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Referat 

Akute neuronale Schädigungen wie der Schlaganfall oder die Schädel-Hirn-Trauma führen oft zu 

bleibenden fokalen Defiziten der Betroffenen. Durch den primären Schaden einer akuten 

neuronalen Läsion kommt es zu einer Aktivierung von schädlichen wie auch protektiven 

zellulären und biochemischen Kaskaden. Diesen folgt ein Sekundärschaden mit 

inflammatorischen Komponenten, welcher zu einem Läsionswachstum beiträgt. Mycophenolat-

Mofetil (MMF), als selektiver Inhibitor der Inosin-5’Monophosphatdehydrogenase 2 (IMPDH-

Isoform 2) und ein Schlüsselenzym des Purinstoffwechsels, zeigte bereits in verschiedenen 

Modellen akuter neuronaler Läsionen einen positiven Einfluss auf den Verlauf der Schädigung. 

Es wurde hier geprüft, ob MMF die Neuroinflammation moduliert, einen Einfluss auf die 

Proliferation und Zytokinproduktion von Astrozyten und Mikroglia besitzt und seine Effekte 

zeitabhängig entfaltet. Des Weiteren erfolgten die nähere Charakterisierung des protektiven 

Zeitfensters, die Analyse der IMPDH-Isoform 2 als molekulare Zielstruktur sowie 

Untersuchungen Mikroglia-unabhängiger Effekte von MMF in organotypischen hippocampalen 

Schnittkulturen (OHSC) und primären Zellkulturen. Zur Analyse Mikroglia-unabhängiger 

Effekte wurden diese durch Bisphosphonat-Clodronat aus den OHSC depletiert. Darüber hinaus 

sollte das ermittelte Zeitfenster in einem traumatischen in vivo Modell überprüft werden. Es fand 

sich, dass die für MMF beschriebenen Effekte auf einer frühen Mikroglia-vermittelten Phase 

sowie einer späteren möglichen astrozytären Phase beruhen. Eine Applikation von MMF 

innerhalb der ersten 8-12 Stunden und bis höchstens 36 Stunden nach der Schädigung zeigte 

protektive Effekte in OHSC. Eine Stimulation durch Lipopolysaccharide in primären Mikroglia 

oder Astrozyten hatte keinen Einfluss auf die Expression der IMPDH-Isoform 2. Zwar konnte für 

MMF ein genereller Effekt in vivo nach 14 Tagen nachgewiesen werden, eine Translation des 

neurozytoprotektiven Zeitfensters von den OHSC zeigte in vivo jedoch keine signifikanten 

Effekte auf das Läsionsvolumen nach traumatischer Schädigung. 

Zusammenfassend deckt sich die in den OHSC beschriebene Mikroglia-abhängige Phase mit dem 

nachgewiesenen effektiven Zeitfenster zwischen 8-36 Stunden. Ein zellspezifisches 

Wirkungsspektrum durch MMF in diesem Zeitfenster ist daher in den OHSC anzunehmen. Nach 

72 Stunden scheinen Astrozyten hier ebenfalls eine zunehmende Rolle zu spielen.  

 

Joshua Marvin Kleine: Die Bedeutung des Purinstoffwechsels auf die Proliferation von Gliazellen 

nach neuronaler Schädigung, Halle (Saale), Univ., Med. Fak., Diss., 30 Seiten, 2024
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1. Einleitung  

Der Schlaganfall und traumatische Läsionen des zentralen Nervensystems (ZNS) stellen 

vorherrschende Ursachen für fokal-neurologische Ausfälle, kognitive Defizite sowie ein 

Hauptrisiko für eine eingeschränkte Partizipation im Alltag dar (Carandang et al., 2006; Maas et 

al., 2008). Global wurde der Schlaganfall als die zweithäufigste Todesursache im Jahr 2019 

angegeben, und auch bei Menschen unter 70 Jahren steigt die Inzidenz zunehmend an (Feigin et 

al., 2021). Trotz großer Fortschritte in der Akutbehandlung profitieren nicht alle Patient:innen, so 

dass sie in Folge des Schlaganfalls oder Schädel-Hirn-Traumas (SHT) mit bleibenden 

neurologischen Defiziten sowie mit deutlichen Einschränkungen der Lebensqualität rechnen 

müssen (Nogueira et al., 2018; Feigin et al., 2021). Es ist deshalb wichtig, nach neuen potenziellen 

Möglichkeiten und therapeutischen Ansätzen zu suchen (Chamorro et al., 2016). Besonders 

zelluläre sowie interzelluläre Pathomechanismen neuronaler Läsionen und die dabei entstehende 

Neuroinflammation sind wichtige Ansatzpunkte für mögliche neurozytoprotektive Behandlungen 

(Nedergaard and Dirnagl, 2005). Die Entwicklung und Nutzung präklinischer Modelle spielt für 

das Verständnis der pathologischen Prozesse des neuronalen Schadens eine wichtige Rolle. Ein 

besonders etabliertes Modell für die Untersuchung der Zellen im Nervengewebe und der Prüfung 

verschiedener Medikamente und deren Wirkung stellen organotypische hippocampale 

Schnittkulturen (OHSC) dar (Grabiec et al., 2017). 

 

1.1 Neuronaler Schaden  

Bereits Cajal verstand Neurone als die grundlegende Funktionseinheit des ZNS. Diese Zellen sind 

großteils post-mitotisch, was einerseits die Voraussetzung zum Aufbau und zur 

Aufrechterhaltung der neuronalen Netzwerke bildet, andererseits aber eine eingeschränkte 

Regenerationsfähigkeit bedingt. Die neuronale Plastizität und die damit verbundene Eigenschaft, 

verlorene Funktionen durch benachbarte Areale zu übernehmen, stellt daher eine grundlegende 

Voraussetzung für den teilweisen Wiedergewinn zentraler Fähigkeiten dar (Holtmaat and 

Svoboda, 2009; Dimyan and Cohen, 2011; Qiao et al., 2023). Das therapeutische Dogma lautet 

daher, so viele neuronale Zellen wie möglich zu schützen und zu erhalten, um irreversible 

Schäden mit bleibenden Behinderungen der Patient:innen zu verhindern oder zu minimieren. 

Häufige Ursachen für akute neuronale Schädigungen stellen das SHT und der Schlaganfall dar 

(Maas et al., 2008; Feigin et al., 2016; Feigin et al., 2021). Aufgrund der ausgeprägten 

Heterogenität der Schädigung durch ein SHT erschwert dies reproduzierbare Studien wie auch 

eine adäquate Therapie (Balestreri et al., 2004; Mohammadifard et al., 2018). Zunehmend ist auch 

ein Anstieg der Inzidenz des Schlaganfalls zu beobachten (Kissela et al., 2012; Feigin et al., 

2021). Die akute Schädigung durch solch ein Ereignis, sei es ischämischer oder traumatischer 

Natur, führt zu einem irreversiblen Verlust von Gliazellen und Neuronen, welcher unter dem 

Begriff des primären Schadens subsumiert wird (Dirnagl et al., 1999). Diesem folgt eine sehr 
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komplexe Antwort von intrinsischen und extrinsischen ineinandergreifenden zellulären wie 

biochemischen Kaskaden, welche unter dem Begriff des sekundären Schadens zusammengefasst 

werden (Chamorro et al., 2016; Cao et al., 2020). Sowohl der primäre als auch der sekundäre 

Schaden sind für den Schlaganfall und das SHT bereits detailliert beschrieben (Dirnagl et al., 

1999; Jassam et al., 2017; Datta et al., 2023). Der sekundäre Schaden führt dabei zu einer 

Ausbreitung der Läsion durch Destruktion von bereits vulnerablen Neuronen in periläsionalen 

Arealen (Dirnagl et al., 1999; Jassam et al., 2017). Diese Progression entwickelt sich in einem 

Zeitraum von Stunden bis Wochen (Abb. 1). Zeitlich lassen sich bestimmte Elemente wie die 

Exzitotoxizität, die Entstehung von oxidativem Stress und die Aktivierung verschiedener Zellen 

des ZNS, unter anderem der Mikroglia und Astrozyten, infolge einer Neuroinflammation 

einordnen (Kunz et al., 2010). 

 
Abb. 1: Modifizierte Darstellung des sekundären Schadens nach Dirnagl et al. 1999. In Rot sind schädliche 

Einflüsse auf neuronale Zellen dargestellt. In Grün protektive Einflüsse, welche den schädlichen Prozessen 

entgegenwirken. Minuten nach der Schädigung überwiegt zu einem großen Teil die Exzitotoxizität gefolgt von 

oxidativem Stress. Es schließen sich neuroinflammatorische Prozesse an, welche Stunden bis Tage anhalten können. 

 

Aufgrund der höheren Heterogenität des primären Schadens bei SHT variieren sekundäre 

Kaskaden mehr als bei einem ischämischen Schlaganfall (Maas et al., 2008; Ng and Lee, 2019). 

Der primäre Schaden wird hier maßgeblich durch eine begleitende Ischämie/Hypoxie, 

hämorrhagische Komponente, Hämatome sowie eine diffuse axonale Verletzung beeinflusst 

(Maas et al., 2008). Der folgenden inflammatorischen Komponente kommt insbesondere bei 

Kontusionsverletzungen, mit einem Anteil von 60% am sekundären Schaden, eine große 

Bedeutung zu (Maas et al., 2008). Durch eine Schädigung der Blut-Hirn-Schranke (BBB) und 

kleine Mikroblutungen kommt es neben der Migration peripherer Immunzellen zu einer 

Minuten Stunden Tage Wochen
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Expression von Hitze-Schock-Proteinen (HSPs) sowie dem High-Mobility-Group-Protein B1 

(HMGB1) (Zheng et al., 2022). Eine Aktivierung der Mikroglia via nukleären Faktor kappa B 

(NF-kB) (Sun et al., 2020) und die Freisetzung von inflammatorischen Zytokinen sind die Folgen 

(Jassam et al., 2017). Neuroinflammatorische Prozesse finden sich in allen Phasen ischämischer 

oder traumatischer Schädigungen, angefangen bei einer frühen Freisetzung von 

Adenosintriphosphat (ATP) bis hin zu den späten regenerativen Prozessen (Jassam et al., 2017; 

Stoll and Nieswandt, 2019). Eine exakte Analyse der pathophysiologischen molekularen 

Kaskaden sowie der zellulären Integrationen von Mikroglia und Astrozyten am sekundären 

Schaden ist daher Grundlage für mögliche therapeutische Ansätze. 

 

1.1.1 Mikroglia 

Mikroglia machen ca. 5% der Gliapopulation aus und repräsentieren die ortsständigen 

Immunzellen des ZNS. Im Gegensatz zu anderen Gliazellen mit phylogenetischer 

neuroektodermaler Herkunft stellen Mikroglia nach aktuellem Stand eine sich eigenständig im 

ZNS regenerierende, aus dem Dottersack pränatal migrierende, Zellpopulation dar (Ginhoux et 

al., 2010; Ginhoux and Jung, 2014; Ginhoux and Garel, 2018). Unter physiologischen 

Bedingungen sind Mikroglia an zahlreichen Funktionen wie der Entwicklung des ZNS, der 

Neurogenese, dem Strukturerhalt der Synapsen und der Aufnahme immunologischer Aufgaben 

infolge diverser Pathologien beteiligt (Kettenmann et al., 2011; Casano and Peri, 2015; Wolf et 

al., 2017; Basilico et al., 2022; Whitelaw et al., 2023). Die Aktivierung durch eine pathologische 

Veränderung erfolgt über eine Vielzahl von Oberflächenrezeptoren der Mikroglia (Kettenmann 

et al., 2011; Jadhav et al., 2023; Wang et al., 2023b). Zum Großteil können diese unter dem 

Begriff der Muster-Erkennungs-Rezeptoren (PRRs) subsumiert werden. Zu dieser Gruppe lassen 

sich unter anderem die Familie der Toll-Like-Rezeptoren (TLR) (Bsibsi et al., 2002; Fitzgerald 

and Kagan, 2020) und die NOD-Like-Rezeptoren (NLR) (Shiau et al., 2013) zuordnen. Diese sind 

in der Lage, sogenannte gefahrenassoziierte molekulare Muster (DAMPS) wie 

Lipopolysaccharide (LPS) bei bakteriellen Infektionen oder auch pathologieassoziierte 

molekulare Muster (PAMPS) bei einem erhöhten zellulären Untergang zu erkennen (Jounai et al., 

2013; Fitzgerald and Kagan, 2020). Dabei ist die Stimulation der Mikroglia durch LPS über den 

TLR-4 gut erforscht und stellt eine gängige Methode der Aktivierung in Zellkultur dar (Poltorak 

et al., 1998; Wu et al., 2022). Die Stimulation der TLR-4 erfolgt dabei unter anderem durch 

endogene Liganden wie HMGB1, HSPs und Protein S100 (Yu et al., 2010). An der Transduktion 

von TLR-4 unterscheidet man frühe von primärem Antwortprotein 88 der myeloiden 

Differenzierung (MyD88) abhängige Antworten und MyD88-unabhängige spätere Antworten 

(O'Neill, 2003; Leitner et al., 2019; Heidari et al., 2022; Wu et al., 2022). MyD88-abhängige 

Signalwege führen unter anderem zu einer Aktivierung von NF-kB, welche wiederum zu einer 

Erhöhung von Zytokinen wie Interleukin-1 (IL-1), Interleukin-6 (IL-6) oder Tumornekrosefaktor 
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(TNF)-Alpha führen kann (Trotta et al., 2014; Zaghloul et al., 2020; Carroll et al., 2021). Zu den 

DAMPS zählen jedoch auch Nukleotide wie ATP oder Uridintriphosphat (UTP), welche über 

purinerge Rezeptoren auf den Mikroglia erkannt werden (Davalos et al., 2005; Bianco et al., 2006; 

Wilmes et al., 2022; Schädlich et al., 2023). Der P2Y6, als Rezeptor von Uridindiphosphat (UDP), 

ist an der Regulierung der phagozytotischen Kapazität von Mikroglia beteiligt (Koizumi et al., 

2007). Nach Antagonisierung oder Gen-Silencing des P2XR7, eines ionotropen ATP-Rezeptors, 

konnte in der Mikrogliazelllinie N9 eine reduzierte Proliferation nach LPS-Stimulation 

beobachtet werden (Bianco et al., 2006). Weiter zeigte sich in humanen Mikroglia nach Blockade 

des P2XR7 eine Inhibition der Phagozytose und Aktivierung der Caspase-1 (Janks et al., 2018). 

Caspase-1 spaltet die inaktive Vorstufe von IL-1-Beta in seine aktive Form (Allan et al., 2005). 

Darüber hinaus scheint eine Blockierung des P2XR7 in einem ischämischen arteriellen 

Okklusionsmodell in vivo zu einer reduzierten Caspase-1 Aktivität und IL-1-Beta zu führen 

(Wilmes et al., 2022). Denkbar ist auch ein Einfluss purinerger Rezeptoren auf die Bildung des 

Inflammasoms NLRP3 und somit auf Caspase-1 (Kahlenberg and Dubyak, 2004). Eine weitere 

Möglichkeit der Stimulation von Mikroglia stellen Neurotransmitter, beispielsweise Glutamat, 

dar (Pocock and Kettenmann, 2007). Bei ausreichendem variablen Stimulus kommt es zu einer 

funktionellen wie auch morphologischen Transformation der Mikroglia in einen „aktiveren“ 

Zustand (Hanisch and Kettenmann, 2007; Deczkowska et al., 2018) (Abb. 2).  

 

 
Abb. 2: Modifizierte Darstellung der Aktivierung der Mikroglia nach Wang et al. 2023:  
Während die Mikroglia in ihrem „ramifizierten“ Zustand ständig das neuronale Gewebe durchsuchen, führt das 

Auftreten von sogenannten „on-Signalen“ (DAMPS oder PAMPS) wie zum Beispiel ATP oder auch das Wegfallen 

sogenannter „off-Signale“ zu einer Veränderung des Aktivierungszustands. Die Zellen passen sich kontinuierlich der 

aktuellen Situation an und können hierbei verschiedene Phänotypen einnehmen (Wang et al., 2023a).  

 

1.1.2 Astrozyten 

Astrozyten machen im ZNS den größten Anteil aller Gliazellen aus. Dabei stellen sie eine 

morphologisch wie auch funktionell sehr heterogene ektodermale Zellpopulation dar (Molofsky 

and Deneen, 2015). Histologisch kann unter anderem zwischen protoplasmatischen Astrozyten 

mit vielen kurzen Ausläufern in der grauen Substanz und den fibrillären Astrozyten mit ihren 

langen, dünnen Ausläufern unterschieden werden (Miller and Raff, 1984; Bushong et al., 2002; 

„Off	Signale“
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Lundgaard et al., 2014). Morphologisch sowie funktionell ist jedoch von einer ausgeprägten 

Heterogenität mit vielen weiteren Subgruppen und regionalen Unterschieden auszugehen (Khakh 

and Deneen, 2019). Eine wesentliche Aufgabe der Astrozyten besteht darin, ein ideales Milieu 

und die nötige Homöostase für neuronale Aktivität zu schaffen, diese aufrechtzuerhalten und 

strukturell wie auch funktionell von anderen Kompartimenten wie dem vaskulären System, dem 

Ependym und dem Ventrikelsystem zu separieren (Verkhratsky and Nedergaard, 2018). So 

übernehmen die Astrozyten eine Vielzahl wichtiger metabolischer Prozesse, welche zum Teil den 

neuronalen Stoffwechsel besonders im Hinblick auf den Gamma-Aminobuttersäure 

(GABA)/Glutamat-Metabolismus und den Energiespeicher komplementieren (Berkich et al., 

2007; Brown and Ransom, 2007; Bittner et al., 2010; Liu et al., 2023). Durch ihren starken Bezug 

zu metabolischen Prozessen haben Astrozyten auch einen Einfluss auf die synaptische Aktivität 

(Halassa et al., 2007; Liu et al., 2023). Insgesamt sind die Astrozyten durch die Ausbildung 

zahlreicher Gap-Junctions als eine Art funktionelles Synzytium zu verstehen. Astrozyten sind an 

der Bildung der vaskulären Einheit beteiligt, welche die Gesamtheit der an der Regulierung des 

zerebralen Blutflusses beteiligten Astrozyten, Immunzellen und Endothelzellen, angepasst an die 

neuronale Aktivität oder Neuroinflammation, umfasst (Iadecola, 2017). 

 

1.1.3 Exzitotoxizität 

Die unkontrollierte Aktivierung von exzitatorischen Aminosäurerezeptoren und die damit 

verbundene Zellschädigung durch Calcium (Ca2+) Überladung wird als Exzitotoxizität bezeichnet 

und stellt zeitlich eine frühe Komponente des sekundären Schadens dar (Olney et al., 1971; 

Rothstein et al., 1996; Dirnagl et al., 1999; Neves et al., 2023). Die dominierende Phase der 

Exzitotoxizität lässt sich innerhalb von Minuten bis Stunden nach einer primären Schädigung 

beobachten (Dirnagl et al., 1999). Durch eine unzureichende Sauerstoff- und Energieversorgung 

während eines SHT oder eines Schlaganfalls können weder Neurone noch Gliazellen ausreichend 

ATP generieren. Infolgedessen kommt es zu einem Zusammenbruch des Membranpotentials und 

zur Depolarisation mit unkontrollierter präsynaptischer Freisetzung von exzitatorischen 

Transmittern wie Glutamat (Dirnagl et al., 1999; Neves et al., 2023). Um eine Überstimulation 

an der Postsynapse zu verhindern, wird das freigesetzte Glutamat unter physiologischen 

Bedingungen unter hohem Energieaufwand präsynaptisch von den Neuronen durch ein Natrium-

Glutamat-Kotransporter oder zu einem deutlich größeren Anteil von den Astrozyten (Andersen 

et al., 2021) durch den Glutamat-Transporter-1 (GLT-1) und den Glutamat-Aspartat-Transporter 

(GALST) wieder aufgenommen (Namura et al., 2002; Pawlak et al., 2005; Yalçın and Colak, 

2020). Durch die spezifische Expression der Glutamin-Synthetase (GS) in den Astrozyten 

(Norenberg and Martinez-Hernandez, 1979; Mostafeezur et al., 2014) kommt diesen Zellen durch 

den Glutamat-Glutamin-Zyklus eine wichtige Bedeutung in der Transmitter-Homöostase zu 

(Hertz and Rothman, 2016). Unter pathologischen Bedingungen resultiert daher aus der 
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gesteigerten Glutamatfreisetzung und der eingeschränkten Wiederaufnahme eine 

Überstimulation ionotroper N-Methyl-D-Aspartat (NMDA)-Rezeptoren, α-amino-3-hydroxy-5-

methyl-4-Isoxazolepropionische Säure (AMPA)-Rezeptoren und metabotroper Glutamat-

Rezeptoren an der postsynaptischen Membran (Lai et al., 2014). Daraufhin kommt es zu einem 

Anstieg des intrazellulären Ca2+. Der NMDA-Rezeptor übernimmt hierbei durch seine hohe 

Permeabilität für Ca2+ eine führende Rolle (Choi, 1987; 1988). Das intrazelluläre Ca2+ agiert als 

Second- oder Third-Messenger bei zahlreichen Signalkaskaden und aktiviert Phospholipasen, 

Proteasen und Stickoxid-Synthetasen (NOS) (Knowles and Moncada, 1994; Lipton, 1999). Diese 

Akkumulation von Ca2+ in der Zelle führt abschließend zur Destabilisierung von Membranen und 

einem Abbau von Proteinen (Kunz et al., 2010; Sorice, 2022). Zudem kommt es zu einem 

Einstrom von Natrium- und Chlorid-Ionen über ionotrope Kanäle wie die AMPA-Rezeptoren. 

Diesem Ionenfluss folgt osmotisch das Wasser und es kommt zur Schwellung der Nervenzellen. 

Je nach Konzentration und Dauer der Glutamatexposition kommt es entweder zur Apoptose oder 

zur Nekrose neuronaler Zellen (Lipton, 1999; Rivero-Segura et al., 2017). 

 

1.1.4 Oxidativer und nitrosaminer Stress 

Eine weitere wichtige Konsequenz der Exzitotoxizität ist die Aktivierung verschiedener 

Signalwege, welche zur Entstehung freier oxidativer Radikale und nitrosaminem Stress in 

Neuronen, Endothelzellen und Gliazellen führt (Lipton, 1999; Wu et al., 2020). An der Bildung 

von Stickoxid (NO) können drei verschiedene Formen der NOS beteiligt sein. Unter anderem die 

Ca2+/Calmodulin-abhängige nNOS (neuronal) sowie die eNOS (endothelial), welche konstitutiv 

in Neuronen vorkommen können (Knowles and Moncada, 1994). Als dritte Form kann die iNOS 

(induzierbar) abgegrenzt werden (Hibbs et al., 1987; Dawson et al., 1991; Chao et al., 1992). 

Nach Läsionen im ZNS kommt es zu einer vermehrten Expression der iNOS mit konsekutiv 

erhöhter NO-Freisetzung (Endoh et al., 1994; Mizuma et al., 2018). In einem Mausmodell konnte 

ein Beginn der Expression nach 24 Stunden mit einem Maximum von 96 Stunden nach einer 

Läsion nachgewiesen werden (Iadecola et al., 1997). Die Expression der iNOS führte in einem 

ischämischen arteriellen Okklusionsmodell in Wildtyp-Mäusen nach 96 Stunden zu einem 

vergrößerten Läsionsvolumen im Vergleich zu Mäusen in einer iNOS-Knockout-Gruppe 

(Iadecola et al., 1997). Mikroglia und Astrozyten stellen die Hauptquellen für eine erhöhte 

Expression der iNOS und Produktion von NO nach einer Läsion dar (Possel et al., 2000; Dehghani 

et al., 2010). Insbesondere im Rahmen des Reperfusionsschadens sind die pathophysiologischen 

Prozesse des oxidativen Stresses eine wichtige molekulare Grundlage (Mizuma et al., 2018; 

Jurcau and Ardelean, 2022). Der oxidative Stress begünstigt zum einen neuroinflammatorische 

Prozesse, zum anderen ist er durch die iNOS oder durch periphere Immunzellen Teil der 

Neuroinflammation (Iadecola and Anrather, 2011; Chamorro et al., 2016; Stoll and Nieswandt, 

2019). 
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1.2 Neuroinflammation 

Das Gehirn gehört zu den immunprivilegierten Organen des Körpers und nimmt unter diesen eine 

besondere Rolle ein. Aufgrund der eingeschränkten Regenerationsfähigkeit stellt eine 

inflammatorische Antwort des ZNS immer ein Risiko für das neuronale Überleben dar. Ist die 

Immunantwort fehlreguliert, hat dies entscheidende Auswirkungen und Konsequenzen auf die 

Integrität und Funktion des ZNS. Trotz zahlreicher präklinischer Untersuchungen wurde bisher 

kein Durchbruch bei der Eindämmung des sekundären Schadens, insbesondere der 

Neuroinflammation, in klinischen Studien erzielt (Ghozy et al., 2022; Haupt et al., 2023). Die 

Neuroinflammation ist zum einen durch Zell-Zell-Interaktionen zwischen Mikroglia, Neuronen, 

Astrozyten, Endothelzellen und peripheren Immunzellen gekennzeichnet und zum anderen 

bestimmen zahlreiche verschiedene lösliche Faktoren wie Zytokine, Chemokine und reaktive 

Sauerstoffspezies den weiteren Verlauf (Nedergaard and Dirnagl, 2005; Hailer, 2008; Chamorro 

et al., 2012; Ahmad et al., 2013). Ein klassisches neuroinflammatorisches Zytokin stellt dabei das 

IL-1 dar (Allan et al., 2005). Nach ischämischen Läsionen tragen Gliazellen, Neurone sowie 

Endothelzellen und neutrophile Granulozyten zu einer erhöhten Expression und Freisetzung von 

IL-1 bei (Giulian et al., 1986; Pearson et al., 1999; Sobowale et al., 2016). IL-1-Beta und IL-1-

Alpha sind dabei die Hauptvertreter in dieser Klasse (Allan et al., 2005). IL-1-Beta ist involviert 

in der Pathogenese und Behandlung teils neurologisch manifester autoinflammatorischer 

Erkrankungen wie dem familiären Mittelmeerfieber, dem Tumornekrosefaktor-Alpha 

assoziierten periodischen Syndrom (TRAPS) oder dem Cryoporin-assoziierten periodischen 

Syndrom (CAPS), sodass ein schädlicher Einfluss auf das Nervensystem angenommen werden 

kann (Kitley et al., 2010; Ozen and Bilginer, 2014; De Benedetti et al., 2018). Zwar ist eine direkte 

neuronale Schädigung durch IL-1 umstritten, jedoch zeigen tierexperimentelle Ergebnisse aus 

den OHSC sowie in vivo Experimente einen Einfluss auf die Progression der Schädigung und 

Beteiligung an der Pathogenese (Rothwell and Luheshi, 2000; Hailer et al., 2005). Weiter konnte 

für einen IL-1-Rezeptorantagonisten (IL-1-RA) ein neurozytoprotektiver Effekt auf solche 

Schädigungen nachgewiesen werden (Relton and Rothwell, 1992; Allan et al., 1998; Mulcahy et 

al., 2003). Daten aus einem in vivo arteriellen Okklusionsmodell deuten auf ein therapeutisches 

Zeitfenster von IL-1-RA innerhalb 12 Stunden nach der Schädigung hin (Xia et al., 2014). IL-1 

besitzt dabei pleiotrope Effekte auf verschiedene Signalwege und Mediatoren (Allan et al., 2005). 

In primären hippocampalen neuronalen Zellkulturen konnte durch IL-1-Beta die Permeabilität 

des NMDA-Rezeptors erhöht und somit die Ca2+-Überladung der Neurone verstärkt werden 

(Viviani et al., 2003). Auch besteht ein Einfluss auf das Endocannabinoidsystem, worin die 

Sensitivität für den Cannabinoid (CB)1-Rezeptor auf GABA-ergen Neuronen reduziert wird 

(Rossi et al., 2012; De Chiara et al., 2013). Neben IL-1-Beta kommt es zur Freisetzung von 

weiteren Zytokinen wie Tumornekrosefaktor TNF-Alpha oder IL-6 (Lambertsen et al., 2012). IL-
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6 und weniger TNF-Alpha zeigten anders als IL-1 keinen eindeutigen destruktiven Effekt im ZNS 

(Bruce et al., 1996; Lambertsen et al., 2009; Erta et al., 2012; Probert, 2015). Neben zahlreichen 

löslichen Faktoren sind zelluläre Prozesse, welche insbesondere durch Mikroglia und Astrozyten 

vermittelt werden, maßgeblich an der Entstehung und Erhaltung der Neuroinflammation beteiligt 

(Qin et al., 2022). Der Verlauf der Neuroinflammation wird ebenfalls mitbestimmt von der 

Aktivierung und Rekrutierung weiterer peripherer Immunzellen.  

 

1.2.1 Aktivierung von Mikroglia 

Die Transformation der Mikroglia in einen „aktiveren Zustand“ ist im Wesentlichen durch eine 

erhöhte Proliferation, Migration, Chemotaxis, Produktion und Freisetzung zellulärer und löslicher 

Zytokine sowie eine morphologische Transformation von einer ramifizierten zu einer amöboiden 

Zellstruktur gekennzeichnet (Streit et al., 1988; Carbonell et al., 2005; Deczkowska et al., 2018; 

van Weering et al., 2023). Erstmals wurde im Jahr 1978 die Proliferation von Mikroglia in 

hippocampalen Schnitten 20-30 Stunden nach Schädigung demonstriert und in Folge vielfach mit 

verschiedenen Markern, wie Ki67 und Bromdesoxyuridin (BrdU), bestätigt (Kitamura et al., 

1978; Morshead and van der Kooy, 1990; Ebrahimi et al., 2012; Li et al., 2013). Charakteristisch 

ist eine rasche Steigerung der Proliferationsrate sowie ein schneller Abfall dieser nach 1-2 

Wochen auf Normalwerte (Hailer et al., 1999). Die endogenen Faktoren, welche diese Prozesse 

steuern, sind derzeit noch nicht genau verstanden. In einem Mouse-Knockout-Modell des 

Makrophagen-Kolonie stimulierenden Faktor (M-CSF) konnte eine signifikante Reduktion der 

Proliferation von Mikroglia nachgewiesen werden (Raivich et al., 1994). Ebenso wie der M-CSF 

(Smith et al., 2013) scheinen andere Stimuli wie der Granulozyten/Monozyten-Kolonie 

stimulierende Faktor (GM-CSF), Hydrogenperoxid, der hirneigene neutrotrophe Faktor (BDNF) 

und der purinerge P2XR7 einen proliferativen Effekt auf Mikroglia zu haben (Bianco et al., 2006; 

Mander et al., 2006; Bureta et al., 2019; Dikmen et al., 2020; Onodera et al., 2021). Astrozyten 

nehmen via M-CFS, GM-CSF und transformierendem Wachstumsfaktor-Beta (TGF-Beta) 

Einfluss auf die Regulierung von Proliferation und Aktivierung der Mikroglia (Schilling et al., 

2001; Matejuk and Ransohoff, 2020). Auch IL-1-Beta führte in den OHSC zwischen 4 und 72 

Stunden nach einer Schädigung zu einer deutlichen Erhöhung der Anzahl an Mikroglia (Hailer et 

al., 2005). Etwa 24 Stunden nach der Schädigung zeigte sich neben der erhöhten Proliferation 

auch eine erhöhte Zellmigration der Mikroglia in Richtung der Läsion (Carbonell et al., 2005). 

Auf die Migration und Chemotaxis konnte neben zahlreichen weiteren Faktoren auch ein Einfluss 

für das Fractalkine-System mit seinem Liganden CX3CL-1 (Fractalkine) nachgewiesen werden. 

Fractalkine werden von Neuronen und Astrozyten freigesetzt und durch den auf Mikroglia 

vorkommenden Rezeptor CX3CR-1 erkannt (Poniatowski Ł et al., 2017). Weiterhin sind 

Faktoren wie ATP und Adenosindiphosphat (ADP) über P2Y-Rezeptoren und der 

Nervenwachstumsfaktor (NGF) durch den Tropomyosinrezeptorkinase A (TrkA)-Rezeptor an der 
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Migration der Mikroglia beteiligt (Honda et al., 2001; De Simone et al., 2007; Gómez Morillas 

et al., 2021).  

 

1.2.2 Reaktive Astrogliose 

Im Rahmen von akuten Pathologien kommt es zur Bildung einer sogenannten reaktiven 

Astrogliose, die mit einer Hypertrophie und Proliferation einhergeht (Sofroniew, 2009). Dies ist 

eine spezifische und evolutionär konservierte und zugleich heterogene Reaktion von Astrozyten 

auf polyätiologische Hirnschädigungen, von akuten traumatischen Läsionen und Infektionen bis 

hin zur Neurodegeneration (Escartin et al., 2021). Die Aktivierung von Astrozyten führt zur 

Entstehung mehrerer kontextspezifischer Phänotypen, die je nach Alter, Art der Pathologie und 

Hirnregion charakteristisch sind (Sofroniew, 2020). Diese vielfältigen Phänotypen unterscheiden 

sich durch ihr spezifisches molekulares Profil, ihre Funktionen und ihre unterschiedlichen 

Auswirkungen auf Krankheiten (Pekny and Nilsson, 2005; Endo et al., 2022). Allgemeine 

Kriterien einer astrozytären Reaktivität definieren ein kontinuierliches Spektrum von 

Veränderungen der molekularen Expression, zellulären Funktion, Hypertrophie sowie 

Proliferation. Diese können dabei abhängig von der Läsionsgröße und Ätiologie sein und 

zeichnen sich durch einen Verlust physiologischer Aufgaben oder durch eine Aktivierung 

bestimmter pathologischer Prozesse von protektivem als auch destruktivem Charakter aus 

(Sofroniew and Vinters, 2010). Bei der Entstehung einer reaktiven Astrogliose können 

insbesondere zwei wichtige Prozesse mit Beteiligung verschiedener astrozytärer Subtypen 

unterschieden werden. Zum einen Astrozyten, welche infolge einer gesteigerten Proliferation an 

der Bildung einer Barriere um die Läsion beteiligt sind („Glianarbe“), und zum anderen 

Astrozyten, welche sich durch eine Hypertrophie charakterisieren lassen, ohne ihre Struktur oder 

Integration grundlegend zu verändern (Bushong et al., 2002; Sofroniew, 2020). Auf 

transkriptioneller Ebene scheinen NF-kB, Signalgeber und Aktivator der Transkription 3 

(STAT3) sowie das in Säugetieren vorkommende Ziel von Rapamycin (mTOR) vermehrt 

aktiviert zu sein (Herrmann et al., 2008; Codeluppi et al., 2009; Hu et al., 2022). Besonders in 

elongierten Astrozyten, welche an der Barrierebildung beteiligt sind, scheint STAT3 eine 

wichtige Rolle in der Organisation und Bildung dieser Kompartimentierung einzunehmen 

(Wanner et al., 2013). Eine Dysregulation oder ein Ausbleiben dieser Barrierebildung führt zu 

einer inadäquaten Regeneration der BBB, einer erhöhten Infiltration von Immunzellen sowie 

einer ausgeprägten neuronalen Schädigung (Faulkner et al., 2004). Die strukturellen und 

morphologischen Veränderungen in den Astrozyten beruhen auf einer erhöhten Expression 

verschiedener Intermediärfilamente wie dem sauren Gliafaserprotein (GFAP), Vimentin und 

Nestin (Sofroniew, 2009; Liu et al., 2014; Brenner and Messing, 2021). GFAP stellt nur etwa 

15% des Volumens des Zytoskeletts dar und wird interessanterweise nicht von allen Astrozyten 

exprimiert (Bushong et al., 2002; Sofroniew and Vinters, 2010; Jurga et al., 2021).  
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Zu beachten ist ebenfalls, dass eine erhöhte Expression im Bereich der Schädigung zu möglichen 

Fehlinterpretationen der Läsionsgröße führen kann (Sofroniew, 2009). Durch die strukturellen 

und molekularen Veränderungen sowie die gesteigerte Proliferation kann es, in Abhängigkeit der 

Schwere einer Schädigung, zur Bildung einer „Glianarbe“ kommen, was aber keine zwingende 

Bedingung der reaktiven Astrogliose darstellt (Sofroniew, 2009). Zur Untersuchung von 

Astrozyten und Mikroglia in vitro eignen sich aufgrund ihrer spezifischen Heterogenität sowie 

ihrer komplexen multifaktoriellen Regulation Modelle, welche möglichst nahe an die in vivo 

Situation angepasst sind.  

