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Abstract 
In the central nervous system, excitatory and inhibitory signal transduction processes are 

mediated by presynaptic release of neurotransmitters, which bind to postsynaptic receptors. 

Glycine receptors (GlyRs) and GABAA receptors (GABAARs) are ligand-gated ion channels 

that enable synaptic inhibition. One part of the present thesis elucidated the role of the 

GlyRα1 β8-β9 loop in receptor expression, localization, and function by means of amino 

acid substitutions at residue Q177. This residue is underlying a startle disease phenotype in 

the spontaneous mouse model shaky and affected homozygous animals are dying 4-6 weeks 

after birth. The residue is located in the β8-β9 loop and thus part of the signal transduction 

unit essential for proper ion channel function. Moreover, residue Q177 is involved in a 

hydrogen network important for ligand binding. We observed no difference in ion channel 

trafficking to the cellular membrane for GlyRα1Q177 variants. However, electrophysiological 

measurements demonstrated reduced glycine, taurine, and β-alanine potency in comparison 

to the wildtype protein. Modeling revealed that some GlyRα1Q177 variants disrupt the 

hydrogen network around residue Q177. The largest alterations were observed for the 

Q177R variant, which displayed similar effects as the Q177K mutation present in shaky mice. 

Exchange with structurally related amino acids to the original glutamine preserved the 

hydrogen bond network. Our results underlined the importance of the GlyR β8-β9 loop for 

proper ion channel gating. 

GlyRs as well as GABAARs can be modulated by numerous allosteric substances. Recently, 

we focused on monoterpenes from plant extracts and showed positive allosteric modulation 

of GABAARs. Here, we focused on the effect of 11 sesquiterpenes and sesquiterpenoids 

(SQTs) on GABAARs. SQTs are compounds naturally occurring in plants. We tested SQTs 

of the volatile fractions of hop and chamomile, including their secondary metabolites 

generated during digestion. Using the patch-clamp technique on transfected cells and 

neurons, we were able to observe significant GABAAR modulation by some of the 

compounds analyzed. Furthermore, a possible binding mechanism of SQTs to the 

neurosteroid binding site of the GABAAR was revealed by modeling and docking studies. 

We successfully demonstrated GABAAR modulation by SQTs and their secondary 

metabolites. 
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The second part of the thesis investigated three-dimensional (3D) in vitro cell culture models 

which are becoming more and more important in different part of natural sciences. The 

third dimension allows developing of complex models closer to the natural environment of 

cells, but also requires materials with mechanical and biological properties comparable to 

the native tissue of the encapsulated cells. This is especially challenging for 3D in vitro cultures 

of primary neurons and astrocytes as the brain is one of the softest tissues found in the body. 

Ultra-soft matrices that mimic the neuronal in vivo environment are difficult to handle. We 

have overcome these challenges using fiber scaffolds created by melt electrowriting to 

reinforce ultra-soft matrigel. Hence, the scaffolds enabled proper handling of the whole 

composites and thus structural and functional characterizations requiring movement of the 

composites to different experimental setups. Using these scaffold-matrigel composites, we 

successfully established methods necessary for the characterization of neuronal network 

formation. Before starting with neurons, a mouse fibroblast cell line was seeded in scaffold-

matrigel composites and transfected with the GlyR. 3D cultured cells displayed high viability, 

could be immunocytochemically stained, and electrophysiologically analyzed.  

In a follow-up study, primary mouse cortical neurons in fiber-reinforced matrigel were 

grown for up to 21 days in vitro. Neurons displayed high viability, and quantification of 

neurite lengths and synapse density revealed a fully formed neuronal network already after 

7 days in 3D culture. Calcium imaging and patch clamp experiments demonstrated 

spontaneous network activity, functional voltage-gated sodium channels as well as action 

potential firing. By combining ultra-soft hydrogels with fiber scaffolds, we successfully 

created a cell culture model suitable for future work in the context of cell-cell interactions 

between primary cells of the brain and tumor cells, which will help to elucidate the molecular 

pathology of aggressive brain tumors and possibly other disease mechanisms. 
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Zusammenfassung 
Im zentralen Nervensystem wird die exzitatorische und inhibitorische Signaltransduktion 

durch die präsynaptische Ausschüttung von Neurotransmittern, die an postsynaptische 

Rezeptoren binden, gesteuert. Glycinrezeptoren (GlyRs) und GABAA-Rezeptoren 

(GABAARs) sind ligandengesteuerte Ionenkanäle, die die synaptische Inhibition 

ermöglichen. Ein Teil der vorliegenden Arbeit beschäftigt sich mit dem Einfluss des GlyRα1 

β8-β9-Loops auf Expression, Lokalisation und Funktion des Rezeptors. Dazu wurde ein 

Aminosäureaustausch an Position Q177 durchgeführt, welche dem Startle-Krankheit-

Phänotyp des spontanen Mausmodells shaky zugrunde liegt. Betroffene homozygote Tiere 

versterben 4-6 Wochen nach Geburt. Die Position befindet sich im β8-β9-Loop und ist damit 

Teil einer Signaltransduktionseinheit, die essenziell für die korrekte Rezeptorfunktion ist. 

Zudem ist Position Q177 teil eines Wasserstoffbrückennetzwerks, welches für die 

Ligandenbindung erforderlich ist. Wir konnten keinen Einfluss der GlyRα1Q177-Varianten 

auf den Transport des Rezeptors zur Zellmembran feststellen. Allerdings zeigten 

elektrophysiologische Messungen eine verringerte Wirksamkeit von Glycin, Taurin und 

β-Alanin verglichen mit dem Wildtyp-Protein. Mithilfe von Proteinmodellierung konnte 

gezeigt werden, dass manche der GlyRα1Q177-Varianten das Wasserstoffbrückennetzwerk 

im Umfeld von Position Q177 stören. Die größten Effekte wurden bei der Q177R-Variante 

beobachtet, die sich ähnlich zur Q177K-Mutation der shaky-Maus verhielt. Der Austausch 

zu einer Aminosäure, die strukturell ähnlich zum ursprünglichen Glutamin ist, störte das 

Wasserstoffbrückennetzwerk hingegen nicht. Unsere Ergebnisse zeigen, wie wichtig der 

GlyR β8-β9-Loop für die Aufrechterhaltung der Rezeptorfunktion ist. 

Sowohl GlyRs als auch GABAARs können durch verschiedenste allosterische Substanzen 

moduliert werden. Zuletzt zeigten wir positive allosterische Modulation von GABAARs 

durch Monoteperne aus Pflanzenextrakten. Hier haben wir uns auf den Effekt von 11 

Sesquiterpenen und Sesquiterpenoiden (SQTs) auf GABAARs fokussiert. SQTs sind 

natürlich in Pflanzen vorkommende Stoffe. Wir testeten SQTs aus dem flüchtigen Anteil 

von Hopfen und Kamille, sowie deren sekundäre Metaboliten, die während der Verdauung 

entstehen. Mithilfe der Patch-Clamp-Methode konnten wir in transfizierten Zellenlinien und 

neuronalen Primärzellen signifikante Modulation von GABAARs durch einige der SQTs 

beobachten. Außerdem wurde mithilfe von Docking-Simulationen eine mögliche Bindung 

von SQTs in der Neurosteroid-Bindungstasche gezeigt. Zusammengefasst haben wir 
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erfolgreich die Modulation von GABAARs durch SQTs und deren sekundäre Metaboliten 

demonstriert. 

 

Der zweite Teil der vorliegenden Arbeit beschäftigt sich mit dreidimensionalen (3D) in vitro 

Zellkulturmodellen, die zunehmend an Bedeutung gewinnen. Die dritte Dimension erlaubt 

die Entwicklungen von komplexen Modellen, die sich der natürlichen Umgebung von Zellen 

annähern. Dafür werden Materialien benötigt, deren mechanische und biologische 

Eigenschaften denen des ursprünglichen Gewebes der eingeschlossenen Zellen ähneln. Dies 

ist insbesondere eine Herausforderung bei 3D in vitro Kulturen von primären Neuronen und 

Astrozyten, da das Gehirn eines der weichsten Gewebe des Körpers ist. Ultraweiche 

Matrizen, welche die neuronale Umgebung nachahmen, sind schwer zu handhaben. Wir 

haben dieses Problem gelöst, indem wir ultraweiches Matrigel mit Fasergerüsten verstärkten, 

die mithilfe von Melt Electrowriting gedruckt wurden. Somit können diese Matrigel-Faser-

Komposite für strukturelle und funktionelle Experimente benutzt werden, die häufige 

Bewegung und Transport der Proben voraussetzen. Mit diesen Matrigel-Faser-Kompositen 

haben wir Methoden etabliert, die für die Charakterisierung von neuronalen Netzwerken 

erforderlich sind. Anstelle von Neuronen haben wir dafür eine Mausfibroblasten-Zelllinie 

benutzt und mit dem GlyR transfiziert. Zellen in den Matrigel-Faser-Komposite zeigten eine 

hohe Viabilität, konnten immunocytochemisch angefärbt werden, und mithilfe von 

elektrophysiologischen Methoden gemessen werden. 

Darauf aufbauend haben wir primäre kortikale Mausneurone in faserverstärktem Matrigel 

für bis zu 21 Tage wachsen lassen. Die Neurone zeigten eine hohe Viabilität und durch 

Quantifikation von Neuritenlänge und Synapsendichte konnte ein vollständig ausgeformtes 

Netzwerk nach 7 Tagen in 3D-Kultur demonstriert werden. Mithilfe von Calcium-Imaging 

und Patch-Clamp-Experimenten wurden spontane Netzwerkaktivität, funktionelle 

spannungsgesteuerte Natriumkanäle, sowie Aktionspotentiale nachgewiesen. Somit konnten 

wir durch Kombination von einem ultraweichen Hydrogel mit Fasergerüsten erfolgreich ein 

Zellkulturmodell entwickeln, das zukünftig für die Erforschung von Zell-Zell-Interaktionen 

zwischen primären Gehirnzellen und Tumorzellen benutzt werden kann. Damit kann die 

molekulare Pathologie von aggressiven Hirntumoren und möglicherweise anderen 

Krankheitsmechanismen weiter aufgeklärt werden. 
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Introduction 

The Mammalian Central Nervous System 
In the mammalian central nervous system (CNS), excitation and inhibition are enabled by 

presynaptic release of neurotransmitters which bind at postsynaptic receptors. 

Neurotransmitter receptors are classified into metabotropic and ionotropic receptors. While 

metabotropic receptors modulate cell activity via signal transduction mechanisms such as 

G proteins, ionotropic receptors form ion channels themselves and open upon 

neurotransmitter binding, allowing ions to pass through the cellular membrane. The 

resulting difference in charge either lead to a depolarization of the cell, possibly reaching the 

threshold for an action potential, or to hyperpolarization of the cell and thus an inhibition of 

neuronal firing. Due to those mechanisms, ionotropic receptors are also called ligand-gated 

ion channels (LGICs). The major neurotransmitters in the CNS are glutamate and 

acetylcholine at excitatory synapses, and γ-aminobutyric acid (GABA) and glycine at 

inhibitory synapses. 

LGICs are grouped into three superfamilies: ionotropic glutamate receptors (GluRs), Cys-

loop receptors (CLRs), and ATP-gated channels. The tetrameric GluRs are further divided 

into four subtypes: AMPA receptors, NMDA receptors, kainate receptors, and δ receptors. 

AMPA and NMDA receptors are the most common GluRs (Traynelis et al. 2010). AMPA 

receptors enable cellular depolarization through sodium ion influx. In addition, NMDA 

receptors modulate synaptic plasticity via calcium ion permeability. CLRs are subdivided 

into cationic 5-HT3 serotonin receptors, nicotinic acetylcholine receptors, and zinc-

activated ion channels, and into the anionic GABAA receptors (GABAARs) and glycine 

receptors (GlyRs) (Nys et al. 2013). All CLRs share a pentameric structure. The name-giving 

13-amino-acid loop is enclosed by a pair of disulfide-bonded cysteine residues in the 

extracellular domain (ECD) (Thompson et al. 2010). The first part of this thesis including 

two publications will focus on the inhibitory GlyRs and GABAARs.  

The Glycine Receptor 
GlyRs are predominantly expressed in the spinal cord and brain stem, where they enable 

fast synaptic inhibition and play an important role in feedback control of the motor circuit. 

Motoneurons are excited via glutamatergic input, resulting in release of acetylcholine at the 
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neuromuscular junction, which causes muscle contraction. Simultaneously, inhibitory 

interneurons are excited by cholinergic collateral axons of motoneurons or glutamatergic 

primary afferents of dorsal root ganglia. Upon excitation, the interneurons release glycine 

which binds to GlyRs located at the motoneuronal membrane, resulting in 

hyperpolarization, and therefore balancing excitation of the muscle contraction (Rajendra 

et al. 1997).  

Glycine is a full agonist of the GlyR. Taurine and β-alanine and taurine are partial agonists 

and hence bind with lower affinity (Lewis et al. 2003). The alkaloid strychnine is the main 

antagonist and is able to replace glycine in the binding pocket, thus blocking the ion channel 

(Young & Snyder 1974). Other modulators include alcohols and anesthetics (Mihic et al. 

1997), endocannabinoids (Yevenes & Zeilhofer 2011), Zn2+ (Laube et al. 2000), picrotoxin 

(Pribilla et al. 1992), ivermectin (Shan et al. 2001), and glucose (Breitinger et al. 2015). 

Defects in mammalian glycinergic neurotransmission are associated with hyperekplexia 

(startle disease; stiff baby syndrome; OMIM #149400) (Zhou et al. 2002), pain (Harvey et 

al. 2004), panic disorders (Deckert et al. 2017), and autism (Pilorge et al. 2016). Mutations in 

other proteins important for glycinergic synapse formation, e.g., glycine transporter 2, 

gephyrin, and collybistin are also associated with hyperekplexia (Harvey et al. 2008). 

Glycine Receptor Structure 

GlyRs are homo- or heteropentameric chloride channels composed of five subunits which 

assemble pseudo-symmetrically around an ion channel pore. Four α subunits α1-4 and one 

β subunit have been identified in mammals. All α subunits can form functional homomeric 

receptors without presence of the β subunit (Kuhse et al. 1991; Nikolic et al. 1998; Harvey 

et al. 2000). Heteromeric receptors, with α1β GlyRs being the most common one, are 

composed of two α and three β or three α and two β subunits (Langosch et al. 1988; 

Grudzinska et al. 2005; Durisic et al. 2012; Patrizio et al. 2017). Homo- and heteromeric 

GlyRs can be differentiated using picrotoxin, which acts as non-competitive antagonist in 

absence of the β subunit (Pribilla et al. 1992). Expression of the α1 subunit, the most common 

adult α subunit, starts immediately after birth and is highest in spinal cord and brain stem, 

while lower expression has been observed in the superior and inferior colliculi, thalamus, 

and hypothalamus (Sato et al. 1991). α2 is predominantly expressed at embryonic stages, 

however expression declines as α1 and β expression are increased after birth (Becker et al. 

1988; Malosio et al. 1991; Lynch 2009). Some expression persists in adult retina, cortex, 

cerebellum, and auditory brain stem (Piechotta et al. 2001; Nobles et al. 2012; Avila et al. 
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2013). The α3 subunit is expressed in several brain regions, e.g., the retina, where it is 

associated with neurons of the cone pathway, or in the spinal cord dorsal horn, where it is 

involved in inflammatory pain sensitization processes (Haverkamp et al. 2003; Haverkamp 

et al. 2004; Harvey et al. 2004; Harvey et al. 2009). GlyRα3 has also been identified in the 

cochlea, where it modulates auditory processing like signal-in-noise detection (Dlugaiczyk et 

al. 2008; Tziridis et al. 2017). The α4 subunit gene is a pseudo-gene in humans (Simon et al. 

2004). However, α4 is expressed in the mouse retina with unknown function, as well as in 

zebrafish spinal cord and hindbrain, where it seems to contribute to escape behavior (Heinze 

et al. 2007; Leacock et al. 2018). The β-subunit has been found distributed in the whole CNS 

and also in non-neuronal tissues (Malosio et al. 1991). 

Each GlyR subunit consists of a long N-terminal ECD, four transmembrane α-helices M1-4, 

a large intracellular domain between M3 and M4, and a short extracellular C-terminus. The 

ECD is formed by a short α-helix followed by 10 β-sheets connected by short loop structures. 

The ion channel pore is formed by the M2 helices of all five subunits. In recent years, the 

GlyR structure has been more and more elucidated by cryogenic electron microscopy 

(Figure 1) (Du et al. 2015; Huang et al. 2015; Huang et al. 2017a; Huang et al. 2017b; Kumar 

et al. 2020; Yu et al. 2021). Previously, only partial structures or homology models of related 

CLRs were available (Althoff et al. 2014; Moraga-Cid et al. 2015).  

 

 

Figure 1: Glycine receptor structure. A) Side view of a homopentameric GlyRα1. ECD: 
extracellular domain, TMD: transmembrane domain. B) Top view of the same GlyRα1 in the 
unbound/closed state. C) Top view of the glycine-bound state. Note the tilted TMD in the central 
ion channel pore. Each subunit in A, B, C is shown in a different color. Structures (6pxd, 6pm6) 
were obtained from the Protein structure comparison service PDBeFold at European 
Bioinformatics Institute (Krissinel & Henrick 2004). 
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The ligand-binding interface is formed by loops A, B, and C from the principal (+) site and 

loops D, E, and F (also called β8-β9 loop) from the complementary (-) site (Hibbs & Gouaux 

2011). Residues F159 (loop B), T204 and F207 (loop C), R65 (β2) and S129 (β6) directly 

participate in glycine binding (Du et al. 2015; Yu et al. 2021). Upon ligand binding, loop C 

undergoes a conformational change and transmits the activation signal to the rest of the 

channel, resulting in tilting of the M2 domains and thus opening of the ion channel pore 

(Althoff et al. 2014; Du et al. 2015). The large intracellular M3-4 loop has the highest 

diversity and plays an essential role in cell surface trafficking of the receptor (Sadtler et al. 

2003; Villmann et al. 2009a; Haeger et al. 2010). Truncations of the M3-4 loop also affect 

receptor desensitization and maximum responses to agonists, hinting at participation in 

channel opening (Langlhofer et al. 2015; Ivica et al. 2021). However, almost no information 

about M3-4 movement during ligand binding and channel opening are available. The GlyR 

β subunit M3-4 loop harbors a binding motif for the scaffold protein gephyrin, which anchors 

GlyRs and GABAARs to the postsynaptic membranes of neurons (Fritschy et al. 2008; 

Kasaragod & Schindelin 2019). 

The shaky Mouse Model and the Role of the β8-β9 Loop 

Shaky is a novel spontaneous mouse mutant that carries a missense mutation resulting in an 

amino acid substitution of glutamine to lysine at position 177 (Q177K, number refers to 

mature protein), located in the β8-β9 loop of the GlyRα1 ECD (Schaefer et al. 2017). 

Affected homozygous mice suffer from progressively worsening neuromotor deficits from 

postnatal day 14 on until death around 4-6 weeks after birth. 

At the neuronal level, a decreased synaptic localization and concomitantly an increased 

expression of GlyRα1Q177K was observed, most likely a failed attempt of compensation. 

Electrophysiological recordings revealed reduced current amplitudes, frequencies, and decay 

times. Furthermore, structural modeling exhibited a disrupted hydrogen bond network, that 

enables, in the non-mutated situation, glycine binding to the neighboring residue R65. These 

results suggest an important role of the β8-β9 loop in GlyR clustering at the membrane as 

well as ion channel gating (Schaefer et al. 2017). 

During the time of the first publication included in this dissertation, knowledge of the GlyR 

β8-β9 loop was limited. In vitro studies of this loop were so far only investigated in other 

CLRs. In the GABAAR γ subunit, changes to the β8-β9 loop affects diazepam potentiation 

(Padgett & Lummis 2008). In the 5-HT3 serotonin receptor, residues in the β8-β9 loop are 

critical for antagonist binding (Thompson et al. 2006). Interactions of full and partial agonist 
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with the β8-β9 have been shown in the nicotinic acetylcholine receptors (Hibbs et al. 2009). 

Furthermore, the involvement of the β8-β9 loop in a hydrogen network important for ligand-

binding was discovered (Padgett & Lummis 2008; Khatri & Weiss 2010; Nys et al. 2013). 

Newly published GlyR structures revealed that the β8-β9 loop is part of the signal 

transduction unit. Upon ligand binding, the β8-β9 loop together with preM1-M1, M2, Cys-

loop, β10, M2-3 loop, and β1-2 loop transfer the closed receptor into the open configuration 

and back (Hassaine et al. 2014; Du et al. 2015; Huang et al. 2015). Taken together, these 

results clearly demonstrate the important role of the β8-β9 loop in GlyR function. 

Experiments in the shaky mouse model could show how the Q177K mutation disturbs a 

hydrogen network and thus ligand binding (Schaefer et al. 2017). The aim of the publication 

“The GlyR Extracellular β8–β9 Loop – A Functional Determinant of Agonist 
Potency” was to analyze the effect of other amino acid substitutions at position Q177 of the 

GlyRα1 subunit on receptor expression, localization, and function to further elucidate the 

role of the β8-β9 loop within the ECD of GlyRs. We could demonstrate that GlyRα1Q177 

variants do not affect ion channel trafficking to the cellular membrane, but reduce glycine, 

taurine, and β-alanine potency in comparison to the wildtype protein. The largest alterations 

were observed for the GlyRα1Q177R variant, which disrupts the hydrogen network around 

residue Q177, similar to the Q177K mutation in shaky mice. This study underlined the 

importance of the GlyR β8-β9 loop for proper ion channel function. 

The GABAA Receptor 
GABAARs are the major inhibitory LGICs in the central nervous system and enable phasic 

synaptic as well as tonic perisynaptic and extrasynaptic inhibition. They are expressed in 

brain areas like cortex, hippocampus, and olfactory bulb, where they inhibit incoming action 

potentials through chloride ion influx, thus helping to balance excitatory and inhibitory 

neurotransmission (Sieghart 2006; Mortensen et al. 2012). Dysfunction of the GABAAR, 

manifesting most commonly as reduced activity, can cause serious neurological disorders like 

epilepsy, anxiety disorders, schizophrenia, and insomnia (Mohler 2006). This makes 

GABAARs a prime target for drug research, resulting in an extensive list of agonists that 

includes both natural compounds and synthesized drugs (Olsen 2018). 

GABA is the primary agonist. Prominent agonists with positive modulatory function include 

the benzodiazepine diazepam, barbiturates, and propofol (Olsen 2018). Diazepam is used 

for broad treatment of, e.g., epilepsy and anxiety. Barbiturates are used for sedation and 

treatment of insomnia, seizures, and headaches. Propofol is mainly used for general 
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anesthesia. Due to the widespread distribution of GABAARs in the brain, most drugs 

targeting them can cause strong side effects (Janhsen et al. 2015; Choi et al. 2014). Like for 

the GlyR, GABAARs are also positively modulated by ethanol (Forstera et al. 2016). The 

GABA analog gaboxadol is a selective ligand for extrasynaptic GABAARs (Meera et al. 

2011). GABAARs can be blocked by the antagonists picrotoxin and bicuculline.  

GABAA Receptor Structure 

Like the other CLRs, GABAARs are heteropentameric receptors consisting of two to three 

different subunits that are encoded by 19 genes (α1-6, β1-3, γ1-3, δ, ε, θ, π, ρ1-3,) (Simon et 

al. 2004). Most GABAARs are formed by two α, two β, and a single γ/δ subunit, with α1β2γ2 

and α1β3γ2 receptors being the most abundant configurations in the brain (Fritschy & 

Mohler 1995). An arrangement of α–β–α–β–γ/δ in a clockwise manner seems most likely 

(Laverty et al. 2017; Laverty et al. 2019; Masiulis et al. 2019). Receptor configurations with 

just α and β subunits are also possible. Functional homomeric β3 and heteromeric β3γ2 

receptors have also been reported (Hoerbelt et al. 2015). The multitude of possible receptor 

combinations allows for distinct physiological roles of GABAARs in the CNS. α1 containing 

receptors seem to be involved in sedative pathways, while α2 containing receptors play a part 

in mediating anxiety pathways (McKernan et al. 2000; Low et al. 2000). Extrasynaptic, tonic 

δ, ε, or θ-containing receptors display a high affinity but low efficacy to GABA, enabling 

them to sense low GABA concentrations of synaptic spillover (Brickley & Mody 2012). 

