100��mM,��catalog��No.��11360070��(Gibco��

distributed��by��Life��Technologies,��Darmstadt,��

Germany)��

isopropanol���� catalog��No.��100995��(Merck��KGa��GmbH,��

Darmstadt,��Germany)��

NMDG�� M2004,��N�rmethyl�rD�rglucamine��(NMDG),��CAS��

No.��6284�r40�r8����(Sigma��Aldrich,��Taufkirchen,��

Germany)��

PBS�� phosphate��buffered��saline��(PBS),��sterile,��280�r

315��mOsm/kg,��pH��7,4,��catalog��No.��1001015��

(Gibco��distributed��by��Invitrogen,��(Darmstadt,��

Germany)��

cell��dissociation��reagent���� „TrypLETM��Express“,��catalog��No.��12605010��

(Gibco��distributed��by��Invitrogen,��Darmstadt,��

Germany)��

cell��dissociation��buffer,��enzyme�rfree,��PBS�r

based,��catalog��No.��13151014��(Gibco,��

distributed��by��Invitrogen,��Darmstadt,��Germany)��

“CASY®��ton“���� isotonic��measurement��buffer��for��cell��counting��

with��an��automatic��cell��counting��and��analyzing��

system,��catalog��No.��05��651��808��001��(Roche,��

Mannheim,��Germany)��

“CASY®��clean“���� capillary��and��system��cleaning��agent��for��cell��

counting��with��an��automatic��cell��counting��and��

analyzing��system,��catalog��No.��05��651��786��001��

(Roche,��Mannheim,��Germany)��
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“CASY®��blue“���� cytotoxic��agent��for��viability��determination��and��

cell��sizing,��catalog��No.��05��651��760��001��(Roche,��

Mannheim,��Germany)��

FBS���� fetal��bovine��serum��(FBS),��catalog��No.:��

16000036��(Gibco,��distributed��by��Life��

Technologies)��

��

��

2.3� � � �Cell��culture����

Immortalized��mammalian��cells��deriving��from��rat��pituitary��tumor��cells��(Rattus��norvegicus),��GH4C1,��and��

CHO�rK1��cells��deriving��from��Chinese��hamster��ovary��(Cricetulus��griseus)��were��obtained��from��Genionics��

(Schlieren,��Switzerland).��CHO�rK1��cells��were��stably��transfected��with��cDNA��of��human� � � r7�rnicotinic��

acetylcholine��receptor��(h�r7�rnAChR)��and��the��acetylcholine��receptor��chaperone��RIC�r3��also��known��as��

resistance��to��inhibitors��of��cholinesterase�r3��(RIC�r3)��expediting��the��transport��of��the��receptor��to��the��cell��

membrane��(Figure��5)��[176].��These��cells��were��denoted��as��CHO/RIC�r3/h�r7�rnAChR��cells��and��were��

obtained��from��Genionics��(Schlieren,��Switzerland).��The��following��h�r7�rnAChR��subunit��cDNA��and��h�rRIC3��

cDNA��with��start��and��end��codons��highlighted��in��blue��in��Figure��5��were��applied��for��insertion��into��the��

mammalian��expression��vector��pBudCE4.1��(Invitrogen��distributed��by��Life��Technologies,��Darmstadt,��

Germany)��which��was��designed��for��simultaneous��expression��of��two��genes��in��mammalian��cell��lines.��

��

��

��

��

��

��

��
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NCBI��open��reading��frame��(ORF)��sequence��of��human���r7�rnAChR��subunit��(NM_000746��version��2)��

ATGCGCTGCTCGCCGGGAGGCGTCTGGCTGGCGCTGGCCGCGTCGCTCCTGCACGTGTCCCTGCAAGGCG 
 
AGTTCCAGAGGAAGCTTTACAAGGAGCTGGTCAAGAACTACAATCCCTTGGAGAGGCCCGTGGCCAATGA 
 
CTCGCAACCACTCACCGTCTACTTCTCCCTGAGCCTCCTGCAGATCATGGACGTGGATGAGAAGAACCAA 
 
GTTTTAACCACCAACATTTGGCTGCAAATGTCTTGGACAGATCACTATTTACAGTGGAATGTGTCAGAAT 
 
ATCCAGGGGTGAAGACTGTTCGTTTCCCAGATGGCCAGATTTGGAAACCAGACATTCTTCTCTATAACAG 
 
TGCTGATGAGCGCTTTGACGCCACATTCCACACTAACGTGTTGGTGAATTCTTCTGGGCATTGCCAGTAC 
 
CTGCCTCCAGGCATATTCAAGAGTTCCTGCTACATCGATGTACGCTGGTTTCCCTTTGATGTGCAGCACT 
 
GCAAACTGAAGTTTGGGTCCTGGTCTTACGGAGGCTGGTCCTTGGATCTGCAGATGCAGGAGGCAGATAT 
 
CAGTGGCTATATCCCCAATGGAGAATGGGACCTAGTGGGAATCCCCGGCAAGAGGAGTGAAAGGTTCTAT 
 
GAGTGCTGCAAAGAGCCCTACCCCGATGTCACCTTCACAGTGACCATGCGCCGCAGGACGCTCTACTATG 
 
GCCTCAACCTGCTGATCCCCTGTGTGCTCATCTCCGCCCTCGCCCTGCTGGTGTTCCTGCTTCCTGCAGA 
 
TTCCGGGGAGAAGATTTCCCTGGGGATAACAGTCTTACTCTCTCTTACCGTCTTCATGCTGCTCGTGGCT 
 
GAGATCATGCCCGCAACATCCGATTCGGTACCATTGATAGCCCAGTACTTCGCCAGCACCATGATCATCG 
 
TGGGCCTCTCGGTGGTGGTGACAGTGATCGTGCTGCAGTACCACCACCACGACCCCGACGGGGGCAAGAT 
 
GCCCAAGTGGACCAGAGTCATCCTTCTGAACTGGTGCGCGTGGTTCCTGCGAATGAAGAGGCCCGGGGAG 
 
GACAAGGTGCGCCCGGCCTGCCAGCACAAGCAGCGGCGCTGCAGCCTGGCCAGTGTGGAGATGAGCGCCG 
 
TGGCGCCGCCGCCCGCCAGCAACGGGAACCTGCTGTACATCGGCTTCCGCGGCCTGGACGGCGTGCACTG 
 
TGTCCCGACCCCCGACTCTGGGGTAGTGTGTGGCCGCATGGCCTGCTCCCCCACGCACGATGAGCACCTC 
 
CTGCACGGCGGGCAACCCCCCGAGGGGGACCCGGACTTGGCCAAGATCCTGGAGGAGGTCCGCTACATTG 
 
CCAACCGCTTCCGCTGCCAGGACGAAAGCGAGGCGGTCTGCAGCGAGTGGAAGTTCGCCGCCTGTGTGGT 
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GGACCGCCTGTGCCTCATGGCCTTCTCGGTCTTCACCATCATCTGCACCATCGGCATCCTGATGTCGGCT 
 
CCCAACTTCGTGGAGGCCGTGTCCAAAGACTTTGCGTAA��
��

NCBI��open��reading��frame��(ORF)��sequence��of��human��RIC�r3��(NM_001206671��version��2)��

ATGGCGTACTCCACAGTGCAGAGAGTCGCTCTGGCTTCTGGGCTTGTCCTGGCTCTGTCGCTGCTGCTGC 
 
CCAAGGCCTTCCTGTCCCGCGGGAAGCGGCAGGAGCCGCCGCCGACACCTGAAGGAAAATTGGGCCGATT 
 
TCCACCTATGATGCATCATCACCAGGCACCCTCAGATGGCCAGACTCCTGGGGCTCGTTTCCAGAGGTCT 
 
CACCTTGCCGAGGCATTTGCAAAGGCCAAAGGATCAGGTGGAGGTGCTGGAGGAGGAGGTAGTGGAAGAG 
 
GTCTGATGGGGCAGATTATTCCAATCTACGGTTTTGGGATTTTTTTATATATACTGTACATTCTATTTAA 
 
GCTCTCAAAGGGGAAAACAACTGCAGAGGATGGGAAATGCTATACTGCCATGCCTGGAAACACCCACAGG 
 
AAAATTACCAGTTTTGAGCTTGCTCAACTGCAAGAAAAACTGAAGGAGACAGAAGCAGCCATGGAAAAAT 
 
TAATCAACAGAGTGGGACCTAATGGTGAGAGCAGAGCACAGACTGTGACTTCTGACCAAGAGAAACGGTT 
 
GCTACATCAGCTCCGAGAAATCACCAGGGTCATGAAAGAAGGAAAATTCATTGACAGATTTTCTCCAGAG 
 
AAAGAAGCTGAGGAGGCCCCTTACATGGAGGACTGGGAAGGTTACCCTGAAGAGACTTACCCAATTTATG 
 
ACCTTTCAGACTGTATCAAGCGTAGGCAAGAAACAATCTTGGTGGATTACCCTGACCCAAAAGAACTTTC 
 
TGCTGAAGAAATAGCTGAAAGAATGGGAATGATAGAAGAGGAAGAATCAGATCATTTGGGTTGGGAAAGT 
 
CTGCCCACTGACCCCAGAGCCCAGGAAGATAATTCTGTTACCTCGTGTGATCCAAAGCCAGAAACATGTT 
 
CCTGCTGTTTTCATGAAGACGAGGATCCTGCTGTCTTGGCAGAGAATGCTGGATTCAGTGCAGATAGCTA 
 
CCCTGAGCAAGAGGAAACCACCAAAGAAGAGTGGTCCCAAGACTTTAAAGATGAAGGGTTGGGCATCAGC 
 
ACCGATAAAGCATATACAGGCAGCATGCTGAGGAAGCGTAACCCCCAGGGTTTAGAGTGA��
��
Figure�� 5:�� Mammalian�� expression�� vector�� pBudCE4.1�� (4595�� pb)�� (Invitrogen�� distributed�� by��

LifeTechnologies,��Darmstadt,��Germany)��for��stable��transfection��of��h�r7�rnAChR��subunit��and��h�rRIC3��

cDNA��into��CHO�rK1��cells��(CHO/RIC�r3/h�r7�rnAChR)��and��open��reading��frames��of��h�r7�rnAChR��subunit��

and��h�rRIC3��cDNA.��Elements��of��pBudCE4.1��designed��for��simultaneous��expression��of��two��genes��in��

mammalian��cell��lines��are��described��in��Table��9��and��start��and��stop��codons��of��cDNA��are��shown��in��blue.��

��
��
��
��
��
��
��
��
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Table��9:��Elements��of��pBudCE4.1��(4595��bp)��(Invitrogen,��distributed��by��Life��Technologies,��Darmstadt,��

Germany).��

element���� location��(bases)�� specification��

human��cytomegalovirus��

(CMV)��immediate�rearly��

promoter/enhancer��

7�r594�� permits��high�rlevel��expression��of��

recombinant��protein����

CMV��forward��priming��site�� 544�r564�� permits��sequencing��through��the��

insert��from��the��5
;��end��

T7��promoter/priming��site�� 638�r657�� permits��sequencing��through��the��

insert��from��the��5
;��end.��Allows��for��in��

vitro��transcription��in��the��sense��

orientation��

CMV��multiple��cloning��site�� 664�r713�� seven��unique��sites��allow��insertion��of����

gene��

SV40��polyadenylation��signal�� 803�r933�� transcription��termination��and��

polyadenylation��of��mRNA��

hygromycin�� B�� resistance��

gene��

1063�r1437��

(complementary��strand)��

selection��of��transformants��in��E.��coli��

and��stable��transfectants��in��

mammalian��cells��

EM7��promoter�� 1456�r1510��

(complementary��strand)��

synthetic��promoter��based��on��the��

bacteriophage��T7��promoter��for��

expression��of��the��hygromycin��

resistance��gene��in��E.��coli��

SV40��early��promoter��and��

origin��

1547�r1869��

(complementary��strand)��

permits��high�rlevel��expression��of��the��

hygromycin��B��resistance��gene��and��

episomal��replication��in��cells��

expressing��the��SV40��large��T��antigen��

human��elongation��factor��1�r��

(EF�r1�r)��promoter��

1885�r3051�� permits��high�rlevel��expression��of��

recombinant��protein����

EF�r1�r��forward��priming��site�� 2999�r3019�� permits��sequencing��through��the��

insert��from��the��5
;��end��

EF�r1�r��multiple��cloning��site�� 3062�r3126�� seven��unique��sites��allow��insertion��of��

the��gene��

bovine�� growth�� hormone��

(BGH)��reverse��priming��site��

3218�r3235��

(complementary��strand)��

permits��sequencing��through��the��

insert��from��the��3
;��end��
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BGH��polyadenylation��signal�� 3224�r3447�� transcription��termination��and��

polyadenylation��of��mRNA����

pUC��origin�� 3521�r4194�� high�rcopy��number��replication��and��

growth��in��E.��coli��

��

Transfection��of��the��construct��was��performed��according��to��the��manufacture´s��protocol��(Genionics,��

Schlieren,��Switzerland)��and��stably��transfected��CHO/RIC�r3/h�r7�rnAChR��cells��were��cultivated��in��the��

presence��of��the��selection��marker��hygromycin��B��to��separate��transfected��cells��from��not��transfected��cells.��

Functional��properties��of��h�r7�rnAChR��were��validated��by��patch��clamp��techniques��in��the��whole�rcell��

configuration��according��to��the��manufacture´s��protocol��(Genionics,��Schlieren,��Switzerland).��For��long�r

term��storage,��GH4C1,��CHO�rK1��and��CHO�rK1/RIC�r3/h�r7�rnAChR��cells��were��suspended��in��fresh��freezing��

medium��containing��complete��medium��given��in��Table��10��supplemented��with��10��%��DMSO��at��a��density��

of��approx.��of��2��x��106��cells/ml.��Aliquots��of��0.5��ml��of��cell��suspension��were��filled��into��cryovials��and��

transferred��to��a��liquid��nitrogen��tank.����

��

Table��10:��Composition��of��cell��culture��media��for��different��cell��lines.��

cell��line���� cell��culture��medium�� supplements��

GH4C1�� DMEM/F�r12��Media��+��GlutaMaxTM�� FCS,��10��%��

+��natrium��pyruvate,��1mM��

CHO�rK1�� Ham´s��F�r12��Nutrient��Mix,��GlutaMAXTM�� FCS,��10��%��

CHO�rK1/RIC�r3/h�r7�r

nAChR��

Ham´s��F�r12��Nutrient��Mix,��GlutaMAXTM�� FCS,��10��%��

+��hygromycin��B,��300��µg/ml��

��

For��cultivation,��cells��were��thawed��quickly��at��37��°C��and��transferred��into��T�r75��culture��flasks��containing��

20��ml��pre�rwarmed��complete��medium��(Table��10)��and��were��maintained��at��37��°C��in��a��humidified,��5��%��CO2��

environment��in��supplemented��cell��culture��media.����

Cells��were��incubated��at��37��°C��for��24��h��to��allow��cells��to��attach��to��the��bottom��of��the��flask��before��the��

medium��was��aspirated��and��replaced��by��fresh��complete��medium.��When��cells��reached��70� � � r� �80��%��

confluence,��they��were��passaged.��For��this��purpose,��the��culture��medium��was��aspirated��and��washed��once��

with��4��ml��PBS.��Subsequently,��3��ml��cell��dissociation��buffer��(enzyme�rcontaining,��trypsin�rfree)��was��added��

to��the��cells��and��the��flask��was��tilt ��gently��to��distribute��the��solution��evenly.��Then,��most��of��the��solution��

was��removed��leaving��only��a��thin��film��covering��the��cells.��During��incubation��of��cells��for��3��min��in��the��

incubator��(37��°C.,��95��%��O2��and��5��%��CO2)��cells��detached��from��the��surface��of��the��culture��flask.��Then,��cells��

were��resuspended��in��10��ml��pre�rwarmed��complete��culture��medium��and��an��aliquot��of��2��ml��containing��

approx.��2��x��106��cells��was��transferred��to��a��T�r75��culture��flask��prefilled��with��20��ml��fresh��pre�rwarmed��
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culture��medium.��For��further��cultivation,��cells��were��routinely��passaged��after��3��days��at��70���r��80��%��

confluence��according��to��the��prescribed��procedure.��For��cell��counting,��100���…l��of��the��cell��suspension��were��

added��to��10��ml��of��CASY®��ton��prefilled��in��a��CASY®��cup��and��the��cell��number��was��determined��by��an��

automatic��cell��counting��and��analyzing��system��(Casy®��TTC).����

��

��

2.4� � � �Patch��clamp��technique��
��

2.4.1�� Theoretical��background��–��ionic��theory��

The��electrical��properties��of��a��cell��derive��from��the��properties��of��the��cell��membrane.��The��cell��membrane��

is��selectively��permeable��to��specific��ion��species��through��ion��channels��and��transporters��which��determine��

the��electrical��potential��difference��between��the��interior��and��the��exterior��of��a��cell��[8,��31].��This��so��called��

membrane��potential��is��generated��by��the��unequal��concentrations��of��ions��on��opposite��sides��of��the��

membrane��due��to��the��semipermeable��property��of��the��membrane��of��a��cell.��The��membrane��is��in��

electrical��terms��a��resistor��or��conductor��because��it��is��selectively��permeable��to��specific��ion��species��

whereas��it��is��a��barrier��for��the��flow��of��other��ion��species��(Figure��6)��[3,��310].��In��this��context,��ions��move��

through��the��semipermeable��membrane��by��diffusion��down��their��concentration��gradient��and��their��

electrical��force.��In��addition,��ions��move��by��active��transport��through��integral��membrane��transporters��

and��pump��proteins��that��actively��carry��ions��against��their��concentration��gradient��under��the��use��of��

cellular��energy��adenosine��triphosphate��(ATP)��(Figure��6)��[52].��The��most��relevant��ion��pump��for��

membrane��potential��that��carry��out��active��transport��is��the��Na+�rK+��pump��that��uses��energy��derived��from��

ATP��to��take��three��Na+��ions��outside��the��cell��in��exchange��of��two��K+��ions��that��are��transported��to��the��inside��

of��the��cell��[140].��In��that��way,��K+��concentration��is��high��inside��the��cell��and��low��outside��the��cell��whereas��

Na+��is��at��low��concentrations��inside��and��at��high��concentrations��outside��the��membrane��(Figure��6)��[310,��

311].��The��inside��of��the��cell��is��slightly��more��negatively��charged��relative��to��the��outside��of��the��cell��due��to��

the��high��Na+��concentration��outside��the��cell��and��the��excess��of��negatively��charged��ions��and��proteins��

inside��the��cell��(Figure��6)��[228,��388].��Hence,��the��ion��gradient��of��a��cell��membrane��consists��of��two��

components��that��determine��the��movement��of��ions��across��the��membrane,��an��electrical��component��

causing��a��charge��difference��and��a��chemical��component��causing��a��concentration��difference��of��ions��

across��the��membrane��and��together��this��is��called��the��electrochemical��gradient��[228,��394].��This��gradient��

is��determined��by��ion��diffusion��with��the��gradient��through��ion��channels��that��can��be��classified��into��

voltage�rgated��(VGIC)��and��ligand�rgated��ion��channels��(LGIC)��besides��other��channels.��These��VGIC��and��LGIC��

open��and��close��the��channel��pore��selective��for��one��type��of��ion,��for��example��K+��channels��in��response��to��

the��voltage��or��to��the��binding��of��a��ligand��molecule��[367].��The��ion��species��that��is��the��main��driving��force��

for��the��formation��of��the��membrane��potential��is��K+��due��to��its��high��permeability��across��the��membrane,��
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but��can��also��involve��Na+,��whereas��Ca2+��and��Cl�r��ions��can��be��omitted��[48].��Therefore,��the��electrochemical��

gradient��of��K+��constitutes��the��tendency��of��K+��ions��to��diffuse��out��of��the��cell��due��to��the��concentration��

difference��of��K+��between��the��two��sides��of��the��membrane.��In��contrast,��the��positive��charge��of��the��K+��ion��

leads��to��diffusion��of��K+��with��the��electrical��gradient��to��the��inside��of��the��cell��[228].��Consequently,��the��

electrochemical��gradient��causes��an��unequal��concentration��of��K+��at��its��equilibrium��and��causes��a��voltage��

difference��between��the��inside��and��the��outside��of��the��cell��(Figure��6)��[48,��228,��388].����

��

��

Figure��6:��Diagram��of��electrochemical��equilibrium��and��charge��for��Na+,��K+,��Cl�r��and��proteins��(A�r)��across��

the��semipermeable��cellular��membrane��(Image��adapted��from��[2]).������

��

��

��

��

��

��

��

��

��
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When��the��concentration��of��an��ion��is��equilibrated��on��both��sides��of��the��membrane,��the��reversal��potential��

of��that��ion��is��reached��which��is��the��equilibrium��potential��of��an��ion��at��which��diffusive��and��electrical��forces��

counterbalance��[48].��Thus,��the��chemical��gradient��equals��the��electrical��gradient��at��the��reversal��potential��

and��can��be��calculated��for��single��ions��by��using��the��Nernst��equation��[48]:��

��

with��ln��(x)��=���r��2.3��log10��(x):��

� � � �

with��ln��(x)��=���r��2.3��log10��(x):��

and��RT/F��=��25.2��mV��(at��20��°C):��

��

where��R��is��the��gas��constant��(8.314��V��C��K�r1��mol�r1),��T��is��the��absolute��temperature��(T��=��273°��+��C°),��z��is��the��

charge��of��ion��A,��F��is��Faraday's��constant��(9.648x104��C��mol�r1),��and��[A]o��and��[A]i��are��the��concentrations��of��

ion��A��outside��the��cell��and��inside��the��cell,��respectively.����

��

Considering��the��ion��concentrations��of��the��external��and��internal��solution��used��in��this��study,��the��Nernst��

potential��of��the��single��type��of��ions��were��calculated��for��K+��and��Na2+��by��the��following��equations:����

��
Nernst��potential����

��

By��definition,��the��voltage��generated��by��the��gradient��of��single��ions��determined��by��the��Nernst��potential��

is��based��on��charge��and��the��interior��and��exterior��concentration��of��the��ion��in��question��while��the��voltage��

generated��by��the��gradient��of��all��ions��is��reached��when��the��net��flow��of��current��across��the��membrane��is��

zero��[221].This��so��called��resting��membrane��potential��(RMP)��is��defined��as��the��potential��at��the��inner��side��

of��the��membrane��relative��to��the��potential��at��the��outer��side��of��the��membrane��in��a��steady�rstate��

condition��for��a��long��period��of��time��[3]��and��typically��ranges��between��–��40��to��–��80��mV��inside��the��cell��

membrane��of��mammalian��cells��[48,��228,��388].��Thereby,��the��Goldman�rHodgkin�rKatz��equation��describes��

�' �Ä�6 
 L � � 
 F � �� w� z� �� I� 8� �� �� H� K� C�5�4����
�>�Ä�6�?�Ú
�>�Ä�6�?�Ô

���'�Ä�6 
 L 
 F � w� z � I� 8 � �� H� K� C�5�4��
� 7 � à� Æ

�9�4 �à�Æ

L 
F �y�s �I�8���� ������������������������������equation��4��

�' �Ç�Ô�6 
L �� 
F ���w�z���I�8�����H�K�C�5�4����
�>�Ç�Ô�6�?�Ú
�>�Ç�Ô�6�?�Ô

���'�Ç�Ô�6 
 L 
 F � w� z � I� 8 � �� H� K� C�5�4��
�5�8�4 �à�Æ

�5�4 �à�Æ

L 
E �x�x���I�8����������������������������equation��5��

�' �º 
 L � ��Ã���Å
�å���·

�����H�J����
�>�º�?�Ú
�>�º�?�Ô

���á�� �� �� equation��1 

�' �º 
 L � � 
 F � t� ä� u� ��Ã���Å
�å���·

���������H�K�C�5�4��
�>�º�?�Ú
�>�º�?�Ô

���á�� �� �� ����equation��2��

�' �º 
L �� 
F ���t�ä�u���T���t�w�ä�t���I�8�����H�K�C�5�4����
�>�º�?�Ú
�>�º�?�Ô


 L 
 F � w� z � I� 8 � �� H� K� C�5�4��
�>�º�?�Ú
�>�º�?�Ô

������������������������ ��equation��3��



64� � � �2��Materials��&��Methods��

��

the��averaged��reversal��potentials��of��all��ion��species��and��considers��the��permeability��of��the��plasma��

membrane��to��each��ion��species��(equation��6),��in��order��to��calculate��the��RMP��[48].��The��equation��gives��the��

weighted,��which��means��the��ions��relative��permeability,��average��of��the��equilibrium��potential��considering��

all��permeant��ions��[48].��Changes��in��membrane��potentials��and��determinants��of��the��RMP��are��determined��

by��properties��of��semipermeable��membranes��through��which��ions��move��by��diffusion,��upon��ion��channel��

activation��or��active��transport.��Thus,��the��membrane��potential��changes��with��changes��of��the��permeability��

of��the��membrane��due��to��opening��of��ion��channels��and��is��directly��proportional��to��the��conductance��of��a��

cell��[3,��48,��221,��228,��388].��

��

� � � �

where��R��is��the��gas��constant��(8.314��V��C��K�r1��mol�r1),��T��is��the��absolute��temperature��(T��=��273°��+��C°),��z��is��the��

charge��of��ion��A,��F��is��Faraday's��constant��(9.648x104��C��mol�r1),[A]o��and��[A]i��are��the��concentrations��of��ion��

[outside��the��cell��and��inside��the��cell]��and��Pi��is��the��relative��permeability��of��the��ion��type��outside��the��cell��

and��inside��the��cell,��respectively.����

��

Based��on��the��facts��that��cells��possess��a��distinct��RMP��due��to��unequal��distribution��of��ions��mediated��by��

the�� electrochemical�� gradient�� of�� the�� semipermeable�� membrane�� and�� on�� the�� fact�� that�� the��

transmembrane��potential��changes��upon��activation��of��ion��channels,��the��development��of��the��patch��

clamp��technique��was��intended��to��record��the��electrical��currents��deriving��from��ions��flowing��through��

single��channels��on��a��plasma��membrane��of��a��cell.��This��technique��derived��from��the��concept��of��a��voltage�r

clamp��described��in��section��2.4.4.��By��convention,��currents��induced��by��an��inflow��of��positively��charged��

ions��into��the��cell��are��denoted��as��an��inward��current��and��are��displayed��as��downward��deflecting��current��

whereas��an��efflux��of��positively��charged��ions��is��denoted��as��an��outflux��and��is��displayed��as��an��upwards��

deflecting��current��in��the��patch��clamp��recordings.��For��negatively��charged��ions��the��opposite��applies��

[232].��

��

2.4.2� � � �Basic��principle��of��the��patch��clamp��technique��

Based��on��the��work��by��Kenneth��Cole��and��J.��H.��Curtis��[67]��on��the��technique��of��the��voltage�rclamp,��the��

electrophysiological��patch��clamp��technique��was��developed��in��1976��by��the��pioneering��work��by��Erwin��

Neher��and��Bert��Sakmann��who��were��awarded��the��Nobel��Prize��for��the��development��of��the��patch��clamp��

method��in��1991��[227].��In��principle,��the��patch��clamp��technique��is��used��to��investigate��the��properties��of��

ion��channels��by��recording��electrical��currents��flowing��through��single��channels��on��a��plasma��membrane��

of��a��cell��[227].��In��this��technique,��a��glass��micropipette��called��a��patch��pipette��as��a��recording��
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microelectrode��with��a��small��opening��is��pressed��against��a��cell��that��is��floating��in��a��physiological��bath��

solution��where��a��second��electrode,��a��bath��electrode,��is��placed��as��a��reference��ground��electrode��[221].��

The��pipette��is��filled��with��a��solution��corresponding��the��ionic��composition��of��the��bath��solution��and��

captures��a��surface��area��or��so��called��patch��of��a��cell��that��contains��just��one��or��a��few��ion��channel��molecules��

[232].��By��application��of��slight��under�rpressure��in��the��pipette,��a��portion��of��the��membrane��is��suctioned��

into��the��pipette��and��forms��tight��sealing��between��the��cell��membrane��and��the��rim��of��the��glass��pipette��in��

terms��of��high��resistance��[221].��The��high��resistance��of��this��seal��creates��a��resistance��of��the��order��of��

several��gigaohm,��the��so��called��“gigaseal”��that��electronically��isolates��the��patch��from��the��rest��of��the��

membrane��and��allows��for��direct��measurement��of��electric��current��across��the��patched��membrane��[221].��

Such��currents��are��induced��by��activation��of��ion��channels��below��the��pipette��opening.��Achieving��a��gigaseal��

provides��mechanical��stability��to��the��recording��and��low��noise��recordings��and��thus��allows��for��resolving��

small��currents,��even��at��single��channel��level��[232].��This��gigaseal��procedure��allowed��Neher��and��Sakmann��

and��their��co�rworkers��to��obtain��the��so��called��cell�rattached��patch��clamp��recording��configuration��which��

is��used��for��the��measurement��of��single��channels.��Hereby,��it��is��assumed��that��the��patch��which��is��the��

membrane��under��the��opening��of��the��pipette��contains��just��one��ion��channel��molecule��[227].��Moreover,��

three��other��measurement��configurations��beside��the��cell�rattached��configuration��can��be��excised��[232].��

One��of��them��is��the��inside�rout��patch��where��the��pipette��is��pulled��back��to��isolate��the��membrane��patch��

and��thus,��the��cytosolic��side��of��the��membrane��is��separated��from��the��residual��membrane��and��faces��the��

external��salt��solution��allowing��modifications��of��the��solution��to��test��for��intracellular��factors��that��control��

membrane��channel��activity��[232].��The��most��common��mode��is��the��whole�rcell��configuration��which��is��

achieved��from��the��cell�rattached��configuration��by��briefly��applying��a��suction��pulse��while��maintaining��the��

tight��seal��to��rupture��the��cell��membrane��under��the��opening��of��the��pipette��in��order��to��access��the��interior��

of��the��cell��[232].��In��this��mode,��the��ionic��continuity��between��the��solution��in��the��pipette��and��the��interior��

of��the��cell��is��perfused,��thus,��the��ionic��composition��of��the��pipette��solution��corresponds��that��of��the��

cytoplasmic��ionic��composition��when��measuring��in��the��whole�rcell��configuration��[221].��The��main��

difference��of��the��whole�rcell��mode��to��cell��attached��mode��is��that��electrical��currents��are��recorded��from��

the��entire��cell��membrane��in��the��whole�rcell��mode��instead��of��from��the��membrane��patch��[221].��A��

modification��of��the��whole�rcell��mode��is��the��outside�rout��configuration.��In��this��case,��the��pipette��is��

retracted��during��the��whole�rcell��configuration��resulting��in��rupture��and��rearrangement��of��the��membrane��

so��that��two��pieces��of��membrane��with��the��cytosolic��site��facing��the��pipette��solution��reconnect��at��the��tip��

of��the��pipette��to��form��a��vesicular��structure��with��the��extracellular��surface��exposed��to��the��extracellular��

site��[221].��The��outside�rout��configuration��enables��investigation��of��small��populations��of��channels��or��

single��channels��and��allows��modifying��the��extracellular��medium��by��rapid��perfusion��[221].��In��this��study,��

the��whole�rcell��configuration��was��used.����
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2.4.3�� Automated��planar��patch��clamp��

The��conventional��patch��clamp��technique��is��considered��as��the��state�rof�rthe�rart��technology��for��obtaining��

highly��resolved��information��in��real��time��about��ion��channel��function��and��regulation��through��direct��

measurement��of��ion��flow��across��these��membrane��proteins��[221].��However,��patch��clamping��suffers��

from��being��extremely��laborious��and��very��labor��intense��since��a��skilled��and��highly��trained��experimenter��

and��technical��means��to��visually��and��mechanically��control��the��pipette��and��to��shield��the��recordings��from��

vibrations��and��electromagnetic��noise��are��required��[94,��96].��Due��to��the��serious��throughput��restrictions��

of��conventional��patch��clamping,��it��is��not��feasible��to��be��routinely��employed��in��most��phases��of��large��scale��

ion��channel��drug��screening��and��ion��channel��related��research��in��industrial��drug��development��programs��

[94,��96].��The��development��of��automated��patch��clamp��technology��is��aimed��at��removing��this��bottle��neck��

and��enabling��the��generation��of��high�rquality��data��with��efficient��high��throughput��capabilities��by��

automation��and��parallelization��to��facilitate��the��drug��screening��of��ion��channels��active��compounds��[98,��

313].��Such��automated��patch��clamp��platforms��become��increasingly��used��within��areas��of��drug��discovery��

as��well��as��academic��research��and��are��pivotal��for��safety��assessment,��secondary��screening��and��lead��

optimization��[94,��96].��Many��platforms��have��been��launched��and��are��commercially��available��such��as��

NPC�r16��Patchliner®��and��SyncroPatch®��96��(Nanion��Technologies��GmbH,��Munich,��Germany),��CytoPatch™��

(Cytocentrics��AG,��Rostock,��Germany),��PatchXpress®��7000A,�� IonWorks®��Quattro�� and�� IonWorks��

Barracuda™��(Molecular��Devices,��LLC,��Wals,��Austria),��Dynaflow®��HT��(Cellectricon��AB,��Mölndal,��Sweden),��

QPatch��HT��(Sophion��A/S,��Copenhagen,��Denmark)��and��IonFlux��HT��(Fluxion��Bioscience��Inc,��San��Francisco,��

USA)��[219,��313,��362].��Here��we��describe��features��of��Nanion’s��Patchliner®,��which��is��a��fully��automated��

patch��clamp��workstation��supporting��gigaseal��recordings��from��up��to��eight��cells��simultaneously��(Figure��

7)��[95].��This��technology��utilizes��micro��structured��borsilicate��glass��chips��with��small��perforations��of��a��

diameter��of��~1��µm��as��seal��forming��substrates��(NPC�rchips)��with��16��recording��chambers��(Figure��7)��[45,��

46].��These��tiny��holes��mimic��the��geometry��of��an��inverted��patch��pipette��tip��and��replace��the��traditionally��

used,��manually��manipulated,��glass��micropipette��for��patch��clamp��recordings.��In��total,��three��NPC�r16��

chips��can��be��mounted��on��the��chip��loading��area��at��a��time��so��that��up��to��48��experiments��can��be��pre�r

programmed��and��executed��in��a��row��[95].��Each��of��the��recording��chambers��is��a��three�rpart��structure��in��

which��a��rectangular��glass��plate��is��sandwiched��between��two��pieces��containing��the��microchannel��

structures,��the��upper��one��for��the��administration��of��external��solution��to��the��upper��site,��and��the��lower��

one��for��the��administration��of��internal��solutions��(Figure��7)��[45,��46,��95].��The��whole��system��is��integrated��

into��a��liquid��handling��environment��enabling��application��of��solutions,��cell��suspension��and��compounds��

on��the��chip��by��a��robotic��pipetting��arm��(Figure��7)��[95].��The��robot��and��thus��the��electrophysiological��

measurements��were��controlled��using��a��graphical��user��interface��with��a��user�rdetermined��protocol��which��

was��pre�rprogrammed��and��computer��controlled��[95].��
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Figure��7:��The��automated��planar��patch��clamp��workstation��of��a��Patchliner®��using��NPC�r16��chips��for��

parallel��recordings��in��the��cell�rattached��and��whole�rcell��configuration.��On��the��left,��the��patchliner��

platform��is��shown��with��the��measurement��head��magnified��in��the��right��front��corner��which��contains��the��

pneumatic��and��electric��contacts��for��recording.��The��chips��are��placed��on��a��motorized��stage,��which��slide��

automatically��into��the��head��station.��On��the��upper��right,��the��chip��containing��16��recording��channels��with��

a��solution��delivery��pipette��inserted��into��the��extracellular��inlet��of��one��chamber��is��shown.��On��the��lower��

right,��a��schematic��drawing��of��single��recording��site��of��the��16�rwell��microfluidic��cartridge��with��microfluidic��

cross�rchannel��geometry��with��internal��and��external��microfluidic��perfusion��channels��is��illustrated��[46,��

95].��

��

Thereby,��the��software��adapts��two��simultaneously��running��programs,��PatchControlHT��and��Patchmaster��

[95].��The��Patchmaster��was��used��to��control��the��settings��of��the��amplifier��and��to��conduct��the��recordings��

while��in��PatchControlHT��the��complete��sequence��of��the��experiment��was��defined��which��contained��the��

user�rdetermined��experimental��routine��from��cell��catch,��over��sealing,��gaining��whole�rcell��access��to��the��

electrophysiological��recordings��and��solution��exchange��[95].��Following��the��set�rup��of��this��sequential��

protocol,��the��chip��was��first��filled��with��35� � � …l��internal��solution��which��was��added��to��the��lower��

compartment��of��the��chip��underneath��the��aperture��(Figure��9).��Then,��40���…l��external��solution��was��added��

to��the��upper��compartment��above��the��aperture��(Figure��9).��Subsequently,��an��external��and��an��internal��

coated�� silver�� chloride�� electrode�� were�� applied�� to�� both�� compartments,�� whereas�� the�� internal��

microelectrode��corresponded��the��recording��microelectrode��and��the��external��microelectrode��the��




















