 

1.3 Organotypische hippocampale Schnittkulturen (OHSC)  

OHSC sind ein Schnittkulturmodell der Hippocampusformation zusammen mit dem 

entorhinalem Kortex, in welchem Gliazellen, unter anderem Mikroglia, Astrozyten wie auch 

Neurone unter funktionell erhaltener Aktivität und intakten nervalen Schaltkreisen untersucht 

werden können (Heppner et al., 1998). In der Hippocampusformation (Abb. 3) findet sich das 

Stratum pyramidale und das Stratum granulare. Dabei sind die Pyramidenzellen im Bereich des 

Cornu ammonis (CA) mit seinen verschiedenen Regionen CA1-3 und die Körnerzellen im Gyrus 

dentatus (DG) lokalisiert. Funktionell projizieren als Tractus perforans bezeichnete exzitatorische 

Neurone aus dem entorhinalen Kortex (EC) zum DG. Von dort aus ziehen die als Moosfasern 

bezeichneten Axone der Körnerzellen in Richtung der CA3 Region, welche durch die Schaffer-

Kollaterale mit der CA1 Region verbunden ist. CA1 Neurone projizieren in den entorhinalen 

Kortex (Woodhams and Atkinson, 1996). Dieser exzitatorische Schaltkreis wird durch Glutamat 

vermittelt und durch GABAerge Interneurone moduliert (Freund and Buzsáki, 1996). OHSC 

besitzen somit funktionell geschlossene neuronale Schaltkreise, welche das Überleben der 

Neurone bei einer in vitro Kultivierung sichert und die Untersuchungen von Einflüssen der 

peripheren Immunzellen und die genaue intrinsische Untersuchung der Gliazellen und ihrer 

Interaktionen ermöglicht (Grabiec et al., 2017).  

 

 
 

Abb. 3: Mikroskopische Aufnahme einer 

OHSC.  

Dargestellt ist die Hippocampusformation 

der OHSC mit den Regionen des Cornu 

ammonis (CA), der Hilus (HI), Gyrus 

dentatus (DG) sowie der entorhinale Kortex 

(EC). Maßstab = 1mm. 

 

 

 

CA 3
HIDG
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1.3.1 Anwendungsgebiete der OHSC 

Die Anwendungsgebiete des Modells sind sehr vielfältig. Zum einen kann in den OHSC ein 

reproduzierbarer mechanischer Schaden nachgebildet werden (Li et al., 2016). Zum anderen 

können durch Deprivation von Glucose und Sauerstoff ischämische Schäden erzeugt werden (Li 

et al., 2016; Cramer et al., 2022). Eine weitere Möglichkeit der neuronalen Schädigung stellt die 

exzitatorische Überstimulation mittels NMDA dar (Holopainen, 2005; Ebrahimi et al., 2010), 

welche die Exzitotoxizität modelliert (Choi, 1988). Besonders im Bereich des DG konnte in 

einem bestimmten Konzentrationsbereich eine lineare Beziehung zwischen NMDA und der 

neuronalen Schädigung nachgewiesen werden (Ebrahimi et al., 2010). Des Weiteren ist es 

möglich, durch den Einsatz des Bisphosphonat-Clodronat (Clo), eine zur Behandlung von 

Osteoporose eingesetzte Substanz, selektiv Mikroglia aus den OHSC zu depletieren (Kohl et al., 

2003). Diese Eigenschaft ermöglicht die Untersuchung Mikroglia-unabhängiger Effekte. OHSC 

eignen sich ebenfalls als Modell zur Untersuchung von Effekten mannigfaltiger Substanzen und 

Materialien auf neuronales Gewebe, die zum Beispiel innerhalb neurochirurgischer Eingriffe 

verwendet werden (Kleine et al., 2021). Eine Möglichkeit dieser Testung stellt die Gruppe der 

oxidativen regenerierten Zellulosen (ORC) dar, die als gängige Hämostyptika nach 

neurochirurgischen Eingriffen zur Vermeidung eines Nachblutens verwendet werden (Kleine et 

al., 2021). ORC verbleiben dabei oft als Füllmittel in den entstandenen Kavitäten vor Ort. Für 

Tabotampâ, einen Vertreter der ORC, konnte bereits ein destruktiver Einfluss auf neuronale 

Zellen nachgewiesen werden (Leisz et al., 2020).  

Zusammenfassend stellen OHSC ein ideales Modell zur Untersuchung des neuronalen Schadens 

mit seinen verschiedenen zellulären wie biochemischen Antworten sowie deren 

pharmakologischer Beeinflussung von beispielsweise intrinsischen Prozessen wie dem 

Endocannabinoidsystem oder durch Inhibition der Calciumkanäle dar.  

 

1.3.2 Neurozytoprotektion durch Endocannabinoide und Nimodipin 

Die Entdeckung des Endocannabinoidsystems begann insbesondere mit der Charakterisierung 

und Erforschung des erstmals 1988 beschriebenen CB1-Rezeptors (Devane et al., 1988). Dieser 

ist mit hoher Dichte im frontalen Cortex, in den Basalganglien, im Cerebellum, in der Substantia 

nigra und im Hippocampus zu finden (Wegener and Koch, 2009). Die Klonierung des CB2-

Rezeptors gelang im Jahr 1993 (Munro et al., 1993; Grabon et al., 2023), welcher überwiegend 

auf verschiedenen Zellen des Immunsystems (Hiley and Kaup, 2007), einschließlich der 

Mikroglia, nachgewiesen wurde (Carlisle et al., 2002; Maresz et al., 2005; Lu and Mackie, 2021; 

Marinelli et al., 2023). Als Agonisten der Rezeptoren und als endogene Liganden wurde zuerst 

Arachidonylethanolamid (AEA) (Devane et al., 1992) und kurz darauf 2-Arachidonylglycerol (2-

AG) entdeckt (Mechoulam et al., 1995). Neben den beiden klassischen CB1- und CB2-

Rezeptoren lässt sich pharmakologisch einer in der Literatur als abnormal-Cannabidiol 
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bezeichneter Rezeptor (abn-CBDR) adressieren (Járai et al., 1999; Mackie and Stella, 2006; 

Cardinal von Widdern et al., 2020). Anders als die pflanzlichen Phytocannabinoide wie 

Tetrahydrocannabinol (D9-THC) oder Cannabidiol (CBD) handelt es sich bei den endogenen 

Cannabinoiden um Eicosanoide, welche insbesondere an der Zellmembran oder anderen 

intrazellulären Membranen gebildet werden können (Di Marzo, 1999; Muccioli, 2010; Oddi et 

al., 2023). Die Endocannabinoide fungieren im ZNS als Neuromodulatoren und werden anders 

als konventionelle Neurotransmitter nicht in Vesikeln gespeichert, sondern bei Bedarf aus 

Phospholipiden synthetisiert und sezerniert (De Petrocellis et al., 2004; Zhu et al., 2023). In 

Mäusen zeigte sich nach ischämischer Läsion für Palmitoylethanolamid (PEA) und nach einer 

traumatischen Läsion für 2-AG eine signifikant erhöhte endogene Bildung (Panikashvili et al., 

2001; Franklin et al., 2003). Für diese beiden endogenen Cannabinoide konnte bereits in mehreren 

Publikationen ein positiver Effekt auf ischämische oder traumatische Läsionen gezeigt werden 

(Kreutz et al., 2007; Kreutz et al., 2009; Ahmad et al., 2012a; Ahmad et al., 2012b; Herrera et al., 

2022; Beldarrain et al., 2023). Dieser neurozytoprotektive Effekt von 2-AG in OHSC von Ratten 

(Kreutz et al., 2007) scheint Mikroglia-abhängig und weniger über den CB2-Rezeptor als 

vielmehr über den abn-CBDR vermittelt zu sein (Kreutz et al., 2009). 2-AG nahm dabei Einfluss 

auf die Migration, Proliferation und Zytokinfreisetzung der Mikroglia (Facchinetti et al., 2003; 

Walter et al., 2003). Anders als 2-AG scheint PEA nicht über CB1-/CB2-Rezeptoren oder abn-

CBDR zu wirken (Mackie and Stella, 2006). Angenommen wird eine Wirkung auf den 

Peroxisomen Proliferations-aktivierenden Rezeptor-Alpha (PPAR-Alpha) (Lo Verme et al., 

2005; Rankin and Fowler, 2020) sowie ferner über eine Aktivierung von transienten Rezeptor-

Potential-Kationenkänalen der Unterfamilie V (TRPV)1 und den G-Protein-gekoppelten 

Rezeptor GPR55 (Mackie and Stella, 2006; Ryberg et al., 2007; Ambrosino et al., 2013). Darüber 

hinaus führte PEA zu einer Inhibition der Fettsäureamid-Hydrolase (FAAH), welche bevorzugt 

am Abbau von AEA beteiligt ist, was wiederum zu einer Steigerung der Konzentrationen von 

AEA und 2-AG führte (Petrosino et al., 2016; Petrosino and Di Marzo, 2017). Die Applikation 

zweier Cannabinoide, welche durch ineinandergreifende molekulare Mechanismen zu einer 

Verstärkung ihrer Effekte führt, wird als Entourage-Effekt bezeichnet (Ben-Shabat et al., 1998; 

Hohmann et al., 2019). Neben Endocannabinoiden kann die Modulation des Calciumeinstroms 

eine Möglichkeit zur Abschwächung des neuronalen Schadens darstellen. Für Nimodipin, ein 

Calciumkanalblocker mit lipophilen Eigenschaften, konnten in zahlreichen Experimenten 

neurozytoprotektive Effekte nachgewiesen werden (Scriabine and van den Kerckhoff, 1988; Li 

et al., 2009; Sanz et al., 2012). Die Blockade von Calciumkanälen führte zu einer reduzierten 

intrazellulären Calciumaufnahme in kortikalen Synaptosomen/Neuronen bei gleichzeitiger 

reduzierter Glutamatfreisetzung (Scriabine and van den Kerckhoff, 1988; Abele et al., 1990; John 

R. McLeod et al., 1998; Carlson et al., 2020). Ein möglicher Einfluss von Nimodipin auf die 

NMDA vermittelte Exzitotoxizität durch Inhibition des intrazellulären Ca2+-Einstroms liegt daher 
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nahe (Porter et al., 1997; Brewer et al., 2007). Genauere Wirkungsmechanismen der 

neurozytoprotektiven Effekte von Nimodipin sind jedoch noch nicht vollständig verstanden.  

Zusammenfassend zeigte sich für die Endocannabinoide wie 2-AG und PEA sowie den 

Calciumkanalblocker Nimodipin in den OHSC ein neurozytoprotektiver Effekt (Hohmann et al., 

2019; Hohmann et al., 2022). Zwar scheinen sich die molekularen Zielstrukturen beider 

Substanzen zu unterscheiden, jedoch konnte für die Endocannabinoide (Hohmann et al., 2019), 

weniger für Nimodipin (Chiozzi et al., 2019), ein Einfluss auf die Aktivierung und 

Zytokinfreisetzung von Mikroglia nachgewiesen werden. Der Purinstoffwechsel mit seiner De-

novo-Synthese nimmt insbesondere in der Aktivierung und Proliferation von Immunzellen wie 

Mikroglia oder Astrozyten eine wichtige Rolle ein und stellt somit ein wichtiges Ziel für weitere 

neurozytoprotektive Ansätze dar. 

 

1.4 Purinstoffwechsel und die Zellteilung  

1.4.1 Zellzyklus und Zellteilung 

Die Proliferation von Mikroglia und Astrozyten stellt ein wichtiges Charakteristikum der 

Aktivierung dieser Zellen dar (Hailer et al., 1999; Mitchison and Salmon, 2001; Wanner et al., 

2013). Bei einer symmetrischen Teilung kommt es zu einer exakten Duplizierung des gesamten 

Chromosomensatzes und darüber hinaus zu einer Erhöhung der Zellmasse und des Zytoplasmas. 

Der typische eukaryotische Zellzyklus wird schematisch in eine G1-, G2-, S- und M-Phase 

unterteilt. Dabei werden die G1-, G2- und S-Phase unter dem Begriff der Interphase subsumiert. 

Unter der M-Phase versteht man die Mitose. Die G1-Phase ist durch Zellwachstum, Protein- 

sowie Nukleotidsynthese gekennzeichnet. In der S-Phase erfolgt die eigentliche Replikation der 

DNA und in der G2-Phase werden Proteine wie die Ribonukleinsäure (RNA) synthetisiert, die 

für die Zellteilung nötig sind (Löffler and Petrides, 2014; Matthews et al., 2022). Die Kontrolle 

des Zellzyklus wird über verschiedene Checkpoints realisiert. Die genaue Regulation dieser 

Checkpoints erfolgt über die Cycline und die Cyclin-abhängigen Kinasen (CDKs). Die Cycline 

und CDKs bilden aktive Komplexe, welche über Phosphorylierungen, Ubiquitinierungen, 

Translokationen in den Zellkern sowie Inhibitoren der Cycline von extern sowie intern reguliert 

werden können (Lukas and Bartek, 2004; Matthews et al., 2022). Für eine sichere Zellteilung ist 

es grundlegend wichtig, dass genügend Glucose, Aminosäuren, Lipide und auch Nukleotide zu 

Verfügung stehen (Zhu and Thompson, 2019). Die Nukleotide werden besonders bei der 

Replikation der DNA, der Synthese von ribosomaler (r)RNA und der Aufrechterhaltung des 

Transkriptoms (mRNA) benötigt. Die Glykolyse, der Pentosephosphatweg sowie der 

Purinstoffwechsel sind daher eng mit entscheidenden Schlüsselstellen der Proliferation und der 

Apoptose verknüpft (Buchakjian and Kornbluth, 2010; Pavlova and Thompson, 2016).  
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1.4.2 Purinstoffwechsel 

Die De-novo-Synthese der Purine geht von der reaktionsfreudigen Verbindung 

Phosphoribosylpyrophosphat (PRPP) aus. Diese entsteht im Pentosephosphatweg und wird durch 

die PRPP-Synthetase katalysiert (Abb. 4). Anders als in der Pyrimidinsynthese, bei der die N-

glykosidische Bindung zwischen Base und Ribose erst nach der Synthese des Pyrimidinrings 

geknüpft wird, erfolgt die Synthese an der Ribose zuerst offen, später dann als geschlossenes 

Ribonukleotid. Die Regulation erfolgt allosterisch, wobei das geschwindigkeitsbestimmende 

Enzym der Inosinmonophosphat (IMP)-Synthese die Glutamin-PRPP-Amidotransferase ist 

(Abb. 4) (Löffler and Petrides, 2014). Aus dem IMP entstehen über die Adenylsuccinat-

Synthetase das Adenylsuccinat und unter der Abspaltung von Fumarat durch die Adenylsuccinat-

Lyase das Adenosinmonophosphat (AMP) (Abb. 4). Durch die Inosin-

5’Monophosphatdehydrogenase (IMPDH) entsteht aus IMP das Xanthosinmonophosphat (XMP) 

und dann unter Abspaltung von Glutamat durch die GMP-Synthetase das Guanosinmonophosphat 

(GMP, Abb. 4) (Yin et al., 2018). Besonders in schnell proliferierenden Zellen, wie 

beispielsweise in Immunzellen, B- und T-Lymphozyten, spielt die De-novo-Synthese von 

Purinen eine besondere Rolle (Allison et al., 1977; Sugiura et al., 2022). Neurone hingegen sind 

besonders in ihrer Entwicklung auf den Salvage-Pathway des Purinstoffwechsels angewiesen 

(Allison et al., 1975; Brosh et al., 1992). Das entscheidende Schlüsselenzym für die Generierung 

von GMP stellt die IMPDH dar. Daher bietet sich die IMPDH als eine ideale Zielstruktur zur 

Beeinflussung der GMP-Synthese und allosterisch des gesamten Purinstoffwechsels an (Burrell 

and Kollman, 2022).  

 
Abb. 4: Schema des Purinstoffwechsels. Die Purinsynthese wird bei Eukaryoten an multifaktoriellen Enzymen 

katalysiert (Pareek et al., 2021).  Adenosinmonophosphat (AMP), Adenosintriphosphat (ATP), 

Desoxyribonukleinsäure (DNA), Guanosinmonophosphat (GMP), Guanosindiphosphat (GDP), Guanosintriphosphat 

(GTP), Hypoxanthin-Guanin-Phosphoribosyl-Transferase (HGPRT), Inosin-5’Monophosphatdehydrogenase 

(IMPDH), Purin-Nukleosid-Phosphorylase (PNP), Ribonukleinsäure (RNA), Xanthosinmonophosphat (XMP). 

Gestrichelte Pfeile = Zwischenschritte nicht dargestellt.  
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1.4.3 Inosin-5’Monophosphatdehydrogenase (IMPDH)  

Die IMPDH katalysiert die Nicotinamidadenindinukleotid (NAD)- abhängige Oxidation von IMP 

zu XMP (Abb. 4). Dies ist die geschwindigkeitsbestimmende Reaktion im Guanosinstoffwechsel 

(Jackson et al., 1975). Es wurden zwei Isoformen beim Menschen identifiziert, die IMPDH-

Isoform 1, welche in allen Zellen konstitutiv exprimiert wird, und die IMPDH-Isoform 2, die 

zusammen mit der IMPDH-Isoform 1 in proliferativen Zellen wie Leukozyten vermehrt 

exprimiert wird (Jain et al., 2004; Burrell and Kollman, 2022). Beide Isoformen sind 514 

Aminosäuren lang, zu 84% identisch in ihrer Sequenz und fungieren als Homotetramer mit einem 

Molekulargewicht von 56-58 kDa (Carr et al., 1993). Das Gen für die humane IMPDH-Isoform 

1 findet sich auf Chromosom 7 (7q31.3-q32) und das für die IMPDH-Isoform 2 auf Chromosom 

3 (Glesne et al., 1993; Gu et al., 1994). Eine erhöhte Expression infolge einer Stimulation auf 

mRNA-Ebene konnte in T-Lymphozyten nach etwa 12-24 Stunden und auf Proteinebene nach 

24-48 Stunden nachgewiesen werden (Dayton et al., 1994; Jain et al., 2004).  

Die Regulation der IMPDH erfolgt zum Großteil allosterisch. Des Weiteren wird die Aktivität 

über posttranslationale Modifikationen, wie enzymatische Filamentation und spezifische Splice-

Varianten mitbestimmt (Buey et al., 2022). Ein homozygoter Verlust der IMPDH-Isoform 2 in 

Mäusen führt zu einer frühen embryonalen Letalität (Gu et al., 2000). Die IMPDH ist zu einem 

Großteil zytoplasmatisch lokalisiert, wurde aber auch im Kern nachgewiesen (Kozhevnikova et 

al., 2012). So deutet eine Studie darauf hin, dass die IMPDH unabhängig von ihrer enzymatischen 

Funktion in E. coli und Drosophila-S2-Zellen auch die Fähigkeit eines transkriptionalen 

Repressors besitzt und hierdurch eine regulative Funktion im Zellzyklus einnehmen kann 

(Kozhevnikova et al., 2012). Der in T-Zellen nachgewiesene Einfluss auf die Proliferation und 

Aktivierung nach selektiver Inhibition der nicht enzymatischen CBS-Domäne der IMPDH-

Isoform 2 legt einen Einfluss des Enzyms abseits der katalytischen Aktivität nahe (Pua et al., 

2017). Sowohl in Makrophagen als auch in Mikroglia scheint die IMPDH-Isoform 2 einen 

Einfluss auf die Regulierung von inflammatorischen Zytokinen und die Proliferation zu nehmen 

(Jonsson and Carlsten, 2002; Dehghani et al., 2010; Ebrahimi et al., 2012). Genaue Mechanismen 

werden derzeit noch untersucht. Infolge der zentralen Funktion der IMPDH in der De-novo-

Synthese des Purinstoffwechsels von Immunzellen, stellt diese eine interessante molekulare 

Struktur für mögliche pharmakologische Inhibitoren wie Mycophenolat-Mofetil (MMF, 

CellCept®), Ribavirin (Virazol®), Mizoribine (Bredinin®) oder selektive Inhibitoren der IMPDH-

Isoform 2 wie Sappanone A dar (Cuny et al., 2017; Liao et al., 2017).  

 

1.4.4 Inhibition der IMPDH durch Mycophenolat-Mofetil (MMF) 

MMF wurde erstmals zur Behandlung der Psoriasis eingesetzt (Epinette et al., 1987; Broen and 

van Laar, 2020). In den 1990er Jahren gewann MMF immer mehr Bedeutung in der 

Transplantationsmedizin, wo es aufgrund seiner geringen nephrotoxischen Nebenwirkungen 
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gegenüber Cyclosporin A und Azathioprin zur Immunsuppression nach Nierentransplantationen 

eingesetzt wurde (Allison and Eugui, 2000). MMF ist ein Morpholinoethylester der 

Mycophenolatsäure (MPS) und wurde 1990 aufgrund seiner besseren Bioverfügbarkeit 

gegenüber MPS entwickelt (Lee et al., 1990; Broen and van Laar, 2020). MMF wird im Gewebe 

schnell zu MPS hydrolysiert, weshalb die meisten Studien mit MMF durchgeführt wurden. MMF 

als aktive Form ist ein nicht kompetitiver und reversibler Inhibitor der IMPDH. Es weist eine 

etwa 5-fach höhere Affinität zur IMPDH-Isoform 2 auf, welche vermehrt in aktivierten 

Leukozyten sowie Leukämiezellen und Ovarialkarzinomzellen exprimiert ist (Carr et al., 1993; 

Allison and Eugui, 2000). Diese Inhibition durch MMF scheint in B- oder T-Lymphozyten keinen 

Einfluss auf die Induktion der IMPDH-Isoform 1 oder IMPDH-Isoform 2 auf mRNA Ebene zu 

haben (Jain et al., 2004). In Untersuchungen der monozytären Zellreihe (Makrophagen Zelllinie 

IC-21) zeigte MMF einen reduzierenden Effekt auf die Zytokinproduktion sowie Proliferation 

(Jonsson and Carlsten, 2002). Auch in Mikroglia konnten analoge Ergebnisse von MMF auf die 

Zytokinproduktion und die Proliferation beobachtet werden (Dehghani et al., 2010; Ebrahimi et 

al., 2012). Für Sappanone A (Liao et al., 2017), einen sehr selektiven Inhibitor der IMPDH-

Isoform 2, konnten ähnliche Beobachtungen gemacht werden. Die Bindung von Sappanone A 

erfolgt anders als bei MMF am nicht-katalytischen Cys140-Rest der regulatorischen Bateman-

Domäne.  

 

1.5 Neurozytoprotektive Effekte von MMF 

Durch die bevorzugte Wirkung von MMF auf Leukozyten und monozytäre Zellen, welche aus 

der erhöhten Affinität zur IMPDH-Isoform 2 resultiert, entstand die Hypothese, dass MMF 

Einfluss auf die Mikroglia und auf den sekundären Schaden haben könnte (Jonsson and Carlsten, 

2002). In primären mikrogliären und astrozytären Zellkulturen konnte ein hemmender Effekt von 

MMF auf die Proliferation sowie auf die Produktion von proinflammatorischen Zytokinen wie 

IL-1-Beta, TNF-Alpha und NO gezeigt werden (Miljkovic et al., 2002; Dehghani et al., 2010). 

Ähnliche Ergebnisse konnten nach selektiver Inhibition der IMPDH-Isoform 2 durch Sappanone 

A nachgewiesen werden (Liao et al., 2017). Sappanone A scheint diesen Prozess über den 

proinflammatorischen Transkriptionsfaktor nukleären erythroiden Faktor 2 (Nrf2) und NF-kB zu 

beeinflussen (Lee et al., 2015). Auch in OHSC wurde durch MMF neben einem 

neurozytoprotektiven Effekt ein solcher antiproliferativer Effekt für Mikroglia und Astrozyten 

beobachtet (Dehghani et al., 2003; Ebrahimi et al., 2012). Weiter scheint MMF auch einen 

protektiven Effekt auf die axonale Integrität von Projektionsneuronen nach mechanischer 

Schädigung in OHSC zu haben (Oest et al., 2006). Ein direkter protektiver Einfluss von MMF 

auf Neurone konnte in der Zellkultur nach Schädigung mittels NMDA nicht nachgewiesen 

werden (Dehghani et al., 2010). MMF scheint daher seine Effekte direkt über die Gliazellen oder 

über die Modulation ihrer Interaktionen zu vermitteln. Für die beobachteten Effekte durch MMF 
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konnte gezeigt werden, dass es ein spezifisches, besonders effektives Zeitfenster geben muss. 

Frühere Daten zeigten, dass die Applikation von MMF in einem Zeitintervall zwischen 12-36 

Stunden nach der Schädigung zu einem wirksamen neurozytoprotektiven Effekt führte, außerdem 

konnte dieser Effekt bei einer kontinuierlichen Gabe innerhalb der ersten 12 Stunden 

nachgewiesen werden (Ebrahimi et al., 2012). Bei späterem Beginn zeigte sich kein protektiver 

Effekt mehr (Ebrahimi et al., 2012). Die Analysen des neuronalen Zelltods erfolgten hierbei nach 

72 Stunden. Auch in verschiedenen in vivo Modellen gibt es weitere Hinweise auf einen 

neurozytoprotektiven Effekt von MMF (Chauhan et al., 2012; Dhande et al., 2017). Ein weiteres 

Verständnis über das genauere Zeitfenster sowie neurozytoprotektive Effekte von MMF auf die 

Schädigung und ihre Progression ist daher notwendig, um die genauere Wirkung von MMF und 

den Einfluss des Purinstoffwechsels in neuronalen Schädigungen zu verstehen. Hierzu gibt es 

weitere Ansätze, welche zum Beispiel die Beeinflussung von intrinsischen protektiven Systemen 

wie das Endocannabinoidsystem einschließen.  
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2. Diskussion 

Akute Läsionen des ZNS führen oft zu anhaltenden Einschränkungen des täglichen Lebens. Der 

sekundäre Schaden stellt dabei, anders als der primäre Schaden, eine beeinflussbare Variable 

innerhalb einer akuten neuronalen Läsion dar und ist somit ein Ansatzpunkt für mögliche 

therapeutische Strategien. Im folgenden Abschnitt soll zuerst das Modell der OHSC in Bezug auf 

die neurozytoprotektiven Untersuchungen (Hohmann et al., 2019; Hohmann et al., 2022) und 

neue mögliche Anwendungsgebiete diskutiert werden (Kleine et al., 2021). Weiter werden die 

verschiedene Eigenschaften von MMF (Kleine et al., 2022) betrachtet und abschließend dessen 

Rolle als Inhibitor des Purinstoffwechsels auf Gliazellen nach neuronaler Schädigung dargelegt. 

Die Diskussion soll die Fragen nach Mikroglia-abhängigen und unabhängigen Effekten von 

MMF, einer Translation des Zeitfensters in vivo sowie die Bedeutung des Purinstoffwechsels auf 

die Proliferation von Gliazellen nach neuronaler Schädigung weiter beleuchten.  

 

2.1 Das Modell der organotypischen hippocampalen Schnittkulturen (OHSC)  

2.1.1 Vorteile, methodische Limitationen und neue Anwendungsgebiete der OHSC 

OHSC stellen, wie bereits vorgestellt, aufgrund ihres morphologischen Aufbaus, ihrer intakten 

neuronalen Schaltkreise und ihrer organotypischen Verteilung von Gliazellen und Neuronen ein 

Modell dar, das den in vivo Bedingungen sehr nahe kommt. Die untereinander bestehenden 

neuronalen Verschaltungen des Tractus perforans mit seinen entorhinalen Efferenzen zum DG, 

die weiteren Verbindungen zur CA1 Region, Schaffer-Kollateralen zur CA3 Region und die 

Rückkopplung zum entorhinalen Cortex bleiben bei der Präparation und nach Kultivierung in 

vitro weitestgehend intakt (Holopainen, 2005; Grabiec et al., 2017). Auch die relativ frühe 

Präparation der OHSC aus Ratten am 9. Tag in Kultur scheint auf die neuronale Entwicklung, 

insbesondere im Hinblick auf die Anzahl der Synapsen, keinen relevanten Einfluss zu haben (De 

Simoni et al., 2003). Dennoch könnte diese frühe Kultivierung eine gewisse Limitation des 

Modells darstellen. Auf der einen Seite ist durch fehlende Einflüsse aus anderen Cortex-Regionen 

eine veränderte Modulation auf die Synapsenbildung und Plastizität durch das Fehlen von 

Neurotransmittern wie Dopamin, Serotonin und Acetylcholin denkbar (Ojeda and Ávila, 2019; 

Huber et al., 2022). Auf der anderen Seite kann jedoch auch keine gesicherte Äquivalenz zur in 

vivo Situation angenommen werden. Des Weiteren besteht generell das Problem, dass bei 

Gewinnung von Neuronen wie auch Gliazellen aus sehr jungen Tieren keine Einschätzung über 

den Einfluss neuronaler Wachstumsfaktoren und Hormone erfolgen kann (Donahue et al., 2006; 

Olivares-Hernández et al., 2022). Altersbezogene Veränderungen mit Einfluss auf die Funktion 

von Neuronen und Gliazellen werden nicht berücksichtigt und möglicherweise durch noch sehr 

junges neuronales Gewebe verzerrt (Bell et al., 2010; Niraula et al., 2017). Die Untersuchung von 

Erkrankungen wie dem Schlaganfall, dessen Inzidenz im Alter zunimmt, ist daher per se eine 

Limitation dieses Modells. Untersuchungen an erwachsenen Tieren (8-10 Wochen) zeigten, dass 
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die Kultivierung von OHSC aus diesem Alter bereits nach 6 Tagen in Kultur mit einer deutlich 

reduzierten Zellviabilität einherging (Legradi et al., 2011). Inwieweit eine analoge Kultivierung 

älterer Tiere durch veränderte Kulturmedien möglich ist, wird sich in weiteren Studien zeigen 

(Kim et al., 2013; Jang et al., 2018). Während sich Neurone der CA Region in einem 

postmitotischen Zustand befinden, scheint die Population im DG postnatal zwischen dem 5. bis 

7. Tag noch mitotisch aktiv zu sein (Schlessinger et al., 1975). Eine Kultivierung bis zum 9. Tag 

postnatal ist daher sinnvoll. OHSC eignen sich als Modell ideal, um isoliert pharmakologische 

Effekte auf neuronale Zellen sowie Gliazellen zu untersuchen (Grabiec et al., 2017). Dabei kann 

in diesem Modell sowohl der Einfluss des Blutdrucks, des Perfusionsdrucks und die Steigerung 

des intrakraniellen Drucks als auch der Einfluss peripherer Immunzellen vernachlässigt werden 

(Chamorro et al., 2012). Das Modell hilft dabei, isolierte Effekte auf Mikroglia wie auch auf 

Astrozyten zu untersuchen und grundlegende Erkenntnisse über deren Eigenschaften zu 

gewinnen (Heppner et al., 1998; Kohl et al., 2003). Die Gewinnung mehrerer OHSC aus einem 

Tier ermöglicht zum einen eine Paralleltestung mehrerer Behandlungsgruppen, was wiederum zu 

einer verbesserten Vergleichbarkeit beiträgt. Zum anderen kann die Anzahl der Tiere gegenüber 

in vivo Experimenten reduziert werden. Neben der Analyse von diversen Medikamenten eignen 

sich OHSC zur Untersuchung von Effekten und Interaktionen verschiedener Materialien auf und 

mit Nervengewebe (Kleine et al., 2021). Bereits in einer vorangegangenen Studie konnte für 

TabotampÒ, einen Vertreter aus der Gruppe der ORC, ein schädlicher Effekt auf neuronale Zellen 

infolge eines sauren pH-Werts nachgewiesen werden (Leisz et al., 2020). Die OHSC eigneten 

sich hierbei zur weiteren Untersuchung dieser Gruppe von Hämostyptika und deren Einfluss auf 

neuronales Gewebe. In diesem Kontext konnten spezifische Eigenschaften für Tabotampâ, 

Equicelâ und Equitampâ nachgewiesen und untereinander verglichen werden (Kleine et al., 

2021). Die Applikation von Equicelâ führte dabei zu einer signifikanten Zunahme der Mikroglia. 

Die Behandlung mit Tabotampâ, welches ausgeprägte saure Eigenschaften besitzt (Leisz et al., 

2020), führte zu einer erschwerten immunhistochemischen Detektion der Mikroglia. Weiter 

zeigte sich für Tabotampâ und Equicelâ eine deutlich destruktive Eigenschaft auf neuronales 

Gewebe, während der Schaden durch Equitampâ schwächer ausgeprägt war (Kleine et al., 2021). 

Dies könnte ein Hämostyptikum wie Tabotampâ oder Equicelâ besonders bei großen 

Tumorresektionen attraktiv machen, um mögliche lokale Rezidive an den Resektionsrändern zu 

reduzieren. Equitampâ  hingegen könnte insbesondere bei operativen Eingriffen an besonders 

eloquenten Regionen wie zum Beispiel einem Vestibularisschwannom einen Vorteil haben.  