 

Like other CLRs, each GABAAR subunit consists of a long N-terminal ECD, four 

transmembrane domains M1-4, with M2 forming the ion channel pore, and a short C-

terminus. The large intracellular M3-4 loop has a high sequence variability between different 

subunit types and holds bindings sites for structural proteins like gephyrin (Kasaragod & 

Schindelin 2019). Detailed structural data became available in recent years (Zhu et al. 2018; 

Nakane et al. 2020; Miller & Aricescu 2014; Miller et al. 2017). GABA binds at the β-α 

interface, while benzodiazepines, like the allosteric modulator diazepam, bind to a cavity at 

the α-γ interface (Whiting et al. 1995). Recently, a second binding site for benzodiazepines 

was discovered between the transmembrane domains at the β-α interface. Furthermore, 

neurosteroid binding to a hydrophobic pocket between adjacent transmembrane domains 

was found (Alvarez & Estrin 2015; Miller et al. 2017; Alvarez & Pecci 2018). 
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GABAA Receptor Modulation by Natural Compounds 

Other than the multitude of GABAAR modulators used in clinical therapy and research, 

more and more natural compounds with modulatory effects are being found in plants and 

products containing plant material (Johnston et al. 2006). These compounds belong to the 

groups of flavonoids, terpenoids, phenols, and polyacetylenic alcohols, which can be found 

in herbs, fruits, vegetables, and therefore also in cosmetics and beverages, like tea, coffee, 

whisky, and red wine (Hossain et al. 2002). Plants have been used for thousands of years for 

medical treatment and wellbeing of humans. Nowadays enhancement of GABAAR 

inhibition is a well-used therapy for many diseases of the CNS. Thus, it makes sense to search 

for more modulatory compounds. 

Terpenoids are the largest group of natural products and contribute to scent and color of 

plants. Terpenoids are categorized into different subclasses, depending on the number of 

carbon atoms and acyclic or cyclic structure. Their partly high hydrophobicity allows 

binding to transmembrane subunit interfaces or modulation of the surrounding lipids 

(Manayi et al. 2016; Silva et al. 2019). Volatile bicyclic and monoterpenoids myrtenol and 

verbenol, found in various Mediterranean tea preparations that are known for calming and 

sedating effects, have been described as positive allosteric modulators at α1β2γ2 and α1β2 

GABAARs (Kessler et al. 2012; Kessler et al. 2014). The sesquiterpenoid valerenic acid, 

found in valerian, a plant commonly used to promote sleep, has been shown to positively 

modulate GABAA receptors (Khom et al. 2007). Other sesquiterpenes and sesquiterpenoids 

(SQTs) have also been described as GABAAR modulators, e.g., artemisinins, which are 

commonly used for treatment of malaria (Manayi et al. 2016; Kasaragod et al. 2019). 

Many of these modulating natural compounds share structural similarities, such as the 

presence of a hydroxy group and a mono- or bicyclic character. Previous studies have shown 

that digestion and metabolization processes lead to structural changes in natural components 

(Adams et al. 2011; Heinlein & Buettner 2012). These processes may create secondary 

metabolites that gain the ability to modulate GABAARs, prompting to not just look at natural 

compounds, but also their metabolites. 

In the publication “Sesquiterpenes and sesquiterpenoids harbor modulatory 
allosteric potential and affect inhibitory GABAA receptor function in vitro” we 

investigated the effect of 11 SQTs on GABAARs. The SQTs tested include major 

compounds of the volatile fractions of hop and chamomile and secondary metabolites 

created by an in vitro digestion model (Figure 2). In the human embryonic kidney 293 



 

 8 

(HEK293) cell line, we could observe significant GABAAR modulation by some SQTs, 

including secondary metabolites. However, due to the presence of both phasic and tonic 

GABAARs in hippocampal neurons, different results were obtained compared to the 

overexpression of a distinct GABAAR configuration in HEK293 cells. Modeling and docking 

studies revealed a possible binding mechanism of SQTs to the neurosteroid binding site of 

the GABAAR. Taken together, we could successfully demonstrate GABAAR modulation by 

SQTs and that digested SQTs do not lose neurotrophic activity.  

 

 
 

Figure 2: Digestion of SQTs creates secondary metabolites. SQTs are major compounds of the 
volatile fraction of chamomile and hop. Digestive processes transform them into secondary 
metabolites with altered neurotrophic potential on GABAARs. Reprinted from Janzen et al. (2021). 
© 2021 The Authors. Published by John Wiley & Sons Ltd. Licensed under CC BY 4.0. 
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Biofabrication 
Biofabrication is the use of additive manufacturing (AM), commonly called three-

dimensional (3D) printing, to arrange cells and materials to create hierarchical tissue-

analogous structures (Groll et al. 2016). The term biofabrication is used by many scientific 

disciplines and its definition can change accordingly, e.g., the fabrication of materials by 

living organisms can also be called biofabrication. Here, biofabrication is described 

according to the definition used by the tissue engineering and regenerative medicine field 

that aims to create implantable materials for treatment of injuries and diseases (Berthiaume 

et al. 2011). Tissue-appropriate cells generally are arranged in such a way that they resemble 

the native issue, often by placing the cells on tissue scaffolds. However, tissue engineering has 

their limitations as research progresses slowly and translation into clinical studies is difficult 

(Ikada 2006). 

In recent years, AM technologies have progressed rapidly, leading to a drastic increase in 

quality and availability of established and new techniques while simultaneously reducing 

their costs. New advancements allow automatic arrangement of cells and material, separate 

or together, to create standardized functional tissue models that can be used for implanting 

or as replacement for animal experiments in drug research. However, there is still a need for 

cell-compatible and printable materials. Each cell type of the human body has its own 

microenvironment and thus needs suitable equipment and material. For example, when 

printing a hydrogel (or matrix) containing cells (called bioink), the cells are exposed to shear 

stress which has significant impact on cell viability, morphology, as well as proliferation 

(Blaeser et al. 2016). 3D culture models can generally be classified into scaffold or scaffold-

free cultures. In scaffold-based cultures, cells are seeded on solid scaffolds, encapsulated in 

hydrogels, or in a composite consisting of multiple material types. In contrast, scaffold free 

cultures allow cells to self-assemble into spheroids using hanging drop cultures, spinning 

bioreactors, magnetic levitation, or other techniques that prevent cell growth on surfaces 

(Edmondson et al. 2014; Langhans 2018). In the present study, scaffold-based cultures were 

used.  

The Brain Extracellular Matrix 

Multiple factors need to be considered when creating scaffold-based cell culture models. The 

mechanical properties of the cell environment play a significant role in cell differentiation, 

survival, and function. For example, mesenchymal stem cells can differentiate into several 
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cell types depending on the stiffness of the surrounding hydrogel, e.g., 20 kPa for nerve cells 

and 80 kPa for chondrocytes (Oh et al. 2016). Through mechanotransduction, tissue stiffness 

can influence cell morphology, migration, proliferation and other cell behavior (Eyckmans 

et al. 2011). These mechanisms are especially important in the developing brain, where 

stiffness gradients, next to chemical cues, guide growing axons to their destination (Koser et 

al. 2016). The brain is one of the softest tissues in the body with elastic moduli between 30-

500 Pa, depending on the developmental stage and brain region (Christ et al. 2010; Iwashita 

et al. 2014). The low elastic modulus of the brain is due to its unique extracellular matrix 

(ECM), which contains low amounts of matrix proteins, such as collagens, laminins, and 

fibronectin. In addition, the brain ECM predominantly contains glycosaminoglycans, in 

particular high portions of hyaluronic acid, as well as tenascins, and proteoglycans (Lau et 

al. 2013). Neurons and glia form cell-ECM interactions using a wide range of brain-specific 

receptors that bind to ECM proteins (Barros et al. 2011). The brain ECM can be divided 

into three main components: the basal lamina, perineuronal nets, and the interstitial matrix 

(Figure 3) (Kim et al. 2018).  

 

 

Figure 3: The brain extracellular matrix. The extracellular matrix of the brain is divided into three 
components: basement membrane, perineuronal nets, and interstitial matrix. Each component 
contains a unique protein composition that facilitate structural and regulatory functions. Neurons 
are depicted as yellow, astrocytes as blue, and microglia as purple cells. Reprinted from Kim et al. 
(2018). © 2018 The Authors. Published by Frontiers Media SA. Licensed under CC BY 4.0. 

The basal lamina separates cerebral vasculature and brain tissue and is composed of 

collagen, laminin, nidogen, perlecan (LeBleu et al. 2007). Perineuronal nets, which contain 

hyaluronan, chondroitin sulfate proteoglycans, and tenascins surround the soma and 

dendrites, thus helping to enable synapse formation and thus regulate neuronal plasticity 
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(Fawcett et al. 2019). The interstitial matrix is made up of various ECM proteins connecting 

neuronal networks with the vascular system. This matrix is also important for signal 

transmission and substance transport (Lei et al. 2017).  

Brain tissue stiffness does not only change during development but have also been described 

for various neurological disorders, e.g., neurodegenerative diseases such as Alzheimer’s and 

Parkinson’s (Bonneh-Barkay & Wiley 2009). Stiffening of the ECM has been observed for 

brain tumors, in particular glioblastoma multiforme (GBM), the most aggressive and deadly 

type of brain cancer, for which stiffer tumor ECM has been associated with poor prognosis 

(Holland 2000; Miroshnikova et al. 2016). GBM cells migrate along blood vessels and white 

matter tracts and infiltrate the brain, but rarely metastasize outside the brain (Cuddapah et 

al. 2014). Recently it has been demonstrated, that GBM can form chemical so called pseudo-

synapses with neurons. Stimulated by presynaptic neurons, postsynaptic AMPA receptors 

present on GBM cells generate calcium transients that increase tumor invasiveness 

(Venkataramani et al. 2019). Neurons, glia, and brain tumor cells affect each other not just 

by modulating the surrounding ECM, but also form cell-cell interactions that can have 

extensive effects on brain functions and tumor progression. Therefore, in vitro cell culture 

models that mimic the in vivo environment are needed to further elucidate these mechanisms 

and to develop new approaches for therapy of these aggressive brain tumors. 

Commonly Used Hydrogels 

3D in vitro cell cultures models are of special interest to the neuroscience field as the third 

dimension offers more space for neuronal outgrowth and network formation than traditional 

2D cultures. Therefore, 3D complexity of neuronal cultures represents a suitable alternative 

to in vivo models like brain slices. Many factors need to be considered when creating 3D in 

vitro cell culture models of the brain. For example, the matrix needs to have the right 

mechanical properties. As it has been pointed out already, neurons prefer softer 

environments and form more extensive networks in ultra-soft hydrogels (Palazzolo et al. 

2015). The multitude of ECM proteins present in brain tissue needs to be considered to 

develop 3D in vitro model systems. On the one hand, hydrogels can be supplemented with 

such proteins. Recently, hydrogels were created by addition of decellularized brain ECM 

(Medberry et al. 2013). Decellularized ECM has the advantage of retaining its native 

composition, however obtaining large quantities is difficult as significant amounts of source 

tissue are required (Hoshiba et al. 2016). Another popular hydrogel for all kinds of 3D 

cultures is matrigel, an ECM mixture secreted by Engelbreth-Holm-Swarm mouse sarcoma 
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cells. Matrigel is composed mostly of laminin, collagen IV and entactin, but also contains 

perlecan and various growth factors, which in sum allow growth of almost all cell types in 

matrigel (Hughes et al. 2010). However, its tumor origin prevents its use in clinical 

applications and lot-to-lot variations in protein concentrations make reproducibility 

challenging. Therefore, research on synthetic alternatives to matrigel is increasing. Synthetic 

hydrogels of natural and unnatural origin have many advantages. They have defined 

formulas that can be adapted to desired stiffness and porosity and can easily be functionalized 

with adhesive motives and ECM proteins, allowing the creation of cell-specific hydrogels. 

However, especially unnatural hydrogels lack common adhesive sites, are not biocompatible, 

and disable cell growth when used in their pure form. Hence, finding the right formula is a 

highly time-consuming process. The glycosaminoglycan hyaluronic acid is one of the best 

characterized natural hydrogels and, due to its natural occurrence in the brain ECM, a prime 

candidate for 3D in vitro models of the brain (Burdick & Prestwich 2011; Seidlits et al. 2010). 

Just recently the advantage of peptide-modified, hyaluronic-acid based 3D cultures over 

conventional 2D cultures has been demonstrated for human neural stem/progenitor cells 

(Seidlits et al. 2019). Other hydrogels successfully used for neuronal cultures are alginate, a 

natural polymer obtained from brown seaweed, or collagen (Frampton et al. 2011; Palazzolo 

et al. 2015; Xu et al. 2009). Recently, Distler et al. demonstrated that oxidized alginate-

gelatin-laminin hydrogels facilitate differentiation and growth of stem cell derived 

neurospheres (Distler et al. 2021). Furthermore, many hydrogel formulations based on 

polyacrylamide or polyethylene glycol are being developed as alternatives to matrigel 

(Aisenbrey & Murphy 2020). 

Melt Electrowriting 

In addition to the hydrogel matrix, 3D scaffolds made of biodegradable polymers are popular 

in the tissue engineering field. Various 3D-printing techniques are available, e.g., fused 

deposition modeling, inkjet printing, and selective laser sintering (Bártolo et al. 2009). 

Another commonly used technique is solution electrospinning, which is often used to create 

random meshes of fibers with sub-micrometer fibers, which can be used as substrate for cell 

growth (Cipitria et al. 2011). However, these random meshes can be too tight for cells to pass 

through, making them unsuitable for real 3D cultures. 

A relatively new technique, which solves this problem, is melt electrowriting (MEW). MEW 

deposits polymer melt fibers in the micrometer range on an automated laterally translating 

collection system in a controlled manner (Brown et al. 2011). This allows the creation of 
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complex shapes and structures, like porous tubes (Figure 4) (McColl et al. 2018; Robinson et 

al. 2019). An ideal polymer for MEW is polycaprolactone (PCL), a biodegradable, non-toxic 

polyester with a low melting point (60 °C) that is approved for use in the human body (Brown 

et al. 2011). MEW PCL scaffolds have successfully been used for cartilage and vascular 

applications (Visser et al. 2015; Saidy et al. 2019). The use of MEW is especially of interest 

for reinforcement of soft hydrogels, as already low volumes of ordered fibers can significantly 

increase overall mechanical stability and handling of scaffold-hydrogel composites (Visser et 

al. 2015; Mekhileri et al. 2018). Furthermore, MEW fibers can possibly influence cell 

behavior and growth through mechanotransductive or haptotaptic cues, e.g., as guidance for 

neuronal outgrowth (Smeal et al. 2005; Baker & Chen 2012). Taken together, MEW has the 

potential to provide essential support for ultra-soft matrices used in creating 3D in vitro brain 

models. 

 

 

Figure 4: Melt electrowritten tube. Melt electrowriting can be used to create complex structures. 
Reprinted from McColl et al. (2018). © 2018 The Authors. Published by Elsevier Ltd. Licensed 
under CC BY-NC-ND 4.0. 

Ultra-soft matrix composites for 3D neuroglia in vitro research 

In 2018, the collaborative research center TRR225 „From the fundamentals of 

biofabrication towards functional tissue models” was established as a cooperation of the 

Universities of Würzburg, Erlangen, and Bayreuth, to develop new (bio)materials, methods, 

and study cell behavior in 3D culture models. The following two publications result of the 
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work of TRR225’s sub-project B01 “Ultra-soft matrix composites for 3D neuroglia in vitro 

research”. The goal of sub-project B01 was to use ultra-soft matrices to create 3D models 

that mimic the neuronal in vivo environment. As these matrices are difficult to handle, melt 

electrowritten fiber scaffolds were used to reinforce the matrix, which enabled proper 

handling for experiments, e.g., immunocytochemical stainings and electrophysiological 

measurements. Co-cultures of neurons, astrocytes, and glioblastoma cells in these matrix 

composites were used to study neuronal differentiation, network formation, as well as 

glioblastoma migration and interaction with healthy cells. 

In the publication “3D Electrophysiological Measurements on Cells Embedded 
within Fiber-Reinforced Matrigel” we successfully established methods necessary for 

the characterization of neuronal network formation at the structural and functional level. 

Out of three designs, MEW scaffolds with 200 µm pore spacings were chosen and used to 

reinforce soft matrigel, which was rheologically analyzed. The reinforcement enabled 

handling of an ultra-soft matrix. As a first cell line, mouse fibroblasts were transfected with 

the ligand-gated ion channel GlyR and seeded in scaffold-matrigel composites. Cells 

displayed high viability and could be immunocytochemically stained for the GlyR. Using the 

patch clamp technique, glycine efficacy and potency were characterized for the GlyR in a 

3D culture system. Moreover, we created a 3D cell culture model that did not lead to 

functional alterations of the GlyR using electrophysiological measurements as well as other 

commonly used techniques and can further be adapted for the culture of neuronal cells. 

In the follow-up publication “Cortical Neurons Form a Functional Neuronal 
Network in a 3D Printed Reinforced Matrix” we continued our work by culturing 

primary mouse cortical neurons in fiber-reinforced matrigel. Neurons were cultured up to 

21 days and displayed higher viability than conventional 2D culture on coated glass 

coverslips. Neurite lengths and synapse density were quantified using immunocytochemical 

stainings of dendritic and synaptic markers. Calcium imaging revealed spontaneous network 

activity around day 14 in culture and patch clamp experiments demonstrated functional 

voltage-gated sodium channels as well as action potential firing. Taken together, we 

successfully advanced our previous 3D cell culture model for the use with primary neurons, 

thus creating a new model that can be used to study neuronal networks in 3D. Future 

experiments will focus on replacing matrigel with other matrix formulations that are not of 

tumor origin and provide optimal support for neuronal cultures.  
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Materials and Methods 
The following materials and methods were published in an abridged version and are 

described here in more detail to allow easier replication of experiments. All chemical used 

were purchased from Carl Roth (Karlsruhe, Germany) or Merck/Sigma-Aldrich 

(Darmstadt, Germany) unless stated otherwise. 

Transfection of HEK293 cells 

HEK293 were transfected using a calcium phosphate protocol. DNA, 0.1X TRIS/EDTA 

(A0973.0500; AppliChem, Darmstadt, Germany) and 2.5 M CaCl2 pH 7.0 were thoroughly 

mixed before 2X HEPES buffered saline (HBS; 50 mM HEPES; 12 mM glucose; 10 mM 

KCl; 280 mM NaCl; 1.5 mM Na2HPO4; pH 6.95) was added (see Table 1). The transfection 

mixture was incubated for 20 min at room temperature and then pipetted onto the cells. Cell 

medium was exchanged after 5-6 h and cells were used for experiments 24-72 h after 

transfection. 

 

Table 1: Transfection mixture for HEK293 cells 

Reagent 35 mm cell culture dish 100 mm cell culture dish 
DNA 1-3 µg 10-30 µg 

0.1X TRIS/EDTA ad 90 µl ad 450 µl 

2.5 M CaCl2 10 µl 50 µl 

2X HBS 100 µl 500 µl 

 

Biotinylation of cell surface proteins 
A biotinylation assay was used to separate membrane-bound and intracellular proteins. 

Buffers used are shown in Table 2. HEK293 cells in 100 mm dishes were washed once with 

cold PBS (phosphate buffered saline) and incubated with 1 ml of 1 mg/ml EZ-Link Sulfo-

NHS-LC-Biotin (21335; Thermo Fisher Scientific, Waltham, MA, USA) in PBS for 30 min, 

4 °C on a tumbling shaker. Cells were washed twice with cold PBS, once with quenching 

buffer, and incubated for 10 min, 4 °C with quenching buffer. Using a cell scraper, the cells 

were detached and transferred in 2 ml PBS to a reaction tube. Samples were centrifuged for 
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1 min at 1,000 x g, 4 °C, the pellets merged with 1 ml lysis buffer, homogenized, and 

centrifuged again for 1 min at 20,000 x g, 4 °C. 80 µl of the supernatant was stored at -80 °C 

(whole cell fraction). The remaining supernatant was incubated for 2 h, 4 °C with 50 µl 

streptavidin agarose beads (20353; Thermo Fisher Scientific, Waltham, MA, USA) on an 

overhead shaker and then centrifuged for 1 min at 12,000 x g, room temperature. The 

supernatant was stored at -20 °C (intracellular fraction). The remaining beads, bound to the 

membrane proteins, were washed three times with lysis buffer, resuspended in 60 µl of 95 °C 

hot 2X SDS buffer, and heated for 5 min at 95 °C. The membrane fraction was stored at -

80 °C. Before Western Blot analysis, whole cell fraction samples were also diluted in 2X SDS 

buffer and heated for 5 min at 95 °C. 

 

Table 2: Biotinylation assay buffers 

Buffer Composition 
PBS 137 mM NaCl, 3 mM KCl, 6.5 mM Na2HPO4 x H2O, 

1.5 mM KH2PO4 x H2O; pH 8 

Quenching buffer 192 mM glycine, 25 mM TRIS 

TBS (TRIS buffered saline) 50 mM TRIS; 150 mM NaCl; pH 8 

Lysis buffer 1% Triton X-100; 2 mM EDTA; 0.1 mM PMSF; 10 mg/ml 

protease inhibitor (04693132001, Roche, Basel, 

Switzerland); in TBS 

2X SDS sample buffer 90 mM TRIS-HCl; 20% (v/v) glycerol; 2% (w/v) SDS; 0.02% 

(w/v) bromophenol blue 

 

Western Blot 
The sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), followed by 

Western Blotting, was used to separate and stain proteins for analysis. Buffers and solutions 

used are shown in Table 3. Protein samples and Blue Prestained Protein Standard, Broad 

Range (P7718; New England Biolabs, Ipswich, MA, USA) were loaded into an 11% 

discontinuous polyacrylamide gel (Table 4). The electrophoresis in SDS buffer was 

performed for 20 min at 80 V and followed by 90-110 min at 160 V. Afterwards, proteins 

were transferred from the gel to a nitrocellulose membrane (GE Healthcare, Freiburg, 
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Germany) using the wet blot transfer method. Blotting was performed for 1 h at 200 mA, 

4 °C (proteins <100 kDa) or overnight at 100 mA, 4 °C (proteins >100 kDa). After transfer, 

the membrane was incubated with blocking solution for 1 h at room temperature and 

incubated with the primary antibody in blocking solution overnight at 4 °C on a tumbling 

shaker. On the next day, the membrane was washed three times with TBS-T for 20 min 

each, incubated with a secondary horse radish peroxidase-coupled antibody (Dianova, 

Hamburg, Germany) in blocking solution for 1 h at room temperature, and washed three 

times with TBS-T for 20 min each. Protein signals were detected using SuperSignal West 

Pico or Femto (Thermo Fisher Scientific, Waltham, MA, USA), captured on X-ray films 

(Super RX-N; Fujifilm, Tokyo, Japan), and developed by a CP1000 film processor (AGFA, 

Mortsel, Belgium). 