 

2.1.2 Neurozytoprotektive Effekte von 2-AG, PEA und Nimodipin in OHSC 

Ein weiteres Anwendungsgebiet der OHSC ist die Untersuchung intrinsischer Systeme wie des 

Endocannabinoidsystems oder die weitere Erforschung von Medikamenten wie Nimodipin. Im 

Hinblick auf die Analyse von neurozytoprotektiven Effekten in den OHSC wurde sowohl die 
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zelluläre Schädigung im Bereich des DG als auch die Anzahl der Mikroglia betrachtet. Im 

Allgemeinen kann in Bezug auf die neuronale Schädigung zwischen Apoptose, Autophagie 

vermittelten Prozessen sowie nekrotischen Veränderungen unterschieden werden (Yuan et al., 

2003). Bei Schädigungen durch NMDA in den OHSC ist sowohl das Vorhandensein von Anteilen 

einer Nekrose als auch der Apoptose denkbar (Bonfoco et al., 1995). Zur Quantifizierung des 

exakten Schadens und auch zur Lokalisation der Schädigung hat sich Propidium Iodid (PI) als 

Marker für Zelltod etabliert (Ebrahimi et al., 2010; Happ and Tasker, 2016). Intravital interkaliert 

PI infolge einer erhöhten Permeabilität der Zellmembran von geschädigten Zellen mit deren 

DNA. Dabei korreliert die NMDA Konzentration mit der Aufnahme von PI in den verschiedenen 

Bereichen des Hippocampus (Happ and Tasker, 2016). Die CA1 Region ist besonders vulnerabel 

bezüglich dieser Schädigung, sodass geringere Konzentrationsveränderungen größere 

Auswirkungen auf die Anzahl von PI positiven Zellen haben (Ebrahimi et al., 2010; Vinet et al., 

2012; Happ and Tasker, 2016). Im DG hingegen besteht eine enge Beziehung zwischen NMDA 

Konzentration und Anzahl der PI positiven degenerierenden Zellen (Ebrahimi et al., 2010). Aus 

diesem Grund wurde der DG für die Analysen in den jeweiligen Arbeiten ausgewählt (Hohmann 

et al., 2019; Hohmann et al., 2022; Kleine et al., 2022). PEA, 2-AG wie auch Nimodipin zeigten 

einen positiven Einfluss auf die Schädigung durch NMDA im DG (Hohmann et al., 2019; 

Hohmann et al., 2022). Während für die Applikation von PEA oder 2-AG ein jeweiliger 

neurozytoprotektiver Effekt nachweisbar war, führte die gleichzeitige Gabe beider Substanzen 

zur Aufhebung dieser Effekte (Hohmann et al., 2019). Ähnliche Ergebnisse sind bereits für die 

gleichzeitige Behandlung durch 2-AG mit O-1918 (abn-CBDR Antagonist) oder CBD 

beschrieben (Kreutz et al., 2009). Eine mögliche Erklärung wären interferierende molekulare 

Mechanismen zwischen den durch 2-AG beeinflussten abn-CBDR-vermittelten Signalwegen und 

dem Einfluss von PEA auf PPAR-Alpha sowie TRPV1. Eine weitere Ursache der teils 

gegensätzlichen Effekte von PEA und 2-AG ist deren Einfluss auf die Lokalisation des PPAR-

Alpha. Während PEA 6 Stunden nach LPS Stimulation primärer Mikroglia die nukleäre 

Lokalisation von PPAR-Alpha erhört, wirkt 2-AG dieser entgegen (Hohmann et al., 2019). Ein 

neurozytoprotektives Zeitfenster, analog zu den Ergebnissen mit MMF, wurde für PEA und 2-

AG bislang nicht untersucht. Für die Applikation von Nimodipin 4 Stunden vor der Schädigung 

konnte ein protektiver Effekt auf Neurone im DG nachgewiesen werden. Eine Applikation 4 

Stunden nach der Schädigung hatte keinen Effekt mehr auf das Überleben dieser Zellen 

(Hohmann et al., 2022). Diese Ergebnisse decken sich zum Großteil mit weiteren Studien in vivo 

und in vitro mit Nachweis eines zeitabhängigen neurozytoprotektiven Effekts von Nimodipin 

(Mattsson et al., 1999; Lecht et al., 2012). Daher eignet sich Nimodipin als eine Substanz, welche 

präoperativ vor neurochirurgischen Eingriffen an eloquenten Arealen eingesetzt werden könnte. 

Neben der Analyse von PI positiven Zellen stellen die Mikroglia als spezifische Immunzellen im 

ZNS einen wichtigen Parameter einer neuronalen Schädigung dar. Die Visualisierung von 
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Mikroglia durch das Griffonia Simplicifolia Isolectin B4 (IB4) ist eine bereits länger etablierte 

Methode (Streit, 1990). IB4 eignet sich, ähnlich wie das ionisierte Calcium-bindende 

Adaptermolekül (Iba1), als nicht selektiver Marker zur generellen Übersicht der Mikroglia und 

deren Morphologie (Schwabenland et al., 2021). Periventrikuläre und meningeale Makrophagen 

sowie das ZNS infiltrierende Monozyten oder Makrophagen können durch Iba1 und IB4 nicht 

unterschieden werden (Jurga et al., 2020). Inwieweit selektivere Marker wie TMEM119 eindeutig 

zwischen Mikroglia und Makrophagen differenzieren können, wird in neueren Studien intensiv 

untersucht (Ruan and Elyaman, 2022; Vankriekelsvenne et al., 2022). Anders als Iba1, mit einer 

erhöhten Expression nach Aktivierung der Zellen (Imai and Kohsaka, 2002), ist für IB4 eine 

erhöhte oder veränderte Struktur der Glykan-Gruppierungen derzeit noch unklar (Kettenmann et 

al., 2011). Zur generellen Analyse der Anzahl der Mikroglia ist somit IB4 als Marker in den OHSC 

geeignet, da insbesondere in den OHSC periphere infiltrierende Immunzellen keine Rolle spielen.  

Für 2-AG oder PEA konnte neben dem neurozytoprotektiven Effekt eine Reduktion der Mikroglia 

beobachtet werden (Kreutz et al., 2007; Kreutz et al., 2009; Koch et al., 2011; Hohmann et al., 

2019). Nach Depletion der Mikroglia konnte kein neurozytoprotektiver Effekt von 2-AG oder 

PEA mehr festgestellt werden, sodass hier ein Mikroglia-abhängiger Effekt anzunehmen ist 

(Hohmann et al., 2019). Darüber hinaus führte die Behandlung mit PEA oder PEA und 2-AG, 

jedoch nicht mit 2-AG, zu einer stärkeren Ramifizierung der Mikroglia (Hohmann et al., 2019). 

Die Applikation von PEA führte zu einer Reduktion von NO in primären Mikroglia, während 

eine Behandlung von 2-AG oder 2-AG und PEA zu einer erhöhten NO-Freisetzung führte 

(Hohmann et al., 2019). Anders als bei PEA und 2-AG (Hohmann et al., 2019) zeigte sich keine 

reduzierte Anzahl von Mikroglia nach der Behandlung mit Nimodipin (Hohmann et al., 2022). 

Ein Effekt von Nimodipin auf Mikroglia ist jedoch nicht ausgeschlossen. In einer Neuronalen-

Gliazell-Mischkultur konnte ein Einfluss von Nimodipin auf die Aktivierung der Mikroglia sowie 

NO-Freisetzung, TNF-Alpha und IL-1-Beta Sekretion nachgewiesen werden (Li et al., 2009). 

 

2.1.3 Translationale Forschung als Schlüsselstelle in der Neurozytoprotektion? 

Wie die vorausgegangenen Untersuchungen zum Endocannabinoidsystem oder Nimodipin 

zeigen, gilt das Forschungsfeld der Neurozytoprotektion seit mehreren Jahrzehnten als ein 

wichtiges und innovatives Gebiet, bisher jedoch mit Ausbleiben von klinisch belastbaren 

Erfolgen (Edwards et al., 2005; Beauchamp et al., 2008; Chamorro et al., 2021). Eine wichtige 

Schlüsselstelle stellt die Translation präklinischer Daten in klinischen Studien dar. Insbesondere 

präklinische Probleme könnten hierbei eine unzureichende Randomisierung und Verblindung der 

verschiedenen Gruppen, eine unzureichende Power durch zu kleine Behandlungsgruppen, eine zu 

geringe Reproduzierbarkeit der verschiedenen Substanzen in ähnlichen Modellen und 

unabhängigen Laboren sowie eine unzureichende Generalisierbarkeit der Ergebnisse über 

mehrere Modelle hinweg sein (Endres et al., 2008; Chamorro et al., 2021). Der Einfluss von 



 22 

Komorbiditäten, Alter oder Geschlecht wird in vielen Modellen ebenfalls nicht ausreichend 

berücksichtigt. Aus diesem Grund wurden hierfür die Stroke Treatment Academic Industry 

Roundtable (STAIR) –Empfehlungen für präklinische Experimente definiert (Lyden et al., 2021). 

Diese fordern unter anderem eine genaue Untersuchung der zugrundeliegenden Mechanismen, 

hierunter auch ein klar definiertes protektives Zeitfenster.  

In den Untersuchungen zu MMF (Kleine et al., 2022) erfolgte eine Randomisierung der OHSC 

in die verschiedenen Behandlungsgruppen. Wir konnten die Ergebnisse aus vorausgegangen 

Arbeiten reproduzieren (Ebrahimi et al., 2012) und den STAIR-Empfehlungen folgend das 

protektive Zeitfenster weiter eingrenzen (Kleine et al., 2022). Zusätzlich wurden durch die 

Arbeitsgruppe Versuche in einem in vivo SHT-Modell durchgeführt, um eine Translation der 

neurozytoprotektiven Effekte von MMF zu testen. Hier konnte in einem standardisierten 

kortikalen Traumamodell (CCI) ein protektiver Effekt für MMF 14 Tage nach Schädigung 

nachgewiesen und ein Einfluss auf IL-1 aufgezeigt werden (nicht publiziert). Die Translation des 

in den OHSC definierten Zeitfensters von MMF in das in vivo CCI-Modell gelang jedoch nicht 

(Abb. 5, nicht publiziert). So ist im Allgemeinen eine Translation des neurozytoprotektiven 

Effekts durch MMF in ein in vivo Modell möglich. Denkbare Ursachen für ein anderes 

Behandlungszeitfenster in vivo wären unter anderem das unterschiedliche Alter der Tiere 

zwischen den beiden Modellen, eine komplexere Pharmakokinetik von MMF während eines SHT 

(Lee et al., 1990), der zusätzliche Effekt peripherer Immunzellen mit Einfluss auf die Aktivierung 

der Mikroglia und Astrozyten (Jassam et al., 2017) sowie die Auswirkungen von MMF auf 

Endothelzellen in Hinblick auf die Wiederherstellung der BBB (Huang et al., 2005). Zur weiteren 

Charakterisierung eines potenziellen Zeitfensters in vivo sind daher ergänzende Studien mit MMF 

notwendig. 

 
Abb. 5: Einfluss von MMF in verschiedenen Zeitfenstern in vivo 

nach CCI. Quantitative Analysen des Läsionsvolumens. Die MMF-

Behandlung zwischen 8-24 Stunden (78,66 mm3), 12-36 Stunden 

(72,52 mm3) und 8-36 Stunden (53,52 mm3) führte zu keiner 

signifikanten Reduktion des Läsionsvolumens im Vergleich zur 

Vehikel-Gruppe (76,55 mm3, p>0,05). Die Werte sind als Mittelwert 

mit Standardfehler des Mittelwerts angegeben. Daten noch nicht 

publiziert.   
 

 

2.2 Immunmodulation als ein neurozytoprotektives Konzept 

Da die Neuroinflammation eher akut bis subakut nach einer Läsion auftritt, ist sie besonders 

zugänglich für mögliche therapeutische Ansätze (Dirnagl et al., 1999). Die derzeitige 

Entwicklung von einem festen 4,5 Stunden Therapiezeitfenster nach einem Schlaganfall zu einem 

gewebespezifischeren Zeitfenster (Nogueira et al., 2017) macht die Erforschung von 
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Immunmodulatoren wie MMF immer attraktiver (Lyden et al., 2021). Die Adressierung 

verschiedener Pathomechanismen und deren Modulation, wie zum Beispiel ein Mikroglia-

abhängiges neurozytoprotektives Zeitfenster, könnte somit Ansatzpunkte für neue 

Therapiestrategien aufzeigen (Fisher and Savitz, 2022). Ein Wandel von einem 

gewebespezifischen Zeitfenster (Penumbra) zu einem sogenannten „Target-spezifischen 

Zeitfenster“ wäre in Zukunft hierdurch denkbar (Lyden et al., 2021). Bereits in den 90er Jahren 

wurden für diverse Immunsupressiva wie Cyclosporin A, Methylprednisolon oder FK506 

(Tacrolimus) neurozytoprotektive Effekte nachgewiesen (Shiga et al., 1992; Behrmann et al., 

1994; Sharkey and Butcher, 1994; Hailer, 2008). Auch MMF ist in diese Gruppe der 

Immunmodulatoren mit neurozytoprotektivem Potential einzuordnen (Miljkovic et al., 2002; 

Dehghani et al., 2003; Dehghani et al., 2010; Ebrahimi et al., 2012). Analog zu den Ergebnissen 

von MMF konnte für FK506 (Tacrolimus), neben dessen neurozytoprotektiver Wirkung in einem 

zerebralen Okklusionsmodell in Ratten, auch ein Einfluss auf die Aktivierung der Mikroglia wie 

Astrozyten und deren Zytokinproduktion gezeigt werden (Zawadzka and Kaminska, 2005). 

Weiterhin konnte für Roscovitin, ein CDK- Inhibitor nach einem in vivo SHT in Ratten eine 

reduzierte Aktivierung der Mikroglia wie verringerte NO-Freisetzung nachgewiesen werden 

(Hilton et al., 2008). MMF, wie auch andere Immunmodulatoren, zeigen hierbei ein 

multifaktorielles Wirkungsspektrum mit Einfluss auf die Aktivierung von Gliazellen (Zawadzka 

and Kaminska, 2005; Erlich et al., 2007; Wowro et al., 2019) und deren Zytokinproduktion 

(Muramoto et al., 2003; Zawadzka and Kaminska, 2005; Hilton et al., 2008). 

 

2.3 MMF und dessen neurozytoprotektive Eigenschaften 

Hauptsächlich in OHSC und Zellkulturen konnte für MMF ein neurozytoprotektiver Effekt 

nachgewiesen werden (Miljkovic et al., 2002; Dehghani et al., 2003; Dehghani et al., 2010; 

Ebrahimi et al., 2012). Eine Applikation von MMF innerhalb der ersten 4 Stunden hatte keinen 

Einfluss auf den neuronalen Schaden, eine Wirkung auf die Exzitotoxizität scheint daher 

unwahrscheinlich (Dehghani et al., 2003). Bei fehlenden Hinweisen auf eine direkte 

neuroprotektive Wirkung (Dehghani et al., 2010) besteht somit die Hypothese einer indirekten 

Wirkung durch Mikroglia und Astrozyten (Dehghani et al., 2003; Dehghani et al., 2010). Diese 

These wird durch ein späteres Zeitfenster und durch teilweise fehlende Effekte von MMF nach 

Depletion der Mikroglia aus den OHSC untermauert (Ebrahimi et al., 2012; Kleine et al., 2022). 

Die durch MMF nachgewiesene Reduktion der Proliferation und Zytokine wie IL-1, TNF-Alpha 

oder NO in primären Mikroglia und Astrozyten konnte durch die gleichzeitige Gabe von 

Guanosin antagonisiert werden. Dies deutet auf die spezifische Wirkung von MMF als Inhibitor 

des Purinstoffwechsels in Gliazellen hin (Dehghani et al., 2010). Eine zentrale Rolle des 

Purinstoffwechsels in der Vermittlung dieser Effekte ist daher weiter zu diskutieren. Für hohe 

Konzentrationen von MMF (10µg/ml) in primären Mikroglia konnte eine erhöhte Apoptoserate 
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nachgewiesen werden (Dehghani et al., 2010). Per se wäre daher eine geringe zytotoxische 

Wirkung durch MMF infolge erhöhter Konzentrationen denkbar. Für neuronale Zellen zeigte 

MMF (0,75µM) keinen schädlichen Einfluss (Brosh et al., 1992). Dies ist übereinstimmend mit 

einer untergeordneten Rolle der De-novo-Synthese in Neuronen (Giblett et al., 1972). Auch in 

vivo gibt es Hinweise auf eine neurozytoprotektive Wirkung. So konnte für MMF, nach arterieller 

Okklusion in einem Rattenmodell, eine Reduktion der kernspintomographisch gemessenen 

ischämischen Läsionen und eine Verbesserung bei neurologischen Funktionstests nachgewiesen 

werden (Chauhan et al., 2012). Auch in einem Modell an hypertensiven Mäusen zeigte MMF 

sowohl eine geringere Anzahl zerebraler Läsionen, ein reduziertes Hirnödem als auch bessere 

Endergebnisse bei Funktionstests auf (Dhande et al., 2017). In Bezug auf klinische Daten gibt es 

derzeit keine belastbaren Studien zur neurozytoprotektiven Wirkung nach einem Schlaganfall 

oder einem SHT. Die Therapie mit MMF im Rahmen einer primären zerebralen Vaskulitis mit 

dadurch einhergehenden Ischämien führte zu einer guten Remissionskontrolle (Rosati et al., 2017; 

Van Driessche et al., 2019). Auch in weiteren Modellen von Erkrankungen wie der Amyotrophen 

Lateralsklerose (ALS), Morbus Parkinson und der Multiplen Sklerose (MS) konnte für MMF ein 

positiver Einfluss auf das neuronale Überleben sowie die neuronale Regeneration nachgewiesen 

werden (Mowzoon et al., 2001; Vermersch et al., 2005; Yan et al., 2006; Michel et al., 2014). 

Abschließend bleibt der Anteil eines neurozytoprotektiven Einflusses in diesen Studien neben 

dem anzunehmenden Effekt der Immunsuppression durch MMF jedoch unklar (Ahrens et al., 

2001; Mowzoon et al., 2001; Vermersch et al., 2005; Yan et al., 2006; Michel et al., 2014).  
 

2.3.1 Mikroglia als vermittelnde Zellen der Effekte von MMF 

MMF besitzt einen sehr starken Einfluss auf die Proliferation und somit auf die Anzahl der 

Mikroglia nach einer Schädigung (Dehghani et al., 2010; Ebrahimi et al., 2012; Kleine et al., 

2022). Bereits eine geringe Dosis (1µg/ml) zeigte in der Zellkultur einen ausgeprägten 

antiproliferativen Effekt (Dehghani et al., 2010). Analog führte eine kurze (4-20 Stunden) wie 

auch frühe (ab 4 Stunden) Behandlung in den OHSC mit MMF (100µg/ml) zu einer deutlich 

reduzierten Anzahl und Proliferation der Mikroglia und Astrozyten (Ebrahimi et al., 2012). Diese 

Reduktion an Mikroglia korrelierte dabei nur teilweise mit einem neurozytoprotektiven Effekt in 

den OHSC (Dehghani et al., 2003; Ebrahimi et al., 2012; Kleine et al., 2022). Insbesondere bei 

einem frühen oder zu kurzen Behandlungszeitfenster (4-8 Stunden, 4-24 Stunden, 8-24 Stunden) 

oder zu späten Beginn der Behandlung (ab 16 Stunden) war in mehreren Studien eine signifikant 

reduzierte Anzahl der Mikroglia ohne neurozytoprotektiven Effekt nachweisbar (Ebrahimi et al., 

2012; Kleine et al., 2022). Die Reduktion der Mikroglia scheint daher eher eine Komponente des 

protektiven Effektes von MMF als der führende Mediator zu sein. Dies bedeutet, dass (i) die 

Anzahl der Mikroglia kein direkter Parameter für einen neurozytoprotektiven Effekt ist und (ii) 

der neurozytoprotektive Effekt durch MMF nicht auf eine absolute Reduktion der Mikroglia 

zurückzuführen ist. Unabhängig von der reduzierten Anzahl der Mikroglia legen Untersuchungen 
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von Mikroglia-abhängigen und -unabhängigen Effekten eine frühe Mikroglia-abhängige Phase 

für die neurozytoprotektiven Effekte in den OHSC nahe (Kleine et al., 2022). Nach einer 

Depletion der Mikroglia durch Clodronat konnte folglich in den ersten 48 Stunden kein 

neurozytoprotektiver Effekt durch MMF nachgewiesen werden (Kleine et al., 2022). Darüber 

hinaus wurde nach der Depletion dieser Zellen in den OHSC eine deutliche Zunahme der 

neuronalen Schädigung beobachtet (Kohl et al., 2003; Kreutz et al., 2009; Kleine et al., 2022). 

Dies legt eine potenziell protektive Eigenschaft der Mikroglia auf neuronales Gewebe nahe 

(Streit, 2002). Die Exazerbation der Schädigung wäre zum einen durch das Fehlen einiger 

antiinflammatorischer Zytokine der Mikroglia erklärbar (Colton, 2009). Zum anderen sind 

Mikroglia in der Lage, über Faktoren wie dem Insulin-ähnlichen Wachstumsfaktor-1 (IGF-1) 

Einfluss auf die Neurogenese zu nehmen (Thored et al., 2009; Chen and Trapp, 2016). Weiter 

leisten Mikroglia über die Phagozytose, insbesondere nach neuronaler Schädigung, einen 

wichtigen Beitrag zur Homöostase im ZNS (Takahashi et al., 2005; Prinz et al., 2019). In vivo 

zeigt sich weitestgehend eine vergleichbare Datenlage zum Einfluss einer Depletion der 

Mikroglia auf die neuronale Läsion. Analysen von in vivo Studien in einem Mausmodell bei 

Läsionen des Myelons sowie nach zerebraler arterieller Okklusion zeigten eine Exazerbation des 

neuronalen Schadens nach Depletion der Mikroglia (Fu et al., 2020; Marino Lee et al., 2021). 

Jedoch ist die Datenlage in vivo heterogener, da zwei Studien in Mäusen nach Depletion der 

Mikroglia durch Gabe eines Kolonie-stimulierenden Faktor 1 Rezeptor (CSF1R)-Inhibitors 

keinen signifikanten Einfluss auf die Infarktgröße nach arterieller Okklusion aufwiesen (Cramer 

et al., 2022; Stojiljkovic et al., 2022). Abschließend ist jedoch die alleinige Reduktion der Anzahl 

der Mikroglia oder gar deren komplette Depletion kein sinnvoller neurozytoprotektiver Ansatz. 

Vielmehr scheint eine zeitspezifische Modulation der Mikroglia eine aussichtsreichere 

Möglichkeit zu sein. 

 

2.3.2 Mikroglia-unabhängige Effekte von MMF  

Anders als für 2-AG oder PEA (Hohmann et al., 2019) zeigte sich für MMF neben einer frühen 

Mikroglia-abhängigen Phase eine spätere Mikroglia-unabhängige Phase (Kleine et al., 2022). In 

OHSC ohne Mikroglia konnte 72 Stunden nach der Behandlung mit MMF ein 

neurozytoprotektiver Effekt nachgewiesen werden (Kleine et al., 2022). Ein Einfluss in dieser 

späten Phase von MMF auf Astrozyten und auf die Astrogliose scheint dabei denkbar (Miljkovic 

et al., 2002; Dehghani et al., 2010; Ebrahimi et al., 2012). So konnte ein Effekt von MMF auf die 

mRNA-Expression auf des Interferon regulierenden Faktor 1 (IRF-1), der iNOS und NO-

Produktion in Astrozyten gefunden werden (Miljkovic et al., 2002). Auch zeigte sich in einer 

Studie in astrozytären Kulturen eine Reduktion der Proliferation und Produktion von TNF-Alpha 

sowie NO (Dehghani et al., 2010). In einem „Scratch-wound“-Modell konnte insbesondere nach 

24 und 48 Stunden eine Wirkung auf die Bildung der Astrogliose nachgewiesen werden 
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(Ebrahimi et al., 2012). Auch in in vivo Versuchen in der Arbeitsgruppe in einem CCI-Modell 

bestätigte sich ein Einfluss auf die Proliferation der Astrozyten (nicht publiziert). Darüber hinaus 

scheint MMF in vivo einen Einfluss auf die IL-1-Beta-Expression in Astrozyten zu haben (Abb. 

6, nicht publiziert). Hierbei wäre sowohl ein direkter Einfluss auf die Astrozyten (Dehghani et 

al., 2010) als auch eine indirekte Wirkung über die antiinflammatorischen Effekte der Mikroglia 

wahrscheinlich (Liddelow et al., 2017). Nach Aktivierung der Astrozyten durch Mikroglia-

konditioniertes Medium konnte insbesondere eine starke Erhöhung von proinflammatorischen 

Zytokinen wie IL-1-Beta oder TNF-Alpha nachgewiesen werden, sodass eine indirekte 

Aktivierung der Astrozyten durch Mikroglia angenommen werden kann (Liddelow et al., 2017). 

Der Nachweis eines neurozytoprotektiven Effekts in Mikroglia depletierten OHSC 72 Stunden 

nach Schädigung spricht jedoch eher für einen direkten Effekt durch Astrozyten (Kleine et al., 

2022). Welchen abschließenden Effekt MMF jedoch auf die Bildung der reaktiven Astrogliose 

und auf das Überleben von neuronalen Zellen hat, ist derzeit noch nicht sicher geklärt. Generell 

besitzt die Bildung einer reaktiven Astrogliose und die damit einhergehende 

Kompartimentalisierung einer Läsion teils auch neurozytoprotektive Eigenschaften (Myer et al., 

2006; Shimada et al., 2011; Cekanaviciute et al., 2014; Liu et al., 2014). Sollte die Glianarbe das 

Ausmaß der Schädigung begrenzen, würde eine komplette Inhibition dieser Reaktion durch MMF 

wohl eher zu einer Zunahme der Schädigung führen (Sofroniew, 2009; Becerra-Calixto and 

Cardona-Gomez, 2017). Weitere Untersuchungen sind daher nötig, um die genaue Wirkung von 

MMF in dieser späteren Phase weiter zu klären. Spannend bleibt daher die Frage, welchen 

Einfluss MMF auf die neuronale Schädigung weit über den beobachteten Zeitraum nimmt. 

 

2.3.3 Der Einfluss von MMF auf NO und die Zytokinproduktion 

Generell kann angenommen werden, dass eine akute neuronale Schädigung in Mikroglia und 

Astrozyten zu einer Hochregulierung und Freisetzung von verschiedenen Zytokinen führt (Lee et 

al., 1993; Gourin and Shackford, 1997; Dehghani et al., 2010). Diese Zytokine können wiederum 

den sekundären Schaden beeinflussen. Für MMF konnte eine Reduktion von NO und Zytokine 

wie IL-1 und TNF-Alpha nachgewiesen werden (Miljkovic et al., 2002; Dehghani et al., 2010; 

Roth et al., 2021). Insbesondere wurde die Menge des sezernierten IL-1-Beta in primären 

Mikroglia durch MMF nach LPS-Stimulation reduziert (Dehghani et al., 2010). Auch in vivo 

konnte, in Übereinstimmung mit den bisherigen Ergebnissen, in einem CCI-Modell ein positiver 

Einfluss auf die IL-1-Beta-Expression im periläsionalen Bereich in Astrozyten nach MMF-

Behandlung nachgewiesen werden (Abb. 6, nicht publiziert). IL-1 führt durch seine pleiotrope 

Wirkung unter anderem zur Freisetzung weiterer Zytokine in Mikroglia und Astrozyten (Zhu et 

al., 2022) und beeinflusst das neuronale Überleben durch die Modulierung der Migration weiterer 

peripherer Immunzellen und Disruption der BBB (Wang et al., 2014; Wong et al., 2019; Roth et 

al., 2021).  
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Abb. 6 IL-1-Beta Expression in Astrozyten ipsilateral des CCI. (A) Konfokale Laser-Scanning-Mikroskopie 

(CLSM) mit Darstellung von IL-1-Beta (Grün), GFAP in Astrozyten (Rot) und DAPI in Zellkernen (Blau) der 

ipsilateralen Seite zu verschiedenen Zeitpunkten mit und ohne MMF-Behandlung. (B) Quantitative Analysen der 

mittleren IL-1-Beta Fläche in GFAP positiven Zellen des ipsilateralen Kortex (* p<0,05 gegenüber 36h Vehikel). Die 

Werte sind als Mittelwert mit Standardfehler des Mittelwerts angegeben. Skalenbalken = 100 µm.  

 

2.3.4 Zeitabhängige Effekte von MMF  

Die durch MMF nachgewiesenen neurozytoprotektiven Effekte unterliegen einem spezifischen 

Behandlungszeitfenster (Ebrahimi et al., 2012). Dieses weist besonders zwischen 8-36 Stunden 

nach der Schädigung neben dem antiproliferativen auch einen neurozytoprotektiven Effekt auf 

(Ebrahimi et al., 2012; Kleine et al., 2022). Für MMF konnte gezeigt werden, dass die Applikation 

innerhalb der ersten 8-12 Stunden nach der Schädigung in OHSC begonnen und für 24 Stunden 

andauern sollte, um einen neurozytoprotektiven Effekt zu erzielen (Kleine et al., 2022). Ein 

Beginn 16 Stunden nach der Schädigung in den OHSC zeigte keinen nachweisbaren 

neurozytoprotektiven Effekt (Ebrahimi et al., 2012). Eine Behandlung durch MMF sollte daher 

nicht später als 16 Stunden nach der Läsion begonnen werden und nicht kürzer als 24 Stunden 

anhalten. Es soll trotzdem bedacht werden, dass Infektionen in der akuten Phase eine 

ernstzunehmende Komplikation von Patient:innen nach ischämischem Schlaganfall oder SHT 

darstellen. Ein kurzes Zeitfenster für eine mögliche Therapie im Rahmen einer Immunmodulation 

ohne das Risiko einer systemischen Immunsuppression wäre daher wünschenswert (Westendorp 

et al., 2011). Die volle systemische immunsuppressive Wirkung durch MMF ist allerdings erst 

nach 21-30 Tagen anzunehmen (Allison and Eugui, 2005).  

Die frühe Mikroglia-abhängige Phase von MMF scheint generell mit dem Zeitfenster sowie 

einem Maximum der Proliferationsrate nach 24 Stunden übereinzustimmen (Ebrahimi et al., 

2012; Kleine et al., 2022). Interessanterweise konnte nachgewiesen werden, dass eine 

Behandlung mit MMF zwischen 8-24 Stunden nach der Schädigung mit Fixierung der Schnitte 

nach 72 Stunden keinen protektiven Einfluss hat. Bei früherer Fixierung der Schnitte nach 24 
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Stunden konnte jedoch ein neurozytoprotektiver Effekt aufgezeigt werden (Kleine et al., 2022). 

Das bedeutet, dass auch in einem früheren und kürzeren Zeitintervall eine Wirkung durch MMF 

möglich ist, jedoch nicht ausreicht, um die destruktiven Prozesse, die danach folgen, hinreichend 

zu modulieren. Weiter unklar bleibt, welchen Effekt die spätere Mikroglia-unabhängige Phase 

nach 72 Stunden auf den neuronalen Schaden hat (Kleine et al., 2022). 

 

2.4 Die Bedeutung des Purinstoffwechsels auf die Proliferation von Gliazellen nach 

neuronaler Schädigung 

Das Zusammenspiel von Metabolismus wie dem Purinstoffwechsel, der Proliferation von 

Gliazellen und deren inflammatorischen Kaskaden legt die Grundlage für mögliche dysregulierte 

Prozesse, welche durch Substanzen wie MMF therapeutisch beeinflussbar sind (Kleine et al., 

2022). Dieses Zusammenspiel des zellulären Stoffwechsels und der Aktivierung von 

Immunzellen ist insbesondere in Lymphozyten gut erforscht. Eine T-Zell-Aktivierung führte 

unter anderem zu einer gleichzeitigen Stimulation der zellulären Glucose-Aufnahme sowie der 

Glykolyse (Frauwirth et al., 2002; Chapman et al., 2020). Der Phosphoinositid-3-Kinase 

(PI3K)/Akt-Signalweg scheint dabei eine grundlegende Funktion in dieser Regulation zu haben 

(Zhu and Thompson, 2019). Dabei können weitere Faktoren wie mTOR (Zeng and Chi, 2017) 

und Forkhead-Box-Protein O (FOXO) (Luo and Li, 2018) an der Kontrolle zwischen dem 

metabolischen Zustand und der inflammatorischen Antwort von T-Zellen beteiligt sein. Eine 

besondere Bedeutung bei der Zellteilung kommt dem Nukleotidmetabolismus von Immunzellen 

zu. Bei T-Zellen, weniger bei B-Zellen, hat die De-novo-Synthese von Purinen eine zentrale 

Bedeutung für die Proliferation und Aktivität (Allison et al., 1977). In humanen Leukozyten führt 

Guanosin (GMP, GDP und GTP) zu einer Aktivierung der PRPP-Synthetase, während Adenosin 

eine hemmende Wirkung auf die De-novo-Synthese hat (Allison and Eugui, 2000). MMF ist, wie 

bereits erwähnt, durch die Inhibition der IMPDH in der Lage, den Guanosin-Pool zu depletieren 

und hat daher allosterisch einen Einfluss auf die gesamte De-novo-Synthese (Allison and Eugui, 

2000; Liao et al., 2017). Die Hemmung der IMPDH mit hieraus folgender Reduktion des 

intrazellulären GMP resultiert daher in einer Inhibition der PRPP-Synthetase und damit des 

gesamten Purinstoffwechsels. Das Ergebnis ist eine reduzierte Proliferation von T- und B-Zellen 

(Allison et al., 1993), Mikroglia und Astrozyten (Ebrahimi et al., 2012). Durch die zusätzliche 

Gabe von Guanosin konnten die durch MMF ausgelösten antiproliferativen Effekte auf die 

Mikroglia antagonisiert werden (Ebrahimi et al., 2012). In aus dem Thymus gewonnenen T-

Lymphozyten konnte gezeigt werden, dass die De-novo-Synthese besonders abhängig vom 

Zellzyklus ist und ein Großteil der De-novo-Synthese in der S-Phase erfolgt. MMF führt daher 

vor allem zu einer Hemmung in der S-Phase (Cohn et al., 1999). Aufgrund des ausgeprägten 

Einflusses von MMF auf die Mikroglia scheint die De-novo-Synthese auch in diesen Zellen eine 

zentrale Bedeutung zu spielen (Dehghani et al., 2010; Ebrahimi et al., 2012). 
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Die Inhibition des Purinstoffwechsels durch MMF könnte zu einem erhöhten metabolischen 

Stress in Mikroglia führen. Eine typische Reaktion auf metabolischen Stress in Zellen stellt die 

Autophagie dar (Zhu and Thompson, 2019; Klionsky et al., 2021). Autophagie definiert einen 

Prozess infolge eines Nährstoff- oder Energiemangels, bei dem es zum Abbau von zellulären 

Komponenten kommt, um grundlegende Funktionen und letztendlich das Überleben der Zelle zu 

sichern. Dies wird zum Großteil über Autophagosomen und die Lysosomen realisiert und als 

Makroautophagie bezeichnet (Rabinowitz and White, 2010; Klionsky et al., 2021). Die 

Signalwege der DAMPS und PAMPS können durch ineinandergreifende Kaskaden die 

Autophagie regulieren (Levine et al., 2011). Diese wird unter anderem über den Unc-51 ähnliche 

Autophagie aktivierende Kinase (ULK1)/mTOR Komplex1 realisiert. Die zur Autophagie 

zugehörigen Gene (Atg) und deren Proteine sind an der Modulation der Prozesse beteiligt 

(Rabinowitz and White, 2010; Klionsky et al., 2021). Als erste Verbindung zwischen der 

Autophagie und der Zytokinproduktion konnte Atg 5 nachgewiesen werden (Lee et al., 2007; 

Virgin and Levine, 2009; Yamamoto et al., 2023). In Makrophagen konnte nach einem Knockout-

Modell des Gens Atg16L1 eine erhöhte Aktivität der Caspase-1 und hierdurch eine erhöhte IL-1-

Beta-Aktivierung beobachtet werden (Saitoh et al., 2008). In einer Analyse des Transkriptoms in 

einer Magenkarzinom Zelllinie konnte ein Einfluss von MMF auf den mit der Autophagie eng 

verknüpften PI3K/AKT/mTOR Signalweg sowie verschiedene Cycline und CDKs beobachtet 

werden (Rabinowitz and White, 2010; Dun et al., 2013). Dies könnte eine veränderte Expression 

der Nukleotidsynthese wie auch Glykolyse in Jurkat-T-Zellen durch MMF erklären (Fernández-

Ramos et al., 2016; Zhu and Thompson, 2019). Diese Verbindung zwischen Autophagie und der 

Inhibition des Purinstoffwechsels durch MMF stellt somit eine mögliche Hypothese der zugrunde 

liegenden molekularen Mechanismen einer reduzierten Zytokinproduktion von Astrozyten und 

Mikroglia dar (Dehghani et al., 2010). Neben dieser Hypothese stellt die IMPDH selbst eine 

molekulare Struktur dar, welche neurozytoprotektive Effekte vermitteln könnte (Kozhevnikova 

et al., 2012). Die Regulation der IMPDH erfolgt zum Teil allosterisch. Für GMP wie auch XMP 

und Nicotinamidadenindinukleotid (NAD)H konnte ein inhibitorischer Effekt auf die IMPDH-

Isoformen 1 und 2 nachgewiesen werden (Carr et al., 1993). Neben dieser allosterischen 

Regulation war nach Aktivierung von Lymphozyten eine vermehrte Expression der IMPDH-

Isoform 2 nachweisbar (Allison et al., 1993). In OHSC zeigte sich nach Schädigung durch NMDA 

eine signifikante erhöhte Expression der IMPDH-Isoform 2 nach 12 Stunden gegenüber 36 und 

48 Stunden (Ebrahimi et al., 2012). Allerdings konnten in Zellkulturen von Astrozyten und 

Mikroglia keine signifikanten Veränderungen der IMPDH-Isoform 2 nachgewiesen werden 

(Kleine et al., 2022). In der monozytären Zelllinie (Jukart-Zellen) war eine erhöhte Expression 

der mRNA der IMPDH-Isoform 2 nach 12 Stunden, wie in OHSC beobachtet, nachweisbar. Ein 

Einfluss auf die Expression konnte durch MMF in dieser Studie nicht aufgezeigt werden (Jain et 

al., 2004). Die Regulation der IMPDH-Isoform 2 ist wahrscheinlich zu einem großen Teil auf 
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Protein-Protein-Interaktionen oder posttranslationale Modifikationen zurückzuführen (Jain et al., 

2004). Weiter konnte nachgewiesen werden, dass die IMPDH zytoplasmatisch wie auch nukleär 

lokalisiert ist. Dabei scheint die IMPDH in Eukaryoten auch eine Rolle als Transkriptionsfaktor 

im Sinne eines Repressors in der Regulation der Histongene und E2F zu spielen (Kozhevnikova 

et al., 2012). Auch deuten mehrere Studien darauf hin, dass eine gewisse Regulation der IMPDH 

durch eine Polymerisation in Filamente realisiert wird (Calise et al., 2018; Buey et al., 2022). Für 

die Behandlung mit MMF in HeLa-Zellen konnte eine vermehrte Polymerisation der IMPDH in 

Makrostrukturen nachgewiesen werden (Thomas et al., 2012). Die duale Funktion als 

metabolisches Schlüsselenzym des Purinstoffwechsels und auch die Funktion als ein 

Trankskriptionsfaktor im Sinne eines Repressors mit hieraus antiproliferativer Wirkung legt eine 

übergeordnete regulatorische Funktion der IMPDH mit Verknüpfung des Metabolismus und der 

Genexpression insbesondere in der späten S-Phase nahe. IMPDH kann sich des Weiteren in 

sogenannten Makrostrukturen organisieren und im Sinne eines Sensors Nukleotide binden 

(Thomas et al., 2012). Diese Integration der IMPDH als Enzym und als Transkriptionsfaktor wäre 

die Grundlage für einen weiteren hypothetischen Wirkungsmechanismus von MMF. Auch für 

weitere Inhibitoren von IMPDH konnte ein neurozytoprotektiver Effekt und ein Einfluss auf die 

Proliferation von Mikroglia nachgewiesen werden (Liao et al., 2017). Für Sappanone A konnte in 

Übereinstimmung mit den Ergebnissen von MMF eine Reduktion von proinflammatorischen 

Zytokinen wie TNF-Alpha, IL-1-Beta und IL-6 sowie der iNOS und auch ein Effekt auf die 

Proliferation von Mikroglia sowie die Integrität von Neuronen nach LPS Gabe in der CA1 Region 

nachgewiesen werden (Liao et al., 2017). Sappanone A zeigte auch in vivo bereits 

neurozytoprotektive Effekte (Wang et al., 2021). Für Ribavirin, einem Nukleosid-Analogon und 

Inhibitor der IMPDH, zeigten sich Hinweise auf eine Reduktion der Proliferation von Mikroglia 

wie auch auf neurozytoprotektive Eigenschaften (Solbrig et al., 2002). 

Die enge Verbindung zwischen Metabolismus, Proliferation und Differenzierung von 

Immunzellen stellt eine wichtige Basis für das Verständnis komplexer neuroinflammatorischer 

Antworten im Rahmen eines Schlaganfalls oder eines SHT dar. Abschließend bleibt das Bild 

zwischen den genauen molekularen Mechanismen des Purinstoffwechsels, dem Einfluss von 

MMF und dessen Verschaltung mit immunologischen Prozessen sowie der Autophagie und 

Zytokinproduktion in Gliazellen inkomplett. Die vorgelegten Arbeiten unterstreichen dabei die 

weitere Notwenigkeit, molekulare Prozesse im Zusammenspiel von Mikroglia und Astrozyten im 

Hinblick auf den Purinstoffwechsel weiter zu untersuchen und sie zeigen eine eindeutiges 

zeitliches Mikroglia-abhängiges neurozytoprotektives Wirkspektrum für MMF auf. 
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4. Thesen 

 

1. OHSC stellen ein geeignetes Modell zur Untersuchung von verschiedenen Materialien 

auf neuronales Gewebe dar. 

2. Eine generelle Übertragung der neurozytoprotektiven Ergebnisse aus den OHSC in ein 

in vivo Modell scheint prinzipiell möglich, jedoch ist die exakte Translation des 

spezifischen Zeitfensters von den OHSC auf ein CCI-Modell wegen der Effekte 

einwandernder Immunzellen nur teilweise möglich. 

3. Die Translation der Ergebnisse zwischen verschiedenen tierexperimentellen Modellen 

und klinischen Studien stellt einen wichtigen Baustein in der neurozytoprotektiven 

Forschung dar. 

4. Der neurozytoprotektive Effekt von MMF in OHSC ist zeitabhängig, die Behandlung 

sollte innerhalb der ersten 16 Stunden begonnen werden und mindestens 24 Stunden 

anhalten. 

5. MMF zeigt eine frühe Mikroglia-abhängige neurozytoprotektive Phase, welche in 

Übereinstimmung mit dem nachgewiesenen Zeitfenster in den OHSC ist. 

6. Die reduzierte Anzahl der Mikroglia ist eine Komponente des multimodalen 

neurozytoprotektiven Effekts von MMF und kann nicht als der einzige Mediator 

angesehen werden. 

7. Nach 72 Stunden scheinen sich auch Astrozyten an der Neurozytoprotektion durch MMF 

zu beteiligen. 
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Abstract: Based on oxidized regenerated cellulose (ORC), several hemostyptic materials, such as
Tabotamp®, Equicel® and Equitamp®, have been developed to approach challenging hemostasis in
neurosurgery. The present study compares ORC that differ in terms of compositions and properties,
regarding their structure, solubility, pH values and effects on neuronal tissue. Cytotoxicity was
detected via DNA-binding fluorescence dye in Schwann cells, astrocytes, and neuronal cells. Addi-
tionally, organotypic hippocampal slice cultures (OHSC) were analyzed, using propidium iodide,
hematoxylin-eosin, and isolectin B4 staining to investigate the cellular damage, cytoarchitecture, and
microglia activation. Whereas Equicel® led to a neutral pH, Tabotamp® (pH 2.8) and Equitamp®

(pH 4.8) caused a significant reduction of pH (p < 0.001). Equicel® and Tabotamp® increased cytotox-
icity significantly in several cell lines (p < 0.01). On OHSC, Tabotamp® and Equicel® led to a stronger
and deeper damage to the neuronal tissue than Equitamp® or gauze (p < 0.01). Equicel® increased
strongly the number of microglia cells after 24 h (p < 0.001). Microglia cells were not detectable after
Tabotamp® treatment, presumably due to an artifact caused by strong pH reduction. In summary,
our data imply the use of Equicel®, Tabotamp® or Equitamp® for specific applications in distinct
clinical settings depending on their localization or tissue properties.

Keywords: cellulose applications; oxidized regenerated cellulose; Tabotamp®; Equicel®; Equitamp®;
cell death; organotypic hippocampal slice cultures

1. Introduction
Intraoperative bleeding, especially during neurosurgical interventions, can lead to

massive secondary complications. The rising number of neurosurgical patients under anti-
coagulative therapy increases the risk of perioperative hemorrhage [1]. Consequently, the
application of hemostatic agents is an important option to handle intraoperative bleeding.
Oxidized regenerated cellulose (ORC) is a commonly used absorbable hemostatic product
that prevents bleeding and controls epidural oozing [2]. In a comprehensive review of topi-
cal hemostatic agents, ORC showed only moderate hemostatic effects, but good handling
properties [3]. It did not stick to instruments, could easily be fitted to the tissue [2] and was
completely absorbable within weeks [4]. Chemically, ORC consist of homo-polysaccharides
and dinitrogen tetroxide. The oxidation of their hydroxyl groups to carboxyl acid groups
forms a polyuronic acid [5]. Depending on the oxidized molecular position, different
physico-chemical properties result and the efficiency of oxidation is influenced by factors
like temperature and pressure [3]. The carboxylic acid groups are responsible for decrease
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in the pH value with additional bactericidal properties [6,7]. Hemostasis is achieved via
different mechanisms. Absorption of blood results in slightly swelling and formation of
a plug at the injury site. Furthermore, the acidity causes erythrocyte cell lysis, and the
released hemoglobin reacts with acid to form hematin [3,8,9]. Over the last few decades,
several absorbable hemostyptic materials have been developed based on natural and artifi-
cial sources. Cellulose is a natural source of ORC. In comparison, viscose is a semi-artificial
regenerated cellulose, which is chemically identical to the native fiber, but has a different
ordered surface in the elementary lattice (hydrate cellulose). Regardless their source, all
products are subsumed as ORC. Several approved ORC are offered on the European market
including Tabotamp® (Ethicon, Johnson & Johnson, respectively Surgicel® as its brand
name in USA), Equicel® and Equitamp® (Equimedical). Tabotamp® is established since
1959, whereas Equicel® and Equitamp® have been approved according to the EN ISO 10993
as a medical device since 2012. Recently, we demonstrated for Tabotamp® a strong and
local cytotoxic effect in several monolayer cell culture systems. pH-sensitive fluorescence
microscope analyses revealed a strong pH gradient between the local pH drop and the
surrounding media [10].

Based on these data, the present study was designed to compare the effects of
Tabotamp®, Equitamp® and Equicel® on pH values, properties in aqueous solution, cell de-
tachment, glial cell response, cell death and the extension of cellular damage in monolayer
cell systems and in the dentate gyrus of the organotypic hippocampal slice cultures.

2. Results
2.1. ORC Products Showed Different Structures and Properties in Aqueous Solution

ORC showed strong structural differences. While gauze and Equicel® consist of an
ordered network based on frayed natural cotton fibers, Equitamp® and Tabotamp® were
structured like a loose woven knit of smooth fibers. Equitamp® had a higher density than
Tabotamp® (Figure 1A).

To compare the absorbability, gauze and ORC were incubated for 48 h in aqueous
solution (Figure 1B). The non-absorbable gauze showed no dissolution, whereas Equitamp®

and Tabotamp® were nearly completely dissolved. Equicel® formed a gelatin-like plug,
which did not dissolve after 48 h.

The different oxidation of ORC caused changes in pH value in aqueous solution
(Figure 1C). Non-oxidized gauze led to an increase in pH value from 7.50 ± 0.02 without
gauze to 7.73 ± 0.01 with 500 mm2/mL gauze. Even with large amounts of Equicel®,
the pH value remained stable (pH 7.53 ± 0.01 without Equicel® to 7.52 ± 0.04 with
500 mm2/mL Equicel®; p = 0.88). With smaller amounts of Equitamp®, the pH was
stable (7.51 ± 0.04 with 40 mm2/mL and 7.52 ± 0.13 with 75 mm2/mL; p = 1.00). How-
ever, Equitamp® reduced pH from 7.49 ± 0.02 to 6.43 ± 0.23, 6.22 ± 0.05 and 4.78 ± 0.10
with amounts of 190, 250 and 500 mm2/mL medium (p < 0.001). The strongest pH
reduction was caused by Tabotamp®. Already amounts of 40 and 75 mm2 Tabotamp®

decreased the pH from 7.77 ± 0.02 to 7.28 ± 0.04 (p < 0.001) and 6.62 ± 0.10 (p < 0.001),
respectively. Larger amounts of 190, 250, and 500 mm2/mL Tabotamp® led to a strong
acidic pH of 3.92 ± 0.09, 3.40 ± 0.09 and 2.84 ± 0.01 (p < 0.001) (Figure 1C).

Cell Detachment Analysis
Previously published results of cell detachment after incubation with Tabotamp®,

gauze and untreated controls [10] were extended by experiments after incubation with
Equicel® and Equitamp®. Crystal violet staining was applied after incubation with the
different ORC for 24 h (Figure 2A). The quantification of cell detachment after incubation
of ORC on Schwann cells revealed that Equitamp® (56.19% ± 8.55%) and Tabotamp®

(89.25% ± 4.74%) caused an increased damage of the cell monolayers compared to gauze
(19.59% ± 12.30%, p < 0.05) (Figure 2B). In case of immortalized neuronal cells, astrocytes
and primary astrocytes, Tabotamp®, Equicel®, and Equitamp® showed no significant
difference of cell detachment when compared to the gauze (Figure 2C–E; p > 0.05).
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Figure 1. Comparison of ORC properties. Treatment materials with 22 mm diameter. In all 
experiments gauze served as non-oxidized, non-absorbable control. Gauze and Equicel® contain 
frayed organized fibers, which are arranged in a square network structure. Equicel® is an ORC based 
on natural cotton and contains collagen and fibrin. Equitamp® and Tabotamp® have a woven mesh 
structure. The viscose-based mesh of Equitamp® has a higher density compared to Tabotamp®. Bar 
= 3 mm (A). Samples were wetted with DMEM to compare the dissolution and absorbability. Bar = 
5 mm (B). The pH values of increasing amounts of gauze or ORC per milliliter supplemented 
DMEM. The graph shows the mean and SEM of three independent analyses. The significance was 
tested to the same amount of gauze (* p < 0.001) (C). 

Cell Detachment Analysis 
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gauze and untreated controls [10] were extended by experiments after incubation with 
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Figure 1. Comparison of ORC properties. Treatment materials with 22 mm diameter. In all experi-
ments gauze served as non-oxidized, non-absorbable control. Gauze and Equicel® contain frayed
organized fibers, which are arranged in a square network structure. Equicel® is an ORC based on
natural cotton and contains collagen and fibrin. Equitamp® and Tabotamp® have a woven mesh
structure. The viscose-based mesh of Equitamp® has a higher density compared to Tabotamp®.
Bar = 3 mm (A). Samples were wetted with DMEM to compare the dissolution and absorbability.
Bar = 5 mm (B). The pH values of increasing amounts of gauze or ORC per milliliter supplemented
DMEM. The graph shows the mean and SEM of three independent analyses. The significance was
tested to the same amount of gauze (* p < 0.001) (C).

2.2. Effect of Non-Oxidized Cellulose and ORC on Cell Viability
ORC-mediated cytotoxicity was measured via a fluorescence marked DNA-binding

dye in Schwann cells, neuronal cells and astrocytes. Previously, we published the results
for Tabotamp® and included the data in the figures for a better comparison between the
ORC [10].

Compared to gauze, Equitamp® and Equicel® did not significantly affect cell death
rates of Schwann cells. The highest cell death rates of Schwann cells were shown after
incubation with Tabotamp® (100% coverage, Figure 3A). Comparison of Equitamp® with
Equicel® (100% coverage) caused a significantly higher cytotoxicity of Equicel® (p = 0.018,
Table S1).

Coverage with Equicel® and Tabotamp® showed an impaired neuronal cell survival,
compared to gauze (55% and 100% coverage, p < 0.05, Figure 3B). Equitamp® induced cell
death rates were equivalent to gauze and significantly reduced compared to higher values
of Equicel® in neuronal cells (p < 0.05, Table S1).

Astrocytic cells demonstrated a high sensitivity to the treatment with ORC and even
gauze (Figure 3C,D). Comparison between the ORC and gauze showed the highest cell
death rates of immortalized astrocytes after incubation with Equicel® (33%, 55% and
100% coverage, p < 0.002) and Tabotamp® (55%, 100% coverage, p < 0.05, Figure 4C). In
addition, for primary astrocytes Equicel® increased cell death (55% coverage, p = 0.002,
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100% coverage, p < 0.001) in comparison to gauze (Figure 3D), whereas Equitamp® reduced
cell death of primary astrocytes in comparison to gauze (55% and 100% coverage, p < 0.001).

Except for 33% coverage on immortalized astrocytes (C8D1A) the depicted Tabotamp®

data showed cell death rates that were comparable to or even exceeded those caused by
Equicel® (Figure 3C,D).

Incubation with gauze caused a significant increase in cytotoxicity of astrocytes
(C8D1A) in comparison to untreated cells (control, CTL) (55% coverage, p = 0.042). How-
ever, the cell death rates of Equitamp® treated cells were comparable to CTL (Figure 3C,
Table S1).

In addition, for primary astrocytes incubation with gauze increased cytotoxicity (55%
and 100% coverage, p < 0.05, Figure 3D, Table S1).
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(control, CTL) and after incubation with gauze and Tabotamp® have already been published and 
are shown for comparison [10]. Cells were grown to complete confluence in 60 cm2 cell culture 
dishes and incubated with Equicel® or Equitamp®. Bar = 2 cm (A). In addition, the means and SEM 
of quantified cell detachment analysis of three independent stained dishes from Schwann cells (B), 
neuronal cells (C), immortalized astrocytes (D) and primary astrocytic cultures (E) are shown (* p < 
0.05). 
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Figure 2. Detachment of cell monolayer after incubation with Equicel® and Equitamp®. Exemplary crystal violet staining
of each ORC and cell line or primary cells. The results of untreated cells (control, CTL) and after incubation with gauze and
Tabotamp® have already been published and are shown for comparison [10]. Cells were grown to complete confluence in
60 cm2 cell culture dishes and incubated with Equicel® or Equitamp®. Bar = 2 cm (A). In addition, the means and SEM
of quantified cell detachment analysis of three independent stained dishes from Schwann cells (B), neuronal cells (C),
immortalized astrocytes (D) and primary astrocytic cultures (E) are shown (* p < 0.05).

2.3. Equicel® and Tabotamp® Generated Cellular Damage in the Dentate Gyrus of Organotypic
Hippocampal Slice Cultures after 24 h

Untreated organotypic hippocampal slice cultures (OHSC) as well as slices treated
with gauze displayed an excellent preservation of their cytoarchitecture. In CLSM only a
few pycnotic propidium iodide (PI) positive nuclei were detected in granular cell layer
(GCL) of the dentate gyrus (DG) (CTL: 5.4 PI positive cells/GCL, gauze: 42.8 PI positive
cells/GCL) (Figure 4A,C). Treatment with Equicel® and Tabotamp® significantly increased
the number of PI positive cells compared to gauze (Equicel®: 256.2 PI positive cells/GCL,
p < 0.001; Tabotamp®: 230.4 PI positive cells/GCL, p < 0.01) (Figure 4A,C). No significant
increase in the number of PI positive cells was found after treatment with Equitamp®

compared to gauze (Equitamp®: 108.3 PI positive cells/GCL, p > 0.05) (Figure 4A,C).
To validate the extent of the overall damage indicated by the PI staining, the sections

were assessed after staining with hematoxylin and eosin (HE). Treatment with Equicel®

and Tabotamp® showed a clearly destroyed cytoarchitecture with pycnotic cell nuclei in the
DG (Figure S1). The damage not only included superficial cell layers but also reached deep.
The neuronal injury was consistently present in the z-stacks across all OHSC sectional
images for both Equicel® and Tabotamp®. With a distance between the optical sections
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of 5 µm and about 10–12 cuts per OHSC, a local, trans-sectional damage of at least 60 µm
depth into the neuronal tissue was found.
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Figure 3. Detachment of cell monolayer after incubation with Equicel® and Equitamp®. Equicel® induced cell death of
Schwann cells, neuronal cells and astrocytic cells. Quantification of cell death after 24 h using the CellTox Green assay.
Schwann cells (SW10) (A), neuronal cells (RN33B) (B) and astrocytes (C8D1A and primary astrocytes) (C,D). ø 4 mm of
non–oxidized cellulose (gauze), Equicel® or Equitamp® pieces correspond to 33% cell coverage, 5 mm pieces correspond to
55% cell coverage and 6 mm pieces correspond to 100% cell coverage. Signal of totally lysed cells of each cell type was set to
100% cell death. Cell culture medium without cells served as background control. Values are presented as means and SEM
of four independent experiments. Statistical significance was analyzed with one-way ANOVA followed by Bonferroni’s
test. Significance was accepted with p < 0.05: * significant to same amount gauze treated cells. For multiple statistical
comparison of all groups, see Table S1. For better comparability the published Tabotamp® cell death rates were included
into the figures [10].
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2.4. The Increased Cellular Damage of Equicel® and Tabotamp® Persisted after 48 h in OHSC 

Figure 4. Effects of treatment with Equicel®, Equitamp® and Tabotamp® on cell viability and microglia activation in OHSC
after 24 and 48 h. PI staining (red) of OHSC as recorded by confocal laser scanning microscopy representing dentate gyrus
(DG) with granule cells (24 h results displayed) (A). Treatment with Equicel® and Tabotamp® led to intense red stained PI
positive nuclei in DG regions. Equitamp® caused a mild accumulation of PI in the cells of the DG. IB4 staining (green) of
OHSC recorded by confocal laser scanning microscopy representing microglia cells and remaining vessels. In CTL, only
isolated ramified microglia cells were visible. Treatment with Equicel® led to increase of amoeboid microglia cells in the
DG. Dotted lines mark the borders of GCL (B). Quantitative analysis of the number of PI positive degenerating cells in
GCL (C,D). Equicel® (* p < 0.001) and Tabotamp® (* p < 0.01) induced a significant increase of PI positive cells in GCL 24 h
after treatment compared gauze (C). Similar results were obtained for Equicel® (* p < 0.001) and Tabotamp® (* p < 0.01)
compared to the OHSC treated with gauze after 48 h (D). Quantitative analysis of the number of IB4 positive microglia cells
in GCL (E,F). After 24 h incubation with Equicel®, a significant increase in IB4 positive microglia in the DG compared to the
gauze was observed (*, p < 0.05). A clearly reduced number of IB4 positive microglia was detected for Tabotamp® compared
to gauze (* p < 0.001) (E). After 48 h no significant difference in IB4 positive microglia cells between Equicel® and gauze was
detectable (F). A general increase in the number of microglia was found in treated groups compared to the results after 24 h
(CTL compared to gauze: * p < 0.001 after 48 h). For Tabotamp®, a significant reduction of microglia was present after 48 h
compared to gauze (* p < 0.001). For a statistical comparison of all groups, see Table S2. Bar = 100 µm.



Int. J. Mol. Sci. 2021, 22, 11467 8 of 14

2.4. The Increased Cellular Damage of Equicel® and Tabotamp® Persisted after 48 h in OHSC
To investigate the extent of the damage over time, the number of PI positive cells

was analyzed after 48 h. In case of the untreated control and after incubation with
gauze, a well-preserved cytoarchitecture and a low number of PI positive cells (CTL:
3.4 PI positive cells/GCL, gauze: 57.6 PI positive cells/GCL) were detected (Figure 4D).
Equicel® and Tabotamp® caused a rising number of PI positive cells compared to
gauze (Equicel®: 299.4 PI positive cells/GCL, p < 0.001; Tabotamp®: 170.4 PI positive
cells/GCL, p < 0.01) (Figure 4D). Equitamp® showed no significant change in PI positive
cells after 48 h compared to gauze (Equitamp®: 57.3 PI positive cells/GCL, p > 0.05)
(Figure 4D).

The number of PI positive cells showed a consistency of the damage compared to the
results after 24 h (p > 0.05) (Figure 4C). The damage caused by Equicel® or Tabotamp®

affected all sectional images of the z-stacks.

2.5. Equicel® Increased the Number of Isolectin B4 Positive Microglia Cells after 24 h
To study ORC related reactions of microglia cells, the number of fluorescein isothio-

cyanate (FICT)-conjugated isolectin B4 (IB4) positive cells in the DG was quantified. In
untreated controls, microglia cells were occasionally detected with typical ramified mor-
phology after 24 h and 48 h (CTL 24 h: 12.5 IB4 positive cells/GCL, CTL 48 h: 11.0 IB4
positive cells/GCL) (Figure 4B,E,F). Treatment with gauze slightly increased the number of
microglia over time (gauze 24 h: 14.8 IB4 positive cells/GCL, gauze 48 h: 25.0 IB4 positive
cells/GCL) (Figure 4E,F). In contrast to 24 h, significantly more microglia cells were present
in the gauze group than in controls after 48 h (p < 0.001). Equicel® induced a significant
increase in the number of microglia cells compared to gauze after 24 h (Equicel® 24 h:
23.3 IB4 positive cells/GCL, p < 0.05) (Figure 4E). No significant difference between Equicel®

and gauze was found after 48 h (Equicel® 48 h: 26.8 IB4 positive cells/GCL, p > 0.05)
(Figure 4F). Comparable to PI results, there was no significant difference for Equitamp®

treatment after 24 or 48 h. In contrast to all other results, a significant reduced number of
microglia cells was measured in the Tabotamp® group (Tabotamp® 24 h: 1.4 IB4 positive
cells/GCL, p < 0.001; Tabotamp 48 h: 0.3 IB4 positive cells/GCL, p < 0.001) (Figure 4B,E,F).

2.6. Tabotamp® Interfered with Immunofluorescence Staining
Limited to the areas covered with Tabotamp®, OHSC showed an almost complete

depletion of IB4 fluorescence signals. Inside the non-covered neuronal tissue, a clear
accumulation of microglia cells was observed (Figure 5). Additional immunofluorescence
staining against Iba1, an established marker for microglia cells, and further markers like
NeuN and GFAP (Figure S2) showed no immunoreaction in all regions beneath Tabotamp®

covered areas. These results strongly supported a methodical bias related to Tabotamp®.
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Figure 5. Exemplary image of an OHSC after half-side Tabotamp® treatment. Damaged neuronal cells were stained with
PI (red) and microglia cells as well as vascular structures with IB4 (green). The Tabotamp® covered area was clearly
distinguished (below the dotted line) from the granule cell layer (GCL) of the DG and hilus region (HI), which was still well
preserved above. Notably, a clearly reduced number of IB4 positive cells is visible, while at the border a distinct increase of
microglia cells could be observed. Bar = 100 µm.
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3. Discussion
ORC has been frequently used in neurosurgery since the 1960s, especially to stop

oozing in the brain resection cavity. In clinical practice, the walls of the resection cavities
are typically covered with ORC to prevent rebleeding. Whereas Equicel® should be left in
place after stopping the bleeding, removal of Equitamp® and Tabotamp® are recommended.
Detachment of hemostats in intracerebral surgery strongly increases the risk of rebleeding.
Therefore, in neurosurgery ORC often remain in place. However, little is known about
the local effects of various ORC on neuronal tissue. Recently, we demonstrated on several
monolayer cell culture systems that Tabotamp® causes a strong and local cytotoxic effect
and induces a strong pH drop [10].

Our here presented results show that ORC are strongly diverse in their properties and
have different effects on the cells or the tissue in their vicinity. Whereas Equitamp® and
Tabotamp® were almost completely dissolved after 48 h, Equicel® swelled to a gelatine-like
clot. This swelling might generate mechanical force, lead to compression and damage
neuronal tissue. Even the formation of so-called textilomas was described after application
of ORC during neurosurgical procedures [11–13]. Notably, these induced foreign body reac-
tions in the brain can mimic recurrent intracranial tumors on MRI scans [14]. Histologically,
these mass lesions were composed of not absorbed hemostat surrounded by inflammatory
cellular infiltration [12]. Of the ORC investigated in this study, Equicel® appeared to more
likely induce a foreign body reaction due to its slower dissolution, collagen content and
microglia activation in OHSC. Some of ORC reduced the pH of solutions, depending
on the chemical composition and oxidation grade [15]. The bactericide and hemostatic
properties of Tabotamp® were associated with the strong pH reduction [3,7–9]. Equicel®

and Equitamp® were proven bactericidal against gram positive and negative organisms
(manufacturer’s specification). Notably and despite bactericidal effects, comparable strong
pH reduction was not achieved by Equitamp®, and Equicel® did not change the pH at
all. Therefore, the bactericidal mode should be questioned for Equitamp® and Equicel® or
parameters other than pH might be involved in bactericidal effects of these ORC.

Previously, we showed for Tabotamp® a local detachment of all tested cell types
paralleled by a dose dependent increase of cytotoxicity [10]. Equitamp® and Equicel® also
caused cell detachment albeit at a lower level indicating a decrease not only in pH value,
but also in mechanical properties or other surface properties affect cell death. Cell death
rates of Schwann cells increased only slightly after incubation with Equicel®, whereas
astrocytes displayed a dose dependent enhancement of cell death rates. In contrast to the
aforementioned results on Equicel®, incubation with Equitamp® decreased cell death in all
analyzed cells compared to gauze. The data hints to a pH and material dependent vari-
able cellular response and asks for a specific use of ORC under diverse clinical situations.
Depending on the localization, neuronal damage caused by ORC had far-reaching clinical
consequences [16–19]. As a further step of analysis, tissue cultures such as OHSC are
suitable models for studying tissue-damaging processes and neuron glia interactions [20].
Therefore, the influence of Tabotamp®, Equitamp® and Equicel® application was analyzed
on cell death, microglia activation and tissue structure alterations. With PI staining [21]
the damage of neuronal cells was followed in the GCL after treatment with Tabotamp®

and Equicel® 24 and 48 h post application. Former publications reported on neuronal
damage by oxidized cellulose-mediated acidity [10,22]. In contrast to these findings and in
our study, the pH value remained stable even with large quantities of Equicel®. Probably,
swelling to a gelatinous mass might be an additional reason for causing neuronal damage.
This property has already been described for Tabotamp® [19]. Here, the cellular damage
was not only confined to the superficial cell layers but also visible in deeper layers of OHSC.
However, it should be considered that tissue processing e.g., fixation or slice covering
etc. might lead to a reduction of the OHSC height and therefore no reliable statement
about the damage depth can be made. In contrast to Tabotamp® and Equicel®, the cellular
damage was less pronounced after incubation with gauze and Equitamp®. These results
from OHSC underline the importance of adaptation of the ORC to the specific properties of
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different products by clinicians. Further examinations will be needed to evaluate whether
the targeted use after gross total resection of gliomas has an influence on the development
of a local recurrence. As mentioned before, so-called textilomas have been described after
application of ORC. They showed a tissue reaction with accompanying phagocytic involve-
ment and could have a damaging effect on neuronal structures [12,14,23–25]. Therefore,
analysis of microglia reaction might be a useful parameter in context of ORC mediated
neuronal injury [26,27]. In comparison to the other tested materials, Equicel® led to sig-
nificant increase of microglia cells after 24 h. For Equicel®, the manufacturer declares the
addition of collagen and fibrin. These additives might affect the mechanical properties,
and the rapid and massive swelling of the material might be a trigger for the microglia
response. In case of gauze and Equicel®, the number of microglia cells grew until 48 h
putatively because of the direct interaction between the material and microglia cells. How-
ever, no significant difference was observed after Equitamp® treatment when compared to
application of gauze after either 24 or 48 h. In contrast to the substantial neuronal damage
observed after incubation with Tabotamp®, significantly lower numbers of microglia cells
were measured. Nevertheless, a clear accumulation of microglia cells was visible at the
border between the Tabotamp® covered area and the non-covered area. Therefore, we
asked whether a depletion of microglia cells due to the reduced pH value or other un-
known mechanisms might explain this unusual phenomenon. Since no signal was detected
using the additionally analyzed microglial, astroglial and neuronal markers, we concluded
that Tabotamp®-specific factors like strong local pH drop might interfere with binding
epitopes, making them more difficult or even impossible to access for lectins or antibodies.
Therefore, results for Tabotamp® must be viewed with caution regarding the number of
microglia cells.

4. Materials and Methods
All animal experiments were performed in accordance with the Policy on Ethics and

the Policy on the Use by the directive 2010/63/EU of the European Parliament and of the
Council of the European Union. The preparations were approved by the local authorities
for care and use of laboratory animals (permission numbers: K11M1 and I11M27).

4.1. Cellulose Samples
Non-oxidized cellulose (cotton gauze, Fink & Walter GmbH, Merchweiler, Germany)

and oxidized regenerated cellulose (ORC) samples (Equicel® and Equitamp®, Equimedical
BV, Zwaneburg, Netherlands; Tabotamp®, Johnson & Johnson Medical, Ethicon, Neuchâtel,
Switzerland) were stamped into the specified sizes using sterile punches (Stiefel, GSK
Consumer Healthcare, Dungarvan, Ireland).