 

Table 3: Buffers and solutions used for SDS-PAGE and Western Blot 

Buffer Composition 
TBS 50 mM TRIS, 150 mM NaCl 

TBS-T 50 mM TRIS, 150 mM NaCl, 0.1% tween 20 

Blocking solution TBS-T, 3% (w/v) bovine serum albumin 

SDS buffer 25 mM TRIS, 192 mM glycine, 0.1% (w/v) SDS, pH 8.3 

Wet blot transfer buffer 25 mM TRIS, 192 mM glycine, 10% ethanol 

Separating gel buffer 1.5 M TRIS-HCl, 0.4% (w/v) SDS, pH 8.8 

Stacking gel buffer 0.5 M TRIS-HCl, 0.4% (w/v) SDS, pH 6.8 

 

Table 4: Composition of an 11% discontinuous polyacrylamide gel 

Gel Composition 
Stacking gel 325 µl 30% polyacrylamide, 625 µl stacking gel buffer; 1.52 ml 

H2O; 2.5 µl TEMED, 12.5 µl 10% ammonium persulfate  

11% separating gel 3.3 ml 30% polyacrylamide, 2.24 ml separating gel buffer, 

3.45 ml H2O; 6 µl TEMED; 30 µl 10% ammonium persulfate 

 

 



 

 18 

Isolation of mouse cortical and hippocampal neurons 
Cortical and hippocampal neurons were prepared from mouse embryos at embryonic day 

16-18 from pregnant wild type CD1 mice (Strain code 022; Charles River, Sulzfeld, 

Germany). Experiments were authorized by the local veterinary authority and Committee 

on the Ethics of Animal Experiments (Regierung von Unterfranken). Material used is shown 

in Table 5. After euthanasia of the pregnant mouse with CO2, embryos were transferred to 

a 100 mm dish with minimum essential medium. The uterus and amniotic sacs were 

removed, embryos were decapitated, and heads collected in a separate dish. Brains were 

carefully extracted and transferred to a cooled dish. Cortices were cut off, so no corpus 

callosum and no olfactory bulbs remained. After removal of the meninges, the hippocampus, 

visible as a crescent shaped structure on the inside of the cortex, was cut out. Depending on 

which neuronal subculture was desired, the following steps were continued either with 

hippocampi or cortices. Tissue was transferred to a 15 ml tube, the supernatant removed, 

and 0.5 mg/mL trypsin, 0.2 mg/mL EDTA and 10 µg/µL DNase I in PBS were added. 

After 30 min incubation at 37 °C, 10% fetal bovine serum was added, and neurons were 

dissociated by trituration with flame-polished Pasteur pipettes. After two 10 min 

centrifugation steps at 95 x g and resuspension in 1 ml neurobasal medium, neurons were 

counted and seeded either on poly-L-lysine coated coverslips or mixed with hydrogel to be 

used in 3D cultures. Neurons were cultured under standard growth conditions at 37 °C and 

5% CO2 in neurobasal medium containing 2 mM GlutaMAX and 2% (v/v) B27 

supplement. 50% of the medium was exchanged every week. 

 

Table 5: Materials used for neuronal isolation 

Material Product number, manufacturer 
Minimum essential medium 21090055; Thermo Fisher Scientific, Waltham, MA, USA 

Neurobasal medium 21103049, Thermo Fisher Scientific 

B27 supplement 17504044; Thermo Fisher Scientific 

GlutaMAX 35050038; Thermo Fisher Scientific 

Fetal bovine serum 10270106; Thermo Fisher Scientific 

DNase I recombinant 04536282001; Merck, Darmstadt, Germany 

Trypsin/EDTA in PBS P10-023500; PAN-Biotech, Aidenbach, Germany 
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The GlyR Extracellular b8–b9 Loop –
A Functional Determinant of Agonist
Potency
Dieter Janzen1†, Natascha Schaefer1†, Carolyn Delto2, Hermann Schindelin2 and

Carmen Villmann1*

1 Institute for Clinical Neurobiology, University of Würzburg, Würzburg, Germany, 2 Rudolf Virchow Center for Experimental
Biomedicine, University of Würzburg, Würzburg, Germany

Ligand-binding of Cys-loop receptors results in rearrangements of extracellular loop
structures which are further translated into the tilting of membrane spanning helices,
and finally opening of the ion channels. The cryo-EM structure of the homopentameric
a1 glycine receptor (GlyR) demonstrated an involvement of the extracellular b8–b9 loop
in the transition from ligand-bound receptors to the open channel state. Recently, we
identified a functional role of the b8–b9 loop in a novel startle disease mouse model
shaky. The mutation of residue GlyRa1Q177 to lysine present in shaky mice resulted
in reduced glycine potency, reduced synaptic expression, and a disrupted hydrogen
network at the structural level around position GlyRa1Q177. Here, we investigated the
role of amino acid volume, side chain length, and charge at position Q177 to get deeper
insights into the functional role of the b8–b9 loop. We used a combined approach
of in vitro expression analysis, functional electrophysiological recordings, and GlyR
modeling to describe the role of Q177 for GlyR ion channel function. GlyRa1Q177 variants
do not disturb ion channel transport to the cellular surface of transfected cells, neither in
homomeric nor in heteromeric GlyR configurations. The EC50 values were increased
for all GlyRa1Q177 variants in comparison to the wild type. The largest decrease in
glycine potency was observed for the variant GlyRa1Q177R. Potencies of the partial
agonists b-alanine and taurine were also reduced. Our data are further supported by
homology modeling. The GlyRa1Q177R variant does not form hydrogen bonds with the
surrounding network of residue Q177 similar to the substitution with a basic lysine
present in the mouse mutant shaky. Among all investigated Q177 mutants, the neutral
exchange of glutamine to asparagine as well as the introduction of the closely related
amino acid glutamic acid preserve the hydrogen bond network. Introduction of amino
acids with small side chains or larger volume resulted in a loss of their hydrogen bonds
to neighboring residues. The b8–b9 loop is thus an important structural and functional
determinant of the inhibitory GlyR.

Keywords: glycine receptor, b8–b9 loop, side chain length, side chain volume, ligand potency, gating, startle
disease

Abbreviations: ECD, extracellular domain; GlyR, glycine receptor; TMs, transmembrane domains; WT, wild type.
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INTRODUCTION

Glycine receptors (GlyRs) are predominantly expressed in the
adult brain stem and spinal cord, where they represent the major
component in inhibitory neurotransmission. GlyRs localized in
motoneuron membranes in the spinal cord get activated upon
glycine release from neighboring inhibitory interneurons. The
chloride ion influx leads to hyperpolarization of motoneurons,
balancing excitation of the muscle contraction (Rajendra et al.,
1997). Disturbances in glycinergic inhibition are associated
with rare disorders such as startle disease (OMIM 149400,
hyperekplexia, sti� baby syndrome), pain (Harvey et al., 2004),
autism spectrum disorders (Harvey and Yee, 2013; Pilorge et al.,
2015), and panic disorders (Deckert et al., 2017). Human startle
disease is caused by mutations in the GLRA1, GLRB, and
SLC6A5 genes encoding GlyR subunits a1 and b and the glycine
transporter 2 (GlyT2).

Glycine receptors are described as homo- and
heteropentameric ligand-gated ion channels of the superfamily
of Cys-loop receptors (Lynch, 2004). For heteromeric GlyR
complexes, five adjacent subunits are arranged around an ion
channel pore composed of two a and three b subunits or three
a and two b subunits (Grudzinska et al., 2005; Durisic et al.,
2012; Yang et al., 2012). Each GlyR subunit consists of four
TM helices, which are connected via intra- or extracellular
loop structures. TM2 helices of all five subunits form the inner
wall of the ion channel pore. The GlyR ECD is organized
into an immunoglobulin-like structure and comprised of a
short a-helix and 10 b-strands connected by loop structures
(Du et al., 2015; Huang et al., 2015; Moraga-Cid et al., 2015).
All Cys-loop receptors share the location of the agonist and
antagonist-binding sites in the ECD formed by loops A, B, C
from one subunit and loops D, E, F, G from an adjacent subunit
(F loop in the following referred to as b8–b9 loop) (Brams et al.,
2011). Ligands of the GlyR, starting with the highest a�nity,
are glycine, b-alanine, and taurine (Lynch, 2004). Antagonist of
the GlyR is the alkaloid strychnine (C21H22N2O2) (Breitinger
and Becker, 1998). Upon ligand binding, Cys-loop receptors get
activated and undergo a variety of conformational changes and
transition processes leading to tilts and slight turns of the TM
helices and thus opening of the ion pore (Altho� et al., 2014).

Several in vitro studies revealed distinct contributions of
ECD loop structures for receptor function. It was shown that
phenylalanine 159 localized in the loop B contributes to a
cation–p interaction with the incoming ligand, which is essential
prior to channel opening (Pless et al., 2011). Moreover, loop C
plays a role in transmitting the activation signal to the rest of
the channel and exhibits a rearrangement upon ligand binding
(Altho� et al., 2014). Mutations in the b2–b3 loop interfere with
the maturation process of the protein and contribute to ligand
specificity (Schaefer et al., 2015). Furthermore, loops b2–b3 and
loopD determine ligand e�cacy and play a role in ligand-induced
desensitization or channel opening (Nys et al., 2013). The b8–b9
loop a�ects diazepam potentiation of the GABAARs (Padgett and
Lummis, 2008). Loop b8–b9 has been suggested to play a major
role in linking ligand binding to channel opening (Khatri and
Weiss, 2010). Recently published structural models showed a

coupling of movements within the ECDs, including the b8–b9
loop, proceeding to the TM helices resulting in their tilting and
enabling ion channel opening and closing (Hassaine et al., 2014;
Du et al., 2015; Huang et al., 2015).

We recently published the first in vivo model carrying a
mutation within the b8–b9 loop (Schaefer et al., 2017). A single
amino acid exchange GlyRa1Q177K in the mouse mutant shaky
resulted in premature death of homozygous animals. In vivo,
synaptic GlyRs are decreased generating disturbed glycinergic
signal transmission (Schaefer et al., 2017). At the structural level
the hydrogen bond network around residue Q177 was disrupted.

Here, we investigated the role of side chain length, volume,
and charge at amino acid position 177 in the b8–b9 loop of
the GlyRa1. Our aim was to understand the importance of
b8–b9 structural changes with respect to GlyR potency and
gating. Our hypothesis is that neutral exchanges and amino
acids that preserve the hydrogen network only marginally
a�ect GlyR function. Therefore, we introduced the conservative
amino acid exchange GlyRa1Q177N. The original mutation in the
mouse mutant shaky was GlyRa1Q177K. We further generated
the mutation of glutamine to arginine which is similar to the
mutation in shaky, but the side chain volume is increased. The
series was completed by introduction of small residues, e.g.,
glycine and alanine, or very large residues such as tryptophan. All
residues preserving the hydrogen bond network around residue
glutamine 177 had almost no e�ect on GlyR function. In contrast,
residues that were unable to preserve the hydrogen bond network
generated functional ion channels with impaired glycine potency.
Thus, our data provide further evidence of the GlyR b8–b9
loop as a structurally but also functionally important element
facilitating inhibitory neurotransmission in the adult organism.

MATERIALS AND METHODS

Site-Directed Mutagenesis
PCR-mutagenesis was used to introduce the mutations (Q177A,
Q177C, Q177D, Q177E, Q177G, Q177K, Q177N, Q177R,
Q177W) at position 177 (numbering refers to mature protein).
The murine GlyRa1 cDNA in the vector pRK7 was used as
parental clone and refers to WT. Mutation-carrying amplimers
were digested with Pst I and Bam HI and subcloned into the
GlyRa1WT sequence. All mutations were verified by sequencing
(LGC Genomics, Berlin, Germany).

Cell Lines
HEK293 human embryonic kidney cells CRL-1573, purchased
from ATCC (Manassas, VA, United States) were grown in
minimal essential medium (MEM) supplemented with 10% fetal
calf serum, 200 mM GlutaMAX, 100 mM sodium pyruvate,
and 50 U/ml penicillin/streptomycin (Thermo Fisher Scientific,
Waltham, MA, United States) under standard growth conditions
at 37�C and 5% CO2.

Transfection
HEK293 cells were transiently transfected using a modified
calcium phosphate precipitation method. A mixture of plasmid
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DNA, CaCl2, 0.1x TE bu�er and 2x HBS (50 mM HEPES,
12 mM glucose, 10 mM KCl, 280 mM NaCl, 1.5 mM
Na2HPO4) was applied onto the cells. A GlyRa1 to GlyRb

ratio of 1:2 was used for co-expression. For GlyRa1:GlyRb:GFP
co-expression, a ratio of 1:2:1 was transfected. The same amount
of DNA was used for GlyRa1 WT and mutants. Media were
exchanged after 6–24 h. Immunocytochemical stainings and
electrophysiological experiments were always done 24 h after
transfection, biotinylation experiments were performed 48 h after
transfection.

Cell Lysates
Whole cell lysates of transfected HEK293 cells transiently
expressing the GlyRa1 variants andGlyRbwere acquired by using
the CytoBuster Protein Extraction Reagent (Merck Millipore,
Billerica, MA, United States) according to the manufacturer’s
protocol. Forty micrograms of protein were diluted in 2x SDS
sample bu�er and heated for 5 min at 95�C before use in
SDS-PAGE and Western blot.

Biotinylation of Cell Surface Proteins
For biotinylation, transfected HEK293 cells transiently
expressing the GlyRa1 variants or co-expressing GlyRb were
used. Medium was aspirated 48 h after transfection and cells were
washed once with ice-cold PBS. To label surface proteins, cells
were incubated with 1 mg/ml EZ-Link Sulfo-NHS-LC-Biotin
(sulfosuccinimidyl-6-[biotin-amido]hexanoate) (Thermo Fisher
Scientific, Waltham, MA, United States) for 30 min at 4�C. Cells
were washed twice with ice-cold PBS, once with quenching bu�er
(192 mM glycine, 25 mM TRIS, in PBS pH 8.0) and incubated
with quenching bu�er for 10 min at 4�C. Cells were scraped
into ice-cold PBS, centrifuged for 1 min at 1000 ⇥ g, 4�C, and
lysed with 1% Triton X-100, 2 mM EDTA, 0.1 mM PMSF, and
10 mg/ml protease inhibitor (Roche, Basel, Switzerland) in TBS
pH 8.0. The lysate was centrifuged again for 1 min at 17000 ⇥ g,
4�C. The supernatant (whole cell fraction, WC) was incubated
with 50 µl of streptavidin agarose beads (Thermo Fisher
Scientific, Waltham, MA, United States) using an overhead
shaker for 2 h at 4�C. The supernatant (intracellular protein
fraction) was removed and beads (surface protein fraction, SF)
were washed three times with TBS bu�er. The 60 µl 2x SDS
sample bu�er was added and the samples were heated 5 min
at 95�C before use in SDS-PAGE and Western blot. Before
gel loading, the protein amounts of the WC fraction were
determined and 40 µg of protein loaded to each lane of the gel.
For SF samples, the same volume (30 µl) was loaded.

SDS-PAGE and Western Blotting
For protein separation, 11% PAM (polyacrylamide) gels were
used. Gels were run at 150 V for 90min. Proteins were transferred
to nitrocellulose (GE Healthcare, Freiburg, Germany) using a
wet blot transfer system (transfer bu�er: 25 mM TRIS, 192 mM
glycine, 10% ethanol) (Bio-Rad, Hercules, CA, United States).
For GlyR protein transfer, 2 h at 200 mA were used. For
larger proteins, e.g., cadherin, overnight blotting at 100 mA
was performed. Membranes were blocked for 1 h with 5% BSA
in TBS-T (TBS with 1% Tween 20). Primary antibodies were

incubated overnight at 4�C. Proteins were detected with the
pan-a antibody for GlyRs (mAb4a, Synaptic Systems, Göttingen,
Germany, Cat. No. 146 011, 1:500) and pan-cadherin (Cell
Signaling Technology, Danvers, MA, United States, Cat. No 4068,
1:1500) served as loading control. Signals were detected using
the SuperSignal West (Thermo Fisher Scientific, Waltham, MA,
United States).

Immunocytochemical Staining
To stain GlyR surface receptors, GlyRa1 variants, and pDsRed-
Monomer-Mem [Takara Bio (formerly Clontech), Mountain
View, CA, United States] were co-transfected into HEK293 cells.
All steps were performed at room temperature. After fixation for
20 min with 50 µl 4% paraformaldehyde, 4% sucrose solution,
cells were washed three times with PBS and blocked for 30 min
with 5% (v/v) goat serum in PBS. Afterward, cells were incubated
for 1 h with the GlyRa1-specific primary antibody mAb2b (1:500
in blocking solution; epitope amino acids 1–10 ofmature GlyRa1;
Synaptic Systems, Göttingen, Germany). Cells were washed three
times with PBS and incubated for 45 min with the secondary
Alexa488-coupled goat-anti-mouse antibody (1:500 in blocking
solution; Dianova, Hamburg, Germany). Then, cells were washed
three times with PBS, incubated for 5 min with DAPI (1:5000 in
PBS; Thermo Fisher Scientific, Waltham, MA, United States) and
mounted on glass slides with Mowiol 4-88 (Carl Roth, Karlsruhe,
Germany). Imaging was performed using an Olympus IX-81
inverted fluorescence microscope (Olympus, Tokyo, Japan).

Confocal Microscopy, Image Acquisition,
and Analysis
Images were acquired using an inverted Olympus IX81
microscope equipped with an Olympus FV1000 confocal laser
scanning system, a FVD10 SPD spectral detector and diode
lasers of 495 nm (Alexa488) and 550 nm (Cy3) (Olympus,
Tokyo, Japan). All images shown were acquired with an
Olympus UPLSAPO 60x (oil, numerical aperture: 1.35) objective.
The images were further developed and organized by Adobe
Photoshop (Adobe, San Jose, CA, United States) or ImageJ
(1.51)/Fiji1.

Electrophysiology
The patch clamp technique was used to measure current
amplitudes (I) of transfected HEK293 cells. Currents were
amplified using an EPC-9 amplifier and the software Patchmaster
(HEKA, Lambrecht, Germany). Cells were patched 24 h after
transfection in a whole-cell configuration mode. To measure
glycine-evoked chloride currents, 1 mM or 100 µM glycine
were applied. For EC50 measurements, glycine, b-alanine and
taurine concentrations ranging from 1–3000 µM (glycine) or
3–10000 µM (b-alanine and taurine) were applied. All agonist
and antagonists were applied using an Octaflow II system (ALA
Scientific Instruments, Farmingdale, NY, United States). The
extracellular bu�er consisted of (in mM): 137 NaCl, 5.4 KCl, 1.8
CaCl2, 1 MgCl2, 5 HEPES, pH adjusted to 7.4 with NaOH. The

1https://imagej.net/ImageJ

Frontiers in Molecular Neuroscience | www.frontiersin.org 3 October 2017 | Volume 10 | Article 322



 

 23 

  

fnmol-10-00322 October 6, 2017 Time: 15:37 # 4

Janzen et al. GlyR b8–b9 Determines Glycine Potency

intracellular bu�er contained (in mM): 120 CsCl, 20 N(Et)4Cl, 1
CaCl2, 2 MgCl2, 11 EGTA, 10 HEPES, pH adjusted to 7.2 with
CsOH. Recording pipettes with an open resistance of 4–6 M�
were manufactured from borosilicate capillaries using a P97
horizontal puller (Sutter Instrument, Novato, CA, United States).
Cells were held at �60 mV and fast capacitances were in range of
11–13 pF. All experiments were performed at room temperature.

Statistical Analysis
Data analysis of Western blots: The image quantification was
performed using ImageJ (1.51)/Fiji2. The data were analyzed
using Student’s t-test (analysis of variance) and values below
⇤p < 0.05 were considered significant, ⇤⇤p < 0.01, ⇤⇤⇤p < 0.001.
The values are displayed as means ± standard error of the
mean (±SEM) or as otherwise noted. The graphs were generated
using Origin 9.4 software (OriginLab, Northampton, MA,
United States).

For the analysis of electrophysiological data, a non-linear
algorithm (Origin, OriginLab, Northampton, MA, United States)
was used to construct concentration-response curves from
peak current amplitudes obtained with eight appropriately
spaced concentrations in the range of 1–3000 µM glycine or
3–10000 µM b-alanine, and taurine. The following Hill equation
was used: I = Imax

⇤ cnHill/(cnHill + EC50
nHill). I refers to the

current amplitude at the given agonist concentration c, Imax is
the current amplitude at a saturating agonist, EC50 refers to the
agonist concentration evoking half-maximal current responses
and nHill is the Hill coe�cient.

Images were processed with ImageJ (1.51)/Fiji2 (Schindelin
et al., 2012, 2015; Schneider et al., 2012) and Adobe Photoshop
(Adobe, San Jose, CA, United States).

Computational Methods
The e�ect of di�erent mutations was predicted based
on the recent structure of the human homopentameric
GlyRa3 in complex with AM-3607 and glycine (Huang
et al., 2017). Mutations were introduced in silico in the
structure and the side chains were positioned in preferred
rotamer conformations while minimizing steric overlaps
as well as optimizing hydrogen-bonding capabilities using
the software Coot (Emsley et al., 2010). Images were made
using The PyMOL Molecular Graphics System, Version 1.8
Schrödinger, LLC.

For the alignment the sequences of human GlyRa1, murine
GlyRa1/a2/a3/b, and GABAA a1/g2 were aligned with Clustal
Omega using the default settings3 (Sievers et al., 2011).

RESULTS

Our current understanding of GlyR ion channel opening and
closing suggests concerted movements within the ECD (loops
b9–b10, b1–b2, and b6–b7) upon ligand-binding that are
transmitted to elements of the ECD-TMD interface (b10-pre-M1,

2https://imagej.net/ImageJ
3http://www.ebi.ac.uk/Tools/msa/clustalo/

the M2-3 loop) (Du et al., 2015). The b8–b9 loop is part of
the ligand-binding site by its localization underneath the ligand-
binding pocket (Brejc et al., 2001; Hansen et al., 2005). Recently,
we found in a novel startle disease mouse model that a b8–b9
loop alteration disrupts GlyR ligand-binding site stability and ion
channel gating (Schaefer et al., 2017).

Here, we investigated the role of side chain volume and charge
at position Q177 within the b8–b9 loop for GlyR expression,
agonist potency and structural consequences within the hydrogen
bond network of the GlyR ECD.

GlyRa1 Amino Acid Substitutions at
Position Glutamine 177 in the b8–b9 Loop
Glycine receptors share a large organized N-terminal domain
(ECD) with other Cys-loop receptors. The ECD consists of an
a-helix, followed by 10 b-strands connected by loop structures
important for transmitting conformational changes upon ligand-
binding. Residue 177 is localized in the b8–b9 loop and occupied
by a glutamine in all murine GlyRa subunits, GlyRb as well
as human GlyRa1 (Figures 1A,B). The closely related GABAA
receptor subunits a1 and g2 carry a valine (a1) or a glycine
(g2) at the corresponding residue in the b8–b9 loop (Figure 1B).
Mutations within GlyR subunits are associated with human
hyperekplexia (Startle disease). The amino acid exchange of Q177
into a lysine resulted in severe startle disease in the mouse mutant
shaky (Schaefer et al., 2017).

Apart from the GlyRa1Q177K mutation in the mouse
mutant shaky, the following amino acids were introduced
at position 177: arginine (GlyRa1Q177R) carrying a positively
charged side chain similar to lysine in the shaky mutant;
asparagine (GlyRa1Q177N) with a hydrophilic side chain and
similar to the original glutamine; aspartate and glutamate
(GlyRa1Q177D, GlyRa1Q177E) both negatively charged; glycine
(GlyRa1Q177G) a neutral and small amino acid (present in GABA
receptor g2); alanine (GlyRa1Q177A) with a small hydrophobic
side chain; cysteine (GlyRa1Q177C) with a thiol side chain; and
tryptophan (GlyRa1Q177W) carrying a sterically demanding side
chain.

b8–b9 Loop Alterations with Positive
Charged Side Chains at Position Q177
Reduce Surface Expression In Vitro
Glycine receptor mutants associated with startle disease
a�ect either GlyR expression or GlyR function. Mutation of
GlyRa1Q177K resulted in reduced a1 expression in vitro [33± 5%
of wild-type a1b (Schaefer et al., 2017)].

Analysis of crude protein lysates (Figures 2A,B) showed
protein expression of all GlyRa1Q177 variants with no overall
di�erences whether co-expressed with GlyRb or when expressed
alone. In addition, cell stainings for surface expression also
revealed no obvious di�erences between GlyRa1 WT and
GlyRa1Q177 variants (Figure 2C). GAP-43 expressed as a fusion
protein with dsRed encoded on a co-transfected plasmid was used
as membrane marker and for control of transfection e�ciency.
All GlyRa1Q177 variants exhibited colocalization with GAP-43
and thus cellular surface expression.
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FIGURE 1 | The glycine receptor b8–b9 loop. (A) Schematic view of the GlyR domain structure containing the N-terminus (blue), transmembrane domains 1–4
(green) connected by loops (yellow), and C-terminus (red). Residue GlyRa1Q177 highlighted in red. (B) Sequence alignment of the b8–b9 loop and adjacent residues
of human (HS) GlyR a1, mouse (MM) GlyR a1, a2, a3, b and mouse GABAA a1, g2 subunits.

Protein quantification from Western blots after pull-
down of biotinylated surface proteins by streptavidin-beads
concomitantly demonstrated no significant di�erences in whole
cell (WC) expression for GlyRa1Q177 variants (Figures 3A
upper panel, C and Table 1) or GlyRa1Q177 variants coexpressed
with GlyRb subunit (Figures 3B upper panel, D and Table 1).
The biotinylation method also allows a direct comparison
between WC and surface protein fraction (SF) (Figures 3A,B
lower panel and Table 1). Note, in the surface fractions of
variants GlyRa1 enhanced degradation is visible but also for
WT receptors. Only the upper band was used for calculation
of the surface protein amount. Degradation might result
from maturation deficits, showing that GlyRa1Q177 variants
seem to get stuck on their way to the cell surface, most
probably in the ER compartment as shown previously for other
recessive GlyRa1 variants (Schaefer et al., 2015). However,
significant di�erences of SF protein level were observed for
some GlyRa1Q177 variants without or with co-expression with
GlyRb (Figures 3C,D). The GlyR expression of the Q177
variants was normalized to expression of pan-cadherin in the
same sample serving as a membrane marker control protein.
The resulting relative expression of GlyRa1WT was set to 1
(corresponding to 100%) and the relative expression of the
GlyRa1 variants calculated accordingly (Figures 3C,D lower
panels and Table 1).

In single expression studies, the SF protein level for
GlyRa1Q177A (61 ± 6%), GlyRa1Q177C (16 ± 8%), GlyRa1Q177D
(52 ± 14%), GlyRa1Q177K (12 ± 2%), GlyRa1Q177R (37 ± 8%),
and GlyRa1Q177W (30 ± 15%) were significantly reduced
compared to a1WT (Figure 3C and Table 1). Variants
GlyRa1Q177E, GlyRa1Q177G, GlyRa1Q177N exhibited surface
expression indistinguishable from GlyRa1WT (Table 1).

In co-expressions with GlyRb, the surface expression levels
were lower compared to single expressions. The GlyR complex
consists of two a and three b subunits (Grudzinska et al.,
2005) which coassemble within the endoplasmic reticulum.

We coexpressed a1 and b in a 1:2 ratio. The low amount of the
b subunit during transfection was probably the reason for the
lower expression of GlyRa1 variants at the cell surface in a1b
co-expressions (Figures 3C,D).

Surface fraction protein level for co-expression with GlyRb

demonstrated significant changes: GlyRa1Q177C (13 ± 6%),
GlyRa1Q177K (9 ± 1%), and GlyRa1Q177W (13 ± 3%) (Figure 3D
and Table 1). Interestingly, the conservative exchange of an
asparagine instead of the GlyRa1 WT glutamine had no impact
on whole cell and surface expression. The expression of variant
GlyRa1Q177E was also similar to GlyRa1 WT and also did not
lead to significant di�erences in GlyR expression level at the cell
surface.

b8–b9 Loop Variants Reduce Potency of
the Agonist Glycine
Changes in the integrity of the b8–b9 loop have been determined
to reduce glycine potency and modify the function as a gating
element of this receptor class (Schaefer et al., 2017).

Glycine receptor physiology of the mutant receptors
coexpressed with the GlyRb subunit was determined by
electrophysiological measurements using whole-cell recordings
following transient expression in HEK293 cells. As a preliminary
screen, absolute currents values (I) were determined at saturating
concentrations of glycine (1 mM) and at a glycine concentration
around the EC50 value of the GlyRa1b WT (100 µM). No
significant di�erences in Imax values for all GlyRa1Q177b variants
in comparison to GlyRa1b WT were observed (Figure 4A) but
significant reductions in glycine-induced currents at 100 µM
glycine (Figure 4B and Table 2).

These measurements were followed by a determination of a
dose–response curve using eight di�erent glycine concentrations
(1, 3, 10, 30, 100, 300, 1000, and 3000 µM) to determines
changes in glycine potency for GlyRa1Q177b variants. An EC50
of 58 ± 4 µM for GlyRa1b WT was estimated in transfected
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FIGURE 2 | GlyRa1 Q177 variants are expressed. (A,B) Crude whole cell lysates of HEK293 cells transiently expressing GlyRa1 WT or GlyRa1Q177 variants without
GlyRb (A) or with GlyRb (B) co-expression (black arrowhead, mAb4a antibody, 48 kDa). Cells transfected with only GFP served as negative control (MOCK) and
pan-Cadherin (gray arrowhead, pan-Cadherin antibody, 135 kDa) was used as loading control. (C) HEK293 cells were co-transfected with GlyRa1 WT or
GlyRa1Q177 variants and a plasma membrane marker (GAP43 fused to dsRed, false color magenta). GlyRa1 WT and GlyRa1Q177 variants were detected with the
GlyR a1-specific mAb2b antibody (green) using cell staining to label surface receptors only. The overlay between GAP-43 and GlyRa1 WT or GlyRa1Q177 variants is
shown in white (right column). The white bar refers to 10 µM.

HEK293 cells (ratio of 1:2 a1:b, Figure 4C). The glycine EC50
values for GlyRa1Q177b variants di�ered in a range between
a two-fold (GlyRa1Q177Nb or GlyRa1Q177Cb) up to a six-fold
increase (GlyRa1Q177Kb) (Figures 4C–E and Table 2). Variants
were grouped according to structural characteristics. Group
one is comprised of GlyRa1Q177Kb and GlyRa1Q177Rb, both
positive amino acids which showed a large increase in EC50
when compared to GlyRa1b WT (GlyRa1Q177Kb 312 ± 7
µM, a 5.3-fold increase and GlyRa1Q177Rb 231 ± 4 µM, a
4-fold increase) (Figure 4C). The second group consists of the
aspartate mutant (negatively charged), the glutamic acid mutant
(negatively charged) and the conservative asparagine (polar).
The observed increase in EC50, was minor for GlyRa1Q177Db

137 ± 4 µM, a 2.3-fold increase; GlyRa1Q177Eb 109 ± 7 µM,
a 1.8-fold increase; GlyRa1Q177Nb 96 ± 1 µM, a 1.6-fold
increase) (Figure 4D). The third group includes GlyRa1Q177Ab,
GlyRa1Q177Cb, GlyRa1Q177Gb, GlyRa1Q177Wb which all showed

increased EC50 values: GlyRa1Q177Ab 208 ± 22 µM, a 3.6-fold
increase; GlyRa1Q177Gb 262 ± 13 µM, a 4.5-fold increase and
GlyRa1Q177Wb 130 ± 12 µM, a 2.2-fold increase) (Figure 4E).
Interestingly, the substituted cysteine with an overall size close to
glutamine but rather di�erent to the small residues glycine and
alanine or the bulky tryptophan exhibited only a slight shift in
glycine potency (88 ± 3 µM, a 1.5-fold increase).

To further discriminate between agonist potency and gating
defects, we used the GlyRa1 asparagine mutant (GlyRa1Q177N),
which is closely related to the original glutamine and the
arginine mutant (GlyRa1Q177R) similar to the lysine mutants
in the mouse mutant shaky. These mutants were analyzed
upon application of the partial GlyR agonists b-alanine and
taurine.

A concentration of 100µM for both partial agonists generated
non-significant changes in agonist-induced inward currents with
1.3 ± 0.3 nA for GlyRa1b WT, 0.87 ± 0.4 nA for GlyRa1Q177Nb,
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FIGURE 3 | The surface expression is influenced by mutations at position GlyRa1Q177. (A,B) Biotinylation assays were performed to quantify the expression of
GlyRa1Q177 variants and distinguish between whole cell (WC) and surface (SF) proteins level. Samples were analyzed by Western blotting using the GlyR pan-a
antibody mAb4a (black arrowhead, 48 kDa). Pan-cadherin served as loading control (gray arrowhead, 135 kDa). Cells transfected with only GFP (MOCK) were used
as negative control. Three to four independent experiments were performed. Note, an enhanced degradation for variants GlyRa1Q177D, GlyRa1Q177R, and
GlyRa1Q177W. Vertical lines indicate that protein bands were taken from different gels of the same experiment. (C,D) WC and SF protein levels of independent
biotinylation assays without GlyRb (C) or with GlyRb (D) co-expression were normalized to the loading control pan-cadherin of the same sample and further
correlated to GlyRa1 WT expression which was set to 1 (see dotted line in (C) and (D); equals 100%, Table 1). Error bars refer to the standard error of the mean
(SEM). Level of significance refer to ⇤p < 0.05, ⇤⇤p < 0.01, ⇤⇤⇤p < 0.001.

and 0.2 ± 0.07 nA for GlyRa1Q177Rb at 100 µM b-alanine
and 0.13 ± 0.06 nA for GlyRa1b WT, 0.02 ± 0.001 nA for
GlyRa1Q177Nb, and 0 ± 0 nA for GlyRa1Q177Rb at 100 µM
taurine (Figures 5A,C).

The application of 10 mM b-alanine did not result in
significant di�erences between GlyRa1b WT (5.3 ± 2 nA, n = 3)
and GlyRa1Q177Nb (4.1 ± 0.8 nA, n = 3) or GlyRa1Q177Rb

4.5 ± 0.9 nA, n = 3) (Figure 5A). In contrast, taurine application
at 10 mM significantly reduced GlyR e�cacy with GlyRa1b WT
5.7 ± 0.4 nA, n = 3; GlyRa1Q177Nb 2.7 ± 0.5 nA, n = 3; and
GlyRa1Q177Rb 3.1 ± 0.4 nA, n = 3 (Figure 5C). Although, the
GlyRa1b WT reached saturation at 10 mM taurine, it is obvious
that the mutants probably not completely reached saturation.

Hence, we further examined b-alanine potency in comparison
to GlyRa1 WT, which exhibited a slight increase of the EC50
for b-alanine (GlyRa1b WT 157 ± 7 µM; GlyRa1Q177Nb

203 ± 17 µM a 1.3-fold increase; GlyRa1Q177R 359 ± 19 µM,

a 2.3-fold increase) (Figure 5B and Table 2). For taurine potency,
the EC50 for the arginine and asparagine GlyRa1 variants showed
the following results in comparison to GlyRa1b WT (GlyRa1b
WT 593 ± 18 µM; GlyRa1Q177Nb 1254 ± 72 µM, a 2.1-fold
increase; and GlyRa1Q177Rb 2982 ± 183 µM, a 5-fold increase)
(Figure 5D and Table 2).

In conclusion, the physiological data point to a mixed
phenotype a�ecting agonist/partial agonist potency and most
probably partial agonist e�cacy at least for taurine.

Structural Modeling Revealed Changes
in the Hydrogen Bonding Pattern of
b8–b9 Mutants
Earlier studies reported the importance of the hydrogen bond
network within the GlyR ECD or the closely related GABAA
receptor for stabilization of the structure (Padgett and Lummis,
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FIGURE 4 | b8–b9 GlyRa1Q177 variants lead to changes in ion channel characteristics. All electrophysiological recordings were performed from transfected HEK293
cells expressing ab heteromeric receptors with GlyRa1 mutants or WT and GlyRb WT. Functional parameters from whole-cell recordings of transfected HEK293 cells
with GlyRa1b WT or GlyRa1Q177b variants, mean values of current amplitudes at 1 mM (A) and 100 µM (B) of glycine (n = 5–8 cells) are shown. The mean of
GlyRa1b WT was set to 1 (marked by dotted line). Level of significance ⇤p < 0.05, ⇤⇤⇤p < 0.001. (C–E) Ligand binding potencies (EC50) determined by whole-cell
current measurements of transfected cells expressing GlyRa1b WT or GlyRa1Q177b variants with eight different glycine concentrations (1–3000 µM, n = 3–5 for each
receptor configuration).

2008; Yu et al., 2014). The mutation GlyRa1Q177K disrupts the
hydrogen bond network around residue Q177 (Figures 6A,B).
Similarly, the introduction of an arginine at position 177 resulted
in lack of hydrogen bonds to neighboring residues such as N42,
R65, andN203 (Figure 6C). Interestingly residues thatmarginally
a�ect GlyR function, such as GlyRa1Q1777E and GlyRa1Q177N
were still able to form a hydrogen bond, arguing for minor
structural changes to the GlyR structure (Figures 6D,E). Not in
line with a direct correlation between a lack of the hydrogen
bond network and large changes in glycine potency are the data
on GlyRa1Q177C. This residue is predicted to lack the hydrogen
bonds to R65 and N203 (data not shown), but exhibited only
small changes in glycine potency. From its size, cysteine is similar
to asparagine. One might therefore argue that size and side chain
property underlie the observed e�ects on glycine potency.

The large side chain volume of GlyRa1Q177W is expected to
completely disrupt the hydrogen bond network (Figure 6F).
Similarly, this amino acid exchange resulted in an increased
EC50 for the agonist glycine. The correct side chain volume of
glutamine at position 177 seems to be critical since tryptophan,
the bulkiest side chain, and glycine, the smallest residue,
behaved similarly. Glycine most probably is too small and
lacks side chain atoms which can engage in the formation of
hydrogen bonds, while in the larger residues, the bulkier side
chain is no longer able to interact with N42, R65, and N203
(Figure 6F).

DISCUSSION

Signal transduction from ligand-binding into channel opening in
Cys-loop receptors involves concerted conformational changes
of defined structures of the ECD at both the principle (+) and
the complementary (�) site of the intersubunit interface (Hilf
and Dutzler, 2008; Hibbs and Gouaux, 2011; Du et al., 2015;
Morales-Perez et al., 2016). The involvement of the b8–b9 loop
in these conformational rearrangements was first described in the
cryo-EM structure of the GlyRa1 subunit analyzing transitions
between the closed receptor configuration and the open states
(Du et al., 2015).

Previous studies on Cys-loop receptors determined a
hydrogen bond network of the b8–b9 loop with residues close
to the ligand binding site as important for transitions between
di�erent receptor states (Padgett and Lummis, 2008; Nys et al.,
2013; Yu et al., 2014). Disruptions in structurally important GlyR
elements may underlie disease pathology of startle disease (Bode
and Lynch, 2014). Several mutations distributed all over the GlyR
structure have been correlated to disease mechanisms (Chung
et al., 2010).

Within the b8–b9 loop one human mutation was so far
identified GlyRa1W170S (Al-Futaisi et al., 2012; Zhou et al.,
2013). An RNA-editing variant P185L of the GlyRa3 b8–b9 loop
detected in patients with mesial temporal lobe epilepsy (TLE) has
been described to increase glycine potency in vitro (Meier et al.,
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2005; Eichler et al., 2009). The murine GlyRa1 startle disease
mutant shaky (Q177K) resulted in lethality of homozygous
animals due to a complex functional pattern including reduced
synaptic expression, decreased agonist potency and accelerated
ion channel closure (Schaefer et al., 2017). Moreover, glutamine
177 is part of the hydrogen bond network important for ion
channel function. Here, we investigated the side chain volume
and charge of Q177 with regard to expression and ion channel
functionality.

In startle disease, depending on the type of mutation either ion
channel function (dominant trait) or expression and transport
(recessive mutation) is disabled (Chung et al., 2010; Bode
and Lynch, 2014). Although GlyRa1Q177K leads to decreased
expression in vitro, there is still enough protein expressed to
generate functional ion channels (Schaefer et al., 2017).

For all GlyRa1Q177 variants, the overall expression levels
were indistinguishable from a1WT. Using protein quantification
analyses combined with discrimination between whole cell and
surface protein, di�erences between GlyRa1WT and themutants
were identified. In contrast to no significant di�erences in the
whole cell protein amount of all GlyRa1Q177 variants, surface
expression levels di�ered between WT and mutants.

Similar to the shaky variant, GlyRa1Q177K, the mutant
GlyRa1Q177R showed a decreased expression when expressed
alone or in co-expression with GlyRb. The conservative exchange
of glutamine 177 to asparagine, however, did not result in
a di�erent expression pattern in comparison to GlyRa1 WT.
Interestingly, the introduction of a negative charge, such as in
GlyRa1Q177E which is a structurally similar amino acid residue
to the original glutamine resulted in a similar expression pattern
like GlyRa1WT. The introduction of neutral amino acid residues
either small (glycine, alanine, and cysteine) or bulky (tryptophan)
resulted in reduced surface receptor levels, independent of the
presence of the b-subunit.

A reduction of cell surface receptors argues for di�erences
of maximal currents upon application of saturating glycine
concentration. Earlier reports on recessive hyperekplexia
mutants demonstrated that a reduction of cellular membrane
expression revealed smaller Imax values in electrophysiological
recordings (Villmann et al., 2009; Chung et al., 2010). The shaky
mutant GlyRa1Q177K, however, did not result in changes at
glycine-induced currents at saturating glycine concentrations
although the surface expression was reduced in vitro (Schaefer
et al., 2017). Here, at a saturating concentration of glycine, all
GlyRa1Q177 variants exhibited maximal current amplitudes
almost indistinguishable from WT. The estimated reduction
of cell surface expression for the GlyRa1Q177 mutants is thus
not su�cient to change the maximal current amplitudes in the
HEK293 cell overexpression system.

Due to decreased glycinergic currents at lower glycine
concentrations observed for all GlyRa1Q177 mutants, a reduction
of glycine potency was suggested. Glycine potency was di�erently
a�ected in GlyRa1 variants. A lower glycine potency was
exhibited by GlyRa1Q177R. The determined four-fold decrease of
glycine potency was similar to the shaky mutation GlyRa1Q177K
(Schaefer et al., 2017). Small changes were observed for the
conservative exchange of glutamine to asparagine (1.6-fold) as
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FIGURE 5 | GlyRa1Q177 variants result in changes in potency and efficacy of the partial GlyR agonists b-alanine and taurine. GlyRa1Q177 variants were coexpressed
with GlyRb WT. (A) Comparison of the absolute current amplitudes (I) between GlyRa1 WT, GlyRa1Q177N, GlyRa1Q177R at a saturating b-alanine concentration of
10 mM and at 100 µM. (B) Dose–response curves for GlyRa1 WT and the GlyRa1 mutants using b-alanine at different concentrations (3–10000 µM).
(C) Determination of taurine efficacy at saturating concentration of taurine 10 mM and at 100 µM. Absolute current amplitudes (I) are shown; level of significance
⇤p < 0.05. (D) Dose–response curves of taurine (3–10000 µM) for GlyRa1 WT, GlyRa1Q177N, and GlyRa1Q177R.

well as to the charged glutamate (1.8-fold). The presence of the
smallest amino acids glycine and alanine at position 177 revealed
higher EC50 values for the agonist glycine which were similar to
the EC50 of the very bulky residue tryptophan.

The b8–b9 loop is not directly involved in ligand binding but
in structural transitions between agonist bound receptor and the
open state of the ion channel (Altho� et al., 2014; Du et al., 2015).
No changes in agonist/antagonist a�nities have been observed
in the shaky mouse carrying the GlyRa1Q177K mutation. Glycine
and strychnine bound with the same e�ciency to the mutated
receptor compared to GlyRa1 WT (Schaefer et al., 2017). The
observed glycine potency has been determined to correlate with
changes in the hydrogen bond network around residue Q177.

In the variants GlyRa1Q177K or GlyRa1Q177R the hydrogen
bond with residue R65 is disrupted. In the modeled GlyRa1 WT,
the oxygen of the amide at the side chain of glutamine acts
as the hydrogen bond acceptor. The side chains of lysine and
arginine lack this oxygen, which in turn hinder GlyRa1Q177K or
GlyRa1Q177R to form a hydrogen bond with R65. Furthermore,
the side chains of lysine and arginine are longer compared to
glutamine, arguing for steric e�ects that might be transferred

to conformational changes to the ligand-binding site and thus
explain di�erences in glycine potency.

Asparagine is almost identical in structure to the original
glutamine (Q177) in the b8–b9 loop with the side chain missing
one methylene unit, so one would expect results similar to the
GlyRa1 WT. The shorter side-chain of asparagine is predicted
to result in a weaker hydrogen bond between GlyRa1Q177N
and R65, as shown in the structural modeling, resulting in a
di�erent conformation of the ligand-binding site which probably
destabilizes the glycine binding pocket.

While glutamine features an amide, in contrast, glutamic acid
carries a carboxyl group. Aspartic acid also features a carboxyl
group instead of an amide andmisses a methylene unit compared
to glutamine. A hydrogen bond between R65 andGlyRa1Q177D or
GlyRa1Q177E should be possible with an oxygen of the carboxyl
group acting as acceptor. However, the negative side chain charge
may a�ect the strength of the hydrogen bond and also the
interaction with other nearby structural elements, e.g., N42.
Modeling of the putative position of the glutamate side chain
showed an orientation toward the amide group of N203, to which
it can form tight hydrogen bonds. In contrast, this repositioning
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FIGURE 6 | Q177 is localized in a hydrogen bond network important for GlyR function. Q177 is part of a hydrogen-bond network with R65, a critical residue in
glycine binding. View into the ligand binding site in the crystal structure of GlyRa3 in complex with AM-3607 and glycine ((Huang et al., 2017) PDB code 5TIN). The
principal and complementary subunits are colored gray, respectively. The agonist glycine is shown in yellow, residues that form the ligand binding pocket are marked
in blue, Q177 in green or modeled variants (A) GlyRa1 WT, (B) GlyRa1Q177K, (C) GlyRa1Q177R, (D) GlyRa1Q177N, (E) GlyRa1Q177E, and (F) GlyRa1Q177W at this
position in red. Loops C and b8–b9 are marked in light blue (loop C) and light green (b8–b9). Residues that are engaged in the hydrogen bond network are shown as
sticks, relevant water molecules are represented as spheres. Hydrogen bonds (to max. distance of 3.3 Å) are indicated as black dashed lines.

moves the side chain further away from R65 and thereby a second
hydrogen bond is lost.

Although, the amino acids glycine and tryptophan di�er the
most in side chain volume, the determined glycine potency was
similarly a�ected. Glycine has no side chain. Hence, no hydrogen
bond between R65 and GlyRa1Q177G is possible. Characterization
of G160 variants, localized in loop B, revealed that replacing
glycine with two other small amino acids alanine and serine
results in a 6- to 10-fold decrease in glycine potency (Atak et al.,
2015). These data indicate that even the small di�erence between
glycine and alanine can have a big impact on the conformation of
the ligand-binding pocket. In contrast, characterization of P250
variants, a residue located in the short intracellular TM1-2 loop,
has shown that short side chains gave rise to WT-like channels
(Breitinger et al., 2001). Hence, the observed e�ects depend on
the origin of the amino acid at a determined position in the
protein.

The introduction of a cysteine at position 177 is also predicted
to result in disturbed hydrogen network formation which is in
line with a slight rightward shift in glycine EC50 values. Free
cysteine residues share the ability for disulfide bridge formation.
However, this is unlikely as C138-C152 and C198-C209 already
form stable disulfide bridges in the GlyR (James et al., 2013).
A disruption of those disulfide bridges would probably have
stronger negative e�ects on ion channel function or even lead
to non-functionality (Vogel et al., 2009). Sterically the e�ect
of GlyRa1Q177C is less detrimental which might explain the
observed small e�ects on glycine potency. Tryptophan (W) is
the largest amino acid and contains an aromatic indole ring.
Because of the indole side chain, no hydrogen bond between

GlyRa1Q177W and R65 is possible. The original glutamine 177
forms a hydrogen bond with R65, which is located in the glycine
binding pocket. Mutation of R65 to lysine and alanine revealed a
200- and 1250-fold decrease in glycine EC50, demonstrating that
R65 is an important residue for ligand binding (Grudzinska et al.,
2005).

The analysis of partial agonist e�cacy and potency implies
changes in agonist e�cacy at least for taurine and changes
in partial agonist potencies. These data indicate that Q177
influences the formation of the agonist/partial agonist binding
sites possibly by di�erences in hydrogen bond network
formation. Moreover, taurine measurements verified that
structural changes in the b8–b9 loop also a�ect GlyR gating
similar to findings for the shaky mouse mutant (Schaefer et al.,
2017). In summary, the number of contacts to the hydrogen
bond network and a mutual stabilization of the conformation
seems to be reduced.