4.2. Analysis of Cellulose Samples in Aqueous Solution
The 22 mm diameter samples (gauze, Equicel®, Equitamp®, Tabotamp®) were placed

on cell culture dishes (60 cm2, TPP, Trasadingen, Switzerland) with 10 mL Dulbecco’s Mod-
ified Eagle’s Medium (DMEM, Thermo Fisher Scientific, Waltham, MA, USA) completed
with 10% fetal calf serum (FCS, Gibco, Thermo Fisher Scientific), 2 mmol/L glutamine
(Biochrom AG, Merck, Darmstadt, Germany), 100 U/mL penicillin and 100 µg/mL strepto-
mycin (Thermo Fisher Scientific). After taking pictures, the dishes were incubated for 48 h
at 37 �C and imaged again. The same composition of cell culture medium was used for
cultivation of the cells, for pH measurements and for cell death analyses. Then, the dishes
were incubated for 48 h at 37 �C.

4.3. pH Measurement
The pH measurement with increasing amounts of the different ORC was carried out

in culture medium containing 44 mmol/L sodium bicarbonate with the FiveGo pH meter
(Mettler Toledo, Schwerzenbach, Switzerland) at room temperature.
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4.4. Cell Lines
The immortalized cells C8D1A (CRL-254, Astrocytes), RN33B (CRL-2825, Neurons)

and SW10 (CRL-2766, Schwann cells) were purchased from the American Type Culture
Collection (Manassas, VA, USA). SW10 and C8D1A cells were cultured in supplemented
DMEM at 75 cm2 cell culture flasks (Sarstedt, Nümbrecht, Germany) under humidified
atmosphere with 5% CO2 at 37 �C. RN33B cells were cultured in DMEM/F12 (1:1, Thermo
Fisher Scientific) with identical supplements and conditions. The passage number of all
analyzed cells was below 20.

4.5. Primary Cultures
Primary astrocytic cultures were prepared from p0-2 Wistar rat brains as described

before [28]. Wistar neonates were purchased from the central animal facility of the medical
faculty of the Martin Luther University Halle-Wittenberg.

4.6. Crystal Violet Staining
SW10, RN33B, C8D1A cells or primary astrocytes were incubated in culture medium

for 24 h with non-oxidized cotton gauze or ORC samples. Subsequently, cell culture dishes
were washed with phosphate-buffered saline (PBS, Thermo Fisher Scientific), fixed with
methanol and stained with 0.5% (w/v) Crystal violet (Merck), as described recently [10].
Dishes were scanned at 600 dpi and the covered area analyzed to determine the percentage
of detached cells using ImageJ/Fiji software (NIH, Bethesda, MD, USA). The ORC-covered
area was set to 100%.

4.7. Cytotoxicity Measurement
The 1 ⇥ 104 SW10, RN33B, C8D1A cells or primary astrocytes were seeded in triplicates

in black 96 well cell culture plates (Greiner Bio-One, Frickenhausen, Germany). After 24 h,
different areas of cellulose samples (gauze, Equicel® or Equitamp®; 0, 33, 55 or 100%
coverage of cell layer) and the fluorescence marked DNA-binding dye CellTox-Green
(1:1000, Promega, Mannheim, Germany), diluted in 200 µL culture medium were added.
The fluorescence signals were measured at 485Ex/535Em with Tecan Reader (F200PRO,
Tecan, Männedorf, Switzerland) after 24 h, and the relative cell death was calculated as
described previously [10]. The fluorescence signals of the completely lysed untreated cells
(lysis buffer, Promega) were set to 100%.

4.8. Organotypic Hippocampal Slice Cultures (OHSC)
OHSC were prepared under aseptic conditions from p8-9 Wistar rats as reported

earlier [20,29] and kept in a fully humidified atmosphere with 5% (v/v) CO2 at 35 �C.
Culture medium was replaced every second day. After six days of incubation, the slices
were divided into five different treatment groups (Figure 6). OHSC were covered by
4 mm diameter pieces of Equicel®, Equitamp®, Tabotamp® and gauze as a control or left
uncovered as negative control (Figure 1A,B, CTL). Fixation was performed after 24 or 48 h.
For all groups the culture medium was changed before starting the experiments and kept
until fixation.

4.9. Confocal Laser Scanning Microscopy (CLSM) and Analysis of PI, NeuN, GFAP and IB4
Positive Cells

Degenerated neurons were stained with 5 µg/mL of PI (Merck) 2 h before fixa-
tion. Afterwards, the OHSC were washed in PBS/Triton and incubated in normal goat
serum (Sigma-Aldrich, Merck) diluted 1:20 in phosphate buffer (PB, 0.2 mol/L). Microglia
cells were stained with IB4 (Vector Laboratories, Burlingame, CA, USA) diluted 1:50 in
PBS/Triton. To validate the IB4 results some slices were labelled with ionized calcium
binding adaptor molecule 1 antibody (Iba1, Polyclonal rabbit IgG; Thermo Fisher Scientific)
diluted 1:200 in PBS/Triton and 0.5% bovine serum albumin (BSA, Sigma-Aldrich, Merck,
St. Louis, MO, USA) followed by incubation with an Alexa 488 goat anti-rabbit antibody
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(Thermo Fisher Scientific). To investigate the effects of Tabotamp® on immunofluorescence,
neuronal cells were labelled with the neuronal marker (NeuN, Merck) and astrocytic cells
with glial fibrillary acid protein (GFAP, BD Biosciences, CA, USA) and visualized by an
Alexa 633 goat anti-mouse antibody. After staining, the slices were washed with PBS/Triton
and cover slipped with fluorescent mounting medium (DAKO, Hamburg, Germany). The
imaging of the OHSC was performed using a confocal laser scanning microscope (DMi8;
Leica Microsystems, Wetzlar, Germany) with an excitation wavelength of 488 nm for IB4
and Iba1 and an emission bandpass filter of 505 to 530 nm for IB4 and 505 to 560 nm for
Iba1, an excitation wavelength of 543 nm and an emission bandpass filter of 585 to 615 nm
for PI and an excitation wavelength of 633 nm and an emission long pass filter of 650 nm
for GFAP and NeuN. The images were taken using a z-scan with a section distance of
5 µm. Using Diamidine-2-phenylindol dihydrochloride (DAPI, Sigma-Aldrich) staining,
the total mesh depth was displayed and thus the limits for the z-stack were determined.
On average, 10–11 optical sections were obtained from one OHSC. For PI and IB4 analyses,
only the three middle sections of an OHSC were evaluated at 200-fold magnification with a
resolution of 1024 ⇥ 1024 pixels. The number of PI and IB4 positive cells in the DG was
analyzed with MATLAB (MathWorks, Natick, MA, USA).
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Figure 6. Schematic representation of an OHSC with ORC and treatment protocol. Schematic visualization of OHSC in
culture. Intact cytoarchitecture of the OHSC is demonstrated with the entorhinal cortex (EC), the hippocampus with cornu
ammonis (CA) subfields CA 1 and CA 3, the hilus re-gion (HI) and the dentate gyrus with the molecular layer (ML) and the
granule cell layer (GCL). The red area indicates the location of the ORC (A). Treatment protocol of the OHSC (B). Bar = 1 mm.

4.10. Bright-Field Microscopy
Cellular damage and cytoarchitecture were qualitatively validated by hematoxylin

labelling (Roth, Karlsruhe, Germany). OHSC were washed with PBS/Triton and stained
with hematoxylin, dehydrated and placed on a coverslip with Entellan (Merck). Specimens
were analyzed with NanoZoomer-SQ (Hamamatsu, Iwata City, Japan).

4.11. Statistical Analysis
Statistical analysis was performed with Prism 6 (GraphPad Software, San Diego, CA,

USA) or SPSS software (version 25.0, IBM, Ehningen, Germany). The one-way ANOVA
was used followed by Bonferroni’s test for multiple comparisons between the groups. The
data are presented as mean and SEM. p < 0.05 was considered statistically significant. All
analyses were carried out after at least three independent experiments.

5. Conclusions
The frequent clinical application of ORC as a heterogeneous group should consider

their dramatically different impact on local pH values, dissolution time, as well as their
cytotoxic properties. Equicel® and Tabotamp® led to a pronounced cellular damage of
OHSC, whereas Equitamp® causes the lowest cellular damage and cell death rate. The fast-
rising number of microglia cells after incubation with Equicel® indicates an early immune
response. Overall, our data support a specific use of ORC in distinct clinical settings
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depending on its different properties. For better understanding of clinical implications
of ORC further clinical studies are needed to verify and compare their complications
especially in eloquent areas.
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Acute lesions of the central nervous system often lead to permanent limiting deficits. In
addition to the initial primary damage, accompanying neuroinflammation is responsible
for progression of damage. Mycophenolate mofetil (MMF) as a selective inhibitor
of inosine 5-monophosphate dehydrogenase (IMPDH) was shown to modulate the
inflammatory response and promote neuronal survival when applied in specific time
windows after neuronal injury. The application of brain cytoprotective therapeutics early
after neuronal damage is a fundamental requirement for a successful immunomodulation
approach. This study was designed to evaluate whether MMF can still mediate brain
cytoprotection when applied in predefined short time intervals following CNS injury.
Furthermore, the role of microglia and changes in IMPDH2 protein expression were
assessed. Organotypic hippocampal slice cultures (OHSC) were used as an in vitro
model and excitotoxically lesioned with N-methyl-aspartate (NMDA). Clodronate (Clo)
was used to deplete microglia and analyze MMF mediated microglia independent
effects. The temporal expression of IMPDH2 was studied in primary glial cell cultures
treated with lipopolysaccharide (LPS). In excitotoxically lesioned OHSC a significant
brain cytoprotective effect was observed between 8 and 36 h but not within 8 and
24 h after the NMDA damage. MMF mediated effects were mainly microglia dependent
at 24, 36, 48 h after injury. However, further targets like astrocytes seem to be involved in
protective effects 72 h post-injury. IMPDH2 expression was detected in primary microglia
and astrocyte cell cultures. Our data indicate that MMF treatment in OHSC should still
be started no later than 8–12 h after injury and should continue at least until 36 h post-
injury. Microglia seem to be an essential mediator of the observed brain cytoprotective
effects. However, a microglia-independent effect was also found, indicating involvement
of astrocytes.

Keywords: microglia, astrocytes, OHSC, neuroinflammation, IMPDH2, mycophenolate mofetil (MMF), brain
cytoprotection
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INTRODUCTION

Acute events like cerebral ischemia or traumatic brain injury
(TBI) represent a major challenge in the acute clinical treatment,
since lesions of the central nervous system (CNS) are often
irreversible and cause severe impairments (Carandang et al.,
2006; Maas et al., 2008). In turn, the irreversible primary damage
leads to an activation of cellular and biochemical cascades
that harm already vulnerable neurons in the perilesional area,
inducing and increasing the initial damage (Dirnagl et al., 1999;
Jassam et al., 2017). The resulting secondary damage is target
of current therapies and the starting point for new treatment
approaches (Hailer, 2008; Chamorro et al., 2016; Nogueira et al.,
2018). The progression of secondary damage is characterized
by the inflammatory response, which sets the level of further
specific immunological reactions (Chamorro et al., 2012; Jassam
et al., 2017). At cellular level, cell-cell interactions determine
the responses between microglia, neurons, astrocytes, endothelial
cells, and infiltrated peripheral immune cells (Nedergaard and
Dirnagl, 2005; Ahmad et al., 2013; Burda and Sofroniew,
2014). In addition, di�erent soluble factors such as cytokines,
chemokines, and reactive oxygen species seem to play an
essential role in secondary damage (Hailer, 2008; Dirnagl and
Endres, 2014). The reduction of inflammation and secretion
of proinflammatory factors by immunosuppressive agents is
believed to be an e�ective strategy. Mycophenolate mofetil
(MMF) was first used for immunosuppression after kidney
transplantations (Allison et al., 1993). After administration,
MMF is rapidly hydrolyzed to its active form of mycophenolic
acid (Lee et al., 1990) and inhibits both isoforms of inosine
5-monophosphate dehydrogenase (IMPDH), the rate limiting
enzyme in the de novo synthesis of guanosine nucleotides.
MMF therefore counts as a noncompetitive and reversible
inhibitor with a 5-fold higher a�nity to IMPDH2 than the type
1 isoform. Whereas IMPDH2 was induced predominantly in
activated leukocytes and organotypic hippocampal slice cultures
(OHSC), the type 1 isoform was constitutively expressed in
most cell types (Allison and Eugui, 2000; Gu et al., 2003;
Ebrahimi et al., 2012). MMF application resulted in specific
inhibition of proliferating leukocytes via IMPDH2 (Jonsson and
Carlsten, 2002). In astrocytes and microglia, MMF inhibited the
proliferation and reduced the release of inflammatory cytokines
like IL 1ß, TNF a, and NO (Miljkovic et al., 2002; Dehghani et al.,
2010). In accordance, treatment with MMF in excitotoxically
damaged OHSC showed a brain cytoprotective e�ect in addition
to a reduction in glia proliferation (Dehghani et al., 2003;
Ebrahimi et al., 2012) and increased survival of long range
axonal projections (Oest et al., 2006). Direct e�ects on neuronal
cells were not described since MMF failed to a�ect neuronal
survival in NMDA damaged primary neuronal cell cultures
(Dehghani et al., 2010). Thus, MMF probably a�ects the glial
cells directly or rather the interactions between glial cells and
neurons. Interestingly, MMFmediated e�ects showed a temporal
pattern since MMF was protective after lesion in a specific time
window of 12–36 h in OHSC and significantly reduced the extent
of neuronal damage when administered continuously in the first
12 h after injury (Ebrahimi et al., 2012). MMF mediated brain

cytoprotection was abolished when the treatment was started
later, between 24 and 48 h (Ebrahimi et al., 2012).

In accordance to the Stroke Therapy Academic Industry
Roundtable (STAIR) recommendations, the evaluation of brain
cytoprotection took place in di�erent time scales for MMF
treatment in OHSC (Lyden et al., 2021). Furthermore, microglia
independent e�ects were investigated and the expression
dynamics of IMPDH2 in primary microglia and astrocytes after
lipopolysaccharide (LPS) stimulation analyzed.

MATERIALS AND METHODS

Ethics Statement
All animal experiments were performed in accordance with
the Policy on Ethics and the Policy on the Use of Animals in
Neuroscience Research as indicated in the directive 2010/63/EU
of the European Parliament and of the Council of the European
Union on the protection of animals used for scientific purposes
and were approved by the local authorities for care and
use of laboratory animals (State of Saxony-Anhalt, Germany,
permission number: I11M18, date: 01.12.2012).

Organotypic Hippocampal Slice Cultures
Organotypic hippocampal slice cultures were prepared under
aseptic conditions from 8 to 9 days old Wistar rats as described
before (Grabiec et al., 2017). Briefly, the frontal pole and
the cerebellum were removed and the brains were placed in
preparation medium, consisting of minimum essential medium
(Invitrogen) and 1% (w/v) L-glutamine (Invitrogen), at 4�C and
pH 7.35. Brains were sliced horizontally into 350 µm thick
sections (Vibratome VT 1200 S; Leica Microsystem, Wetzlar,
Germany). Approximately six to eight OHSC were obtained
from each brain. After preparation, slices were transferred into
culture inserts (Sarstedt, Nümbrecht, Germany) and incubated
with 1 ml of culture medium. The medium consisted of 50 ml
minimum essential medium (Invitrogen), 25 ml Hank’s balanced
salt solution (HBSS, Thermo Fisher), 25 ml heat inactivated
horse serum (Invitrogen), 2ml L-glutamine (Invitrogen), 1µg/ml
insulin (Boehringer, Mannheim, Germany), 1.2 mg/ml glucose
(Merck Millipore), 0.1 mg/ml streptomycin and penicillin and
0.8µg/ml vitamin C (Sigma) at pH 7.4. OHSCwere incubated for
6 days at 35�Cwith 5%CO2 and the culturemediumwas changed
every second day.

After 6 days OHSC treatment with 50 µM N-methyl-D-
aspartate (NMDA, Merck) was performed for 4 h. The OHSC
(Figure 1) were randomly assigned to the di�erent treatment
groups and treated according to the respective protocols.
Microglia were depleted from OHSC using the bisphosphonate
clodronate (Clo, Bonefos R�, Bayer Vital GmbH, Leverkusen,
Germany). Sections were incubated with 100 µg/ml Clo in the
respective treatment groups for 6 days starting directly after
preparation. At the end of experiments the sections were rinsed
with 0.1 M phosphate bu�er (PB) and then fixed with 4% (w/v)
paraformaldehyde (PFA, AppliChem, Darmstadt, Germany) and
stored at 4�C.
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FIGURE 1 | Image of rat OHSC. (A) OHSC in culture with intact cytoarchitecture. The entorhinal cortex (EC), cornu ammonis (CA) subfields CA 1 and CA 3, the hilus
region (HI) and the dentate gyrus (DG) with the molecular layer (ML) and the granule cell layer (GCL) are highlighted. Scale bar = 1 mm. Panel (B) represents the
region of interest in the OHSC. The morphology is visualized by the use of PI staining (red). The dotted areas show the GCL and the CA3 regions. Scale bar = 50 µm.

Control
Control OHSC (n = 34) were treated with culture medium only
till fixation (Figures 2A, 3A, 4A).

N-Methyl-Aspartate
On day 6 OHSC (n = 35) were lesioned with NMDA (50 µM;
Sigma Aldrich) for 4 h and were further incubated with culture
medium until the time of fixation (Figures 2A, 3A, 4A). The same
treatment was done for all NMDA damaged groups.

Mycophenolate Mofetil Time Window
Di�erent concentrations of MMF were tested before (Dehghani
et al., 2003; Ebrahimi et al., 2012). To analyze the brain
cytoprotective time window, damaged OHSC were treated with
MMF (100 µg/ml) at di�erent time intervals. MMF was applied
between 8–24 h (n = 12), 8–36 h (n = 43), and 12–36 h (n = 6)
after starting with NMDA treatment (Figure 2A).

Clodronate
Microglia depleted OHSC were supplied with culture medium.
Fixation was performed after 24 h (n = 3), 36 h (n = 5), 48 h
(n = 3), and 72 h (n = 4) (Figures 3A, 4A). The same treatment
was conducted with 100 µg/ml Clo for all Clo treated groups.

Continuous Mycophenolate Mofetil Treatment in
N-Methyl-Aspartate Lesioned Organotypic
Hippocampal Slice Cultures
Treatment with MMF (100 µg/ml) to NMDA damaged OHSC
was performed on day 6. Fixation was carried out after 24 h
(n = 11), 36 h (n = 14), 48 h (n = 6), and 72 h (n = 7)
(Figures 3A, 4A).

N-Methyl-Aspartate Mediated Damage in Microglia
Depleted Organotypic Hippocampal Slice Cultures
Fixation was performed after 24 h (n = 12), 36 h (n = 16), 48 h
(n = 12) and 72 h (n = 16) after NMDA damage (Figures 3A, 4A).

Continuous Treatment With Mycophenolate Mofetil in
N-Methyl-Aspartate Damaged Microglia Depleted
Organotypic Hippocampal Slice Cultures
N-methyl-aspartate treatment was followed by application of
MMF (100 µg/ml). Fixation was performed after 24 h (n = 40),
36 h (n = 39), 48 h (n = 38), and 72 h (n = 19) (Figures 3A, 4A).

Primary Cell Cultures
Primary microglia and astrocytes were isolated from cerebral
cortices of neonatal wild type rats as described before (Dehghani
et al., 2003). Briefly, brains were treated with 0.5 mg/ml DNAse
(Worthington, Bedford, MA, United States) and 4 mg/ml trypsin
(Merck Millipore, Burlington, MA, United States) in Hank’s
balanced salt solution (Invitrogen). Primary cells were cultured
in DMEM (Invitrogen) with 10% (w/v) FBS (Invitrogen) and
1 ml streptomycin/penicillin (Invitrogen) as described before
(Grabiec et al., 2012). Microglia or astrocytes were seeded into
6 well plates (250,000 cells/well) and incubated in DMEM
(Invitrogen) with 2% (w/v) fetal bovine serum for 24 h prior to
treatment. Depending on the group, the cells were treated with
lipopolysaccharide (LPS, 10 ng/ml, Sigma Aldrich, Deisenhofen,
Germany) or left untreated (CTL).

Western Blot Analyses
For western blot analyses cells were collected 0, 6, 8, 12, 16,
and 24 h after treatment, respectively. The cells were taken
up in lysis bu�er and stored at �80�C as described before
(Grabiec et al., 2019). Protein concentrations were determined
using the method of Bradford (PierceTM BCA Protein Assay
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FIGURE 2 | Effects of MMF application in a specific time window in NMDA damaged OHSC fixed at 9 div. (A) Treatment protocol. (B) CLSM images stained with PI
(degenerating neurons, red) and IB4 (microglial and vessels, green) in overview and in higher magnification of the labeled area. Control (CTL, n = 5) OHSC showed a

(Continued)
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FIGURE 2 | well preservation of the hippocampal formation with almost no PI positive pyknotic nuclei and only a few ramified IB4 positive microglia. OHSC treated
with NMDA (n = 13) (50 µM) for 4 h had massive accumulation of PI positive degenerating neurons and amoeboid IB4 positive microglia. Treatment with MMF
(100 µg/ml) in defined time windows resulted in a reduction of PI positive neurons between 12 and 36 h (n = 6) and 8 and 36 h (n = 43) but not between 8 and 24 h
(n = 12) after NMDA damage. In all time windows, there was a reduction in the number of microglia. Quantitative analyses of the mean numbers of panel (C) PI
positive degenerating neurons (⇤p < 0.05 vs. NMDA) and (D) IB4 positive microglia (*p < 0.05 vs. NMDA). The asterisk denotes significant results regarding the
respective measurement indicated with the bar. The values are served as a mean with standard error of the mean. Scale bars = 50 µm.

Kit, Thermo Fisher Scientific, Barrington IL, United States)
(Bradford, 1976) and 10 µg protein was loaded onto a 12.5%
(w/v) sodium dodecyl sulfate–polyacrylamide gel. After gel
electrophoresis, the proteins were blotted onto nitrocellulose
membranes (Protran 0.45 µm, Amersham, Freiburg, Germany)
and non-specific protein binding sites were blocked for 30 min
with roti block solution (Carl Roth, Karlsruhe, Germany). The
nitrocellulose membranes were incubated with the antibody
against IMPDH2 (Table 1) [diluted 1:2000 in roti block solution
containing 0.2% (v/v) Tween 20] until the next day at 4�C. After
incubation with horseradish peroxidase conjugated antibodies
(Table 1) the chemiluminescent (Luminata Forte, Merck) signal
was detected with Fusion X (VWR, Radnor, PA, United States).
For semi quantitative analysis, the relative signal intensities of
the immunoreactive bands were determined and the IMPDH2
intensity was normalized to the ß-actin (Table 1) intensity.
Fusion FX7 with FusionCapt Advance Solo software (VWR) was
used for analysis.

Immunofluorescence, Microscopy, and
Image Acquisition
To visualize neuronal cell death OHSCwere stained with 5µg/ml
of propidium iodide (Figure 1B; PI, Merck) 2 h before fixation.
Microglia were labeled with fluorescein isothiocyanate (FICT)-
conjugated isolectin B4 (IB4, Vector Laboratories, Burlingame,
CA, United States) diluted 1:50 in PBS/Triton for 24 h.
Before staining, the OHSC were incubated in normal goat
serum (NGS, Sigma Aldrich, 1:20) in PB (0.2 M) for 30 min.
Thereafter the sections were washed with PBS/Triton and water
before the OHSC were covered with the DAKO fluorescence
medium (DAKO, Hamburg, Germany). The OHSC were imaged
with a confocal laser scanning microscope (LSM 710 Meta,
Carl Zeiss AG, Göttingen, Germany). PI was visualized with
monochromatic light at 543 nm and an emission bandpass filter
of 585–615 nm. IB4 was detected with monochromatic light at
488 nm and an emission bandpass filter of 505 to 530 nm. The
images were taken using a z-stack with a section distance of
2 µm. On average, 13–17 optical sections were obtained from
each OHSC. For PI and IB4 analyses, only the three middle
sections of an OHSC were evaluated at 200-fold magnification
with a resolution of 1024⇥1024 pixels. The number of PI and IB4
positive cells was determined by the use of self-written script in
MATLAB (MathWorks, Natick, MA, United States).

Statistical Analysis
Statistical analysis was performed with Prism 6 (GraphPad
Software, San Diego, CA, United States). The analysis for
the normal distribution was performed using D’Agnostino
and Pearson and Shapiro–Wilk normality test. For statistical

analysis, Mann Whitney test was performed as a non-parametric
test. Further, the one-way ANOVA was used followed by
Bonferroni’s test for multiple comparisons between the groups
which yielded identical results. The data were presented as mean
and SEM. Di�erences were considered significant at p  0.05.
All experiments were carried out in at least three independent
biological replicates.

RESULTS

Mycophenolate Mofetil Mediated Effects
in Organotypic Hippocampal Slice
Cultures Begin Within 8 h of Injury and
Last Over 24 h
Control OHSC showed a well-preserved cytoarchitecture, and
only very few PI positive cells were observed (Figures 2A–C,
CTL: 0.64 PI positive cells/GCL). Microglia showed a ramified
morphology and were located mostly in the molecular layer of
the DG (Figures 2B,D, CTL: 8.18 IB4 positive cells/GCL). NMDA
treatment led to a massive accumulation of PI positive neurons
in DG (Figures 2B,C, NMDA: 188.1 PI positive cells/GCL),
and the number of IB4 positive microglia increased significantly
(Figures 2B,D, NMDA: 31.5 IB4 positive cells/GCL).

When compared to the NMDA group, MMF treatment from
8 h to 24 h (NMDA + MMF 8–24 h: 177.0 PI positive cells/GCL)
showed no significant reduction in the number of PI positive
neurons (Figures 2B,C) but significantly reduced the number of
microglia (Figures 2B,D, 22.9 IB4 positive cells/GCL vs. NMDA,
p<0.01). MMF treatment from 12–36 h (NMDA + MMF 12–
36 h: 69.0 PI positive cells/GCL vs. NMDA, p < 0.001) post-
injury showed a significant reduction of PI positive neurons
(Figures 2B,C) and microglia (Figures 2B,D, 11.5 IB4 positive
cells/GCL vs. NMDA p < 0.0001). Similarly, MMF application
in the time-window of 8–36 h (NMDA + MMF 8–36 h: 90.1
PI positive cells/GCL vs. NMDA, p < 0.0001) significantly
reduced the number of PI positive cells (Figures 2B,C) and
microglia when compared to the NMDA group (Figures 2B,D,
NMDA + MMF 8–36 h: 14.9 IB4 positive cells/GCL vs. NMDA,
p < 0.001). There was no significant di�erence in the number of
PI positive neurons or IB4 positive microglia between the time
windows 8–36 h and 12–36 h (Figures 2C,D, p > 0.05).

Consistent Microglia Dependent Brain
Cytoprotective Effects of Mycophenolate
Mofetil at 24, 36, 48, and 72 h After Injury
To study the temporal development of the brain cytoprotective
e�ect of MMF, the extent of the damage and the number of
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FIGURE 3 | Effects of continuous treatment with MMF for OHSC fixed at 24, 36, and 48 h after injury with and without (Clo) microglia. (A) Treatment protocol. The
slices were fixed 24, 36, or 48 h after NMDA damage. Quantitative analysis of PI positive degenerating neurons after (B) 24 h, (D) 36 h, and (F) 48 h and microglia
after (C) 24 h, (E) 36 h, and (G) 48 h. The asterisk denotes significant results regarding the respective measurement indicated with the bar (⇤p < 0.05 vs. NMDA,
n.s. p > 0.05 vs. NMDA + Clo). The values are served as a mean with standard error of the mean.
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FIGURE 4 | Effects of continuous MMF treatment for OHSC fixed at 72 h after injury with and without microglia (A) Treatment protocol. (B) CLSM images stained
with PI (degenerating neurons, red) and IB4 (microglial cells vascular vessels, green) in overview and in higher magnification of the labeled area. In comparison to

(Continued)
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FIGURE 4 | control (CTL, n = 9), treatment with NMDA for 4 h (NMDA, n = 6) led increase in number of PI positive degenerating neurons. Treatment with MMF
(NMDA + MMF, n = 7) in a period between 4 and 72 h after the injury resulted in a reduction of PI positive degenerated neurons. Incubation with 100 µg/ml Clo for
6 days resulted in successful depletion of microglia from OHSC in the respective groups (Clo, n = 4; NMDA + Clo, n = 16; NMDA + Clo + MMF, n = 19). Additional
application of MMF in this period led to reduction of PI positive degenerated neurons in microglia depleted OHSC (NMDA + Clo + MMF). Depletion of microglia led to
an increase in number of damaged cells (NMDA + Clo, NMDA + Clo + MMF). Quantitative analyses of the mean numbers of panel (C) PI positive degenerating
neurons (⇤p < 0.05 vs. NMDA or NMDA + Clo) and (D) IB4 positive microglia (⇤p < 0.05 vs. NMDA). The asterisk denotes significant results regarding the respective
measurement indicated with the bar. The values are served as a mean with standard error of the mean. Scale bars = 50 µm.

TABLE 1 | Antibodies: western blot analysis.

Name Company Number Dilution Antibody ID

IMPDH 2 Proteintech Group, Rosemont, IL, United States 12948-1-AP 1:2000

Goat anti-rabbit IgG, HRP conjugated Vector Laboratories PI-1000 1:20000 AB_2336198

Horse anti-mouse IgG, HRP conjugated Vector Laboratories PI-2000 1:10000 AB_2336177

ß-actin Cell Signaling, Boston, United States 3700 1:5000 AB_2242334

microglia were analyzed at di�erent fixation times (Figures 3, 4),
namely after 24 h (Figures 3A–C), 36 h (Figures 3A,D,E), 48 h
(Figures 3A,F,G), and 72 h (Figures 4B–D). Across the di�erent
time points, all OHSC controls (CTL) showed a well-preserved
cytoarchitecture in DG with only a few isolated PI positive cells
and indi�erent ramified morphology of the microglia (Figure 4,
Supplementary Figures 1–3, and Table 2). After injury with
NMDA, a significant accumulation of PI positive neurons in
DG, particularly after 24, 36, 48, and 72 h, was observed in
all NMDA treated groups (Figures 3B,D,F, 4C and Table 2).
Additionally, a significant increase in the number of IB4 positive
microglia was observed at all time points, with a peak after
36 h (Figures 3C,E,G, 4D, NMDA, Supplementary Figure 4,
and Table 2). Treatment with MMF (NMDA + MMF) after
24 h showed a significant reduction in degenerated PI positive
neuronal cells/GCL, that remained stable after 36, 48, and 72 h
(Figures 3, 4, Supplementary Figures 1–3, and Table 2). The
number of IB4 positive microglia was also significantly reduced
at all time points (Figures 3, 4, NMDA + MMF and Table 2).
Although 24 h after MMF treatment, the number of microglia
was slightly higher than in the OHSC controls (Supplementary
Figure 4). Already after 36 h as well as at the subsequent time
points, an adaptation to the control level in the number of
microglia was observed (Figures 3C,E,G, 4B,D, Supplementary
Figure 4, NMDA + MMF, and Table 2). In an analogous
manner, there were already fewer amoeboid microglia, partially
also with ramified morphology, after 24 h consistently over the
further time points (Supplementary Figures 1–3). There was a
significant strong correlation between the number of PI and IB4
positive cells (correlation coe�cient 219 = 0.631 [0.485, 0.743],
Supplementary Figure 5).

Mycophenolate Mofetil Showed
Microglia-Independent Brain
Cytoprotective Effects
In addition, the e�ects of MMF were assessed at the same
time points after depletion of microglia by clodronate (Clo).
Treatment with Clo only led to analogous results on PI
positive cells as obtained for CTL across all time points.
Additionally, a complete reduction was observed in the number

of microglia (Figures 3C,E,G, 4B,D, Supplementary Figures 1–
3, and Table 2). Treatment with NMDA in OHSC after microglia
depletion led to a significant increase in neuronal damage
(Table 2) that strongly exceeded the injury as observed in the
presence of microglia. This observation was consistent for all
analyzed time points (Figures 3, 4 and Table 2). Thereby,
the maximum was already reached after 24 h (Figures 3B,C,
Supplementary Figure 4, and Table 2). After additional
treatment with MMF, no significant di�erences were found in
comparison to the NMDA + Clo group after 24 h (Figure 3C),
36 h (Figure 3E), and 48 h (Figure 3G). However, 72 h after the
injury a significant reduced number of PI positive degenerated
neurons was detected in the DG (Figures 4B,C and Table 2).

Inosine 5-Monophosphate
Dehydrogenase 2 Expression in Primary
Microglia and Astrocytes
The expression of IMPDH2 was investigated in primary
microglia (Figure 5A) or astrocyte (Figure 5B) cell cultures at
di�erent time points. IMPDH2 was detected with a single band
at 56 kDa after 6, 8, 12, and 24 h (Supplementary Figure 6). In
relation to ß-actin, no changes were observed after stimulation
with LPS for all examined time points in microglia and astrocytes
(p > 0.05, Figures 5A,B). Furthermore, a LPS independent
increase in IMPDH2 expression was evident in the primary
microglia cell cultures after approximately 12 h (Figure 5A) and
in the primary astrocyte cultures after 16 and 24 h (Figure 5B).

DISCUSSION

Acute damage to the CNS, such as TBI or stroke, often
leads to permanent limiting deficits (Carandang et al., 2006;
Feigin et al., 2014). Whereas primary damage is the result
of acute and usually immediate injury, secondary damage
progresses over hours and days and is a consequence of various
complex processes, including excitotoxicity, overproduction of
free radicals, and inflammation (Leker et al., 2002; Werner
and Engelhard, 2007). During secondary damage, microglia and
astrocytes act as important cellular players and contribute to

Frontiers in Aging Neuroscience | www.frontiersin.org 8 April 2022 | Volume 14 | Article 863598

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-863598 April 28, 2022 Time: 11:23 # 9

Kleine et al. Brain Cytoprotective Effects of MMF

TABLE 2 | Brain cytoprotective effects of continuous MMF treatment at different points in time with or without depletion of microglia.