Since, the first description of the large movements the
b8–b9 loop undergoes upon transition from the agonist-bound
GlyR structure to the open conformation in the cryo-EM
structure of GlyRa1 (Du et al., 2015), similar observations have
been explored in the a4b2 crystal structure of the nicotinic
acetylcholine receptor (Morales-Perez et al., 2016). The b8–b9
loop is connected to loop C covering the binding pocket but
also is located underneath the binding pocket, thus it indirectly
participates in the binding pocket. Furthermore, it is involved
in the coupling of conformational changes of the ECD following
ligand binding to finally ion channel opening and closing. During
GlyR ion channel opening, the C loop switches from open to
closed and displaces the b8–b9 loop which concomitantly induces
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rotation of the pre-M1 and M1 and finally movement of the
M2 elements (Du et al., 2015). The analysis of the first mouse
mutant carrying an amino acid transition in the b8–b9 loop
further revealed the importance of this loop structure for GlyR
function and survival. The mutant mouse showed no changes in
agonist a�nity but the ensuing signal transduction resulting in
ion channel opening was almost completely abolished (Schaefer
et al., 2017). We showed that all mutations at residue Q177 lack
the potential to form hydrogen bonds with residue R65. Thus,
the hydrogen bond to R65 is critical for the stabilization of the
glycine-binding pocket, which is in agreement with the observed
decrease in glycine potencies. A further impact on GlyR gating as
suggested by the observed reduced e�cacy of the partial agonist
taurine is in line with the displacement b8–b9 undergoes during
GlyR ion channel opening and closing and glycinergic signaling
toward the pore forming unit (Du et al., 2015).

Moreover, the b8–b9 loop harbors a structural potential
for allosteric modulation. Nys et al. (2016) argued that
chlorpromazine bound to ELIC, a member of the Cys-loop
receptor family, undergoes hydrophobic interaction with b8–b9
loop residues and is part of a multisite model for allosteric
modulation in a continuous stretch from the top to the bottom
of the receptor. A modulatory role of the b8–b9 loop has also
been determined for GABAA receptors. Tricyclic oxazole-2,3-
benzodiazepines bind to the interface between a and b subunits
to residues 172REPAR176 within the GABAA receptor b8–b9
loop. These residues undergo interactions with residues R66
and F45 located close to the agonist binding site (Mihalik
et al., 2017). The b8–b9 of the GlyR and other Cys-loop

receptors might also harbor allosteric potential for yet unknown
modulators.

CONCLUSION

The b8–b9 loop is an important contributor to the hydrogen
bond network in the ligand-bound state thus stabilizing the
glycine-binding pocket.
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1ol0bm-m|Ѵ��;�ru;vv;7�α1β2γ2�u;1;r|ouv��-v�omѴ���;ub=b;7�=ou�_�loѴoѴĺ��o7;Ѵbm]�-m7�
7o1hbm]�v|�7b;v�ruo�b7;7�v�rrou|�=ou�|_;�0bm7bm]�o=�" $v�|o�|_;�m;�uov|;uob7Ŋ�0bm7bm]�
vb|;�o=�|_;�����A!�Ѵo1-Ѵb�;7�0;|�;;m�|u-mvl;l0u-m;�v;]l;m|v�Ɛ�-m7�ƒ�-|�|_;�Ő

+αőŊ
Ő- αő� bm|;u=-1;ĺ� �m� v�lķ�7b==;u;m1;v� bm� |_;�lo7�Ѵ-|bom�o=�����A!� bvo=oulv�0;|�;;m
" $v��;u;� b7;m|b=b;7ĺ��mo|_;u� =bm7bm]� bv� |_-|�o�u�u;v�Ѵ|v�ruo�b7;�-m� bm7b1-|bom�|_-|�
m�|ub|bom-Ѵ�7b];v|bom�-==;1|v�|_;�m;�uo|uorb1�ro|;m|b-Ѵ�o=�m-|�u-Ѵ�1olro�m7vĺ

K E Y W O R D S
-ѴѴov|;ub1�lo7�Ѵ-|bomķ�����A�u;1;r|ouķ�r-|1_�1Ѵ-lr�u;1ou7bm]
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ƐՊ |Պ ��$!�	&�$���

GABAA!v� u;ru;v;m|� |_;�l-fou� bm_b0b|ou�� Ѵb]-m7Ŋ�]-|;7�1_Ѵoub7;� bom�
1_-mm;Ѵv�bm�|_;�1;m|u-Ѵ�m;u�o�v�v�v|;lĺ�����A!v�l;7b-|;�=-v|�r_--
vb1�v�m-r|b1�bm_b0b|bom�-v��;ѴѴ�-v�|omb1�r;ubv�m-r|b1�-m7�;�|u-v�m-r-
|b1�bm_b0b|bomķ�-m7�-u;�;�ru;vv;7�bm�0u-bm�-u;-vķ�=ou�;�-lrѴ;ķ�1ou|;�ķ�
_brro1-lr�vķ� -m7� oѴ=-1|ou�� 0�Ѵ0ĺ� $_;�� 1om|ub0�|;� |o� |_;� 0-Ѵ-m1;�
0;|�;;m� ;�1b|-|ou�� -m7� bm_b0b|ou�� m;�uo|u-mvlbvvbom� ruo1;vv;v�
0��bm_b0b|bm]�bm1olbm]�-1|bom�ro|;m|b-Ѵv�|_uo�]_�1_Ѵoub7;�bom�bm=Ѵ���
Ő�ou|;mv;m�;|�-Ѵĺķ�ƑƏƐƑĸ�"b;]_-u|ķ�ƑƏƏѵőĺ

GABAA!v� -u;� _;|;uor;m|-l;ub1� u;1;r|ouv� |_-|� 0;Ѵom]� |o� |_;�
v�r;u=-lbѴ��o=���vŊ�Ѵoor�u;1;r|ouv�-Ѵvo�bm1Ѵ�7bm]�]Ѵ�1bm;�u;1;r|ouvķ�
|_;�Ɣ�$ƒ�u;1;r|ouķ�-m7�mb1o|bmb1�-1;|�Ѵ1_oѴbm;�u;1;r|ouv� Őm��_!vőĺ�
�ollom�|o�-ѴѴ���vŊ�Ѵoor�u;1;r|ouv�bv�|_;bu�Ѵ-u];��Ŋ�|;ulbm-Ѵ�7ol-bm�
=oѴѴo�;7� 0�� =o�u� |u-mvl;l0u-m;� 7ol-bmv� Ő�ƐŊ�Ɠő� �b|_��Ƒ� u;ru;-
v;m|bm]�|_;�bom�1_-mm;Ѵ�rou;ķ�-m7�-�v_ou|�;�|u-1;ѴѴ�Ѵ-u��Ŋ�|;ulbm�vĺ�
$_;� Ѵ-u];� bm|u-1;ѴѴ�Ѵ-u� Ѵoor�0;|�;;m��ƒ�-m7��Ɠ� bv�o=� |_;�_b]_;v|�
�-ub-0bѴb|�� 0;|�;;m� ��vŊ�Ѵoor� u;1;r|ouv� 0;-ubm]� 0bm7bm]� vb|;v� =ou�
o|_;u�v|u�1|�u-Ѵ�ruo|;bmv�Ő�-v-u-]o7�ş�"1_bm7;Ѵbmķ�ƑƏƐƖőĺ

GABAA!�v�0�mb|v�-u;�;m1o7;7�0��ƐƖ�];m;v�ŐαƐŊ�ѵķ�βƐŊ�ƒķ�γƐŊ�ƒķ�δķ�εķ�
θķ�ρƐŊ�ƒķ�πő�Ő"blom�;|�-Ѵĺķ�ƑƏƏƓőĺ��ov|�����A!v�-u;�=oul;7�0��αķ�βķ�-m7�
γ/δ�v�0�mb|v��b|_�|_;�α1β2/ƒγ2�1om=b]�u-|bomv�u;ru;v;m|bm]�|_;�lov|�
-0�m7-m|�u;1;r|ou�v�0|�r;v�bm�|_;�0u-bm�Ő
ub|v1_��ş��o_Ѵ;uķ�ƐƖƖƔőĺ�
!;1;m|� v|u�1|�u;v� u;�;-Ѵ;7� -m� -uu-m];l;m|� o=� α– β– α– β– γ/δ in a 
1Ѵo1h�bv;�l-mm;u� Ő�-�;u|�� ;|� -Ѵĺķ� ƑƏƐƕĸ��-vb�Ѵbv� ;|� -Ѵĺķ� ƑƏƐƖőĺ� $_;�
Ѵ-u];� ;�|u-1;ѴѴ�Ѵ-u� �Ŋ�|;ulbm�v� _-u0ouv� |_;� Ѵb]-m7Ŋ�0bm7bm]� vb|;� =ou�
�����-|� |_;� bm|;u=-1;�o=� |�o�-7f-1;m|�v�0�mb|v� Őα and βőĺ�$_;� bom�
1_-mm;Ѵ�1-m�0;�0Ѵo1h;7�0��|_;�-m|-]ombv|�rb1uo|o�bmbm�Ő�$*ő��_b1_�
0bm7v�|o�u;vb7�;v�Ѵo1-|;7�bm��Ƒ�1omv|ub1|bm]�|_;�bom�1_-mm;Ѵ�rou;�|o�
-0o�|�ƐĺƔ�ܲĺ�
oѴѴo�bm]�|_;�0bm7bm]�o=�-mo|_;u�-m|-]ombv|ķ�0b1�1�ѴѴ-
bm;ķ�|o�|_;�ou|_ov|;ub1Ŋ�0bm7bm]�vb|;ķ�|_;�����A!v�|�um�bm|o�-�1Ѵov;7�
1om=oul-|bom�vblbѴ-u�|o�|_;��$*Ŋ�0o�m7�v|-|;�Ő�-vb�Ѵbv�;|�-Ѵĺķ�ƑƏƐƖőĺ�
	b-�;r-lķ� -� 0;m�o7b-�;rbm;ķ� bv� -� ro|;m|� -ѴѴov|;ub1� lo7�Ѵ-|ou� o=�
����;u]b1� =�m1|bom�0bm7bm]�vr;1b=b1-ѴѴ�� |o� |_;�ou|_ov|;ub1Ŋ�0bm7bm]�
vb|;�-|�|_;�bm|;u=-1;�o=�α1 and γ2�v�0�mb|vĺ�	b-�;r-l�bv�-m�;v|-0Ѵbv_;7�
7u�]��v;7�-v�-�l�v1Ѵ;�u;Ѵ-�-m|�-m7�-�v;7-|b�;�v�0v|-m1;�Ő!�7oѴr_�ş�
�mo=Ѵ-1_ķ�ƑƏƐƐőĺ�!;1;m|Ѵ�ķ�-�v;1om7�0bm7bm]�vb|;�=ou�0;m�o7b-�;rbm;v�
�-v�7;lomv|u-|;7�u;vromvb0Ѵ;� =ou� |_;�o0v;u�;7�0br_-vb1�����AR 
ro|;m|b-|bom� -|� _b]_;u� 7b-�;r-l� 1om1;m|u-|bomv� Ő�Ѵv;mķ� ƑƏƐѶĸ�
)-Ѵ|;uv� ;|� -Ѵĺķ� ƑƏƏƏőĺ� $_bv� 0bm7bm]� vb|;� bv� Ѵo1-Ѵb�;7� 0;|�;;m� |_;�
|u-mvl;l0u-m;�7ol-bmv� -|� |_;� bm|;u=-1;�o=� v�0�mb|v�β� Őβƒ+ő� -m7�α 
Őα1

- őĺ�"blbѴ-uѴ�ķ�m;�uov|;uob7�0bm7bm]�_-v�0;;m�7;lomv|u-|;7��b|_bm�
-� _�7uor_o0b1Ŋ�0bm7bm]� ro1h;|� 0;|�;;m� -7f-1;m|� |u-mvl;l0u-m;�
7ol-bmv� Ő�Ѵ�-u;�� ş� �v|ubmķ� ƑƏƐƔĸ� �Ѵ�-u;�� ş� �;11bķ� ƑƏƐѶĸ� �bѴѴ;u�
;|�-Ѵĺķ�ƑƏƐƕőĺ

";�;u-Ѵ� v|�7b;v� 7;v1ub0;� lo7�Ѵ-|bom� o=� ����A!v� 0�� m-|�u-Ѵ�
1olro�m7v�|-h;m��r��b-�m�|ub|bom�ou��v;7� bm�-uol-�|_;u-r�ķ�_o�-
;�;uķ�lov|�Ѵ-1h�u;1;r|ou�v�0|�r;�vr;1b=b1b|��Ő�o_mv|om�;|�-Ѵĺķ�ƑƏƏѵőĺ�
�ovb|b�;� -m7�m;]-|b�;�-ѴѴov|;ub1�lo7�Ѵ-|bom�o=�����A!v�_-v�0;;m�
v_o�mķ� =ou� bmv|-m1;ķ� =ou� =Ѵ-�omob7vķ� |;ur;mob7vķ�r_;moѴvķ�-m7�roѴ�-
-1;|�Ѵ;mb1� -Ѵ1o_oѴvķ� 0;-ubm]� 1om��Ѵvb�;ķ� -m|b1om��Ѵvb�;ķ� v;7-|b�;�
ou� -m�boѴ�|b1� ro|;m|b-Ѵĺ� �;1-�v;� o=� |_;� r-u|Ѵ�� _b]_� _�7uor_o0b1b|��
o=�|;ur;mob7vķ�0bm7bm]�|o�|_;�|u-mvl;l0u-m;�v�0�mb|� bm|;u=-1;v�ou�

lo7�Ѵ-|bom�o=�|_;�Ѵbrb7�v�uuo�m7bm]�_-�;�0;;m�rov|�Ѵ-|;7�-v��m7;u-
Ѵ�bm]�l;1_-mbvlv�Ő�-m-�b�;|�-Ѵĺķ�ƑƏƐѵĸ�"bѴ�-�;|�-Ѵĺķ�ƑƏƐƖőĺ��lom]�7b=-
=;u;m|�|;ur;m;�v�0|�r;vķ��oѴ-|bѴ;�0b1�1Ѵb1�lomo|;ur;mob7v�1-uu�bm]�
-� _�7uo��� ]uo�r� u;�;-Ѵ;7� rovb|b�;� -ѴѴov|;ub1� lo7�Ѵ-|ouv� -|� α1β2γ2 
0�|�-Ѵvo�-|�α1β2 GABAA!v�Ő�;vvѴ;u�;|�-Ѵĺķ�ƑƏƐƑķ�ƑƏƐƓőĺ��o7�Ѵ-|bom�o=�
����;u]b1� =�m1|bom�_-v�-Ѵvo�0;;m�-v1ub0;7�|o�v;vt�b|;ur;m;v�-m7�
v;vt�b|;ur;mob7v�Ő" $vő�Ő�-v-u-]o7�;|�-Ѵĺķ�ƑƏƐƖĸ��-m-�b�;|�-Ѵĺķ�ƑƏƐѵőĺ

�m�|_bv�v|�7�ķ��;�bm�;v|b]-|;7�|_;�lo7�Ѵ-|ou��;==;1|v�o=�ƐƐ�" $v�
o11�uubm]� bm� 7b==;u;m|� rѴ-m|v� Ѵbh;� _or� -m7� 1_-lolbѴ;� om�����AR 
1om=b]�u-|bomv�ru;v;m|�bm�|_;�_�l-m�0u-bmĺ�$_;u;=ou;ķ�|_;�����A!v�
;�ru;vv;7� bm� |u-mv=;1|;7� ���ƑƖƒ� 1;ѴѴv� -m7� rubl-u�� _brro1-lr-Ѵ�
m;�uomv��;u;� 1_-u-1|;ub�;7� 0�� ;Ѵ;1|uor_�vboѴo]b1-Ѵ��_oѴ;Ŋ�1;ѴѴ� u;-
1ou7bm]vĺ���u�=�m1|bom-Ѵ�7-|-��;u;�-11olr-mb;7�0��v|u�1|�u-Ѵ�lo7-
;Ѵbm]�-m7�loѴ;1�Ѵ-u�7o1hbm]�v|�7b;v�|o�=�u|_;u� bm�;v|b]-|;�rovvb0Ѵ;�
0bm7bm]�lo7;v�o=�|_;�" $v�v|�7b;7ĺ�);�=o�m7�vb]mb=b1-m|�7b==;u;m1;v�
bm�|_;�lo7�Ѵ-|bom�o=�����A!�bvo=oulv�0;|�;;m�7b==;u;m|�" $v�-v�
�;ѴѴ�-v�0;|�;;m�|u-mv=;1|;7�1;ѴѴv�-m7�_brro1-lr-Ѵ�m;�uomvĺ�$_;�u;-
v�Ѵ|v�-Ѵvo�bm7b1-|;�|_-|�v|u�1|�u-Ѵ�1_-m];v�0;1-�v;�o=�7b];v|bom�-m7�
0bo|u-mv=oul-|bom�ruo1;vv;v�l-��-==;1|�|_;�m;�uo|uorb1�ro|;m|b-Ѵ�o=�
m-|�u-Ѵ�1olro�m7vĺ

ƑՊ |Պ��$�!���"���	���$��	"

ƑĺƐՊ |Պ �_;lb1-Ѵ��m=oul-|bom

����ķ�,m�Ѵ2ķ�rb1uo|o�bmbmķ�7b-�;r-lķ�-m7�]-0o�-7oѴ��;u;�-1t�bu;7�
=uol� "b]l-Ŋ��Ѵ7ub1_ĺ� "|o1h� voѴ�|bomv� o=� ����� ŐƐ� �ő� -m7� ,m�Ѵ2 
ŐƐƏƏ�l�ő��;u;�ru;r-u;7�bm��-|;uĺ��b1uo|o�bmbm�ŐƔƏ�l�őķ�7b-�;r-l�
ŐƐƏ�l�őķ�-m7�]-0o�-7oѴ�ŐƐƏƏ�l�ő��;u;�7bvvoѴ�;7�bm�;|_-moѴĺ���-boѴķ�
αŊ�_�l�Ѵ;m;ķ� αŊ�0bv-0oѴoѴķ� βŊ�1-u�or_�ѴѴ;m;ķ� -m7� moo|h-|om;� �;u;�
r�u1_-v;7� =uol� "b]l-Ŋ��Ѵ7ub1_ĺ� βŊ��-u�oѴ-moѴ� -m7� _�l�ѴoѴ� �;u;�
v�m|_;vb�;7�-11ou7bm]�|o��;bmѴ;bm�ş���;||m;uķ� ŐƑƏƐƑőĺ�"r-|_�Ѵ;moѴķ�
αŊ�0bv-0oѴom;�o�b7;��ķ�αŊ�0bv-0oѴoѴ�o�b7;��ķ�-m7�αŊ�0bv-0oѴoѴ�o�b7;���
�;u;�bvoѴ-|;7�0��-�1ol0bm-|bom�o=�7b==;u;m|�;�|u-1|bom�-m7�bvoѴ-|bom�
v|;rvĺ��m�v_ou|ķ�7ub;7�1_-lolbѴ;�=Ѵo�;u�_;-7v��;u;�;�|u-1|;7��b|_�
7b1_Ѵouol;|_-m;�-m7�|_;��oѴ-|bѴ;�=u-1|bom��-v�bvoѴ-|;7�0��l;-mv�o=�
voѴ�;m|Ŋ�-vvbv|;7�=Ѵ-�ou�;�-rou-|bom� Ő�m];Ѵ�;|�-Ѵĺķ�ƐƖƖƖőĺ��;m|ub=�]-Ѵ�
r-u|b|bom� 1_uol-|o]u-r_�� u;v�Ѵ|;7� bm� |_;� 7bu;1|� bvoѴ-|bom� o=� α- 
0bv-0oѴom;� o�b7;� �ĺ� "bѴb1-� ];Ѵ� 1_uol-|o]u-r_�� -m7� vb�;� ;�1Ѵ�vbom�
1_uol-|o]u-r_�� ruo�b7;7� =�u|_;u� r�ub=b1-|bom� o=� vr-|_�Ѵ;moѴķ� α- 
0bv-0oѴoѴ�o�b7;��ķ�-m7�αŊ�0bv-0oѴoѴ�o�b7;��ĺ��77b|bom-ѴѴ�ķ�αŊ�0bv-0oѴoѴ�
o�b7;����-v�bvoѴ-|;7�0��ru;r-u-|b�;�|�oŊ�7bl;mvbom-Ѵ���ĺ�" $�v|o1h�
voѴ�|bomv� ŐƐƏƏ�l�ő��;u;� ru;r-u;7� bm� ;|_-moѴĺ� �ѴѴ� v|o1h� voѴ�|bomv�
�;u;�v|ou;7�-|�ƴƑƏ૟ĺ�
u;v_�voѴ�|bomv��;u;�ru;r-u;7�=uol�v|o1h�vo-
Ѵ�|bomv�om�|_;�7-��o=�u;1ou7bm]�Ő=bm-Ѵ�1om1;m|u-|bom�o=�;|_-moѴ�Əĺѵѷőĺ

ƑĺƑՊ |Պ ��|u-1|bom�-m7�bvoѴ-|bom�o=�" $v�=uol�
chamomile and hop for GC- MS analyses

	ub;7�_or�1om;v�ŐƑĺƓƒ�]ő�-m7�7ub;7�1_-lolbѴ;�=Ѵo�;u�_;-7v�ŐƑĺѵƑ�]őķ�
0o|_�r�u1_-v;7�=uol�-�Ѵo1-Ѵ�1olr-m��Ő)�u7b;v��u࢜�|;u��l0��ş��oĺ�
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��őķ��;u;�=bm;Ѵ��1_orr;7�=ou�Ɛ�lbm��b|_�-�lbmb�1_orr;u�Ő�;m�oo7�
��ƐѶƏķ��;m�oo7��blb|;7őĺ�"oѴ�;m|�;�|u-1|bom��-v�r;u=oul;7��b|_�
7b1_Ѵouol;|_-m;� Ő	��ķ�ƔƏ�lѴķ� ƒƏ�lbmőĺ��=|;u� 7u�bm]�o�;u� vo7b�l�
v�Ѵ=-|;ķ�|_;�;�|u-1|v��;u;�-rrѴb;7�|o�voѴ�;m|Ŋ�-vvbv|;7�=Ѵ-�ou�;�-rou--
|bom�Ő"�
�ő�-|�ѵƏ૟� bm�-��-1��l�Ő�m];Ѵ�;|�-Ѵĺķ�ƐƖƖƖőĺ�$_;�7bv|bѴѴ-|;v�
�;u;�1om1;m|u-|;7�|o�ƐƏƏ�µѴ�0��(b]u;���-m7�v�0v;t�;m|�lb1uo�7bv-
|bѴѴ-|bom�-|�ƔƏ૟� Ő�;l;Ѵl-mvķ�ƐƖƕƖőĺ��v�|_;�Ѵ-v|�v|;rķ�|_;�7bv|bѴѴ-|;v�
�;u;�7bѴ�|;7�ƐĹƐƏ�Ő	��ő�=ou���Ŋ��"�-m-Ѵ�vbvĺ

ƑĺƒՊ |Պ��Ŋ��"�-m-Ѵ�v;v�o=�|_;�_or�-m7�1_-lolbѴ;�
distillates

$_;�-m-Ѵ�v;v��;u;�r;u=oul;7�om�-����ѵķѶƖƏ�Ő�]bѴ;m|�$;1_moѴo]b;vķ�
"-m|-��Ѵ-u-ķ���ķ�&"�ő�1omm;1|;7�|o�-��"	�ƔķƖƕƒ�Ő�;�Ѵ;||Ŋ��-1h-u7ķ�
�-Ѵo��Ѵ|oķ���ķ�&"�őķ�;t�brr;7��b|_�-���!"$�����"�Ƒ�l�Ѵ|br�urov;�
v-lrѴ;u�-m7�-���!"$�����"�ƒ�bmf;1|bom�v�v|;l�Ő��!"$����l0��ş�
�oĺ���ķ��ুѴ_;bl�-m�7;u�!�_uķ��;ul-m�őĺ��m��m1o-|;7�=�v;7�vbѴb1-�
1-rbѴѴ-u��ru;Ŋ�1oѴ�lm�Őƒ�l�×�ƏĺƔƒ�ll�bĺ	ĺő��-v�=b�;7�|o�-�	�Ŋ�Ɣ�1-rbѴ-
Ѵ-u��1oѴ�lm�ŐƒƏ�×�ƏĺƑƔ�ll�bĺ	ĺķ�=bѴl�|_b1hm;vv�ƏĺƑƔ�µlĸ�0o|_�=uol�
�]bѴ;m|��ş)�"1b;m|b=b1őĺ�$_;�o�;m�ruo]u-l��-v�v|-u|;7�-|�ѵƏ૟ and 
�-v�u-bv;7�-|�ƒ૟ņlbm��m|bѴ�ƑƓѵ૟ĺ�$_;�1-uub;u�]-v�Ő_;Ѵb�lő�=Ѵo���-v�
v;|�|o�Ɛ�lѴņlbmĺ���vrѴb|�o=�ƑƏĹƐ��-v��v;7�=ou�|_;�-rrѴb1-|bom�o=�|_;�
v-lrѴ;�ŐƑ�µѴőĺ����l-vv�vr;1|u-��;u;�u;1ou7;7�bm�=�ѴѴ�v1-m�lo7;�ŐƓƏĺƏŋ�
ƓƏƏĺƏ�-l�ő��vbm]�ƕƏ�;(ĺ

ƑĺƓՊ |Պ �;ѴѴ�Ѵbm;v

���ƑƖƒ�_�l-m�;l0u�omb1�hb7m;��1;ѴѴv�Ő�!�Ŋ�ƐƔƕƒķ�!!�	Ĺ�(��ōƏƏƓƔķ�
�$��ĸ�r-vv-];v�ƒƒ� Ѵo|�ƕƏƏƐѵƒѵƓ�-m7�ƒƓ� Ѵo|�ѵƐƕƐƓƒƏƐő��;u;�]uo�m�
bm�lbmbl-Ѵ�;vv;m|b-Ѵ�l;7b�l�Ő���ő�v�rrѴ;l;m|;7��b|_�ƐƏѷ�=;|-Ѵ�1-Ѵ=�
v;u�lķ� ƑƏƏ� l�� �Ѵ�|-��*ķ� ƐƏƏ� l�� vo7b�l� r�u��-|;ķ� ƐƏƏ� &ņl��
r;mb1bѴѴbmķ�-m7�ƐƏƏ�µ]ņlѴ�v|u;r|ol�1bm�Ő$_;ulo�
bv_;u�"1b;m|b=b1ő��m7;u�
v|-m7-u7�]uo�|_�1om7b|bomv�-|�ƒƕ૟�-m7�Ɣѷ���2ĺ�
oѴѴo�bm]�|_-�bm]ķ�
1;ѴѴv��v;7�=ou�;�r;ubl;m|v��;u;�0;|�;;m�r-vv-];v�ѵ�-m7�ƑƏĺ�$_;�1;ѴѴ�
Ѵbm;�bv�mo|�Ѵbv|;7�-v�-�1ollomѴ��lbvb7;m|b=b;7�1;ѴѴ�Ѵbm;�0��|_;��m|;um-|bom-Ѵ�
�;ѴѴ��bm;���|_;m|b1-|bom��ollb||;;ĺ

ƑĺƔՊ |Պ $u-mv=;1|bom

���ƑƖƒ�1;ѴѴv��;u;�|u-mvb;m|Ѵ��|u-mv=;1|;7��vbm]�-�lo7b=b;7�1-Ѵ1b�lŊ�
r_ovr_-|;�ru;1brb|-|bom�l;|_o7ĺ��Ѵ-vlb7�	��v�o=�α1ķ�α4ķ�α6ķ�β2ķ�βƒķ�
γ2ķࠤ�� v�0�mb|vķ� -m7� �
���;u;�lb�;7��b|_� |_;� =oѴѴo�bm]� 1ol0bm--
|bomv�-m7�u-|bovĹ�α1:β2Ĺ�
��ƐĹƐĹƐķ�α1:β2:γ2Ĺ�
��ƐĹƐĹƏĺƔĹƐķ�α4:βƒ:ࠤĹ�
��
ƐĹƐĹƏĺƔĹƐķ�α6:βƒ:ࠤĹ�
��ƐĹƐĹƏĺƔĹƐĺ�	����-v�lb�;7��b|_�ƏĺƐ×�$��0�==;uķ�
ƑĺƔ����-�Ѵ2ķ�-m7�Ƒ×���"�0�==;u� ŐƔƏ�l������"ķ�ƐƑ�l��]Ѵ�1ov;ķ�
ƐƏ�l����Ѵķ� ƑѶƏ�l���-�Ѵķ� ƐĺƔ�l���-2���4ķ� r�� ѵĺƖѶő� -m7� -r-
rѴb;7�|o�|_;�1;ѴѴvĺ��;ѴѴ�l;7b�l��-v�;�1_-m];7�-=|;u�ѵ�_u�|o�u;7�1;�
|u-mv=;1|bom�v|u;vvĺ��Ѵ;1|uor_�vboѴo]b1-Ѵ�u;1ou7bm]v��;u;�r;u=oul;7� 
ƑƓŋ�ƓѶ�_u�rov|Ŋ�|u-mv=;1|bomĺ

ƑĺѵՊ |Պ�;�uom-Ѵ�ru;r-u-|bom�-m7�1�Ѵ|�u;

�brro1-lr-Ѵ�m;�uomv��;u;�ru;r-u;7�=uol�lo�v;�;l0u�ov�-|�;l-
0u�omb1� 7-�� Ɛƕ� Ő�Ɛƕő� =uol� ru;]m-m|� =;l-Ѵ;� �bѴ7Ŋ�|�r;� �	Ɛ� lb1;�
Ő"|u-bm� 1o7;Ĺ� ƏƑƑķ� !!�	Ĺ��"!ō�!�ĹƏƑƑķ� �_-uѴ;v� !b�;uőĺ� 
;l-Ѵ;�
ru;]m-m|� lb1;� �;u;� v�0f;1|;7� |o� -� ƐƏŊ�lbmŊ�7;;r� ��2� -m;v|_;vb-ĺ�
��r;ubl;m|v� �;u;� -�|_oub�;7� 0�� |_;� Ѵo1-Ѵ� �;|;ubm-u�� -�|_oub|��
-m7� �ollb||;;� om� |_;� �|_b1v� o=� �mbl-Ѵ� ��r;ubl;m|v� Ő!;]b;u�m]�
�om�&m|;u=u-mh;mķ� Ѵb1;mv;�
�((��ƔѵѶņƑƏƏŊ�ƒƑƓņƐƒőĺ� �m� v_ou|ķ� _br-
ro1-lrb�=uol�-ѴѴ�;l0u�ov�Őn =�ƐƏŋ�Ɛѵő��;u;�rooѴ;7�-m7�|u�rvbm-|;7�
=ou�ƒƏ�lbm�0��bm1�0-|bom�bm�ƏĺƔ�l]ņlѴ�|u�rvbmķ�ƏĺƑ�l]ņlѴ��	$�ķ�-m7�
10 µ]ņµѴ�	�-v;���bm���"�=ou�ƒƏ�lbm�-|�ƒƕ૟ĺ��=|;u�-77bm]�ƐƏѷ�=;|-Ѵ�
1-Ѵ=� v;u�lķ� m;�uomv��;u;� 7bvvo1b-|;7� 0�� |ub|�u-|bomķ� 1o�m|;7ķ� -m7�
v;;7;7� om� roѴ�Ŋ�lŊ�Ѵ�vbm;Ŋ�1o-|;7� 1o�;uvѴbrvĺ� �brro1-lr-Ѵ� m;�uomv�
�;u;� 1�Ѵ|�u;7� �m7;u� v|-m7-u7� ]uo�|_� 1om7b|bomv� -|� ƒƕ૟� -m7� Ɣѷ�
��2� bm�-�m;�uo0-v-Ѵ�l;7b�l�1om|-bmbm]�Ƒ�l���Ѵ�|-��*�-m7�Ƒѷ�
Ő�ņ�ő��Ƒƕ�v�rrѴ;l;m|�Ő$_;ulo�
bv_;u�"1b;m|b=b1őĺ��;�uomv��;u;��v;7�
=ou�r-|1_�1Ѵ-lr�;�r;ubl;m|v�-=|;u�ƐѶŋ�ƑƐ�7-�v�bm�1�Ѵ|�u;ĺ

ƑĺƕՊ |Պ �Ѵ;1|uor_�vboѴo]�

)_oѴ;Ŋ�1;ѴѴ�u;1ou7bm]v�o=�|u-mv=;1|;7����ƑƖƒ�1;ѴѴv�-m7�_brro1-l-
r-Ѵ� m;�uomv� �;u;� o0|-bm;7� �vbm]� |_;� r-|1_� 1Ѵ-lr� |;1_mbt�;ĺ�
��"�||;u��Ɩƕ�_oub�om|-Ѵ�r�ѴѴ;u�Ő"�||;u��mv|u�l;m|ő��-v��v;7�|o�r�ѴѴ�
u;1ou7bm]�rbr;||;v� Őƒŋ�Ɣ��Ωő� =uol�|_bmŊ��-ѴѴ;7�0ouovbѴb1-|;�1-rbѴѴ-u-
b;v� Ő$)ƐƔƏŊ�
Ɠĸ�)ouѴ7� �u;1bvbom� �mv|u�l;m|vķ� "-u-vo|-ķ� 
�ķ� &"�őĺ�
!;1ou7bm]v��;u;�o0|-bm;7��b|_� -m����ƐƏ�&"��-lrѴb=b;u� or;u-|;7�
�b|_� �-|1_l-v|;u� vo=|�-u;� Ő������Ѵ;huombhőĺ� ��uu;m|v��;u;� Ѵo�Ŋ�
r-vv�=bѴ|;u;7�-|�ƑĺƖ�h���-m7�7b]b|b�;7�-|�ƑƏ�h��ĺ��;ѴѴv��;u;�_;Ѵ7�-|�
ƴѵƏ�l(ĺ� �m� �1|-=Ѵo�� ��� v�v|;l� Ő���� "1b;m|b=b1� �mv|u�l;m|vő� �-v�
�v;7�|o�-rrѴ��-]ombv|�voѴ�|bomv�7bu;1|Ѵ��om�r-|1_;7�1;ѴѴv�=ou�ƔƏ�lv�
�b|_�-�ru;vv�u;�o=�Ɛ�0-uĺ�$_;�bm|u-1;ѴѴ�Ѵ-u�0�==;u�1om|-bm;7�Őbm�l�ő�
ƐƑƏ��v�Ѵķ�ƑƏ�NŐ�|ő4�Ѵķ�Ɛ��-�Ѵ2ķ�Ƒ��]�Ѵ2ķ�ƐƐ���$�ķ�ƐƏ�����"ĸ�r��ƕĺƒķ�
-7f�v|;7��b|_��v���ŐƑƖƔ�±�ƐĺƔ�l�vlņ�ő�-m7�|_;�;�|u-1;ѴѴ�Ѵ-u�vo-
Ѵ�|bom�1omvbv|;7�o=� Őbm�l�ő�Ɛƒƕ��-�Ѵķ�ƔĺƓ���Ѵķ�ƐĺѶ��-�Ѵ2ķ�Ɛ��]�Ѵ2ķ�
Ɣ�����"�r��ƕĺƒķ�-7f�v|;7��b|_��-���ŐƒƑƏ�±�ƐĺƔ�l�vlņ�őĺ��ѴѴ�l;-v-
�u;l;m|v��;u;�r;u=oul;7�-|�ƑƐ૟.

ƑĺѶՊ |Պ�oѴ;1�Ѵ-u�lo7;Ѵbm]�-m7�7o1hbm]

$_;�7o1hbm]�v|�7���-v�r;u=oul;7�-|�|�o�7b==;u;m|�Ѵo1-|bomv�-|�|_;�
|u-mvl;l0u-m;� 7ol-bm� o=� |_;� ����AŊ�u;1;r|ouĹ� |_;� 7b-�;r-lŊ�
0bm7bm]� vb|;� bm� |_;� β+α- Ŋ�bm|;u=-1;� -m7� |_;� ru;]m-moѴom;Ŋ�0bm7bm]�
vb|;�bm�|_;�ααŊ�bm|;u=-1;ĺ�
ou�|_;�=oul;uķ�-��u�o���v|u�1|�u;�o=�|_;�
_�l-m� =�ѴѴŊ�Ѵ;m]|_� α1βƒγ2- GABAAŊ�u;1;r|ou� �-v� �v;7� Ő�	�Ĺ� ѵ�&�ő�
Ő�-vb�Ѵbv�;|�-Ѵĺķ�ƑƏƐƖőķ�=ou�|_;� Ѵ-||;u� Őbĺ;ĺķ� |_;�ru;]m-moѴom;Ŋ�0bm7bm]�
vb|;ő� |_;� 1u�v|-Ѵ� v|u�1|�u;� o=� -m�α5βƒŊ�1_bl;u-� Ő�	�Ĺ� Ɣ�Ѷ
ő� Ő�bѴѴ;u�
;|�-Ѵĺķ�ƑƏƐƕőĺ�$_;�ru;r-u-|bom�o=�|_;�v|u�1|�u;v�-v��;ѴѴ�-v�|_;�v;|�r�
o=�|_;�7o1hbm]�1-Ѵ1�Ѵ-|bomv��b|_���|o	o1h�Ő�ouubv�;|�-Ѵĺķ�ƐƖƖѶő�-u;�
7;v1ub0;7�bm�7;|-bѴ�bm�|_;�"�rrѴ;l;m|-Ѵ��m=oul-|bomĺ



 

 38 

  

ƓՊ |ՊՊՍ JANZEN Et Al.

ƑĺƖՊ |Պ "|-|bv|b1-Ѵ�-m-Ѵ�vbv

�u-r_�-7��ubvl�ƖĺƏĺƏ�Ő�u-r_�-7�"o=|�-u;ő��-v��v;7�|o�1-Ѵ1�Ѵ-|;�
l;-m��-Ѵ�;vķ�v|-m7-u7�7;�b-|bomķ�v|-m7-u7�;uuou�o=�|_;�l;-mķ�-m7�
v|-|bv|b1-Ѵ� vb]mb=b1-m1;ĺ� $_;� |�oŊ�|-bѴ;7� r-bu;7� t |;v|� �-v� �v;7� |o�
;v|bl-|;� vb]mb=b1-m1;� �-Ѵ�;v� �b|_� Ŗp <ĺƏƔķ� ŖŖp <ĺƏƐķ� ŖŖŖp <ĺƏƏƐķ�
ŖŖŖŖp <ĺƏƏƏƐĺ�	-|-��;u;� mo|� -vv;vv;7� =ou� moul-Ѵb|�ķ� mo� |;v|� =ou�
o�|Ѵb;uv��-v�1om7�1|;7ķ�-m7�mo�v-lrѴ;�vb�;�1-Ѵ1�Ѵ-|bom��-v�7om;ĺ�
$_;� v-lrѴ;� vb�;� bv� 0-v;7� om� ru;�bo�v� v|�7b;v� o=� -� vblbѴ-u� 7;vb]m�
Ő�bѴ-mov�;|�-Ѵĺķ�ƑƏƐѶőĺ

ƑĺƐƏՊ |Պ "|�7��-m7�;�r;ubl;m|-Ѵ�7;vb]m

$_bv�v|�7���-v�mo|�-�ru;Ŋ�u;]bv|;u;7�v|�7�ĺ�$_;u;=ou;ķ�mo�u-m7olb-
�-|bom��-v�r;u=oul;7�|o�-ѴѴo1-|;�v�0f;1|v� bm� |_;�v|�7�ĺ��ou;o�;uķ�
|_bv�v|�7��7b7�mo|�bm1Ѵ�7;�-mbl-Ѵ�;�r;ubl;m|vĺ��brro1-lr-Ѵ�1�Ѵ|�u;v�
�;u;�o0|-bm;7�=uol�rooѴ;7�_brro1-lrb�o=�;l0u�ov�=uol�ru;]m-m|�
=;l-Ѵ;��	Ɛĺ�$_u;;�bm7;r;m7;m|�1�Ѵ|�u;v��;u;��v;7�=ou�|_;�;Ѵ;1|uo-
r_�vboѴo]b1-Ѵ�u;1ou7bm]v�=uol�l-|�u;�m;�uomv�0;|�;;m�	�(�ƐѶŋ�ƑƐ�
bm� 1�Ѵ|�u;ĺ��o�0Ѵbm7bm]�o=� |_;� ;�r;ubl;m|;u��-v� r;u=oul;7� bm� |_;�
;Ѵ;1|uor_�vboѴo]b1-Ѵ�7-|-�-1t�bvb|bom�-m7�-m-Ѵ�vbvĺ

��1Ѵ�vbom�1ub|;ub-�=ou�|u-mv=;1|;7����ƑƖƒ�1;ѴѴv��v;7�=ou�;Ѵ;1-
|uor_�vboѴo]b1-Ѵ�l;-v�u;l;m|vĹ�);� 7;=bm;7� ;�1Ѵ�vbom� 1ub|;ub-� -v�
|u-mv=;1|;7� 1;ѴѴv�lb]_|� mo|� _-�;�rb1h;7��r� -ѴѴ� rѴ-vlb7v� Őƒ� |o� ;�-
ru;vv�-�7;=bm;7�|�r;�o=�����A!őĺ��lom]�|_;�1;ѴѴv�l;-v�u;7ķ�om;�
1;ѴѴ�7b7�mo|�v_o��-�rb1uo|o�bmbm�0Ѵo1h�-u]�bm]�|_-|�|_;�;�ru;vvbom�
o=� |_;� ����A!� �-v� mo|� -1_b;�;7ĺ� $_�vķ� |_bv� 1;ѴѴ� �-v� ;�1Ѵ�7;7�
=uol� -m-Ѵ�vbv� ŐѶ� o=� Ɩ� 1;ѴѴv� �;u;� �v;7� =ou� -m-Ѵ�vbvőĺ� 
ou� m;�uomvķ�

mo|� -ѴѴ� m;�uomv� bm� |_;�_brro1-lr-Ѵ� 1�Ѵ|�u;� u;ru;v;m|�����;u]b1�
1;ѴѴvĺ� �b1uo|o�bmbm� 0Ѵo1hv�����;u]b1� m;�uomv� -m7��-v� �v;7� -v� -�
v;Ѵ;1|bom�1ub|;ubomĺ�"�m-r|b1�����A!v��;u;��;ub=b;7�0��ro|;m|b--
|bom��b|_�7b-�;r-lĺ��-0o�-7oѴķ�-�v�r;u-]ombv|�-|�|omb1�����A!vķ�
�-v��v;7�|o�v_o��|_-|�1;ѴѴv�;�ru;vv�|omb1�����A!vĺ�&vbm]�|_;v;�
1ub|;ub-ķ��;�;�1Ѵ�7;7�|�o�1;ѴѴv�=uol�o�u�bmb|b-Ѵ�u;1ou7bm]v�=uol�_br-
ro1-lr-Ѵ�m;�uomv�mo|�;�_b0b|bm]�-�rb1uo|o�bm�0Ѵo1h�-m7�1om1olb-
|-m|Ѵ��mo�7b-�;r-l�ro|;m|b-|bomĺ

ƒՊ |Պ !�"&�$"

ƒĺƐՊ |Պ �ovb|b�;�-m7�m;]-|b�;�-ѴѴov|;ub1�lo7�Ѵ-|bom�o=�
GABAARs of the α1βƑ�v�0|�r;�0��" $v

�m� |_bv� v|�7�ķ� |_;� lo7�Ѵ-|ou�� ;==;1|� o=� ƐƐ� 7b==;u;m|� " $v� �-v�
bm�;v|b]-|;7� om� ����A!v� Ő
b]�u;� Ɛ-őĺ� βŊ��-u�or_�ѴѴ;m;� -m7�
 αŊ�_�l�Ѵ;m;�-u;�l-fou�1olro�m7v�o=�|_;��oѴ-|bѴ;�=u-1|bom�o=�_orĺ�
�m�ru;�bo�v�v|�7b;v� b|��-v�v_o�mķ�|_-|�|_;��-u;�|u-mv=oul;7� bm|o�
βŊ�1-u�oѴ-moѴ� -m7� _�l�ѴoѴķ� u;vr;1|b�;Ѵ�ķ� �_;m� -rrѴb;7� |o� -m� bm�
�b|uo�7b];v|bom�lo7;Ѵ�Ő�;bmѴ;bm�ş���;||m;uķ�ƑƏƐƑő�Ő
b]�u;�Ɛ0ķ�Ѵ;=|�
vb7;őĺ� ŐEőŊ�βŊ�
-um;v;m;ķ�vr-|_�Ѵ;moѴķ�αŊ�0bv-0oѴoѴķ�αŊ�0bv-0oѴoѴ�o�b7;�
�ķ� �αŊ�0bv-0oѴoѴ�o�b7;��ķ� -m7�αŊ�0bv-0oѴom;�o�b7;���-u;�l-fou� 1om-
v|b|�;m|v� o=� |_;� �oѴ-|bѴ;� =u-1|bom� o=� 1_-lolbѴ;ĺ� Ő
b]�u;� Ɛ0ķ� ub]_|�
vb7;őĺ���-boѴ�bv�-�l-fou�1omv|b|�;m|�bm��-Ѵ;ub-m�ŐValeriana officinalis 
�ĺő�-m7��-v�1_ov;m�0;1-�v;�o=�b|v�v|u�1|�u-Ѵ�vblbѴ-ub|��|o�vr-|_�Ѵ;-
moѴĺ�" $v��;u;�7bѴ�|;7�bm�;|_-moѴķ��_b1_�u;v�Ѵ|;7�bm�=bm-Ѵ�;|_-moѴ�
1om1;m|u-|bomv� o=� Əĺѵѷ� =ou� vbm]Ѵ;�lo7�Ѵ-|ou�l;-v�u;l;m|v� -m7�
Ɛѷ� =ou� 1oŊ�-rrѴb1-|bom� o=� |�o�lo7�Ѵ-|ouv� bm� |_;� r-|1_� voѴ�|bomvĺ�


 ��&!� �ƐՊ"|u�1|�u;v�o=�" $v�-m7�
1_uol-|o]u-lv�o=�7bv|bѴѴ-|;v�o0|-bm;7�
=uol�_or�-m7�1_-lolbѴ;ĺ�Ő-ő��_;lb1-Ѵ�
v|u�1|�u;v�o=�-ѴѴ�lo7�Ѵ-|ouv��v;7�bm�|_bv�
v|�7�ĺ�Ő0ő�$o|-Ѵ�bom�1_uol-|o]u-lv�o=�|_;�
7bv|bѴѴ-|;v�o=�_or�ŐѴ;=|ő�-m7�1_-lolbѴ;�
Őub]_|ő�o0|-bm;7�-=|;u�voѴ�;m|Ŋ�-vvbv|;7�
=Ѵ-�ou�;�-rou-|bomĺ�$_;�|-u];|�" $v�-u;�
l-uh;7��b|_�|_;�m�l0;uv�-11ou7bm]�|o�-
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��l-|1_bm]�;|_-moѴ�1om1;m|u-|bom��-v��v;7�=ou�1om|uoѴ�l;-v�u;-
l;m|v��b|_o�|�-�lo7�Ѵ-|ouĺ