Treatment n Standard
deviation PI

PI no. (%) Mean Diff. %
(95% CI)†, ‡. *,**

Standard
deviation IB4

IB4 no. (%) Mean Diff. %
(95% CI)†,*,**

24 h
CTL 8 1.42 3.6 (1.1) p = 0.0016*

98.9 (50.98–144.30)†
7.15 13.6 (24.9) p = 0.0012*

75.0 (63.30–86.77)†
Clo 3 2.42 4.0 (1.4) p = 0.0357*

98.6 (37.56–157.10)†
0.0 0.0 (0.0) p = 0.0095*

100 (86.31–113.54)†
NMDA 5 9.57 286.2 (100) 18.57 44.2 (100)
NMDA + MMF 11 28.72 160.7 (54.5) p = 0.0087*

45.5 (0.39–88.05)†
16.15 23.8 (53.9) p = 0.0004*

46.9 (35.33–56.73)†
NMDA + Clo 12 30.13 485.8 (169.8) p = 0.0003*

69.8 (27.76–114.30)†
0.0 0.0 (0.0) p < 0.0001*

100 (89.38–110.47)†
NMDA + Clo + MMF 40 36.27 442.2 (154.5) p = 0.0008*

54.5 (17.23–94.32)†
15.2 (�7.91 to 38.39)‡
p = 0.2167**

0.0 0.0 (0.0) p < 0.0001*
100 (90.68–109.17)†
p > 0.9999**

36 h
CTL 9 1.736 3.2 (0.7) p = 0.0002*

99.3 (60.76–138.00)†
23.87 18.5 (35.2) p = 0.0095*

64.8 (48.77–80.76)†
Clo 5 1.066 5.0 (1.3) p = 0.0043*

98.7 (54.38–143.10)†
0.0 0.0 (0.0) p = 0.0079*

100 (83.38–116.62)†
NMDA 6 9.088 286.1 (100) 8.87 52.5 (100)
NMDA + MMF 14 24.72 130.1 (45.5) p < 0.0001*

54.5 (18.77–90.26)†
16.85 19.4 (36.9) p = 0.0007*

63.13 (49.08–77.18)†
NMDA + Clo 16 22.14 432.5 (151.1) p < 0.0001*

51.1 (16.07–89.19)†
0.0 0.0 (0.0) p = 0.0002*

100 (86.15–113.85)†
NMDA + Clo + MMF 39 35.66 399.2 (135.9) p = 0.0002*

35.9 (3.80–68.04)†
15.2 (�4.09 to 34.51)‡
p = 0.0892**

0.0 0.0 (0.0) p < 0.0001*
100 (86.98–113.02)†
p > 0.9999**

48 h
CTL 3 1.841 2.0 (1.3) p = 0.0357*

98.7 (32.9–164.47)†
2.35 16 (32.5) p = 0.0357*

67.5 (50.62–84.33)†
Clo 3 1.228 5.4 (0.9) p = 0.0357*

99.1 (33.36–164.91)†
0.0 0.0 (0.0) p = 0.0357*

100 (83.14–116.86)†
NMDA 5 15.45 230.4 (100) 21.19 49.2 (100)
NMDA + MMF 6 29.52 107.0 (46.5) p = 0.0087*

53.56 (5.95–101.16)†
17.75 15.3 (31.2) p = 0.0043*

68.84 (56.63–81.03)†
NMDA + Clo 12 45.18 423.1 (183.6) p = 0.0023*

83.6 (41.78–125.48)†
0.0 0.0 (0.0) p = 0.0002*

100 (89.28–110.72)†
NMDA + Clo + MMF 38 25.30 376.1 (163.3) p < 0.0001*

63.3 (25.85–100.65)†
20.4 (�0.27 to 41.02)‡
p = 0.0714**

0.0 0.0 (0.0) p < 0.0001*
100 (90.42–109.58)†
p > 0.9999**

72 h
CTL 9 0.6651 1.2 (0.5) p = 0.0004*

99.5 (67.34–131.70)†
14.08 11.7 (24.9) p = 0.0007*

75.1 (63.06–87.16)†
Clo 4 3.491 7.3 (2.9) p = 0.0095*

97.1 (57.67–136.48)†
0.0 0.0 (0.0) p = 0.0079*

100 (85.24–114.76)†
NMDA 6 31.56 246.8 (100) 11.36 47 (100)
NMDA + MMF 7 17.86 125.0 (50.6) p = 0.014*

49.4 (15.40–83.33)†
14.71 16.1 (34.3) p = 0.0025*

65.7 (52.77–78.54)†
NMDA + Clo 16 20.51 436.9 (177.0) p < 0.0001*

77.0 (47.78–106.23)†
0.0 0.0 (0.0) p < 0.0001*

100 (88.64–111.36)†
NMDA + Clo + MMF 19 29.39 334.2 (135.4) p = 0.0258*

35.4 (6.79–63.97)†
41.6 (23.85–59.38)‡
p < 0.0001**

1.95 0.0 (0.0) p < 0.0001*
100 (88.493–110.61)†
p > 0.9999**

Sample size, standard deviation, and mean values for all treatments.
*Mann-Whitney Test vs. NMDA.
†One-way ANOVA vs. NMDA.
‡t-test vs. NMDA + Clo.
**Mann-Whitney Test vs. NMDA + Clo.
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FIGURE 5 | Inosine 5-monophosphate dehydrogenase 2 (IMPDH2) expression in primary microglia and astrocytes. Quantitative analysis of IMPDH2 and ß-actin
expression in primary microglia (A) and astrocytes (B) over time (n = 3). IMPDH2 was present at all times in both primary cell lines. Treatment of primary microglia
and astrocytes with LPS (10 ng/ml) had no significant effect (p > 0.05) on the expression.

the neuroinflammatory response (Morshead and van der Kooy,
1990). However, depending on its severity, the inflammation
might lead to further damage of already vulnerable neurons, but
could also impact functions that are important for their survival
(Dirnagl et al., 1999; Ebrahimi et al., 2010). A promising way
for therapeutic intervention might be the blockade of defined
intrinsic immunological actions after injury (Chamorro et al.,
2016). Immunosuppression has nonetheless some disadvantages,
like increased risk of infection (Husain and Singh, 2002). For this
reason, it is crucial to limit the interventional time to minimize
its side e�ects.

Modulation of Neuroinflammation as a
Brain Cytoprotective Approach
Treatment with the immunosuppressant MMF, a competitive
inhibitor of key enzyme in purine metabolism namely IMPDH2,
was reported to significantly reduce the neuronal cell death after
excitotoxic lesions in OHSC (Dehghani et al., 2003). OHSC
represent an established model for intrinsic study of glia cells,
neurons and their interactions without the influence of peripheral
migrating immune cells or blood flow (Grabiec et al., 2017).
A temporal relationship was previously described for MMF
resulting in brain cytoprotective e�ects, saving further cell types
and the structure in OHSC (Ebrahimi et al., 2012). A brain
cytoprotective time window was found for MMF between 12
and 36 h after injury. However, due to negative e�ects of
immunosuppression, the onset and necessary duration of MMF
treatment needed to be further evaluated. Furthermore, it is
assumed that the earlier an e�ective protection is started, the
better the neuronal survival. This raised the question whether
an earlier start and timely limited treatment may also be
protective. Especially in the context of stroke, infections are a
feared complication partly due to the so-called stroke-induced
immunodepression (Klehmet et al., 2009; Ho�mann et al.,
2017). Therefore, the application of therapeutics with immune

interfering capabilities should occur as early as possible and
for a limited period of time. In addition, new interventional
procedures such as thrombectomy led to ever wider clinical
therapeutic time windows beyond the 6 h for initiation of
therapeutic measures (Nogueira et al., 2018). Therefore, the
establishment of temporally appropriate brain cytoprotective
approaches is becoming increasingly important.

Recent studies involving immunosuppressive agents indicate
brain cytoprotective e�ects by influencing glia cells function
similar to MMF (Zawadzka and Kaminska, 2005; Erlich et al.,
2007). Treatment with immunosuppressant FK506 significantly
reduced the lesion volume in induced cerebral infarction
(Sharkey and Butcher, 1994; Zawadzka and Kaminska, 2005)
and a�ected the activity of microglia as well as astrocyte and
cytokine production in vitro and in vivo (Muramoto et al.,
2003; Zawadzka and Kaminska, 2005). These findings are in
accordance with MMF data, showing the modulating action of
microglia, astrocytes, and cytokine production (Dehghani et al.,
2010). Brain cytoprotective e�ect of immunosuppressant FK506
was also demonstrated in OHSC (Lee et al., 2010). Roscovitine,
an inhibitor of CDK5 with additional immunosuppressive
e�ects reduced neuronal loss, glial activation, as well as
microglia proliferation, NO release, and neurologic deficits
after brain trauma or stroke (Di Giovanni et al., 2005; Hilton
et al., 2008; Menn et al., 2010). Treatment with rapamycin,
a further immunosuppressant, increased neural survival thus
improving the functional recovery and reduced the number of
microglia/macrophages after TBI (Erlich et al., 2007; Lipton and
Sahin, 2014). In most cases, the substances in the studies were
administered in a very early period after injury, mostly within
the first few hours. Further temporal aspects of the application
were not considered, although it is necessary for the clinical
practice. In a several studies, a specific brain cytoprotective time
window was demonstrated. For example, FK506 showed a brain
cytoprotective time window in vivo within the first 120 min but
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not if applied later in an occlusion model (Arii et al., 2001;
Furuichi et al., 2003). A better characterization of the so called
windows of opportunity is needed in vitro and in vivo. The aspect
of a therapeutic time-defined approach gains more and more
importance due to the necessity of standardized preclinical study
settings (Feuerstein et al., 2008; Lyden et al., 2021).

The Brain Cytoprotective Effect of
Mycophenolate Mofetil Depends on the
Time of Application
In our previous work, MMF showed a protective time window of
12–36 h in OHSC (Ebrahimi et al., 2012). Continuous treatment
up to 12 h after the injury led to a reduction in a number of
damaged neurons and microglia. Later onset of MMF treatment
was no longer linked to brain cytoprotective e�ects. While
treatment between 24–48 h after injury failed to demonstrate any
benefits, a brain cytoprotective e�ect was identified for treatment
duration of up to 12 and 36 h (Ebrahimi et al., 2012). In this
regard, the investigation of an earlier start of MMF treatment in
the context of new clinical therapeutic interventions and a lower
risk of systematic immunosuppressive e�ect may contribute to an
immunomodulatory brain cytoprotective approach (Hug et al.,
2009; Fugate et al., 2014; Nogueira et al., 2018). Nonetheless,
the time window could be better defined and questions about
the necessary treatment duration answered. Hence, this study
demonstrated a reduction in damaged neurons in a wider
and earlier time window of 8–36 h after injury, but not in a
time window of 8–24 h. These results led to two conclusions:
(i) Starting MMF treatment should occur in the early phase
within the first 8 h of injury in order to achieve better results.
(ii) Treatment should last longer than 24 h. In agreement,
selected patients underwent thrombectomy had a benefit from
the therapy when started at 6–24 h (Nogueira et al., 2018;
Lyden et al., 2021). Furthermore, after a short treatment a
plasma concentration of approximately 100 µg/ml period is
certainly achievable without a risk of general immunosuppressive
e�ects as observed after prolonged MMF therapy. Due to
fluctuating plasma concentrations of MMF, area under the curve
(AUC) was established as a relevant parameter for bioavailability
and therapeutic drug monitoring. The ideal AUC has been
reported to be 40–60 µg ⇥ h/mL (Ferreira et al., 2020) after
renal transplantation and about 30–40 µg ⇥ h/mL after lung
transplantation (Yabuki et al., 2020). However, it should be
noted that the bioavailability in these studies was chosen to
establish su�cient immunosuppression with few side e�ects.
These concentrations are therefore slightly below the 100 µg/ml
used here, although those were collected in the context of a
therapy existing over a longer period of time. The therapeutic
use of MMF described here refers to a much shorter period
of time and is not intended to cause a permanent immune
suppression. A short therapeutic period with a higher AUC for
immunomodulation would therefore certainly be conceivable.
Furthermore, the increasingly established use of interventional
therapies such as mechanical thrombectomies (Nogueira et al.,
2018) o�ers the possibility to apply drugs exactly at the desired
site and thus to achieve significantly higher concentrations

without systematic e�ect. Taken together, the here used MMF
concentration was chosen based on a realistic scenario and
represents an achievable tissue concentration also in vivo.
Possible limitations might be the fluctuating plasma levels,
a more complex pharmacokinetics due to unclear perfusion
conditions in the penumbra, a changing blood brain barrier and
an increasing isolation of the lesion by glial cells.

Mycophenolate mofetil treatments for a short interval from 8
to 24 h led to a reduction in microglia number. This observation
was consistent with previous results from an in vitro study,
in which treatment for longer than 4 h significantly reduced
the number of microglia (Ebrahimi et al., 2012). Although
increased apoptosis by MMF application was observed in
microglia cell culture (Dehghani et al., 2003). MMF treatment
reduced the proliferation rate of astrocytes and microglia in
OHSC without changing the number of apoptotic cells (Ebrahimi
et al., 2012). Thus, the reduced number of microglia can be
attributed to a reduction of proliferation. Notably, the observed
brain cytoprotective e�ect was not always correlated with a
reduced number of microglia. Decreased microglia number in
a treatment window of 8–24 h remained without significant
brain cytoprotective evidence. Therefore, a reduced number and
proliferation of microglia in the early phase after the injury
appear as a consequence of MMF treatment, but presumably
without causality for the brain cytoprotective e�ects.

Microglia Dependency of Mycophenolate
Mofetil Mediated Effects
In general, after CNS injury, increased stimulation through
so-called pattern-recognition receptors (PRRs) results in
“activation” of microglia with subsequent increased proliferation,
migration, and chemotaxis, as well as increased release
of cytokines (Deczkowska et al., 2018; Jiang et al., 2020;
Ferro et al., 2021). The active form of microglia exerted its
e�ects through increased phagocytic activity, secretion of
proinflammatory cytokines, NO, proteases, arachidonic acid
derivatives, and expression of several receptors (Simon et al.,
2017; Subhramanyam et al., 2019; Takeda et al., 2021). MMF
was found to influence cytokine release and NO production
in microglia and macrophages. However, e�ects on astrocytes
were observed as well (Miljkovic et al., 2002; Dehghani et al.,
2010; Xu et al., 2022). Microglia were depleted from OHSC
by clodronate to evaluate the impact of these cells on brain
cytoprotective e�ects. Lesion of almost microglia free OHSC
significantly exacerbates NMDA induced damage (Kohl et al.,
2003). The results are in line with the increasingly accepted
position that microglia, next to their neurotoxic properties,
possess many cytoprotective attributes. Often the microglia
clearance of CNS debris was misinterpreted as “killing” of
neuronal cells. However, it is a more essential function for the
maintenance of homeostasis (Derecki et al., 2012; Ferro et al.,
2021; Xu et al., 2022). Moreover, microglia had the potential to
suppress existing inflammation and to stimulate regenerative
processes (Rasley et al., 2006; Thored et al., 2009). This point is
particularly illustrated by the fact that after complete microglia
depletion the brain cytoprotective e�ect of MMF at 24, 36,
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and 48 h were lost. Furthermore, a significant reduction in
damaged neurons was also observed after 72 h in microglia
depleted OHSC, indicating the involvement of additional cell
types, mainly astrocytes in MMF related e�ects. MMF was found
to a�ect cytokine release and proliferation in astrocytes and
influence cell migration and scar formation in scratch assay
(Miljkovic et al., 2002; Ebrahimi et al., 2012). A direct e�ect on
neurons seems unlikely (Dehghani et al., 2010). Microglia very
likely mediate the major impact on brain cytoprotection in an
early phase of injury. This pattern of MMF e�ects consisting of
an early microglia-mediated phase and a possible late astrocytic
phase completed the findings from previous study (Ebrahimi
et al., 2012). Excitingly, a brain cytoprotective e�ect was already
found 24 h after injury and subsequent fixation. However, no
protective e�ect was observed after application of MMF in a time
window of 8–24 h only and fixation after 72 h. Interestingly,
MMF treatment for a short period might not be su�cient to
prevent a renewed progression of inflammation and secondary
damage. However, a prolonged treatment with MMF in a time
window of 8–36 h led to satisfactory results. Thus, there might
be a critical phase in which a su�ciently long MMF application
would be necessary to achieve a consistent protective e�ect. Our
results fit well to time-dependent data obtained from a genetic
characterization of microglia after TBI in rats with upregulation
of chemotactic genes and downregulation of anti-inflammatory
genes 2 days after trauma (Izzy et al., 2019). Furthermore, it is
consistent with the implied observations on IMPDH2 expression
in microglia and astrocytes.

IMPDH2 in Glia Cells Seem to Be a Main
Target of Mycophenolate Mofetil
After acute neuronal injury, microglia and astrocytes began
to proliferate. This is a hallmark of gliosis in several CNS
pathologies, including stroke and TBI (Iadecola and Anrather,
2011; Jassam et al., 2017). IMPDH is a major rate limiting
enzyme involved in the de novo purine biosynthesis and directly
a�ects the proliferation of cells (Allison et al., 1993; Pua
et al., 2017). MMF inhibited IMPDH due to the replacement
of the nicotinamide adenine dinucleotide (NAD) cofactor
(Sintchak et al., 1996) and reduced the guanosine pool, which
in turn inhibited proliferation (Allison and Eugui, 2000).
Inhibition of IMPDH results primarily in depletion of guanosine
monophosphate (GMP) and consequently also of intercellular
guanosine triphosphate (GTP) and deoxyguanosine triphosphate
(dGTP) (Allison et al., 1993; Gu et al., 2003). Guanosine as
well as deoxyguanosine in turn show an allosteric function
of 5-phosphoribosyl-1-pyrophosphate (PRPP) synthetase and
ribonucleotide reductase which in turn a�ect the entire purine
metabolism and thus the replication of DNA and cell cycle.
This inhibition of de novo synthesis followed by a reduced
intracellular concentration of guanosine nucleotides seems to
be one of the determining mechanisms behind the reduction
of cytokines in microglia and astrocytes and thus to play a
role in the observed brain cytoprotective e�ects. In a combined
treatment with guanosine and MMF in the damaged OHSC, the
brain cytoprotective e�ect was abrogated (Ebrahimi et al., 2012).

These results are also consistent with reduced proliferation rates,
cytokine, and NO production shown in microglia and astrocytes,
which where antagonized by guanosine (Dehghani et al., 2010).
Sappanone A (SA), a highly selective inhibitor of IMPDH2, led to
a reduction inmicroglia activation and cytokine production (Liao
et al., 2017). Furthermore, SA significantly reduced GTP levels
in BV2 cells, and the neuroinflammatory e�ects were attenuated
after application of an IMPDH2 siRNA (Liao et al., 2017).
The close link between metabolism and immunological cellular
responses, proliferation as well as cell di�erentiation seems to
be an important basis to understand the complex inflammatory
reactions. MMF was reported to modulate the activities of Myc
via NDRG1 in endothelial cells (Domhan et al., 2008). This
activity was closely linked to the regulation of cell growth,
proliferation, and di�erentiation (Secombe et al., 2004). In a
gastric cancer cell line, treatment with MMF led to an alteration
of several cyclins and cyclin kinases at the transcriptional
level, indicating an influence on the PI3K/AKT/mTOR pathway
(Dun et al., 2013). This could explain the changed expression
of genes involved in glutaminolysis, nucleotide synthesis and
glycolysis in Jurkat T cells by MMF (Fernandez-Ramos et al.,
2017; Zhu and Thompson, 2019). Furthermore, a reduction
of HIF-1alpha and Myc but not of Akt and mTORC1 was
demonstrated and an independent regulation of Myc and HIF-
1alpha by MMF was suggested (Fernandez-Ramos et al., 2017).
In human CD4 T cells, an alteration of the Akt/mTOR as well
as STAT5 signaling pathway was noticed (He et al., 2011). In
addition to the reduction of GTP by MMF, a moderate decrease
in adenosine triphosphate (ATP) concentration was detected
within a short time in T cells, which in turn might activate
AMPK as an energetic sensor (Fernandez-Ramos et al., 2017)
and conceivably modulate mTORC1 (Saxton and Sabatini, 2017).
The relationship between nucleotide metabolism, the cell cycle,
in terms of proliferation and the release of neuroinflammatory
cytokines in neuronal injury needs to be further characterized.
Previously, the expression of IMPDH2 was demonstrated in
OHSC (Ebrahimi et al., 2012). Since microglia belong to the
monocytic cell lineage, it was likely that IMPDH2 is particularly
expressed in these cells (Ginhoux et al., 2010; Ginhoux and Jung,
2014). Hence, in this study, the expression of IMPDH2 in primary
microglia and astrocytes was detected in accordance to an earlier
report (Liao et al., 2017). LPS stimulation in primary microglia
as well as astrocytes did not result in a quantitative increase
of IMPDH2 in comparison to the control which was observed
after stimulation of lymphocytes (Dayton et al., 1994). However,
there was a general increased amount of IMPDH2 in primary
microglia after 12 h in culture. Primary astrocytic culture showed
an increase in IMPDH2 after 16 h as well as after 24 h. Among
others, early proliferation of microglia accompanied by delayed
astrocytic proliferation in cell culture might explain this increase.
This would also be consistent with the early microglia-mediated
e�ect and the late microglia-independent e�ect by MMF. As
LPS treatment did not lead to any altered expression, IMPDH2
might be regulated in its kinetics or dependent on protein-protein
interactions (Jain et al., 2004). Furthermore, the activation of toll
like receptor (TLR) 4 misses to alter the IMPDH2 expression
(Liao et al., 2017).
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CONCLUSION

The application of brain cytoprotective therapeutics for a short
period of time and early after neuronal damage is a fundamental
prerequisite of an immunomodulating approach. MMF led to a
reduction of neuronal damage in OHSC when the treatment was
started within the first 8 h of injury and lasted for a period of at
least 24 h. MMF showed a brain cytoprotective e�ect at 24, 36, 48,
and 72 h after injury. In addition, no protection was detectable
at 24, 36, and 48 h after depleting microglia, indicating an early
microglia-dependent phase and a late microglia-independent
phase for MMF e�ects. It is very likely that microglia mediate the
major impact for MMF brain cytoprotective e�ects but the role of
astrocytes should be considered particularly in the late phase. The
IMPDH2 as a target of MMF was detected in primary microglia
as well as in astrocytes. Summarizing our results, MMF might be
a potential candidate in the treatment of acute lesions of the CNS.
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Various studies performed in cultured cells and in in vivo models of neuronal
damage showed that cannabinoids exert a neuroprotective effect. The increase in
cannabinoids and cannabinoid like substances after stroke has been postulated to
limit the content of neuronal injury. As well-accepted, inflammation, and neuronal
damage are coupled processes and microglial cells as the main intrinsic immunological
effector within the brain play a central role in their regulation. Treatment with
the endocannabinoid, 2-arachidonoylglycerol (2-AG) or the endocannabinoid-like
substance, palmitoylethanolamide (PEA) affected microglial cells and led to a decrease
in the number of damaged neurons after excitotoxical lesion in organotypic hippocampal
slice cultures (OHSC). 2-AG activated abnormal cannabidiol (abn-CBD) receptor, PEA
was shown to mediate neuroprotection via peroxisome proliferator-activated receptor
(PPAR)a. Despite the known neuroprotective and anti-inflammatory properties, the
potential synergistic effect, namely possible entourage effect after treatment with the
combination of these two protective cannabinoids has not been examined yet. After
excitotoxical lesion OHSC were treated with PEA, 2-AG or a combination of both and
the number of damaged neurons was evaluated. To investigate the role of microglial
cells in PEA and 2-AG mediated protection, primary microglial cell cultures were
treated with lipopolysaccharide (LPS) and 2-AG, PEA or a combination of those.
Thereafter, we measured NO production, ramification index, proliferation and PPARa

distribution in microglial cells. While PEA or 2-AG alone were neuroprotective, their co-
application vanished the protective effect. This behavior was independent of microglial
cells. Furthermore, PEA and 2-AG had contrary effects on ramification index and
on NO production. No significant changes were observed in the proliferation rate
of microglial cells after treatment. The expression of PPARa was not changed upon
stimulation with PEA or 2-AG, but the distribution was significantly altered. 2-AG and
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PEA mediated neuroprotection was abolished when co-applied. Both cannabinoids
exert contrary effects on morphology and function of microglial cells. Co-application
of both cannabinoids with different targets did not lead to a positive additive effect as
expected, presumably due to the contrary polarization of microglial cells.

Keywords: 2-arachidonoylglycerol, palmitoylethanolamide, peroxisome proliferator-activated receptor,
neuroprotection, microglial cells

INTRODUCTION

Traumatic brain injury a�ects a high number of young adults and
their hospitalization is still a significant public challenge (Meaney
et al., 2014). During neuronal damage a complex series of
mechanisms becomes activated (Dirnagl et al., 2003; Kunz et al.,
2010). Energy failure leads to calcium overload, depolarization
of neurons and release of neurotransmitters with consecutive
excitotoxicity, induced through overstimulation from excitatory
receptors like NMDA receptor. This cascade is followed by
activation of proteolytic enzymes and release of reactive oxygen
species, damaging mitochondria, followed by apoptosis and
neuronal death (Bruce et al., 1995; Kunz et al., 2010). Injured
neuronal tissue releases pro-inflammatory cytokines leading
to migration of inflammatory cells to the damaged site and
inflammation (Jassam et al., 2017). Microglial cells play a crucial
role during this process of secondary neuronal damage since they
are the immunocompetent cells of the central nervous system
(Kettenmann et al., 2011).

Cannabinoids positively a�ect cellular and molecular
processes during ischemic, excitotoxical, or traumatic brain
injury and were shown to be protective in di�erent models
mostly via microglial cells. All kind, plant-derived (isolated
from Cannabis sativa), endo- (animal-derived) and synthetic
cannabinoids were shown to a�ect neuronal damage (Kreutz
et al., 2007, 2009; Mechoulam and Shohami, 2007; Koch et al.,
2011a,b; Grabiec et al., 2012; Fernández-Ruiz et al., 2015; Guida
et al., 2017; Belardo et al., 2019; Impellizzeri et al., 2019). Using
the model of excitotoxically lesioned OHSC the number of
damaged neurons was significantly reduced after treatment
with endocannabinoids, like N-arachidonoyl dopamine,
2-arachidonoylglycerol (2-AG) or PEA associated with altered
microglial cell number but not the phytocannabinoid, 1-9-
tetrahydrocannabinol (Kreutz et al., 2007; Koch et al., 2011a;
Grabiec et al., 2012).

2-AG was shown to induce protection after neuronal lesion
and to reduce the amount of tumor necrosis factor a released
from LPS activated microglial cells (Facchinetti et al., 2003).
Both, PEA and 2-AG are produced in the central nervous system
and upregulated after neuronal damage (Kondo et al., 1998;
Panikashvili et al., 2001; Franklin et al., 2003) and were shown
to exhibit neuroprotection in several in vivo and in vitro models
(Koch et al., 2011a; Beggiato et al., 2018; Herrera et al., 2018).
Anti-inflammatory e�ects of PEA were associated with PPARa

Abbreviations: 2-AG, 2-arachidonoylglycerol; abn-CBD, abnormal cannabidiol;
abn-CBDR, abn-CBD-sensitive receptor; CB, cannabinoid receptor; CBD,
cannabidiol; div, day in vitro; iNOS, inducible nitric oxide synthase; LPS,
lipopolysaccharide; NMDA, N-methyl-D -aspartate, NO, nitric oxide; OHSC,
organotypic hippocampal slice cultures; PEA, palmitoylethanolamide; PPAR,
peroxisome proliferator-activated receptor.

activation (LoVerme et al., 2005; Koch et al., 2011a; Citraro
et al., 2013), and induction of PPARa expression was related in
parallel to protective e�ects (Genovese et al., 2008; Koch et al.,
2011a). A recent study demonstrated the presence of PPARa

in di�erent brain regions on neurons, astrocytes and microglial
cells (Warden et al., 2016). E�ects of 2-AG were abolished by O-
1918 and cannabidiol (CBD), both antagonists of the abn-CBD
sensitive receptor (abn-CBDR) (Kreutz et al., 2009). Evidence for
functional abn-CBDR in the brain was pharmacologically found
on microglial cells (Franklin and Stella, 2003; Walter et al., 2003;
Kreutz et al., 2009). Consequently, 2-AG mediated protection
depends on the presence of microglial cells as confirmed by
microglial cells depletion (Kohl et al., 2003; Kreutz et al., 2009).

2-AG mediated protective properties were demonstrated
in a variety of animal models of degenerative neurological
disorders including multiple sclerosis, Parkinson’s disease, and
Alzheimer’s disease (Scotter et al., 2010; Pertwee, 2014; Mounsey
et al., 2015) and in vitro in astrocytes exposed to oxygen-
glucose deprivation (Wang et al., 2015, 2018). 2-AG is the most
abundant endocannabinoid in the brain and known to bind and
activate CB1 and CB2 receptors. The treatment with exogenous
2-AG attenuated neuronal damage in vivo partly via CB1 and
mimicked the e�ects reported after aplication of synthetic CB2
agonists. Some e�ects were absent in CB1�/� mice (Mechoulam
and Shohami, 2007; Magid et al., 2019). Furthermore, Carrier
et al. (2004) observed that 2-AG a�ected microglial cells via
CB2. However, in rat OHSC and after NMDA damage e�ects
of 2-AG were not blocked by CB1 or CB2 antagonists but
inhibited by abnormal cannabidiol sensitive receptor (abn-
CBDR) antagonists. These results make an involvement of CB1
or CB2 in 2-AGmediated neuroprotection unlikely (Kreutz et al.,
2009). Application of PEA improved neuronal survival in vitro in
primary mouse cortical astrocyte-neuron co-cultures (Beggiato
et al., 2018) and in cortical neurons after hypoxia (Portavella
et al., 2018). PEA possessed further beneficial properties in
animal models of degenerative neurological disorders including
vascular dementia (Siracusa et al., 2017). PEA and anandamide,
if administrated together reduced the pain response 100-fold
more potently than both substances alone and induced stronger
vascular e�ects (Calignano et al., 1998; Ho et al., 2008). Such a
co-application of two active cannabinoids increased their e�cacy
via the so called entourage e�ect, which is an endogenous
cannabinoid molecular regulation route (Ben-Shabat et al., 1998).
Ben-Shabat et al. (1998) demonstrated for the first time, that
two inactive compounds, namely 2-linoleoylglycerol and 2-
palmitoylglycerol potentiate the binding of 2-AG to the CB1 and
thereby its e�ects. Additionally, 2-linoleoylglycerol significantly
inhibited the inactivation of 2-AG. Similarly, PEA was reported
to prevent the inactivation of anandamide (Jonsson et al., 2001;

Frontiers in Neuroscience | www.frontiersin.org 2 November 2019 | Volume 13 | Article 1180

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01180 November 5, 2019 Time: 17:14 # 3

Hohmann et al. Combined Cannabinoid Therapy and Loss of Neuroprotection

Ho et al., 2008) indicating possible entourage e�ect. Microglial
cells, the main immune cell of the central nervous system, has a
ramifiedmorphology and is stationary, surveying its surrounding
if in an undamaged and non-inflammatory state (Smith et al.,
2012). In pathologies, like neuropathic pain CB2 expression
increased in parallel to appearance of activated microglial cells.
CB2 ligands significantly alleviated the pain indicating that
microglial cells are a main target of cannabinoids (Zhang et al.,
2003; Luongo et al., 2010). During neuronal damage microglial
cells become amoeboid, migrate to the lesion site, proliferate
and can be a�ected by cannabinoids, as for example PEA
potentiates microglial cell motility (Franklin et al., 2003; Vinet
et al., 2012). Microglial cells mediate neuroprotection, but can
also contribute to the damage, e.g., by upregulation of iNOS, an
enzyme producing toxic amounts of NO from L-arginine (Garry
et al., 2015). 2-AG was shown to induce the iNOS expression
and NO production (Lipina and Hundal, 2017) and to stimulate
NO release in invertebrate immune cells via CB1 (Stefano et al.,
2000). Contrary, NO donors were found to be neuroprotective
(Kakizawa et al., 2007). Little is known about the influence of
endocannabinoids on arginase, which inhibits the production
of NO as a competing regulatory enzyme in the arginase-NO-
synthase regulatory system in microglial cells. In peripheral
immune cells 1-9-tetrahydrocannabinol and AM1241, an CB2
agonist induced arginase 1 expression (Hegde et al., 2010;
Ma et al., 2015).

Earlier studies consistently reported about increased levels
of endocannabinoids, such as PEA or 2-AG after neuronal
injury. A question is raised why the secondary neuronal damage
can’t be prevented despite the high presence of neuroprotective
substances. Since both endocannabinoids 2-AG and PEA if
applied exogenously were shown to be neuroprotective via
abn-CBDR or PPARa respectively, we asked whether the
neuroprotective potential of both is additive. To assess a potential
entourage e�ect between 2-AG and PEA on neuroprotective
properties OHSC were excitotoxically lesioned and treated with
PEA, 2-AG or combination of both. As mentioned, PEA and 2-
AG target microglial cells. Therefore, their e�ects on function
and morphology of primary microglial cells were investigated
in untreated or LPS stimulated cultures. Ramification index,
NO production, proliferation index, and temporal PPARa

distribution were determined overtime.

MATERIALS AND METHODS

All experiments involving animal material were performed in
accordance with the directive 2010/63/EU of the European
Parliament and the Council of the European Union (22.09.2010)
and approved by local authorities of the State of Saxony-
Anhalt (permission number: I11M18, date: 01.12.2012)
protecting animals and regulating tissue collection used for
scientific purposes.

Materials
2-Arachidonylglycerol (2-AG, 10 nM, stock solved in DMSO;
Tocris, Minneapolis, MN, United States, cat No. 1298),

Clodronate (100 µg/ml, stock solved in Aqua; Bayer Vital GmbH
GB; PZN: 04299668), Palmitoylethanolamide (PEA, 10 nM, stock
solved in DMSO, Tocris, cat No. 0879), LPS (10 ng/ml, stock
solved in Aqua; Sigma-Aldrich, cat No. L8274) and NMDA
(50 µM, stock solved in Aqua bidest., Sigma-Aldrich, cat No.
M3262) were used and applied to the culture medium according
to treatment protocol.

Cell Culture
Primary microglia astrocyte co-cultures were prepared from
1 day old Wistar rats and cultured, as described earlier
(Kohl et al., 2003; Grabiec et al., 2012). Briefly brains
were treated with 0.5 mg/mL DNAse (Worthington, Bedford,
MA, United States) and 4 mg/mL trypsin (Merck Millipore,
Billerica, MA, United States) solved in Hank’s balanced
salts solution (Invitrogen, Carlsbad, CA, United States). Cells
were cultured in DMEM (Invitrogen, cat No. 41965-062)
with 10% FBS (Invitrogen, cat No. 10500-062) and 1 ml
streptomycin/penicillin (Invitrogen). After 10 days microglial
cells were isolated from astrocytic monolayer and seeded
into well plates.

For immunocytochemical analysis 50,000 cells were placed
on glass cover slips coated with poly-L-lysin and allowed to
attach for 3 h. Cannabinoids were applied for 48 h to determine
the microglial cells morphology. Bromodeoxyuridine (BrdU)
(0.01 mM, Sigma-Aldrich) was added to the culture medium
16 h before the fixation to assess proliferation. Intracellular
distribution of PPARawas analyzed 1, 6, and 24 h after treatment.
The cells were fixed with 4% paraformaldehyde (Sigma-Aldrich,
Munich, Germany) for 10 min and stored in 0.02M PBS at 4�C
for further analysis.

For NO measurement supernatant of 50,000 cells treated for
72 h with cannabinoids was collected and stored at �80�C until
further analysis.