�u;�bo�v� v|�7b;v� 7;lomv|u-|;7� |_-|�����;u]b1�lo7�Ѵ-|bom�0��
|;ur;mob7v� bv� lov|� ruo0-0Ѵ�� bm7;r;m7;m|� o=� |_;� ru;v;m1;� o=� |_;� 
γ2�v�0�mb|�bm�|_;�r;m|-l;ub1�����A!�1olrѴ;��Ő�;vvѴ;u�;|�-Ѵĺķ�ƑƏƐƓőĺ�
$_;u;=ou;ķ�|_;�lo7�Ѵ-|ou��;==;1|�o=�" $v��-v�=buv|�-m-Ѵ��;7�om�_;|-
eromeric GABAA!v�1olrov;7�o=�༾1�-m7�|_;�β2�v�0�mb|vĺ��;ѴѴv��;u;�
1oŊ�|u-mv=;1|;7��b|_�-�]u;;m�=Ѵ�ou;v1;m|�ruo|;bm�Ő�
�ő�|o�7bv|bm]�bv_�
|u-mv=;1|;7� =uol� �m|u-mv=;1|;7� 1;ѴѴv� 7�ubm]� r-|1_� 1Ѵ-lr� ;�r;ub-
l;m|v�0���vbm]�-�=Ѵ�ou;v1;m1;�lb1uov1or;ĺ

��Ѵ|brѴ;� u;1;r|ou� 1om=b]�u-|bomv� bm� |_;� r;m|-l;ub1� u;1;r-
|ou� 1olrѴ;�� -u;� rovvb0Ѵ;� u;v�Ѵ|bm]� =uol�༾1β2� v�0�mb|� |u-mv=;1|bom�
Ő
b]�u;� Ƒ-őĺ� $_;bu� ;==;1|v� om� -]ombv|� ro|;m1�� -u;� �mhmo�mķ� 0�|�
;�ru;vvbom� 7b==;u;m1;v� v;;l� |o� bm=Ѵ�;m1;� u;1;r|ou� v|ob1_bol;|u�ķ�
�b|_�ƑĹƒ�0;bm]�|_;�lov|�Ѵbh;Ѵ��om;�Ő)-]om;u�ş���-fho�vhbķ�ƑƏƐƏőĺ�

ou�-m-Ѵ�vbv�o=�" $�lo7�Ѵ-|bomķ�ƐƏ�µ�������Őu;=;uubm]�|o���ƐƏŊ�ƒƏķ 
Ő�bѴ-mov�;|�-Ѵĺķ�ƑƏƐѶő��-v�-rrѴb;7�=ou�ƔƏ�lvķ�=oѴѴo�;7�0��-�ƔƏ�lv�1oŊ�
-rrѴb1-|bom��b|_�ѵƏƏ�µ��o=�|_;�-rruorub-|;�lo7�Ѵ-|ou� Ő
b]�u;�Ƒ0ķ�
1őĺ���1om1;m|u-|bom�o=�ѵƏƏ�µ��=ou�|_;�"�$v��-v�1_ov;m�0;1-�v;�o=�

ru;�bo�v�u;v�Ѵ|v�om�o|_;u�|;ur;m;v�v|-u|bm]��b|_�lo7�Ѵ-|bom�-|�1om-
1;m|u-|bomv�o=�ƐƏƏ�µ��-m7�0;bm]�lov|�;==;1|b�;�0;|�;;m�ƒƏƏ�µ��
-m7�Ɛ�l��Ő�-m��u;7;uo7;�;|�-Ѵĺķ�ƑƏƐѵĸ��;vvѴ;u�;|�-Ѵĺķ�ƑƏƐƓĸ��bѴ-mov�
;|�-Ѵĺķ�ƑƏƐѶőĺ��0|-bm;7�l-�bl�l�1�uu;m|�ŐIl-�ő��-Ѵ�;v��;u;�7b�b7;7�
0��|_;�l;-m������1�uu;m|�=ou�0;||;u�1olr-u-0bѴb|�ĺ��oŊ�-rrѴb1-|bom�
�b|_�βŊ�1-u�oѴ-moѴ� ŐƐƓѵ�±�ƑƓѷķ�p =� ĺƏƐƕő�-m7�_�l�ѴoѴ� ŐƐƒѶ�±�ƑƖѷķ�
p =� ĺƏƒƒő� u;v�Ѵ|;7� bm� vb]mb=b1-m|Ѵ�� bm1u;-v;7� Il-�ķ� �_;u;-v�
 αŊ�0bv-0oѴom;� o�b7;� �� ŐѶƖ� ±� ƑƑѷķ� p =� ĺƏƑƒőķ� αŊ�0bv-0oѴoѴ� o�b7;� ��
ŐƖƏ�±� ƑƏѷķ� p =� ĺƏƏƖőķ� ŐEőŊ�βŊ�=-um;v;m;� ŐѶƒ�±� ƐƖѷķ� p =� ĺƏƐƏőķ� -m7�
]�-boѴ� ŐѵƑ�±�Ɛѵѷķ�p =� ĺƏƏƒƖő� vb]mb=b1-m|Ѵ�� u;7�1;7�����Ŋ�bm7�1;7�
Il-���-Ѵ�;v�Ő$-0Ѵ;�Ɛőĺ�!;ru;v;m|-|b�;�1�uu;m|�|u-1;v�=ou�|_;v;�u;1ou7-
bm]v�-u;� v_o�m� bm�
b]�u;�Ƒ7ĺ�$_;� vb]mb=b1-m|Ѵ��7b==;u;m|�;==;1|v�o=�
β- caryophyllene and αŊ�_�l�Ѵ;m;� -m7� |_;bu� u;vr;1|b�;� �7;ub�-|b�;v�
βŊ�1-u�oѴ-moѴ� -m7� _�l�ѴoѴ� v�]];v|� |_-|� |_;� -77b|bom-Ѵ� �_�7uo���
]uo�r�l-��-11o�m|�=ou�|_;�o0v;u�;7�7b==;u;m1;v� bm�u;1;r|ou�lo7-
�Ѵ-|bomĺ� 
�u|_;ulou;ķ� αŊ�0bv-0oѴom;� o�b7;� �ķ� αŊ�0bv-0oѴoѴ� o�b7;� �ķ� 
ŐEőŊ�βŊ�=-um;v;m;ķ�-m7�]�-boѴ�;�_b0b|;7�-�m;]-|b�;�-ѴѴov|;ub1�lo7�Ѵ--
|ou��;==;1|� bm7;r;m7;m|�o=�|_;�ru;v;m1;�o=�-�_�7uo���]uo�rĺ��v�-�
vbm]Ѵ;�1om1;m|u-|bom�o=�ѵƏƏ�µ��" $v��-v��v;7�=ou�u;1ou7bm]vķ��;�


 ��&!� �ƑՊ�ovb|b�;�-m7�m;]-|b�;�-ѴѴov|;ub1�lo7�Ѵ-|bom�o=�༾1β2 GABAA!v�0��" $vĺ�Ő-ő��ovvb0Ѵ;�u;1;r|ou�1om=b]�u-|bomv�=ou�༾1β2 GABAA!vĺ�
Ő0ő��oul-Ѵb�;7�1�uu;m|v�o=�r-|1_�1Ѵ-lr�u;1ou7bm]v�=uol�|u-mv=;1|;7����ƑƖƒ�1;ѴѴv�7�ubm]�-rrѴb1-|bom�o=�ƐƏ�µ�������Ő0Ѵ-1h�7o|vő�ou��b|_�
1oŊ�-rrѴb1-|bom�o=�ѵƏƏ�µ��o=�|_;�-rruorub-|;�lo7�Ѵ-|ou�Őu;7�7o|vőĺ��-1_�r-bu�o=�7o|v�u;ru;v;m|v�om;�1;ѴѴĺ��-|1_�1Ѵ-lr�;�r;ubl;m|v��;u;�
r;u=oul;7�om�-|�Ѵ;-v|�ƒ�7-�v��b|_�bm7;r;m7;m|�1;ѴѴ�0-|1_;v�-m7�|u-mv=;1|bomvķ�|o|-Ѵ�m�l0;u�o=�1;ѴѴv�u;1ou7;7��-v�n =�Ɩŋ�ƐƑĺ�Ŗp�ƽ�ĺƏƔķ�
ŖŖp�ƽ�ĺƏƐĺ�Ő1ő�	b==;u;m1;v�0;|�;;m�;-1_�1�uu;m|�r-bu�bm�0�-u;�v_o�mĺ�Ő7ő���-lrѴ;�1�uu;m|�|u-1;v�=ou�;-1_�u;1ou7bm]�-u;�v_o�m�bm�0ĺ��Ѵ-1h�
|u-1;vķ�ƐƏ�µ������ĸ�u;7�|u-1;vķ�ƐƏ�µ�������+ 600 µ��lo7�Ѵ-|ou
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1-mmo|�;�1Ѵ�7;�l-�bl-Ѵ�rovb|b�;�ou�m;]-|b�;�-ѴѴov|;ub1�lo7�Ѵ-|bom�
-|�Ѵo�;u�ou�_b]_;u�1om1;m|u-|bomv�o=�|_;�����;u]b1�lo7�Ѵ-|ouvĺ

�m�o�u�bmb|b-Ѵ�v1u;;mķ�-�lo7�Ѵ-|ou�1om1;m|u-|bom�o=�ѵƏƏ�µ���-v�
�v;7ĺ��v� b|� bv�hmo�m�|_-|�_�7uor_o0b1�1_;lb1-Ѵv�1-m�0bm7� |o�rѴ-v-
|b1� |�0;v� Ő�;bmѴ;bm� ;|� -Ѵĺķ� ƑƏƐƓő� -v� �v;7� bm� |_;� -rrѴb1-|bom� v�v|;l�
o=� |_;�;Ѵ;1|uor_�vboѴo]b1-Ѵ�v;|�rķ�v-lrѴ;v�o=� |_;�-rrѴb;7�voѴ�|bomv�
�;u;� |-h;m�0;=ou;� -m7� -=|;u� r-vv-];� |_uo�]_� |_;� -rrѴb1-|bom� v�v-
|;lĺ�$_;v;�v-lrѴ;v��;u;�-m-Ѵ��;7�0����Ŋ��"�|o�u;�;-Ѵ�1om1;m|u--
|bom�7b==;u;m1;v�0;|�;;m�|_;�v|-u|�-m7�;m7�o=�|_;�u;1ou7bm]�v;vvbom�
Ő"�rrou|bm]� bm=oul-|bom�
b]�u;�"Ɛőĺ���u�7-|-� u;�;-Ѵ;7�-� u;7�1|bom�
o=� |_;� �v;7� v�0v|-m1;v� 0�� -�l;-m� o=� ƔƑѷ� Ő~ƒƏƏ� µ�� u;Ѵ;-v;7� 0��
|_;�-rrѴb1-|bom� v�v|;lő��_bѴ;� |u-mvrou|;7� |_uo�]_� |_;� |�0bm]� v�v-
|;lķ� v�]];v|bm]� |_-|� |_;� u;-Ѵ�lo7�Ѵ-|ou�� ;==;1|� bv� ruo0-0Ѵ��l�1_�
lou;�ruomo�m1;7ĺ�)b|_�-�u;7�1|bom�o=�|_;�1om1;m|u-|bom�o=�|_;�v�0-
v|-m1;v�u;Ѵ;-v;7�0��|_;�r;u=�vbom�v�v|;lķ�-�1om1;m|u-|bom�~ƒƏƏ�µ��
v_o�Ѵ7� v|bѴѴ� 0;� v�==b1b;m|� |o� lo7�Ѵ-|;� ����A� u;1;r|ouv� Ő�bѴ-mov�
;|�-Ѵĺķ�ƑƏƐѶőĺ

ƒĺƑՊ |Պ�o7�Ѵ-|bom�o=�|_;�����;u]b1�u;vromv;�0��
1oŊ�-rrѴb;7�" $v�bv�7b==b1�Ѵ|�|o�ru;7b1|

�v� vol;�" $v�lo7�Ѵ-|;�����A!v�o=� |_;�༾1β2� v�0|�r;�rovb|b�;Ѵ��
-m7�o|_;uv�lo7�Ѵ-|;�m;]-|b�;Ѵ�ķ��;�_�ro|_;vb�;7�-77b|b�;�ou�m;�-
|u-Ѵb�bm]�;==;1|v�=ou�1oŊ�-rrѴb1-|bomv�o=�|�o�lo7�Ѵ-|ouvĺ�βŊ��-u�oѴ-moѴ�
v_o�;7�|_;�Ѵ-u];v|�rovb|b�;�lo7�Ѵ-|bomĺ��|��-v�1oŊ�-rrѴb;7��b|_�_�-
l�ѴoѴķ� -mo|_;u� rovb|b�;�lo7�Ѵ-|ou� |o� bm�;v|b]-|;� -77b|b�;� ;==;1|vĺ�
�� v;1om7� uo�m7�o=�1oŊ�-rrѴb1-|bom�-m-Ѵ��;7�1olr;|bm]�;==;1|v�0;-
|�;;m� " $vķ� u;vr;1|b�;Ѵ�ĺ� �;u;ķ� βŊ�1-u�oѴ-moѴ� |o];|_;u� �b|_� |_;�
m;]-|b�;�lo7�Ѵ-|ouv�αŊ�0bv-0oѴoѴ�-m7�]�-boѴķ��;u;��v;7� Ő
b]�u;�ƒ-ķ�
0őĺ�ƐƏ�µ��������;u;�1oŊ�-rrѴb;7��b|_�ƔƏƏ�µ��o=�;-1_�lo7�Ѵ-|ouĺ�
�m|;u;v|bm]Ѵ�ķ� 1oŊ�-rrѴb1-|bom� o=� βŊ�1-u�oѴ-moѴ� -m7� _�l�ѴoѴ� v_o�;7�
mo�-77b|b�;�lo7�Ѵ-|ou��;==;1|�ŐƐƏѶ�±�Ɩѷķ�p =�ĺƓƒőĺ��m�1om|u-v|ķ�1oŊ�
-rrѴb1-|bom�o=�β- caryolanol and αŊ�0bv-0oѴoѴ�ŐƔѵ�±�ƕѷķ�p =�ĺƏƏƏƓő�ou�
]�-boѴ�ŐƔƑ�±�ƕѷķ�p =�ĺƏƏƏƑĸ�$-0Ѵ;�Ɛő�v_o�;7�vb]mb=b1-m|Ѵ��;m_-m1;7�
m;]-|b�;�lo7�Ѵ-|bom�o=�|_;�l-�bl-Ѵ�����Ŋ�bm7�1;7�1_Ѵoub7;�1�uu;m|ĺ�

Compound c [µM]
Irel ± SEM 
[%]

Iabs ± SEM 
[nA] p- values n

GABA 10 100 ±�Ɛƕ ƐĺѶƓ�±�ƏĺƒƏ ƏĺƕѵƏƏ 9

βŊ��-u�or_�ѴѴ;m; 600 ƖѶ�±�Ɛƒ ƐĺѶƏ�± 0.24

GABA 10 100 ± 14 1.19 ± 0.16 ƏĺƏƐƕƑŖ 9

βŊ��-u�oѴ-moѴ 600 146 ± 24 Ɛĺƕƒ�±�ƏĺƑѶ
GABA 10 100 ± 16 2.56 ± 0.42 ƏĺƕƔƕѶ 9

αŊ���l�Ѵ;m; 600 ƖѶ�± 16 2.51 ± 0.41

GABA 10 100 ± 25 Ɛĺƒƒ�±�Əĺƒƒ ƏĺƏƒƒѵŖ 9

��l�ѴoѴ 600 ƐƒѶ�± 29 ƐĺѶƓ�±�ƏĺƒѶ
GABA 10 100 ± 14 ƏĺƕƐ�± 0.10 ƏĺƏƕƑƏ 9

αŊ��bv-0oѴoѴ 600 Ѷƒ�± 14 0.59 ± 0.10

GABA 10 100 ±�Ƒƕ Əĺѵƕ�±�ƏĺƐѶ 0.5244 10

αŊ��bv-0oѴoѴ�o�b7;�� 600 90 ±�Ɛƕ 0.60 ± 0.11

GABA 10 100 ± 26 Əĺƒƒ�± 0.09 ƏĺƏƑƒѵŖ 12

αŊ��bv-0oѴom;�o�b7;�� 600 ѶƖ�± 22 0.29 ±�ƏĺƏƕ
GABA 10 100 ± 21 ƏĺƕƔ�± 0.16 ƏĺƏƏƖƕŖŖ 9

αŊ��bv-0oѴoѴ�o�b7;�� 600 90 ± 20 Əĺѵƕ�± 0.15

GABA 10 100 ± 24 ƏĺƒƖ�± 0.09 ƏĺƏƐƏƐŖ 9

ŐEőŊ�βŊ�
-um;v;m; 600 Ѷƒ�± 19 ƏĺƒƑ�±�ƏĺƏƕ
GABA 10 100 ± 21 ƏĺѵѶ�± 0.14 ƏĺƏƕƓѵ 9

"r-|_�Ѵ;moѴ 600 Ѷƒ�± 15 0.56 ± 0.10

GABA 10 100 ± 25 ƏĺƔѶ�± 0.15 ƏĺƏƏƒƖŖŖ 10

Guaiol 600 62 ± 16 Əĺƒѵ�± 0.09

GABA 10 100 ±�Ɛƒ ƐĺƏƒ�±�ƏĺƐƒ 9

βŊ��-u�oѴ-moѴ�
+��l�ѴoѴ

500 + 500 ƐƏѶ�± 9 1.11 ± 0.10 ƏĺƓƒѶѶ

βŊ��-u�oѴ-moѴ�
+αŊ��bv-0oѴoѴ

500 + 500 56 ±�ƕ ƏĺƔƕ�±�ƏĺƏƕ ƏĺƏƏƏƓŖŖŖ

βŊ��-u�oѴ-moѴ�+Guaiol 500 + 500 52 ±�ƕ ƏĺƔƒ�±�ƏĺƏƕ ƏĺƏƏƏƑŖŖŖ

Note: c,�1om1;m|u-|bomĸ�SEMķ�v|-m7-u7�;uuou�o=�|_;�l;-mĸ�Ѵ;�;Ѵv�o=�vb]mb=b1-m1;��b|_�pŊ��-Ѵ�;v�
Ŗp�ƽ�ĺƏƔķ�ŖŖp�ƽ�ĺƏƐķ�ŖŖŖp�ƽ�ĺƏƏƐĸ�nķ�m�l0;u�o=�u;1ou7;7�1;ѴѴvĺ

TA B L E  1Պ�Ѵ;1|uor_�vboѴo]b1-Ѵ�7-|-�
o0|-bm;7�=uol�༾1β2 GABAA!v�;�ru;vv;7�
bm����ƑƖƒ�1;ѴѴv
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$_;v;�7-|-�-u]�;�|_-|�|_;�lo7�Ѵ-|ou��;==;1|��rom�1oŊ�-rrѴb1-|bom�o=�
l�Ѵ|brѴ;�" $v�bv�7b==b1�Ѵ|�|o�ru;7b1|�-m7�lb]_|�u;v�Ѵ|�=uol�7b==;u;m|�
-==bmb|b;v�|o�|_;�u;1;r|ou�ruo|;bmĺ

ƒĺƒՊ |Պ $_;�����AR subunit γ2 plays a major role 
bm�|_;�lo7�Ѵ-|bom�0��" $v

" $v�lo7�Ѵ-|;�༾1β2 GABAA!v�bm�|u-mv=;1|;7����ƑƖƒ�1;ѴѴvķ�0�|�|_;��
lb]_|�_-�;�-�7b==;u;m|�;==;1|�bm��b�oķ��_;u;�l�Ѵ|brѴ;������u;1;r|ou�
1om=b]�u-|bomv�-u;�ru;v;m|�bm�|_;�v-l;�m;�uom�Őr_-vb1�u;1;r|ouv�1om-
|-bmbm]�|_;�γ2�v�0�mb|�-m7�|omb1�u;1;r|ouv�1om|-bmbm]�-�δ�v�0�mb|őĺ��lom]�
rovvb0Ѵ;� ����A!� v�0�mb|� 1ol0bm-|bomvķ� ༾1β2γ2� bv� |_;� lov|� -0�m-
7-m|� u;1;r|ou�1om=b]�u-|bom� bm� |_;�0u-bm� Ő
b]�u;�Ɠ-ő� Ő)_b|bm]ķ�ƑƏƏƒőĺ�
�-|1_�1Ѵ-lr�u;1ou7bm]v��;u;�r;u=oul;7�om�_brro1-lr-Ѵ�m;�uomv�-|�
7-��bm��b|uo�ƐѶŋ�ƑƐ�Ő	�(ƐѶŊ�ƑƐő�|o�1_;1h�b=�;m7o];mo�v�����AR con-
=b]�u-|bomv�-u;�-==;1|;7�0��" $vĺ��o�vb]mb=b1-m|�;==;1|v�om� Il-� were 
o0v;u�;7� =ou� βŊ�1-u�or_�ѴѴ;m;� ŐƖƓ�±� ƑƑѷőķ� βŊ�1-u�oѴ-moѴ� ŐƕƖ�±� ƑƐѷőķ�
and αŊ�_�l�Ѵ;m;� ŐƖƒ� ±� ƐƖѷő� �_;m� 1oŊ�-rrѴb;7� �b|_� ƐƏ� µ�� �����
Ő
b]�u;�Ɠ0ŋ�]őĺ��o�;�;uķ� -� vb]mb=b1-m|�7;1u;-v;� bm� 1�uu;m|� =ou�ƐƏ�µ��
GABA +�_�l�ѴoѴ�ŐƕѶ�±�ƐƖѷķ�p =�ĺƏƏƔѵķ�$-0Ѵ;�Ƒő�-v��;ѴѴ�-v�-�vb]mb=b1-m|�
bm1u;-v;�=ou�]�-boѴ�ŐƐƑƏ�±�Ƒƕѷķ�p =�ĺƏƏƏѶőĺ�$_;v;�7-|-�-u;�bm�1om|u-v|�
|o� |_;� ;==;1|v� o0v;u�;7� =ou� ༾1β2� u;1;r|ouv� bm� |u-mv=;1|;7� ���ƑƖƒ�
1;ѴѴv� -m7� lb]_|� -u]�;� =ou� 7b==;u;m1;v� bm� ����;u]b1� lo7�Ѵ-|bom� 0��

GABAA!v�1om|-bmbm]�γ�ou�-Ѵvo�rovvb0Ѵ��δ�v�0�mb|v�ou�o|_;u�༾/β�v�0�-
mb|v�|_-m�༾1/β2ĺ��|������1om1;m|u-|bomv�o=�ƐƏ�µ�ķ�|omb1�����A re-
1;r|ouv�bm1Ѵ�7bm]�|_;�δ�v�0�mb|�-u;�v-|�u-|;7�-m7�l-��Ѵ;vv�1om|ub0�|;�
|o�|_;�o0v;u�;7�;==;1|v�|_-m�v�m-r|b1�u;1;r|ou�1olrovb|bomv�bm1Ѵ�7bm]�
|_;�γ�v�0�mb|�Ő�-ubl�;|�-Ѵĺķ�ƑƏƐƒĸ��ou|;mv;m�;|�-Ѵĺķ�ƑƏƐƑőĺ�$_;u;=ou;ķ�
GABAA!� lo7�Ѵ-|bom� �-v� ];m;u-ѴѴ�� |;v|;7� bm� _brro1-lr-Ѵ� m;�uomv�
0��7b-�;r-lķ�-�rovb|b�;�-ѴѴov|;ub1�lo7�Ѵ-|ouķ�|_;�-m|-]ombv|�rb1uo|o�-
bmbmķ�ou�|_;�-]ombv|�]-0o�-7oѴĺ�	b-�;r-l�ŐƐƒѶ�±�ƒƒѷķ�p�ƽ�ƏĺƏƏƏƐő�-m7�
]-0o�-7oѴ�ŐƐƕѵ�±�ƓƐѷķ�p =�ĺƏƏƑƔő�-rrѴb1-|bom�u;v�Ѵ|;7�bm�vb]mb=b1-m|Ѵ��
bm1u;-v;7�1�uu;m|v�-m7�_bm|�=ou�|_;�ru;v;m1;�o=�γ and �1ࠤom|-bmbm]�u;-
1;r|ouv�Ő�_�-�ş��_;0b0ķ�ƑƏƐƕőĺ��m�1om|u-v|ķ�����;u]b1�1�uu;m|v��;u;�
vb]mb=b1-m|Ѵ�� u;7�1;7�0�� 1oŊ�-rrѴb1-|bom�o=������-m7�rb1uo|o�bmbm� |o�
ƓƐѷŋ�ƔƖѷ�Ő
b]�u;�Ɠ1ķ�=ķ�_ŋ�főĺ�$_;v;�7-|-�v�]];v|�|_-|�|_;�ru;v;m1;�o=�
7b==;u;m|� ����A!� 1om=b]�u-|bomv� bm� om;� m;�uom� _-u0oubm]� γ and ࠤ 
v�0�mb|v�l-��rѴ-��-�uoѴ;� bm�����A!�lo7�Ѵ-|bom�0��" $vĺ�����A!v�
1om|-bmbm]�|_;�γ2�v�0�mb|�;m-0Ѵ;�r_-vb1�bm_b0b|bomķ�u;1;r|ouv�_-u0oubm]�
a ࠤ�v�0�mb|�l;7b-|;�|omb1�bm_b0b|bom�Ő�Ѵv;m�ş�"b;]_-u|ķ�ƑƏƏƖőĺ