Organotypic Hippocampal Slice Cultures
(OHSC)
Organotypic hippocampal slice cultures were prepared from 7 to
9 day old Wistar rats as reported earlier (Grabiec et al., 2012,
2017; Hagemann et al., 2013; Hohmann et al., 2017, 2019) and
kept at 35�C in a fully humidified atmosphere with 5% (v/v)
CO2. Culture medium was changed every other day. After 6 days
in vitro experiments were started. All slices despite the control
groups were treated with NMDA (50 µM) for 4 h. OHSC were
treated with PEA (10 nM) or 2-AG (10 nM) or their combination
for 72 h. The NMDA treated set of excitotoxically damaged
OHSC was supplemented with 2-AG, PEA or combination of
both or left untreated to asses an e�ect on neuronal damage in
region of dentate gyrus.

To investigate the role of microglial cells OHSC were
incubated with 100 µg/ml clodronate from 1 to 6 day in vitro
(div). Clodronic acid, a bisphosphonate, a�ects only cells of
the monocytic lineage and leads to apoptosis of microglia and
macrophages (Kohl et al., 2003) (Figures 1, 2A).

All slice cultures were treated with propidium iodide (PI;
Merck Millipore, cat No. 537059) 2 h prior to fixation to visualize
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FIGURE 1 | Clodronate depletes microglial cells from OHSC. (A) PI labeled
control OHSC with dentate gyrus and CA3. No PI positive nuclei (red) and
ramified IB4 (green) labeled microglial cells are visible. (B) Application of
clodronate to CTL slices removed IB4 positive microglial cells without
damaging the neurons. (C) Treatment with NMDA led to massive increase in
PI positive cells and IB4 positive microglia. (D) Depletion of microglial cells led
to exacerbation of neuronal damage after NMDA treatment in OHSC. Scale
bar = 50 µm.

degenerated neurons (Ebrahimi et al., 2010; Grabiec et al., 2012,
2017; Hezel et al., 2012).

Immuno-, Lectinhistochemistry and
Staining
All antibodies and lectins and conditions used are listed in
Table 1. For labeling of incorporated BrdU fixed microglial
cells were incubated with 2 mol/l HCl for 1 h, washed three
times with PBS/Triton and pre-incubated with normal horse
serum (Gibco BRL, Life Technologies, Eggenstein, Germany, cat
No. 31874, dilution 1:20) in PBS/Triton. Afterward anti-BrdU
antibody (Table 1) was applied for 1 h, followed by incubation
with Alexa 488 conjugated goat anti-mouse antibody for 1 h. Cells
were washed three times with PBS/Triton and incubated with
40,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, Munich,
Germany, cat No. D9542).

Organotypic hippocampal slice cultures were stained with
Alexa 488 conjugated IB4 (Molecular Probes). All fluorescence
stained slides were washedwith PBS/Triton andAqua dest. before
covering with mounting medium (DAKO, Agilent Technologies,
Inc., Santa Clara, CA, United States).

For measurement of ramification index biotin labeled IB4
was used. To measure the PPARa distribution, an anti-PPARa

antibody was applied as characterized before (Koch et al., 2011a).
After washing with PBS, biotinylated goat anti-rabbit antibody

FIGURE 2 | Effects of 2-AG and PEA in excitotoxically damaged OHSC. 2-AG
and PEA did not further decrease the number of PI positive degenerated
neurons in comparison to OHSC treated with 2-AG or PEA alone.
(A) Treatment protocol. Control OHSC (CTL), were kept in culture medium and
served as negative controls. The NMDA treated group function as positive
control (NMDA). For microglial cells depleted groups clodronate (green) was
applied from 1 div until 6 div. Cannabinoids were added alone on day 6 in vitro

(Continued)

Frontiers in Neuroscience | www.frontiersin.org 4 November 2019 | Volume 13 | Article 1180

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01180 November 5, 2019 Time: 17:14 # 5

Hohmann et al. Combined Cannabinoid Therapy and Loss of Neuroprotection

FIGURE 2 | Continued
(div) to OHSC or following 4 h incubation with NMDA
(NMDA+2-AG/PEA/PEA+2-AG). The fixation was performed on 9 div.
(B) Representative images of the dentate gyrus in OHSC stained with PI (in
red). After NMDA damage a massive increase in the number of damaged
neurons occurred in comparison to control group (CTL), PEA, and 2-AG
significantly reduced the neurodegeneration, but combination of both did not
significantly reduce the number of PI positive nuclei. Dentate gyrus (GD) is
highlighted in blue, Cornu ammonis (CA) 3 in green. Scale bar = 50 µm.
(C) Quantitative analysis of PI positive nuclei in treated groups. The number of
PI positive neurons increased significantly after treatment with NMDA
(nNMDA = 42) in comparison to control group (nCTL = 42). 2-AG, PEA alone or
combination of both had no effect on viability of OHSC (nPEA = 12,
n2�AG = 12, n2�AG+PEA = 10). Treatment with PEA (nNMDA+PEA = 23) or 2-AG
(nNMDA+2�AG = 20) of excitotoxically damaged OHSC reduced significantly
the number of PI positive cells. The combination of 2-AG and PEA after NMDA
damage induced no significant protective effect (nNMDA+2�AG+PEA = 34).
(D) Treatment of microglia depleted OHSC with NMDA induced a massive
neuronal damage (nCTL = 15, nNMDA = 18). The application of PEA, 2-AG or
combination of both to clodronate treated NMDA damaged OHSC had no
significant effect on the number of PI positive cells (nCLO+NMDA+2�AG = 12,
nCLO+NMDA+PEA = 12, nCLO+NMDA+2�AG+PEA = 14). Statistics was
performed using a One-Way ANOVA with Bonferroni post hoc analysis and
significance was chosen for p < 0.05. The asterisk denotes significant results
regarding the respective measurement indicated with the bar. The values are
served as a mean with standard error of the mean.

was applied for 1 h. The following subsequent steps were the same
as for IB4 staining: the cells were washed tree times with PBS
and incubated with ExtrAvidin-Peroxidase for 1 h. After washing
with PBS and Tris bu�er, the slides were stained with 3,30-
Diaminobenzidine (DAB) (Sigma-Aldrich, cat No. D8001) and
covered with Entallan (Merck Millipore, Darmstadt, Germany,
cat No. 107960).

Microscopy and Analysis
For analysis of proliferation index, ramification index and PPARa

staining five areas per cover slip were recorded with Leica
DMi8 (Wetzlar, Germany) or Axioplan (Zeiss, Oberkochen,
Germany) microscopes.

Proliferation index was represented as the ratio of BrdU
positive cells to all DAPI positive cells. The BrdU positive cells
were counted using image J v1.46r (National Institutes of Health,
Laboratory for Optical and Computational Instrumentation,
University of Wisconsin, Madison, WI, United States).

To evaluate the ramification of microglial cells, the surface
of microglia was stained with IB4 and the outlining of the
cell was divided by the smallest convex hull around the
cell. Values close to 1 correspond to strongly amoeboid cells

while lower numbers represent ramified cells. The analysis was
performed automatically using a self-written MatLab script (The
MathWorks, Natick, MA, United States).

Next, the translocation of PPARa from the cytoplasm to
the nucleus or vice versa was assessed after treatment with
cannabinoids. PPARa staining was performed and manually
evaluated by counting cells that showed a nuclear or/and
cytoplasmic staining or were free of PPARa labeling. Results
are presented as proportion of cells with a specific expression
pattern relative to the total number of cells. For the calculation
of the standard error of the mean in these experiments we
used bootstrapping to calculate empirical standard deviations.
Therefore all measurements were used and resampled 10,000
times. Afterward, the proportion of nuclear, cytoplasmic,
nuclear+cytoplasmic location or no expression was calculated
for each resampling and an empirical standard deviation and
standard error of the mean was calculated.

The imaging of the fixed OHSC was performed using a
confocal laser scanning microscope (LSM 510 Meta, Zeiss) with
an excitation wavelength of 488 nm for IB4 and 543 nm for PI.
Emission was detected using a band-pass filter with 1l = 510–
550 nm (IB4) and 1l = 610–720 nm (PI). The dentate gyrus
was visualized with a 20x objective, as a z-stack with a step
width of 2 µm (Grabiec et al., 2012). The number of PI positive
death cells in the obtained image stacks was analyzed using
the maximal intensity projection and quantified using a self-
written Matlab script.

Nitrite Assay
A standard solution was prepared by solving sodium nitrite in
medium up to concentrations of 100, 50, 25, 12.5, 6.25, 3.125,
and 1.5625µM. Themeasured values were used for calculation of
a standard curve. 50 µl of the standard solutions or 50 µl of the
collected samples were analyzed in duplicate. After applying 50µl
of Griess reagent (Sigma-Aldrich) the extinction was measured
after 15 min at 540 nm in a microplate reader (SynergyTM
Mx, BioTek Instruments, Winooski, VT, United States). The
nitrite concentrations for the samples were interpolated from the
standard curves.

Statistical Analysis
Statistics was performed using the one-way ANOVA with
Bonferroni post-test and significance was chosen for p< 0.05. All
p-values refer to the respective controls of the same parameter
of the same cell line or to the treatment with agonist for the
respective receptor. All groups were normalized to the positive

TABLE 1 | Antibodies.

Name Company Number Dilution Antibody ID

Biotinylated goat anti-rabbit antibody Sigma-Aldrich B7389 1:100

BrdU DAKO M0744 1:100

Alexa 488 conjugated IB4 Molecular Probes, Life Technologies, Eggenstein, Germany I21411 1:500 AB_2314662

Biotin labeled IB4 Vector Laboratories, Burlingame, CA, United States B-1205 1:100 AB_2314661

ExtrAvidin-Peroxidase Sigma-Aldrich E2886 1:100

PPARa Thermo Fisher, Waltham, MA, United States PA1-822A 1:500 AB_2165595
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control. Statistics for cellular PPARa was performed using a Chi
Square test and significance was chosen for p < 0.05. The values
are served as ameanwith standard error of themean. The asterisk
denotes significant results regarding the respective measurement
indicated with the bar.

RESULTS

2-AG and PEA Do Not Further Decrease
the Number of PI Positive Degenerated
Neurons
The application of NMDA led to an increase in the number of PI
positive cells in OHSC (100.0 ± 4.24%) in comparison to control
group (0.86 ± 0.28%, Figures 2B,C).

Treatment of NMDA lesioned OHSC with PEA
(60.64 ± 4.52%) or 2-AG (58.78 ± 5.94%) induced a
significant reduction of neuronal damage. Combination of
2-AG and PEA (85.46 ± 3.92%) in excitotoxically damaged
OHSC did not decrease the number of dead cells in a
significant manner (Figures 2B,C). Notably the values were
not significantly di�erent when compared to NMDA group,
but significantly higher when compared to NMDA+2-AG or
NMDA+ PEA groups.

Depletion of Microglial Cells Leads to
Loss of Neuroprotection
The application of NMDA to microglia depleted OHSC
(Figure 1) led to a significant increase in the number of PI
positive cells (100.0 ± 7.12%) in comparison to control group
(0.74 ± 0.17%, Figure 2D). The depletion of microglial cells was
controlled through IB4 staining (Figure 1).

Neither the application of PEA (84.19 ± 9.29%) nor 2-
AG (91.04 ± 10.68%) to NMDA damaged microglia depleted
OHSC induced a significant neuroprotective e�ect. Also, the
combination of 2-AG and PEA (94.93± 7.42%) to excitotoxically
damaged microglia depleted OHSC showed any significant e�ect
on the number of dead neurons (Figure 2D).

Effects of 2-AG and PEA Treatment on
Ramification Index
Application of PEA (0.72 ± 0.01) or 2-AG (0.75 ± 0.02) had no
impact on ramification index in comparison to control group
(0.73 ± 0.01). Treatment with LPS (0.89 ± 0.01) led to a
more amoeboid morphology of cells. Co-application of LPS and
PEA reduced the ramification index significantly (0.76 ± 0.03)
making cells more ramified. Incubation with 2-AG did not
change the ramification index (0.84 ± 0.01) in comparison to
LPS. However, PEA and 2-AG application together with LPS
induced significant reduction in ramification index (0.76 ± 0.02)
(Figures 3A,C).

Effects of 2-AG and PEA on Nitrite
Concentration
Application of PEA (0.19 ± 0.1%), 2-AG (0.14 ± 0.06%),
or PEA+2-AG (0.76 ± 0.30%) did not change the nitrite

concentration in comparison to control group (0.48 ± 0.22%).
Treatment with LPS (100.0 ± 2.24%) led to an increased
concentration of nitrite. Whereas co-application of LPS
and PEA reduced the nitrite concentration significantly
(81.06 ± 4.6%), incubation with 2-AG increased the nitrite
concentration (128.2 ± 5.52%) in comparison to LPS. The same
increase was detected for application of 2-AG+ PEA+ LPS
(134.5 ± 7.11%) (Figure 3E).

Effect of 2-AG and PEA on Proliferation
of Primary Microglial Cells
After incubation with LPS (0.07 ± 0.01), PEA (0.13 ± 0.04), or
2-AG (0.12 ± 0.05) no significant changes in proliferation were
detected in comparison to control group (0.097 ± 0.02).
The results for PEA+2-AG (0.07 ± 0.02); LPS+PEA
(0.07 ± 0.019); LPS+2-AG (0.09 ± 0.05); and LPS+PEA+2-
AG (0.07 ± 0.03) were not significantly altered after treatment
(Figures 3B,D). The overall test showed no significant di�erences
between the groups.

PPARa Distribution and Cellular
Localization After Incubation With 2-AG
and PEA
The evaluation of the localization of the PPARa receptor was
significantly altered for treated groups overtime (1, 6, 24 h)
(Figures 4A–E). The positive staining was localized in the
cytoplasm and in the nucleus. The subcellular location was
scored in 483 (1 h), 362 (6 h), and 337 (24 h) cells by light
microscopy and presented as percentage. Each independent
experiment was repeated at least three times (n = 3). The
number of cells expressing nuclear as compared to cytoplasmic
PPARa was significantly di�erent between groups. Treatment
with PEA; 2-AG; and LPS induced a significant shift in PPARa

distribution after 1 and 6 h from nuclear to cytoplasmic
and from cytoplasmic to nuclear localization. PEA and LPS
changed significantly the localization of the receptor after 24 h
(Figures 4A–C). The distribution was significantly di�erent
between 2-AG (Nucleus, N: 36%, Cytoplasm, C:21%, Both,
B:33%, No signal, None:10%) and 2-AG co-applied with PEA
(N:50%, C:4%, B:43%, None:4%) after 1 h, between PEA (N:49%,
C:11%, B:38%, None:2%) and 2-AG+PEA (N:22%, C:11%,
B:51%, None:16%) after 6 h and between PEA (N:51%, C:3%,
B:36%, None:10%) or 2-AG (N:11%, C:7%, B:83%, None:0%) and
2-AG+PEA (N:29%, C:2%, B:66%, None:2%) after 24 h. PEA
(N1 h:51%, C1 h:5%, B1 h:17%, None1 h:27%; N6 h:61%, C6 h:7%,
B6 h:18%, None6 h:14%), 2-AG (N1 h:67%, C1 h:3%, B1 h:29%,
None1 h:1%; N6 h:30%, C6 h:11%, B6 h:34%, None6 h:26%)
and PEA+2-AG (N1 h:54%, C1 h:14%, B1 h:20%, None1 h:12%;
N6 h:21%, C6 h:21%, B6 h:35%, NS6 h:23%) changed significantly
the localization of PPARa after 1 and 6 h in combination with
LPS (vs. LPS; N1 h:25%, C1 h:15%, B1 h:53%, None1 h:7%;
N6 h:67%, C6 h:10%, B6 h:20%, None6 h:3%). No e�ect could
be observed for LPS+PEA (N: 22%, C: 3%, B: 69%, None: 6%)
in comparison to LPS (N: 28%, C: 2%, B: 56%, None: 14%)
after 24 h, but 2-AG (N: 27%, C: 2%, B: 69%, None: 2%) and
2-AG+PEA (N: 20%, C: 0%, B: 80%, None: 0%) if co-applied
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FIGURE 3 | Effect of 2-AG and PEA on ramification index, proliferation index and nitrite concentration of primary rat microglia. Representative pictures of stained
microglia for (A) ramification index (IB4) and (B) proliferation rate (BrdU in green, DAPI in blue). Scale bar = 50 µm. (C) Effects of 2-AG and PEA on ramification index.
Application of LPS (nLPS = 22) led to an increase in the ramification index in comparison to control group (CTL; nCTL = 22). Whereas PEA co-applied with LPS
(nLPS+PEA = 23) reduced the ramification index significantly, 2-AG (nLPS+2�AG = 23) had no effect. 2-AG, PEA, or combination of both applied alone (nPEA = 19,
n2�AG = 22, n2�AG+PEA = 22) had no effect on ramification index. The combination of LPS, 2-AG and PEA (nLPS+2�AG+PEA = 22) led to decrease in the ramification
index in comparison to the groups treated with LPS and 2-AG. (D) No effect of 2-AG and PEA with/or without LPS on proliferation of primary microglia cells could be
observed (nCTL = 12, nLPS = 12, nPEA = 11, n2�AG = 11, n2�AG+PEA = 12, nLPS+PEA = 12, nLPS+2�AG = 11, nLPS+2�AG+PEA = 12). (E) Effects of 2-AG and PEA on
nitrite concentration after 72 h. PEA, 2-AG, or PEA combined with 2-AG had no effect on the nitrite concentration in primary microglia (nCTL = 18, nPEA = 18,
n2�AG = 18, n2�AG+PEA = 18). After administration of LPS, nitrite concentration increased significantly. PEA co-applied with LPS (nLPS+PEA = 18) decreased the NO
production in comparison to LPS (nLPS = 18). 2-AG+LPS (nLPS+2�AG = 18) and also 2-AG+PEA+LPS (nLPS+2�AG+PEA = 18) treated microglia produced significantly
more NO in comparison to LPS. Statistics was performed using a one-way ANOVA test with Bonferroni correction and significance was chosen for p < 0.05. The
asterisk denotes significant results regarding the respective measurement indicated with the bar. The values are served as a mean with standard error of the mean.

Frontiers in Neuroscience | www.frontiersin.org 7 November 2019 | Volume 13 | Article 1180

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01180 November 5, 2019 Time: 17:14 # 8

Hohmann et al. Combined Cannabinoid Therapy and Loss of Neuroprotection

FIGURE 4 | PPARa subcellular distribution and cellular localization after incubation with 2-AG and PEA in primary microglial cells. The localization of PPARa was
analyzed over time by the use of staining (A–C) 1, 6, and 24 h after treatment, (D) nuclear, (E) cytoplasmic localization (1, 6, and 24 h after treatment). The number
of cells which did not or expressed PPARa in the nucleus or/and cytoplasm was counted. In graphs (A–E) the subcellular location was scored in 483 (1 h), 362 (6 h),
and 337 (24 h) cells by light microscopy and presented as percentage. Each independent experiment was repeated at least three times. The same data are
displayed in two different ways to point out the differences in the distribution (A–C) between the time points for cytoplasmic and nuclear localization (D,E). Statistics
was performed using a Chi Square test and significance was chosen for p < 0.05. The asterisk denotes significant results regarding the respective measurement
indicated with the bar. The values are served as a mean with standard error of the mean.

with LPS altered significantly the distribution (Figures 4A–C
and Table 2).

Lipopolysaccharide alone induced a shift to nuclear
localization after 6 h, whereas LPS+PEA+2-AG after 6 h
led to more cytoplasmic expression, similar to 2-AG and PEA
alone (Figures 4D,E).

DISCUSSION

Reduction of neuronal damage in injured patients is a
main contributor to sustain quality of life, for this reason
its improvement and new approaches are needed. Evidence
has accumulated that endocannabinoids can be beneficial for

Frontiers in Neuroscience | www.frontiersin.org 8 November 2019 | Volume 13 | Article 1180

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01180 November 5, 2019 Time: 17:14 # 9

Hohmann et al. Combined Cannabinoid Therapy and Loss of Neuroprotection

TA
B

LE
2

|P
PA

R
a

su
bc

el
lu

la
rd

is
tri

bu
tio

n
an

d
ce

llu
la

rl
oc

al
iz

at
io

n
af

te
ri

nc
ub

at
io

n
w

ith
2-

A
G

an
d

P
EA

in
pr

im
ar

y
m

ic
ro

gl
ia

lc
el

ls
.

M
ea

n
S

E
M

M
ea

n
S

E
M

M
ea

n
S

E
M

M
ea

n
S

E
M

M
ea

n
S

E
M

M
ea

n
S

E
M

M
ea

n
S

E
M

M
ea

n
S

E
M

Lo
ca

liz
at

io
n

C
TL

P
E

A
2-

A
G

2-
A

G
+P

E
A

LP
S

LP
S
+P

E
A

LP
S
+2

-A
G

LP
S
+2

-A
G

+P
E

A

1
h

N
uc

le
us

0.
53

0.
01

0.
39

0.
01

0.
30

0.
01

0.
34

0.
01

0.
18

0.
01

0.
26

0.
02

0.
65

0.
01

0.
38

0.
01

C
yt

op
la

sm
0.

04
0.

00
0.

06
0.

00
0.

18
0.

01
0.

03
0.

01
0.

10
0.

00
0.

03
0.

01
0.

03
0.

00
0.

10
0.

00

B
ot

h
0.

24
0.

01
0.

26
0.

01
0.

28
0.

01
0.

29
0.

01
0.

36
0.

01
0.

09
0.

01
0.

29
0.

01
0.

14
0.

01

N
o

si
gn

al
0.

20
0.

01
0.

03
0.

00
0.

09
0.

00
0.

03
0.

01
0.

05
0.

00
0.

14
0.

01
0.

01
0.

00
0.

09
0.

00

6
h

N
uc

le
us

0.
35

0.
01

0.
51

0.
01

0.
22

0.
01

0.
20

0.
01

0.
51

0.
01

0.
53

0.
01

0.
27

0.
01

0.
18

0.
01

C
yt

op
la

sm
0.

02
0.

00
0.

12
0.

01
0.

16
0.

01
0.

10
0.

01
0.

08
0.

01
0.

06
0.

01
0.

10
0.

01
0.

18
0.

01

B
ot

h
0.

63
0.

01
0.

39
0.

01
0.

37
0.

01
0.

45
0.

01
0.

16
0.

01
0.

16
0.

01
0.

31
0.

01
0.

29
0.

01

N
o

si
gn

al
0.

00
0.

00
0.

02
0.

00
0.

08
0.

01
0.

14
0.

01
0.

02
0.

00
0.

12
0.

01
0.

24
0.

01
0.

20
0.

01

24
h

N
uc

le
us

0.
23

0.
01

0.
50

0.
01

0.
13

0.
01

0.
30

0.
01

0.
30

0.
01

0.
18

0.
01

0.
35

0.
01

0.
23

0.
01

C
yt

op
la

sm
0.

03
0.

00
0.

03
0.

00
0.

08
0.

01
0.

03
0.

00
0.

03
0.

00
0.

03
0.

01
0.

03
0.

00
0.

00
0.

00

B
ot

h
0.

75
0.

01
0.

35
0.

01
0.

95
0.

01
0.

68
0.

01
0.

60
0.

01
0.

55
0.

01
0.

90
0.

01
0.

90
0.

01

N
o

si
gn

al
0.

00
0.

00
0.

10
0.

01
0.

00
0.

00
0.

03
0.

00
0.

15
0.

01
0.

05
0.

01
0.

03
0.

00
0.

00
0.

00

R
ou

nd
ed

m
ea

n
va

lu
es

(tw
o

po
si

tio
ns

)a
nd

S
EM

.

treatment of patients with brain injury (Fernandez-Ruiz et al.,
2010). Cannabinoids, as shown before have di�erent targets
and are potential therapeutics, but first it is necessary to
better understand the molecular and cellular mechanisms of
cannabinoid action.

The Protective Effects of 2-AG and PEA
Are Abolished, When Both Are Applied
Together
In this study, we focused on excitotoxicity, a main factor of
neuronal damage as described before (Kunz et al., 2010; Lau
and Tymianski, 2010). To investigate the intrinsic responses
and to exclude interfering influences such as blood flow and
infiltrating peripheral immune cells the well-established model
of excitotoxic lesioned OHSC was chosen. Both, PEA and 2-AG
were shown to be protective with microglia participation in
NMDA lesioned OHSC before. In our previous studies we
extensively examined the involvement of cannabinoid receptors
in PEA and 2-AG mediated actions. Whereas PEA and the
synthetic PPARa agonist Wy-14,643 protected dentate gyrus
granule cells, treatment with the PPARa antagonist GW6471
blocked PEA-mediated neuroprotection. Selective activation
or inhibition of PPARg displayed no positive e�ect (Koch
et al., 2011a). Interestingly, 2-AG induced neuroprotection was
inhibited by cannabidiol (CBD) and O-1918 and mimicked
by abn-CBD indicating the involvement of abn-CBDR. The
2-AG e�ects were not blocked by the specific CB2 receptor
antagonist (AM630). Depletion of microglial cells abolished the
neuroprotection mediated by 2-AG or abn-CBD raising the
hypothesis that the neuroprotective e�ects of 2-AG were abn-
CBDR and microglia dependent (Kreutz et al., 2007, 2009). The
abn-CBDR is a pharmacologically characterized non-CB1/non-
CB2 receptor and has been first described on endothelial cells
of rat mesenteric blood vessels (Járai et al., 1999; Pertwee et al.,
2010), and has not been identified yet. PEA, 2-AG or their
analogs were also protective in other models like moderate
traumatic injury and reduced neuroinflammation (Panikashvili
et al., 2001; Genovese et al., 2008; D’Agostino et al., 2012;
Esposito et al., 2012; Mounsey et al., 2015; Guida et al., 2017;
Belardo et al., 2019; Impellizzeri et al., 2019). In PPARa�/�

mice PEA induced neuroprotection after spinal cord trauma
was abolished, however involvement of further PPARs was
suggested (Paterniti et al., 2013). The application of PEA was
found to trigger the synthesis of 2-AG in human and canine
plasma and enhance its e�ects on transient receptor potential
cation channel subfamily V member 1 (TRPV1) in HEK-293
cells (Petrosino et al., 2016). In striatum PEA triggered the
synthesis of 2-AG via GPR55 (Musella et al., 2017). These
e�ects were referred to an entourage e�ect, which might be
mediated through TRPV1 activation or inhibition of fatty acid
amide hydrolase, with PEA as its substrate or activation of
GPR55 (Jonsson et al., 2001; Smart et al., 2002). A further
possible explanation is an allosteric modulation, which could
explain that 2-AG and PEA abolished their neuroprotective
properties in the OHSC model and reduced ramification index
at PEA level. While TRPV1 was not found in OHSC, GPR55
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was expressed in slices and was associated with neuroprotection
(Grabiec et al., 2012; Kallendrusch et al., 2013). Consequently,
GPR55 might be involved in the PEA mediated actions observed
here. Furthermore, PEA was also shown to enhance the CB2
expression via PPARa activation in macrophages (Guida et al.,
2017). Increased number of CB2 next to abn-CBDR can be
activated by 2-AG and induce further e�ects. PEA at cellular
level reduced ramification index, making cells more ramified
whereas 2-AG had no impact on morphology of microglial
cells. The decrease in neuroprotection mediated by co-treatment
with both cannabinoids might be attributable to their e�ects
on cellular level, especially on microglial cells, the conductor of
the neuroprotective properties of 2-AG and PEA. An entourage
e�ect with PEA as enhancer of the anti-inflammatory and
anti-nociceptive activity of other endogenous compounds by
potentiating their a�nity for a receptor or by inhibiting their
metabolic degradation (Skaper and Facci, 2014) is missing in
OHSC in the context of neuroprotection.

Effects of PEA and 2-AG Are Microglia
Dependent
Neuroprotective capabilities of microglial cells include synaptic
stripping, induction of neurogenesis, phagocytosis, and
maintenance of central nervous system homeostasis (Chen
and Trapp, 2016). On the other hand microglial cells are also
able to suppress neuroinflammation, protect nerve tissue by
producing anti-inflammatory and tissue-repairing cytokines and
factors (Colton, 2009). Microglial cells can contribute to neuronal
damage via inflammation and release of cytotoxic substances
as described earlier and are associated with neurodegenerative
diseases, cognitive dysfunction in aging and dementia, epilepsy,
and other conditions leading to brain inflammation and neuronal
lesion (Ekdahl et al., 2003; Smith et al., 2012; Chhor et al., 2013).
Cannabinoids were shown to interact with microglial cells
in further pathological states and to change the morphology,
activation and number of the cells (Zhang et al., 2003; Luongo
et al., 2010; Guida et al., 2017).

After microglia depletion in OHSC with the bisphosphonate
clodronate PEA and 2-AG lost their neuroprotective e�ects
supporting the hypothesis that 2-AG, PEA exert their
neuroprotective e�ects via microglial cells. PEA was shown
before to induce migration and increase of motility of
BV2 microglial cell line (Franklin et al., 2003; Guida et al.,
2017). Notably, microglial cells produce both 2-AG and PEA
(Muccioli et al., 2007; Muccioli and Stella, 2009) and their
levels were found to be increased after focal cerebral ischemia
(Franklin et al., 2003).

PEA and 2-AG Mediate Opposite Effects
on Nitric Oxide Synthesis in Primary
Microglial Cells
Endocannabinoids, which are in part produced by microglia,
a�ect the ability of microglia cells to proliferate, phagocytize, and
produce NO (Stella, 2009). NO production occurs enzymatically
via a conversion of L-arginine to L-citrulline by NO synthase,
competing with arginase for L-arginine as a substrate. iNOS

is not expressed in healthy brain tissue under physiological
conditions but its expression can be induced in astrocytes and
microglial cells through trauma. iNOS induction starts several
hours before NO is generated and involves transcription of
mRNA and novel protein synthesis. iNOS is mainly expressed
under inflammatory conditions and after transient ischemic
periods and is known as an antimicrobial defense mechanism
of the immune system (Vincent et al., 1998). The increase
in NO driven by iNOS might be neurotoxic as it forms
reactive nitrogen oxide species like peroxynitrite (Garry et al.,
2015). It was reported that 2-AG alone stimulates the release
of NO from human immune and vascular tissues and from
invertebrate immune cells via CB1 activation (Stefano et al.,
2000). Contrary, in our study 2-AG or PEA applied alone
had no e�ect on NO production by microglial cells after
72 h. However, LPS in combination with 2-AG increased
NO concentration, although 2-AG was protective after NMDA
damage. PEA was able to reduce NO production by microglial
cells after LPS treatment. In accordance to this study PEA
significantly inhibited the NO release induced by LPS in murine
macrophage cell line RAW264.7, which was not sensitive to
pertussis toxin treatment, indicating a G-protein independent
mode of action (Ross et al., 2000). Pre-treatment of LPS-
stimulated primary mouse microglial cells with PPARa agonists
also resulted in inhibition of NO production (Xu et al., 2005).
In similarity to PEA in murine macrophage cell line RAW264.7,
WIN55,212, a neuroprotective cannabinoid decreased NO level
when applied together with LPS via CB2 receptor (Ross et al.,
2000; Koch et al., 2011b). Furthermore, PEA reduced iNOS
expression in spinal cord 6 h after paw edema induction
(D’Agostino et al., 2007). The results presented in our study
are in accordance with previous investigations and strengthen
the hypothesis that PEA mediates neuroprotection via microglial
cells. The neuroprotective e�ects observed here in the OHSC
model underline the intrinsic positive e�ects of cannabinoids
as influences through alterations in cerebral blood flow and
infiltration of peripheral cells are missing (Grabiec et al., 2017),
making the inhibition of NO produced by microglial cells one
possible explanation for neuroprotection. In agreement with
our work and previous studies LPS induces NO production
mainly in microglial cells in models of excitotoxicity or during
transient ischemic periods (Nakamura et al., 1999; Genovese
et al., 2008; Yao et al., 2017). Further endocannabinoids were
shown to decrease iNOS activity in rat microglial cells, e.g.,
CP55940 exerted a dose-dependent inhibition of interferon
gamma /LPS-inducible NO production (Cabral et al., 2001)
Little is known about the influence of endocannabinoids on
arginase, in peripheral immune cells and in microglial N9 cells
1-9- tetrahydrocannabinol and CB2 agonist induced arginase
1 expression, what reduce NO production (Hegde et al., 2010;
Ma et al., 2015).

Through combination treatment of both PEA and 2-AG,
NO production was significantly elevated and neuroprotective
properties were diminished. It leads to the hypothesis that PEA
may be neuroprotective through reduction of NO present after
brain injury. On the other hand, 2-AG significantly elevated
NO production while still exerting neuroprotective e�ects similar
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to NO donors (Kakizawa et al., 2007), 2-AG acts probably via
another targets and mechanisms.

Changes in Morphology and Phenotypes
of Primary Microglial Cells After
Treatment
In vivo, ex vivo, and in vitro a broad spectrum of di�erentiation
stages of microglial cells has been observed (Dubbelaar
et al., 2018). Under physiological conditions microglial cells
are ramified and constantly scanning their surroundings
(Nimmerjahn et al., 2005). Upon damage or inflammation,
they become amoeboid, move to the site of neuronal lesion
and remove cell debris. However, this morphological change
of microglia upon a shift in activation state does not seem to
be uniform, but it can be best mimicked by administration
of LPS. The morphology ranges from amoeboid-like shapes
during inflammation to highly ramified ones and includes
many intermediate forms that are often associated with the
activation status of microglial cells (Zhou et al., 2017; Dubbelaar
et al., 2018). According to the phenotype microglial cells were
often described as anti-inflammatory or neuroprotective or
proinflammatory and neurotoxic. However, there is no binary
system of phenotypes formicroglia and theymay possessmultiple
context dependent properties at the same time (Ransoho�, 2016;
Dubbelaar et al., 2018).

In synopsis with NO reduction, the administration of PEA
to LPS stimulated microglial cells induced a more ramified
morphology; these anti-inflammatory properties of PEA may
mediate its neuroprotective e�ects. 2-AG did not alter the
LPS induced amoeboid state of microglial cells but increased
the NO concentration, indicating that the neuroprotective
properties of 2-AG are mediated through other microglial cell
dependent mechanisms than those involving NO. However,
in vivo and in acute experimental autoimmune encephalomyelitis
2-AG increased the ramification of microglia (Lourbopoulos
et al., 2011). In excitotoxically lesioned OHSC 2-AG reduced
the number of microglial cells (Kreutz et al., 2007). It is
plausible that the absence of changes is model dependent or
that 2-AG influenced other properties of microglia, which were
not examined in this study, like phagocytosis, motility, and
alterations in extracellular signaling.

The combination of 2-AG and PEA induced a ramification
of microglial cells in comparison to 2-AG and abolished PEA
mediated NO concentration decrease. This may indicate that
the anti-inflammatory properties of PEA are lost if co-incubated
with 2-AG, since decrease in the number of damaged neurons
in OHSC was missing and therefore neuroprotection. 2-AG
and PEA exert contrary e�ects on microglial cells and it is
plausible, that co-application of both led to their abolishment.
Expected entourage e�ect is missing in case of this model and
those substances.

It will be necessary to verify how 2-AG exerts neuroprotection
at a cellular level and whether this process is microglia dependent
only, since 2-AG was found protective in isolated neuronal
cultures (Zhang and Chen, 2008). Interestingly, proliferation
of pure microglial cell cultures was not a�ected in this

study, whereas the number of microglial cells was significantly
decreased in dentate gyrus in OHSC after excitotoxical damage
and treatment with PEA or 2-AG, this e�ect was mimicked
by PPARa agonists and blocked by its antagonists (Kreutz
et al., 2007; Koch et al., 2011a). Since microglial cells in culture
proliferate very slowly without astrocytes, it seems plausible that
the e�ects observed in OHSC might be the result of PEA actions
on astrocytes, microglia, possibly neurons in the network and/or
their cross-talk, since all cell types express the PPARa receptor
(Xu et al., 2006; Warden et al., 2016).

PPARa Expression and Localization
Changed After Incubation With
Cannabinoids
Peroxisome proliferator-activated receptors predominantly
are localized in the nucleus, theirs activity is modulated via
phosphorylation and PPARa undergoes ligand-dependent
nucleo-cytoplasmic shuttling (Burns and Vanden Heuvel, 2007;
Umemoto and Fujiki, 2012). The amount of PPARa was shown
to increase in microglial cells in nucleus after 6 h and to decrease
after 24 h after PEA treatment. PPARs are ligand-activated
transcription factors, and their biological role is coupled to
the function of their target genes. In immunocytochemical
staining a translocation of PPARa into the nucleus was seen.
Neuroprotective e�ects of PEA are known to be mediated by
PPARa. On the one hand, the nuclear localization of the receptor
induces specific PEA related e�ects; its shift into the cytoplasm
reduces the amount of available receptor in the nucleus. On
the other hand the cytoplasmic localization of PPARa may
favor the binding of other ligands and mediate di�erent actions
(Guida et al., 2017). The lower levels of PPARa in nuclei of
microglial cells after simultaneous treatment with 2-AG and
PEA with or without LPS might be a possible explanation for
the missing neuroprotection in OHSC. It also indicates an
interference between 2-AG and PEA signaling pathways with a
more dominant role of 2-AG and inhibitory actions on PPARs
translocation into the nucleus. Specific activation of central
PPARa controls inflammation in the spinal cord as well as in
the periphery (D’Agostino et al., 2007), when the amount of
receptor decreased no e�ect could be induced. Additionally,
fatty acid oxygenase metabolism products of 2-AG were able to
activate PPARa receptor in human undi�erentiated epidermal
keratinocytes and stimulation of PPARa and its downstream
target genes led to cell di�erentiation (Kömüves et al., 2000;
Kozak et al., 2002). It is plausible that 2-AG and PEA interact
directly on PPARa receptor in the opposite way.

CONCLUSION

While endocannabinoids are promising regarding treatment
of neuronal diseases, and their neuroprotective properties are
known for a while, little is known how they are mediated. 2-
AG and PEA are both protective agents with di�erent targets.
Their positive e�ect is not enhanced by co-incubation. The
understanding of interactions between signaling pathways of
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di�erent endocannabinoids will help to elucide the in part
conflicting results reported in the literature.
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Abstract: During injuries in the central nervous system, intrinsic protective processes become acti-
vated. However, cellular reactions, especially those of glia cells, are frequently unsatisfactory, and
further exogenous protective mechanisms are necessary. Nimodipine, a lipophilic L-type calcium
channel blocking agent is clinically used in the treatment of aneurysmal subarachnoid haemor-
rhage with neuroprotective effects in different models. Direct effects of nimodipine on neurons
amongst others were observed in the hippocampus as well as its influence on both microglia and
astrocytes. Earlier studies proposed that nimodipine protective actions occur not only via calcium
channel-mediated vasodilatation but also via further time-dependent mechanisms. In this study,
the effect of nimodipine application was investigated in different time frames on neuronal damage
in excitotoxically lesioned organotypic hippocampal slice cultures. Nimodipine, but not nifedipine
if pre-incubated for 4 h or co-applied with NMDA, was protective, indicating time dependency.
Since blood vessels play no significant role in our model, intrinsic brain cell-dependent mechanisms
seems to strongly be involved. We also examined the effect of nimodipine and nifedipine on mi-
croglia survival. Nimodipine seem to be a promising agent to reduce secondary damage and reduce
excitotoxic damage.

Keywords: nimodipine; excitotoxicity; nifedipine; neuroprotection; microglia

1. Introduction
Nimodipine has been found to be beneficial in many central nervous system disor-

ders, including stroke, brain injury, cerebral ischemia, epilepsy, dementia and age-related
degenerative diseases [1–4]. Nimodipine acts as a potent cerebral vasodilator and binds to
cell membranes (KD(human) = 0.27 nM) and is a more lipophilic molecule than the calcium
channel antagonist nifedipine [5]. Furthermore, the tissue concentration after application is
three times higher than for nifedipine, indicating differences in crossing the blood–brain
barrier [5]. Clinical and in vivo studies with nimodipine have demonstrated protection
against ischemic damage [6] and an increased postischemic perfusion. Although this is
a possible vascular mechanism for nimodipine’s protective effect, an additional direct
effect by blocking calcium entry into neurons has also been suggested. In animal models,
nimodipine has been shown to induce neuroprotection against glutamate or amyloid �-
induced toxicity [7] and has been found to improve dementia [8] and memory in a variety of
cognitive tests in aging subjects [9]. Nimodipine has affected neurons in the hippocampus
in different studies [2,5,9–15]. Effects in the hippocampus seem to be independent from
the vasculature [10]. In most in vitro studies, the effective concentrations of nimodipine
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were considerably higher than required for its cerebro-vascular effects; for this reason,
nimodipine at therapeutic doses seems not to affect the release of neurotransmitters from
neurons in healthy brain tissue [5].

On the cellular level, both microglia and astrocytes were influenced by nimodipine [16–18].
The neuroprotective effect of nimodipine in inflammation-mediated neurodegenerative dis-
ease was attributed to the inhibition of microglial activation, since nimodipine significantly
inhibited the production of nitric oxide (NO) and further cytokines from lipopolysaccharide
(LPS)-stimulated cells [16]. Activated microglia migrate to the lesion site and proliferate [19].
Changes in the number of microglia are associated with neuronal damage. However, both
increases in the pro-reparative and decreases in the pro-inflammatory population might
induce neuroprotective effects [19]. Furthermore, nimodipine attenuated neurotoxicity
induced by interferon (IFN) � in human astrocytes [17].

Nifedipine, a further calcium antagonist, also displayed neuroprotection but at a lower
potency and in much higher concentrations (100 µM) than nimodipine [20]. Nimodipine
was neuroprotective, whereas nifedipine exerted no effects in clinical applications and in
in vitro models [5,21].

In this study, organotypic hippocampal slice cultures (OHSC), a well-studied model
with physiological neuronal cell morphology, and their in vivo-like organization were used
to further characterize direct cellular effects of nimodipine [22].

Since nimodipine was neuroprotective against excitotoxical damage in cell culture [11,12],
an influence of nimodipine and nifedipine on a neuronal damage model of excitotoxically
lesioned OHSC was examined. Furthermore, the effect of calcium antagonists on microglia
viability was assessed.

2. Results
2.1. Nimodipine Is Protective When Administered Simultaneously with NMDA

The number of Propidium Iodide (PI)-positive neurons was assessed, and all data
were normalized to the N-Methyl-D-Aspartat (NMDA, 10 µM) group. Control slices (CTL)
exhibited a good neuronal preservation. Only few PI-positive nuclei were found in the
granule cell layer (GCL) of the dentate gyrus (DG) (8.43%/GCL, Figure 1b). Nimodipine
(0.1 µM: 10.35%/GCL; 10 µM: 7.96%/GCL; 20 µM: 9.21%/GCL, Figure 1a) alone had no
significant effect on the number of PI-positive cells in the GCL.

Lesion of OHSC with 10 µM NMDA resulted in a massive accumulation of PI-positive
nuclei in the DG (100%/GCL, Figure 1a,b). Treatment of lesioned OHSC with nimodipine
0.1 µM (102.4%/GCL) parallel to NMDA had no effect on cell degeneration, whereas a
higher concentration (1 µM: 52.88%/GCL; 20 µM: 38.83%/GCL) led to a significant reduc-
tion in the number of PI-positive cells. Parallel incubation with nifedipine did not influence
(0.1 µM: 83.28%/GCL; 1 µM: 119.7%/GCL; 20 µM: 98%/GCL) the neuronal damage.

Application of NMDA (100%/GCL) led to an increase in the number of IB4-positive
microglia in comparison to CTL (37.27%/GCL). Combined treatment of nimodipine (0.1 µM:
87.12%/GCL; 1 µM: 82.08%/GCL; 20 µM: 76.67%/GCL) or nifedipine (0.1 µM: 123.9%/GCL;
1 µM: 85.22%/GCL; 20 µM: 74.70%/GCL) with NMDA resulted in no significant changes
in the number of IB4-positive cells (Figure 2).

2.2. Nimodipine Showed No Neuroprotective Effects When Applied after Neuronal Damage
Application of nimodipine (0.1µM: 114.3%/GCL; 1µM: 71.80%/GCL; 20µM: 125.8%/GCL)

or nifedipine (0.1 µM: 185.5%/GCL; 1 µM: 68.92%/GCL; 20 µM: 129.2%/GCL) 4 h after
beginning of the lesion with NMDA did not lead to a reduction in the number of PI-
positive cells (Figure 1c). No significant changes in the number of IB4-positive cells was
observed when nimodipine (0.1 µM: 111.9/GCL; 1 µM: 82.29%/GCL; 20 µM: 107.5%/GCL)
or nifedipine (0.1 µM: 78.76%/GCL; 1 µM: 114.1%/GCL; 20 µM: 102%/GCL) were applied
4 h after beginning of the lesion with NMDA (Figure 2).
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plication. Amount of PI-positive damaged neurons after NMDA (10 μM) damage followed by 
treatment with nimodipine (0.1, 1, 20 μM) or nifedipine (0.1, 1, 20 μM). (a) In CTL slices, few 
PI-positive cells (red) were found, whereas after NMDA treatment, a massive increase in the 
number of dead cells in GCL of DG was observed. Representative pictures for nimodipine (20 μM) 
and nifedipine (20 μM)-treated slices after/during neuronal damage (b) In the control group, few 
positive neurons were detected (nCTL = 30). Incubation with NMDA (nNMDA = 20) over 4 h induced a 

Figure 1. Effect of nimodipine and nifedipine after NMDA damage at different time points of
application. Amount of PI-positive damaged neurons after NMDA (10 µM) damage followed by
treatment with nimodipine (0.1, 1, 20 µM) or nifedipine (0.1, 1, 20 µM). (a) In CTL slices, few PI-
positive cells (red) were found, whereas after NMDA treatment, a massive increase in the number
of dead cells in GCL of DG was observed. Representative pictures for nimodipine (20 µM) and
nifedipine (20 µM)-treated slices after/during neuronal damage (b) In the control group, few positive
neurons were detected (nCTL = 30). Incubation with NMDA (nNMDA = 20) over 4 h induced a
massive increase in the number of damaged cells in the region of interest. Nimodipine, when applied
alone to OHSC had no significant effect on the number of PI-positive damaged cells (n0.1µM = 6;
n10µM = 3; n20µM = 9). Nimodipine (n0.1µM = 5; n1µM = 15; n20µM = 19) but not nifedipine (n0.1µM = 11;
n1µM = 10; n20µM = 7) was protective after NMDA (10 µM) lesion, when applied directly with NMDA.
(c) Nimodipine (n0.1µM-4 h = 4; n1µM-4 h = 8 n20µM-4 h = 16) and nifedipine (n0.1µM-4 h = 3, n1µM-4 h = 4;
n20µM-4 h = 11) applied after 4 h showed no protective effects after NMDA damage in OHSC. All
values were normalized to NMDA. Data are presented as mean with SEM. * depict statistically
significant results with p < 0.05. Scale bar = 50 µM.
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Figure 2. Effects of nimodipine or nifedipine after NMDA damage at different time points of ap-
plication. Amount of IB4-positive microglia cells after NMDA (10 μM) lesion followed by treatment 
with nimodipine (0.1, 1, 20 μM) or nifedipine (0.1, 1, 20 μM). (a) In CTL slices, few IB4-positive cells 

Figure 2. Effects of nimodipine or nifedipine after NMDA damage at different time points of
application. Amount of IB4-positive microglia cells after NMDA (10 µM) lesion followed by treatment
with nimodipine (0.1, 1, 20 µM) or nifedipine (0.1, 1, 20 µM). (a) In CTL slices, few IB4-positive cells
(green) were found, whereas NMDA treatment led to a massive increase in the number of IB4-positive
cells in GCL of DG. Representative pictures for nimodipine (20 µM) and nifedepine (20 µM)-treated
slices after/during neuronal damage (b) In the control group, few IB4-positive cells were detected
(nCTL = 21). Incubation with NMDA (nNMDA = 35) over 4 h induced a massive increase in the
number of IB4-positive cells in the DG. Nimodipine (n0.1µM = 5; n1µM = 3; n20µM = 10) and nifedipine
(n0.1µM = 5 n1µM = 6; n20µM = 7) did not significantly affect the number of microglia after NMDA
(10 µM) lesion, when applied directly with NMDA. (c) Nimodipine (n0.1µM-4 h = 4; n1µM-4 h = 4;
n20µM-4 h = 10) and nifedipine (n0.1µM-4 h = 9, n1µM-4 h = 4; n20µM-4 h = 14), when applied 4 h after the
induction of injury, showed no significant effects on the number of IB4-positive cells. All values were
normalized to those of the NMDA group. Data are presented as mean with SEM. Scale bar = 50 µM.
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2.3. Four Hour Preincubation with Nimodipine Is Protective, Whereas 24 h Preapplication of
Nimodipine or Nifedipine Had No Effect on Neuronal Damage

Application of nimodipine 4 h before NMDA damage until fixation was protective
(0.1 µM: 56.6%/GCL; 1 µM: 58.1%/GCL; 20 µM: 64.38/GCL) in contrast to nifedipine
(0.1 µM: 112.2%/GCL; 1 µM: 83.26%/GCL; 20 µM: 88.06%/GCL, Figure 3).
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2.4. Application of Nimodipine Had No Effect on Microglia Cell Death 
Nimodipine (0.1 μM:0.21; 1 μM: 0.07; 20 μM: 0.15) or nifedipine (0.1 μM:0.32; 1 μM: 
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Figure 3. Effect of nimodipine and nifedipine in NMDA-damaged OHSC at different time points
of application. Only few cells were positive in the control group ((a) nCTL = 18; (b) nCTL = 17).
Application of NMDA ((a) nNMDA = 28; (b) nNMDA = 27) for 4 h led to accumulation of PI-positive
nuclei in the dentate gyrus. (a) Preincubation (4 h) with nimodipine (n0.1µM = 8; n1µM = 11; n20µM = 9)
led to significant reduction in the number of damaged neurons in comparison to nifedipine treatment
(n0.1µM = 9; n1µM = 9; n20µM = 10) that showed no reduction (b) Nimodipine (n0.1µM = 19; n1µM = 16;
n20µM = 13) or nifedipine (n0.1µM = 18; n1µM = 12; n20µM = 5), when pre-applied for 24 h before
NMDA-damaged OHSC had no significant effect on the number of PI-positive damaged cells. All
values were normalized to NMDA. Data are presented as mean with SEM. * depict statistically
significant results with p < 0.05.

Preincubation for 24 h with nimodipine (0.1 µM: 97.82%/GCL; 1 µM: 83.01%/GCL;
20µM: 89/GCL) or nifedipine (0.1µM: 88.53%/GCL; 1µM: 94.63%/GCL; 20µM: 66.34%/GCL,
Figure 3) for 24 h followed by co-application with NMDA and incubation after the lesion
until fixation did not lead to reduction in the number of PI-positive cells.

2.4. Application of Nimodipine Had No Effect on Microglia Cell Death
Nimodipine (0.1 µM:0.21; 1 µM: 0.07; 20 µM: 0.15) or nifedipine (0.1 µM:0.32; 1 µM:

0.04; 20 µM: 0.0) displayed no statistically resolvable effect on microglial cell death in
primary cell culture, whereas clodronate (CLO: 0.79) depleted microglia significantly in
comparison to CTL (0.04) (Figure 4).
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death in primary microglia (5000). Clodronate (nCLO = 59) increased the number of damaged mi-
croglia in comparison to CTL (nCTL = 25) with typical changes in morphology, whereas nimodipine 
or nifedipine had no effect on cell death. Data from three independent experiments are presented 
as mean with SEM. * depict statistically significant results with p < 0.05. 
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citotoxicity. Excitotoxicity is a complex process triggered by glutamate receptor activa-
tion that results in Ca2+ overload, which activates various intracellular mechanisms, en-
zymes and free radicals, leading to degeneration of dendrites and cell death [28]. It has 
recently become clear that there exists a number of subtypes of apoptosis and an overlap 
between apoptosis, necrosis and autophagy. Cells can die via different mechanisms with 
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Figure 4. Effects of nimodipine or nifedipine on microglia cell death. The application of nimodipine
(n0.1µM = 21; n1µM = 15; n20µM = 17) or nifedipine (n0.1µM = 13; n1µM = 6; n20µM = 7) had no effect on
cell death in primary microglia (5000). Clodronate (nCLO = 59) increased the number of damaged
microglia in comparison to CTL (nCTL = 25) with typical changes in morphology, whereas nimodipine
or nifedipine had no effect on cell death. Data from three independent experiments are presented as
mean with SEM.

3. Discussion
Nimodipine, a 1,4-dihydropyridine Ca2+ channel antagonist, has been used as a

neuroprotective agent in subarachnoidal haemorrhage (SAH) against vasospasm [23,24].
Improved clinical outcome of patients seems to be associated with additional Ca2+ channel
independent mechanisms such as inhibition of vasospasm, increase in fibrinolytic activity,
neuroprotection, reduction of spreading, depolarization and inhibition of microthromboem-
bolism [6,25]. Furthermore, in various in vivo and in vitro models of cerebral ischemia,
nimodipine was found to be protective [4,6].

3.1. Nimodipine but Not Nifedipine Is Protective in OHSC
Whereas the primary injury cannot be reversed, the secondary injury, as a result of

destructive and self-propagating biological changes in cells and tissues leads to further
dysfunction and cell death after hours to weeks [26]. The therapeutic actions focus on
deceleration and containment of cellular and molecular mechanisms during the secondary
injury [27]. However, effective drugs are missing.

In this study, organotypic hippocampal slice cultures (OHSC), a well-studied model
with unaltered morphology of neuronal cells and their in vivo-like organization, was used.

In order to simulate neuronal damage, NMDA was applied to OHSC to induce exci-
totoxicity. Excitotoxicity is a complex process triggered by glutamate receptor activation
that results in Ca2+ overload, which activates various intracellular mechanisms, enzymes
and free radicals, leading to degeneration of dendrites and cell death [28]. It has recently
become clear that there exists a number of subtypes of apoptosis and an overlap between
apoptosis, necrosis and autophagy. Cells can die via different mechanisms with partially
high mechanistic overlap and with some forms of induced cell death cascades being re-
versible, even in late stages [29]. Excitotoxic neuronal death as observed in OHSC is
characterized by a continuum of necrotic, apoptotic, and autophagic events [30], which
can be visualized by PI labelling [31]. The degradation of neurons is associated with an in-
flammatory response from glia cells and peripheral immune cells [27]. From a mechanistic
point of view, calcium antagonists might be promising agents counteracting excitotoxicity.
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In our study, nimodipine but not nifedipine reduced the secondary damage in OHSC if
co-applied with NMDA. Findings on nimodipine (2–5 µM) are in accordance with previous
studies showing protective effects in hippocampal neurons against glutamate excitotox-
icity [12,32,33]. While NMDA receptor activation is a primary contributor to excitotoxic
injury, the relative contribution of voltage-dependent calcium channels to excitotoxicity
may differ depending on particular type of neuron. An antagonist that selectively blocks
one of the different glutamate receptors or Ca2+ channels may therefore exhibit differential
effectiveness in protecting different populations of neurons [28]. Consistent with this idea,
nimodipine at various concentrations was shown to protect against injury generated by
exogenous application of NMDA or glutamate to cultured hippocampal neurons [11]. In
the OHSC model, simultaneous application of nimodipine with damaging NMDA was
protective in concentrations of 1 and 20 µM. Nifedipine showed no protective effect. It
seems plausible that further unknown mechanisms next to calcium antagonisation exist for
nimodipine-mediated neuroprotection that are absent for nifedipine.

Several studies reported on reductions of L-type calcium currents by nimodipine in
hippocampal CA1 neurons [2,13,14,34]. Furthermore, and in agreement with this study,
investigations in in vitro and animal models indicated neuroprotection against glutamate
or amyloid �-induced toxicity [7] and in focal ischemia (MCA occlusion) [5]. In mes-
encephalic neuron–glia cultures and in NGF-differentiated PC-12 cells, nimodipine had
neuroprotective effects [16,20]. In line with our findings, Nuglisch and colleagues reported
on the neuroprotective effect of nimodipine independent of cerebral vasodilation and
suggested direct actions on neurons or glial cells [35]. Nimodipine (10 µM) was found to
completely block synaptic activity, significantly reduce the toxicity induced by 0.1 mM
magnesium, and protect hippocampal cultures from excitotoxicity [12]. Notably, higher
nimodipine concentrations might express nonselective effects or inhibit further channels or
targets [12]. In rat cortical synaptosomes, nimodipine at 0.5 to 25 µM inhibited the release
of endogenous glutamate that was correlated with the inhibition of Ca2+ uptake [5].

In substantia nigra but not in the tegmental area, both nimodipine and nifedipine
improved survival of dopaminergic neurons after 4 weeks of application [36]. Furthermore,
nimodipine but not nifedipine ameliorated survival of Neuro2a cells [37], and nimodipine
rescued Neuro2a cells from ethanol-, heat- and mechanically induced cell death in a dose-
dependent manner [38]. In the majority of models, nimodipine but not nifedipine showed
positive effects on neuronal survival.

Still, there is some controversy about nifedipine-mediated neuroprotection. Some
authors observed for nifedipine protective effects after acute axotomy [36], in dopaminergic
neurons [39] and in pancreatic �-cells [40,41]. In addition, nifedipine but not nimodipine
was found to exhibit antioxidant properties [42,43]. In our model, nifedipine (0.1 µM)
increased the number of damaged neurons if applied 4 h after neuronal damage, and there is
no clear explanation for this effect. It was shown before that nifedipine in smaller doses was
toxic in patients [44]. It was also shown that nifedipine alters lipid concentration, and that
lipids are mediators of neurotoxic effects of astrocytes, which may be the mechanism behind
nifedipine toxicity in this model. However, the mechanism behind nifedipine-mediated
toxicity 4 h after NMDA damage is unclear [45,46]. Despite protective properties of
nifedipine due to the blockade of calcium channels, nimodipine seems to involve additional
and other mechanisms [5,6]. The data hint to a possible variable expression of targets
between cell and tissue types; as well, the region of the central nervous system seems to
be crucial.

3.2. The Absence of Functional Blood Vessels in OHSC and the Neuroprotective Effect of
Nimodipine but Not Nifedipine Strengthens the Presence of Other Intrinsic Targets

Nimodipine blocks the flux of extracellular calcium through L-type voltage-gated
calcium channels. Voltage-dependent calcium channels (VDCCs) are widely distributed
throughout the body and regulate the excitability and secretion in a diverse range of cell
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types. L-type calcium channels (LTCC) are expressed in the smooth muscles of vascular
system on neurons and astrocytes [47,48].

In vivo applied nimodipine (0.1 µM) did not increase the recovery of dentate granule
cells after 10 min of anoxia and did not reduce the decrease in ATP in dentate gyrus
and CA1 [10]. Mechanisms behind neuroprotection for both calcium antagonists are not
sufficiently clarified. Intravenous administration of nimodipine increased the firing rates
of rabbit CA1 neurons, whereas nifedipine had no effect [21]. Conversely, nifedipine
(1 µM) also reduced calcium spike potentials in young guinea pig CA1 [49] and rat CA3
neurons [50].

3.3. The Application Time of Nimodipine Is Crucial
Nimodipine was protective in OHSC when applied 4 h before damage or simultane-

ously to NMDA treatment, whereas 24 h preapplication of nimodipine or treatment 4 h
after damage had no effect on neuronal damage. Preischemic application (1 h prior to
ischemia) of nimodipine (0.1 or 0.3 mg/kg) was earlier reported to reduce the neuronal
damage in the hippocampal CA1 subfield without affecting the postischemic local cerebral
blood flow [35]. In that study, neuronal necrosis in the pyramidal cells of the hippocampus
(CA3 and CA4 subfields) was only marginal and stayed unaffected from treatment with
nimodipine [35]. In line with our findings, nimodipine-administered postischemic failed
to preserve neurons from damage in a four-vessel occlusion model of global ischemia in
rats [35]. These results show that nimodipine is able to protect neurons against ischemic
damage if preincubated for a short time (1 h). Pretreatment with nimodipine before in-
tracranial transection of the facial nerve led to an increased neuronal survival in the facial
nucleus [51]. In addition, in mesencephalic neuron–glia cultures, pretreatment (30 min)
with nimodipine (10 and 30 µM) reduced the degeneration of dopaminergic neurons after
LPS (5 ng/mL) treatment [16]. Furthermore, nimodipine conferred neuroprotection in
PC-12 cells only in a narrow therapeutic time window within the first 5 h [20]. In addition
and in a model of intracranial facial nerve transection, nimodipine when administrated
for 3 days preoperatively and 1 month postoperatively increased the number of surviving
neurons [51]. Our results in OHSC support a concept of nimodipine-mediated protection in
a temporally close vicinity to the injury. In our model, a 4 h pre-incubation or co-application
with NMDA was followed by incubation with nimodipine until the fixation significantly
reduced neuronal damage, but a pre-incubation 24 h before damage or application 4 h after
starting the injury remained without any positive effects. Nimodipine might be qualified
by these findings as a protective agent for elective neurosurgical procedures and should be
considered in the planning of such interventions.

3.4. Effect of Nimodipine on Glia Cells
Among glia cells, microglia initiate the inflammatory response following various

brain injuries, and once activated, migrate to the lesion site, proliferate and are the source
of immunomodulatory molecules. Microglia-mediated attenuation in inflammation and
oxidative stress is believed to protect neurons [19]. Nimodipine seem to act via multiple
cellular targets. In the absence of microglia, nimodipine-mediated neuroprotection was
abolished in dopaminergic neurons after damage [16] indicating direct effects on microglia.
Nimodipine was also shown to block microglia phagocytosis but without interfering with
inflammation or neuronal cell death mechanisms and was sufficient to enhance neuronal
survival during inflammation [52]. However, nimodipine (5, 10, and 25 µM), when added
in vitro to macrophages collected from splanchnic artery occlusion shock rats, significantly
enhanced their phagocytic activity [53]. Nonetheless, microglia and macrophages differ in
their inflammatory profile during injury as shown before [54].

The expression of LTCC, a target of nimodipine, was shown to be induced in activated
microglia [55]. However, the effects on calcium household seem not to be responsible
for nimodipine-mediated neuroprotection. Therefore, the possible role of microglia was
investigated. Here, the effects of nimodipine and nifedipine on microglia viability and
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the number of IB4-positive cells after NMDA damage in OHSC were analysed. Both
substances did not affect cell death of primary microglia or the number of microglia in
OHSC in comparison to NMDA. In previous studies, the activation of microglia was
inhibited after incubation with nimodipine, due to reduction in the production of nitric
oxide (NO), tumour necrosis factor ↵ (TNF ↵), interleukin-1ß and prostaglandin E2 from
LPS-stimulated microglia [16]. Nimodipine was found to inhibit cell death triggered by
amyloid ß in primary microglia and interleukin-1ß release from microglia (challenged
with ATP 1 mM, LPS 1 µg/mL) [56]. Microglia cells were shown to express NMDA-
receptors, but it is still a matter of debate if those are functional [19,57,58]. Microglia were
shown to express NMDA receptors in the murine and human central nervous system,
and these receptors triggered microglia activation in vitro and secretion of neurotoxic
factors [58]. Conversely, pretreatment with NMDA antagonists did not affect production
of NO or intracellular Ca2+ elevation induced by TNF, the mRNA expression of pro- or
anti-inflammatory markers, or phagocytic activity of rodent microglial cells [57]. Further
reports confirmed that microglial cells do not express functional NMDA in the rodent
brain [19,59,60]. Taken together, it seems unlikely that stimulation with NMDA of primary
microglia would change the effect on cellular death, since in OHSC after NMDA treatment,
a massive increase in microglia numbers was observed [61,62].

In addition, nifedipine-mediated protection was associated with a reduction in proin-
flammatory cytokines from microglia in substantia nigra [36,63]. However, microglia
pass through spatial, temporal, and functional diversity during homeostasis but also in
diseases [64]. Possibly, microglial cells from various brain regions respond differently
to nimodipine or nifedipine treatment. It is also plausible that nimodipine interact with
microglia and change their function. In addition, direct interactions with neurons cannot
be ruled out; however, blocking of calcium entry into neurons was observed by both
nimodipine and nifedipine.

In human astrocytes, nimodipine significantly suppressed toxic secretions after treat-
ment with interferon (IFN)-�. Earlier results indicate that nimodipine-mediated protection
involves microglia or/and astrocytes, since nimodipine improved neuroinflammation-
induced memory deficits after systemic infusion of LPS [65]. Nimodipine, if applied
before intracranial transection of the facial nerve, led to an increased amount of mi-
croglia, macrophages and activated astrocytes in the facial nucleus [51]. In agreement
with this data, continuous nimodipine treatment led to higher glial fibrillary acid protein-
immunoreactivity in astrocytes after resection of the facial and hypoglossal nerves [66].
Both studies indicate long-term effects of nimodipine on astrocytes and microglia.

The modulation of neuroinflammatory responses due to LTCC in activated microglia
and astrocytes needs further examination, and it is still not fully clear how nimodipine
effects are mediated. However, this study showed that nimodipine seems to be a powerful
agent which reduces excitotoxic damage and restricts spreading of secondary damage.

Few studies analysed the mechanisms of nimodipine actions in the CNS. After spinal
cord injury, nimodipine-treated rats showed improvements in gliosis, CGRP+ fibre sprout-
ing, and an increased KCC2 expression in lumbar motor neurons [67]. Furthermore, ni-
modipine downregulated lncRNA nuclear paraspeckle assembly transcript 1, upregulated
miR-27a, downregulated microtubule associated protein tau, inhibited brain tissue cell
apoptosis and enhanced brain cell activity, resulting in improved outcomes and cognitive
performance [68]. The effects of nifedipine were not assessed in the mentioned studies.
Nimodipine-mediated neuroprotection seems therefore to be a result of actions on glia cells
and neurons.

4. Materials and Methods
All experiments involving animal material were performed in accordance with Direc-

tive 2010/63/EU of the European Parliament and the Council of the European Union (22
September 2010).
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4.1. Primary Cell Cultures and Cell Lines
Primary microglia were detached from microglia–astrocyte co-cultures prepared from

cerebral cortices of neonatal wild-type mice as described before (Grabiec et al., 2019). Brains
were removed, and cells were dissociated after treatment with 4mg/mL trypsin (Merck
Millipore, Burlington, MA, USA) and 0.5 mg/mL DNAse (Worthington, Bedford, MA,
USA) in Hank’s balanced salts solution (Invitrogen, Carlsbad, CA, USA). This procedure
resulted in the growth of a confluent astrocyte monolayer with attached microglia cells on
top. Microglia cells were isolated from the monolayer by gentle shaking, and a purity of
approximately 99% was reached.

Murine primary cells were cultured in medium consisting of DMEM (Invitrogen) with
10% FBS (Invitrogen) and 1 mL streptomycin/penicillin.

The microglial cells (5.000) were seeded into 24-well plates and treated with nimodip-
ine (Bayer, Leverkusen, Germany, 0.1 µM, solved in ethanol), nifedipine (Bayer, 0.1 µM,
solved in ethanol) or clodronate (10 µg/mL solved in water, Bayer for 24 h). For cell death
analyses, propidium iodide (PI, 5 µg/mL, Sigma Aldrich, St. Louis, MO USA) was added
2 h before the fixation with 4% paraformaldehyde (PFA).

Cells were incubated with nucleic acid stain Sytox Green (Invitrogen, 1:10.000) and
covered with DAKO fluorescent mounting medium (DAKO Diagnostika GmbH, Hamburg,
Germany).

4.2. Organotypic Hippocampal Slice Cultures (OHSC)
OHSC were obtained from 5-day-old BL6J wild-type mice and prepared as published

before [61,69–71]. After decapitation and dissection of the brains, the cerebellum and
frontal pol were removed. Up to six 350 µM thin slices were obtained after cutting on
vibratome VT 1200S (Leica, Wetzlar, Germany). The OHSC were incubated on inserts
(Sarstedt, Nümbrecht, Germany) in culture medium (pH = 7.3) consisting of 47% MEM
(Invitrogen, Carlsbad, CA, USA), 25% Hank’s balanced salt solution (HBSS), 25% normal
horse serum (Invitrogen), 1% glutamine, 0,45% glucose (Braun, Melsungen, Germany),
1% penicillin/streptomycin (Invitrogen), and 0.8 µg/mL ascorbic acid (Invitrogen). The
culture dishes were incubated at 35 �C in fully humidified atmosphere with 5% CO2.
OHSC were divided into different experimental groups and treated with nimodipine
or nifedipine in concentrations 0.1, 1 and 20 µM and NMDA (10 µM) (Figure 5). For
detection of degenerating neuronal nuclei, 5 µg/mL PI was added 2 h prior to fixation.
Afterwards, 4% PFA was applied for at least 24 h. For isolectin B4 (IB4, Vector laboratories,
Burlingame, CA, USA) staining, OHSC were placed into a 24-well plate and washed with
phosphate buffered saline (PBS) containing 0.03% (v/v) Triton X-100 (PBS-T) for 10 min.
OHSC were then incubated with normal goat serum (diluted 1:20 in PBS-T) for 30 min
and stained with FITC-conjugated IB4 diluted 1:50 in PBS-T containing 0.05% (v/v) bovine
serum albumin (Sigma Aldrich) for 16 h. Thereafter, OHSC were washed with PBS/Triton
for 10 min and then for 5 min with Aqua dest, and finally coverslipped with DAKO
fluorescent mounting medium (DAKO Diagnostika GmbH, Hamburg, Germany). OHSC
were analysed with Zeiss (LSM 700, Zeiss, Göttingen, Germany) and Leica (Leica DMi8,
Leica, Wetzlar, Germany) confocal laser scanning microscopes. For detection of PI labelled
degenerating neurons, monochromatic light at 543 nm and an emission bandpass filter of
585–615 nm was used. For visualization of IB4-labelled microglia, monochromatic light
at 488 nm with a dichroic beam splitter (FT 488/543) and an emission band pass filter of
505–530 nm were used. PI and IB4-positive cells were counted in the granule cell layer
(GCL) of the dentate gyrus (cells/GCL) using a MatLab script.
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