$o� bm�;v|b]-|;� |_;� " $�lo7�Ѵ-|bom� om� r_-vb1�����A!vķ����ƑƖƒ�
1;ѴѴv��;u;�|u-mv=;1|;7��b|_�༾1β2γ2�u;1;r|ouv�|o�v;;�b=�|_;�ru;v;m1;�o=�|_;�
γ2�v�0�mb|�bv�u;vromvb0Ѵ;�=ou�|_;�o0v;u�;7�;==;1|v�bm�_brro1-lr-Ѵ�m;�uomv�
Ő
b]�u;�Ɣ-őĺ�"blbѴ-u�|o�|_;�u;v�Ѵ|�o0|-bm;7�=uol��_oѴ;Ŋ�1;ѴѴ�u;1ou7bm]v�om�
rubl-u��m;�uomvķ�βŊ�1-u�or_�ѴѴ;m;�ŐƖƏ�±�ƒƕѷőķ�βŊ�1-u�oѴ-moѴ�ŐƕƑ�±�Ƒƕѷőķ�α- 
_�l�Ѵ;m;�ŐƖƕ�±�ƑѶѷőķ�-m7�]�-boѴ�ŐƐƏƏ�±�ƒƑѷő�_-7�mo�vb]mb=b1-m|�;==;1|�om�
|_;�1�uu;m|v�;�oh;7�0��ƐƏ�µ������ķ��_;u;-v�1oŊ�-rrѴb1-|bom�o=�_�l�ѴoѴ�
ŐѶƓ�±�Ƒѵѷķ�p =� ĺƏƐѵķ�$-0Ѵ;�ƒő�vb]mb=b1-m|Ѵ��u;7�1;7�l-�bl�l�1�uu;m|v�
Ő
b]�u;�Ɣ0ŋ�]őĺ��m�|u-mv=;1|;7����ƑƖƒ�1;ѴѴv��b|_�|_;�༾1β2γ2�v�0�mb|vķ�7b-�-
;r-l�ŐƐƐƐ�±�ƒƔѷő�;Ѵb1b|;7�bm1u;-v;7�1�uu;m|v�Őp =�ĺƏƔƖѵőĺ��rrѴb1-|bom�o=�
,m�Ѵ2�ŐƖƑ�±�ƒѵѷő�_-7�mo�vb]mb=b1-m|�;==;1|ķ��;ub=�bm]�|_;�ru;v;m1;�o=�|_;�γ2 
v�0�mb|�bm�|_;�u;1;r|ou�1olrѴ;�;vĺ��b1uo|o�bmbm�0Ѵo1h;7�����Ŋ�bm7�1;7�
1�uu;m|v�0��ƔƔѷŋ�ѵѶѷĺ�!;ru;v;m|-|b�;�|u-1;v�-u;�v_o�m�bm�
b]�u;�Ɣ_ŋ�fĺ�
$-h;m�|o];|_;uķ�|_;v;�u;v�Ѵ|v�bm7b1-|;�|_-|�|_;�γ2�v�0�mb|�rѴ-�v�-�l-fou�
uoѴ;�bm�|_;�lo7�Ѵ-|bom�o=�����A!v�0��" $vĺ

ƒĺƓՊ |Պ " $v�;�_b0b|;7�u-|_;u�m;]-|b�;�-ѴѴov|;ub1�
modulatory potential at tonic GABAARs

�;�|ķ� |omb1� ༾4βƒδ and ༾6βƒδ GABAA!v� ;�ru;vv;7� bm� ���ƑƖƒ�
1;ѴѴv� �;u;� -m-Ѵ��;7� Ő
b]�u;� ѵ-ķ� _őĺ� �;u;� -]-bmķ� ƐƏ� µ������� |o-
];|_;u��b|_�7b==;u;m|�" $v��;u;�1oŊ�-rrѴb;7ĺ��rrѴb1-|bom�o=�ƐƏ�µ��
����� |o];|_;u� �b|_� |_;� " $v� v-|�u-|;v� |omb1� u;1;r|ouv� Ő�-ubl�
;|� -Ѵĺķ� ƑƏƐƒĸ��ou|;mv;m� ;|� -Ѵĺķ� ƑƏƐƑőĺ� $_;u;=ou;ķ� |_;�lo7�Ѵ-|ou��
ro|;m|b-Ѵ� o0|-bm;7� lb]_|� 7b==;u� =uol� " $� ;==;1|v� �m7;u� momŊ�
v-|�u-|bm]�1om7b|bomvĺ��ѴѴ� " $v� vb]mb=b1-m|Ѵ�� u;7�1;7� |_;�l-�bl-Ѵ�
1�uu;m|� u;vromv;� -|�༾4βƒδ� u;1;r|ouv� Ő
b]�u;� ѵ0ŋ�]ķ� $-0Ѵ;� ƒőķ� �b|_�
]�-boѴ� ŐѵƔ�±�Ƒƒѷķ�p =� ĺƏƏƕƔő�_-�bm]� |_;�v|uom];v|�;==;1|ĺ�"blbѴ-u�
u;v�Ѵ|v� �;u;� o0|-bm;7� =ou� ༾6βƒδ� u;1;r|ouv� �b|_� β- caryophyllene 
Őƕѵ�±�Ƒѵѷķ�p =�ĺƏƏƑƖő�-m7�]�-boѴ�ŐƕƔ�±�ƒƒѷķ�p =�ĺƏƏƕѶő�vb]mb=b1-m|Ѵ��
u;7�1bm]� ����Ŋ�bm7�1;7� Il-�� �-Ѵ�;vĺ� ༾4βƒδ� u;1;r|ouv� v�0|�r;v�
�;u;� vb]mb=b1-m|Ѵ�� 0Ѵo1h;7� 0�� 1oŊ�-rrѴb1-|bom� o=������ -m7� rb1uo-
|o�bmbm��_bѴ;�rb1uo|o�bmbm�0Ѵo1h��-v�Ѵ;vv�ruomo�m1;7�=ou�༾6βƒδ�mo|�
u;-1_bm]� vb]mb=b1-m1;� Őp =� ĺƏƔƔѶő� bm� om;� 0Ѵo1h� o=�l;-v�u;l;m|vĺ�
$_;�ru;v;m1;�o=�|_;�;�ru;vvbom�o=�|omb1�u;1;r|ouv��-v��;ub=b;7�0��


 ��&!� �ƒՊ�oŊ�-rrѴb1-|bom�o=�|�o�" $v�];m;u-|;v�1olr;|b|b�;�
u-|_;u�|_-m�-77b|b�;�lo7�Ѵ-|bom�-|�����A!vĺ�Ő-ő���uu;m|v�-1t�bu;7�
0��r-|1_�1Ѵ-lr�u;1ou7bm]v�=uol����ƑƖƒ�1;ѴѴv�;�ru;vvbm]�༾1β2 
GABAA!vĺ���uu;m|v��;u;�u;1ou7;7�7�ubm]�|_;�-rrѴb1-|bom�o=�ƐƏ�µ��
�����Ő0Ѵ-1h�7o|vő�ou��b|_�1oŊ�-rrѴb1-|bom�o=�|�o�lo7�Ѵ-|ouv��b|_�-�
1om1;m|u-|bom�o=�ƔƏƏ�µ��r;u�lo7�Ѵ-|ou�Őu;7�7o|vőĺ��-1_�r-bu�o=�7o|v�
u;ru;v;m|v�om;�r-|1_;7����ƑƖƒ�1;ѴѴĺ���r;ubl;m|v�=uol�ƒ�u;1ou7bm]�
v;vvbomv��vbm]�bm7;r;m7;m|�1;ѴѴ�0-|1_;v�-m7�|u-mv=;1|bomv�-u;�
v_o�mķ�m�l0;u�o=�1;ѴѴv�u;1ou7;7��-v�Ɩ�=ou�;�;u��1om7b|bomķ�
vb]mb=b1-m1;�Ѵ;�;Ѵ�ŖŖŖp�ƽ�ĺƏƏƐĺ�Ő0ő�	b==;u;m1;v�0;|�;;m�;-1_�1�uu;m|�
r-bu�bm�-�-u;�v_o�m
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]-0o�-7oѴ��_b1_�bm1u;-v;7�1�uu;m|�-lrѴb|�7;v�=ou�༾6βƒδ�u;1;r|ouvĺ�
�m� v�lķ�δŊ�v�0�mb|� 1om|-bmbm]�����A!v� -u;�lov|� ruo0-0Ѵ�� u-|_;u�
m;]-|b�;Ѵ��lo7�Ѵ-|;7�0��" $vĺ

ƒĺƔՊ |Պ " $v��b|_�|_;bu�Ѵbror_bѴb1�v1-==oѴ7�=b|��;ѴѴ�
to the binding sites of neurosteroids and diazepam 
localized in the transmembrane segment of GABAARs

�� 0bm7bm]� vb|;� =ou� " $v� bv� mo|� 7;v1ub0;7ķ� �;|ĺ� " $v� -u;� _b]_Ѵ��
_�7uor_o0b1ĺ� �;m1;ķ� |_;�� lb]_|� =-�ou� -� Ѵo1-Ѵb�-|bom� �b|_bm� |_;�

|u-mvl;l0u-m;�v;]l;m|�o=�|_;�����A!�bm�|_;�Ѵbrb7�0bѴ-�;u�m;b]_-
0ou_oo7ĺ� $_;� Ѵo�Ŋ�-==bmb|�Ŋ�0bm7bm]� vb|;� =ou� 7b-�;r-l� -m7� |_;�
m;�uov|;uob7Ŋ�0bm7bm]� vb|;� _-�;� 0;;m� 7;v1ub0;7� 0;|�;;m� |u-mv-
l;l0u-m;� 7ol-bmv� o=� ����A!v� Ő�-vb�Ѵbv� ;|� -Ѵĺķ� ƑƏƐƖĸ� �bѴѴ;u�
;|� -Ѵĺķ� ƑƏƐƕőĺ��oѴ;1�Ѵ-u�lo7;Ѵbm]� -m7� 7o1hbm]� v|�7b;v��;u;� r;u-
=oul;7� =ou� =b�;� " $v� bm�;v|b]-|;7� bm� 7;|-bѴ� bm� |_bv� v|�7�ķ� m-l;Ѵ��
βŊ�1-u�or_�ѴѴ;m;ķ� βŊ�1-u�oѴ-moѴķ� ༾Ŋ�_�l�Ѵ;m;ķ� _�l�ѴoѴķ� -m7� ]�-boѴĺ�
βŊ��-u�oѴ-moѴ� -m7� _�l�ѴoѴ� -u;� 7;ub�-|b�;v� o=� β- caryophyllene 
and ༾Ŋ�_�l�Ѵ;m;� Ő
b]�u;�Ɛ-ő�-m7�7b==;u;7� bm�lo7�Ѵ-|ou��ro|;m|b-Ѵ�
-|� ༾1β2 GABAA!v� 1olr-u;7� |o� |_;� momŊ�l;|-0oѴb�;7� v�0v|-m1;v�
Ő
b]�u;�Ƒőĺ�$o�7;|;ulbm;��_;|_;u�-m7�_o��|_;�" $v�ru;=;u�0bm7bm]�


 ��&!� �ƓՊ$_;�lo7�Ѵ-|ou��
ro|;m|b-Ѵ�o=�" $v�-|�����A!v�7b==;uv�
0;|�;;m�|u-mv=;1|;7�1;ѴѴv�-m7�rubl-u��
_brro1-lr-Ѵ�m;�uomvĺ�Ő-ő��ovvb0Ѵ;�
u;1;r|ou�1om=b]�u-|bomv�=ou�����A!v�
bm�_brro1-lr-Ѵ�m;�uomvĺ�"�0�mb|v�
l-uh;7��b|_�x�_-�;�l�Ѵ|brѴ;�v�0|�r;v�
1om|ub0�|bm]�|o��-ubo�v�u;1;r|ou�
1ol0bm-|bomvķ��b|_�༾1β2γ2�0;bm]�|_;�
l-fou�bvo=oulĺ�Ő0ŋ�7ő��0voѴ�|;�1�uu;m|v�o=�
r-|1_�1Ѵ-lr�u;1ou7bm]v�7�ubm]�-rrѴb1-|bom�
o=�ƐƏ�µ�������Ő0Ѵ-1h�7o|vő�ou��b|_�
1oŊ�-rrѴb1-|bom�o=�ѵƏƏ�µ��lo7�Ѵ-|ou�
Őu;7�7o|vőĺ�
�u|_;ulou;ķ�ƐƏ�µ�������
�-v�1oŊ�-rrѴb;7��b|_�ƐƏ�µ��7b-�;r-l�ou�
100 µ��rb1uo|o�bmbmĺ�Ɛ�l��]-0o�-7oѴ�
�-v�-rrѴb;7��b|_o�|�1oŊ�-rrѴb1-|bom�o=�
����ĺ��-1_�r-bu�o=�7o|v�u;ru;v;m|v�om;�
r-|1_;7�_brro1-lr-Ѵ�m;�uom�-|�	�(ƐѶŊ�ƑƐ�
bm�1�Ѵ|�u;ĺ��-|1_�1Ѵ-lr�;�r;ubl;m|v�
�;u;�r;u=oul;7�om�-|�Ѵ;-v|�ƒ�7-�v��b|_�
1;ѴѴv�bvoѴ-|;7�=uol�7b==;u;m|�lb1;�Őn =�ƒőķ�
m�l0;u�o=�u;1ou7;7�1;ѴѴv��-ub;7�0;|�;;m�
ѵ�-m7�Ɩ�Őv;;�-Ѵvo�$-0Ѵ;�Ƒőķ�vb]mb=b1-m1;�
Ѵ;�;Ѵ�Ŗp�ƽ�ĺƏƔķ�ŖŖp�ƽ�ĺƏƐķ�ŖŖŖp�ƽ�ĺƏƏƐķ�
ŖŖŖŖp�ƽ�ĺƏƏƏƐĺ�Ő;ŋ�]ő�	b==;u;m1;v�0;|�;;m�
;-1_�1�uu;m|�r-bu�bm�0Ŋ�7�-u;�v_o�mĺ�Ő_ŋ�fő�
!;ru;v;m|-|b�;�1�uu;m|�|u-1;v�=ou�;-1_�
lo7�Ѵ-|ou�bm�0ŋ�7�-u;�v_o�mĺ��Ѵ-1h�|u-1;vĹ�
10 µ������ĸ�u;7�|u-1;vĹ�ƐƏ�µ�������
+600 µ��lo7�Ѵ-|ouņ�ƐƏ�µ��7b-�;r-lņ�
100 µ��rb1uo|o�bmbmĸ�Ɛ�l��]-0o�-7oѴ
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|o�|_;�Ѵo�Ŋ�-==bmb|��7b-�;r-l�vb|;�ou�|_;�m;�uov|;uob7�vb|;ķ�-�7o1hbm]�
|o� |_;� 1olrѴ;|;�༾β-  or ༾༾Ŋ�bm|;u=-1;ķ� u;vr;1|b�;Ѵ�ķ� �-v� =buv|� r;u-
=oul;7ĺ�"bm1;�|�o�rovvb0Ѵ;�bm|;u=-1;v�1-m�0;�=oul;7�0;|�;;m�|_;�
༾Ŋ��-m7�|_;�βŊ�7ol-bmķ�m-l;Ѵ��βƒ+༾1

- �Ő7b-�;r-l�vb|;ő�-m7�༾1
+βƒ- �Ő-m�-Ѵ-

|;um-|b�;�vb|;őķ�0o|_��;u;�v|�7b;7�|o];|_;uĺ��Ѵ|_o�]_�-ѴѴ�v�0v|-m1;v�
�;u;�=o�m7�bm�|_;�7b-�;r-l�vb|;ķ�o=|;m�v_o�bm]�-m�;�|;mvb�;�-m7�
u;-vom-0Ѵ;�o�;uѴ-r��b|_�|_;�0;m�o7b-�;rbm;Ŋ�v1-==oѴ7ķ�༾Ŋ�_�l�Ѵ;m;ķ�
and βŊ�1-u�or_�ѴѴ;m;� Ѵ;-�;� v;�;u-Ѵ� _�7uo];m� 0om7bm]� ]uo�rv� o=�
|_;� ro1h;|� �mv-|�u-|;7ĺ� $_;� _�7uo��Ѵ-|;7� 1olro�m7v� _�l�ѴoѴ� 
Ő"Ŋ�_�l�ѴoѴ� 0�|� mo|� !Ŋ�_�l�ѴoѴĸ� 0o|_�lb]_|� 0;� ru;v;m|� bm� |_;� _�-
l�ѴoѴ�=u-1|bomő�-m7�βŊ�1-u�oѴ-moѴ�=oul�_�7uo];m�0om7v�|o�|_;�βƒ�Ƒ�
ou��ƒ�vb7;�1_-bmv�Őβƒ+ő��b|_bm�|_;�7b-�;r-lŊ�0bm7bm]�vb|;ķ�]�-boѴ�|o�
_;Ѵb��༾1�Ɛ�Ő༾1

ƴőķ�-ѴѴ�=b||bm]�mb1;Ѵ��bm|o�|_bv�ro1h;|ĺ�)b|_�;�1;r|bom�
o=� !Ŋ�_�l�ѴoѴķ� |_;� 0bm7bm]� lo7;v� o=� |_;� " $v� bm� |_;� -Ѵ|;um-|b�;� 
༾1

+βƒ- Ŋ�vb|;�-u;�Ѵ;vv�ru;=;uu;7ĺ
�m� |_;� 1-v;� o=� 7o1hbm]� |o� |_;� ;m|bu;� ༾༾Ŋ�bm|;u=-1;ķ� -ѴѴ� 1ol-

ro�m7v�1o�Ѵ7�0;�=o�m7�bm�|_;�Ѵo1-|bom�-m-Ѵo]o�v�|o�|_;�7b-�;r-l�
vb|;ķ�0�|�omѴ��=ou�|_;�|_u;;�1olro�m7v��b|_�_�7uo���]uo�rv�0bm7-
bm]�lo7;v��;u;�o0|-bm;7�bm�|_;�m;�uov|;uob7Ŋ�0bm7bm]�vb|;ĺ���=o-
1�v;7�7o1hbm]�|o�|_bv�r-u|b1�Ѵ-u�vb|;�v_o�;7�|_-|�༾- humulene and 
βŊ�1-u�or_�ѴѴ;m;� 1-mmo|� =oul�r-u|b1�Ѵ-uѴ�� =-�ou-0Ѵ;� bm|;u-1|bomv�
_;u;ķ��_;u;-v�_�l�ѴoѴķ�βŊ�1-u�oѴ-moѴķ�-m7�-Ѵvo�]�-boѴ�-u;�-0Ѵ;�|o�
=oul�-|�Ѵ;-v|�om;�o=�|_;�|�o�roѴ-u�bm|;u-1|bomv�o=�|_;�;m7o];mo�v�
Ѵb]-m7�ru;]m-moѴom;� |o� |_;� u;1;r|ou�0-1h0om;�-m7� =b|��;ѴѴ��b|_�
|_;bu�Ѵbror_bѴb1�v1-==oѴ7�Ő
b]�u;�ƕőĺ�$_�vķ�0bm7bm]�|o�0o|_ķ�|_;�7b-�-
;r-lŊ��-m7�|_;�ru;]m-moѴom;Ŋ�0bm7bm]�vb|;�1-m�0;�v�]];v|;7ķ��b|_�
|_;�rov;v�bm�|_;�=buv|�om;�v1ou;7�0;||;uĺ

ƓՊ |Պ	�"�&""���

GABAA!v� =-1bѴb|-|;� bm_b0b|ou�� m;�uo|u-mvlbvvbom� bm� |_;� 1;m|u-Ѵ�
m;u�o�v� v�v|;lĺ�$_;��ru;v;m|� -�ro|;m|b-Ѵ� |-u];|� =ou� -m|b1om��Ѵ-
vb�;�-m7�-m;v|_;|b1�7u�]v�Ő�_�-�ş��_;0b0ķ�ƑƏƐƕĸ��u-ѴѴ�;|�-Ѵĺķ�ƑƏƐƔĸ�
�u;��;u� ;|� -Ѵĺķ� ƑƏƐƖĸ� �-�;u|�� ;|� -Ѵĺķ� ƑƏƐƕĸ� ,_�� ;|� -Ѵĺķ� ƑƏƐѶőĺ�

�ou;o�;uķ�m-|�u-ѴѴ��o11�uubm]�v�0v|-m1;vķ�v�1_�-v�|;ur;mob7vķ�-u;�
-0Ѵ;�|o�lo7�Ѵ-|;�����;u]b1�=�m1|bom�Ő�-m-�b�;|�-Ѵĺķ�ƑƏƐѵőĺ��m�|_bv�
v|�7�ķ�" $v�bvoѴ-|;7�=uol�1_-lolbѴ;��;u;�=o�m7�|o�_-u0ou�-ѴѴov-
|;ub1�ro|;m|b-Ѵ� -|�����A!v� bm� |u-mv=;1|;7�1;ѴѴ� Ѵbm;v�-m7�rubl-u��
m;�uomvĺ� �u;�bo�vѴ�ķ� �;� _-�;� b7;m|b=b;7� o7ouo�v� lomo|;ur;m;�
v|u�1|�u;v� =uol�Sideritis� ;�|u-1|v��b|_�-�ru;=;u;m1;�o=�-�0b1�1Ѵb1�
1_-u-1|;u� bm� 1ol0bm-|bom��b|_� |_;� ru;v;m1;�o=� -� _�7uo��� ]uo�r�
_-u0oubm]� rovb|b�;� -ѴѴov|;ub1� ro|;m|b-Ѵ� -|� ����A!v� o=� |_;� ༾1β2 
1om=b]�u-|bom� bm� �b|uo� Ő�;vvѴ;u� ;|� -Ѵĺķ� ƑƏƐƑķ� ƑƏƐƓőĺ� $;ur;mob7v�
u;ru;v;m|� -� 7b�;uv;� ]uo�r� o=� m-|�u-Ѵ� 1olro�m7v� =oul;7� 0�� |_;�
1om7;mv-|bom� o=� bvoru;m;� �mb|v� �b|_� |_;� ro|;m|b-Ѵ� |o� lo7�Ѵ-|;�
GABAA!v� -m7� |_�v� 7bv1�vv;7� =ou� |u;-|l;m|� o=� ��"� 7bvou7;uv�
Ő�-m-�b� ;|� -Ѵĺķ� ƑƏƐѵőĺ� (-Ѵ;u;mb1� -1b7ķ� -� v;vt�b|;ur;mob7� =uol�
Valeriana officinalis��ĺķ�bv��v;7�|o�|u;-|�-m�b;|��-m7�vѴ;;r�7bvou7;uvĺ�
�|�0bm7v� |o� |_;�����A!v�7;r;m7;m|�om� |_;�β� bvo|�r;�ru;v;m|� bm�
|_;�1olrѴ;��Ő�_ol�;|�-Ѵĺķ�ƑƏƏƕőĺ�
ou�0bѴo0-Ѵb7;ķ�ru;v;m|�bm�Gingko 
biloba,� 7b==;u;m|� -1|bomv� -|� |_;� ����A!� _-�;� 0;;m� 7;v1ub0;7ĺ�
�m|b1om��Ѵv-m|�0�|�-Ѵvo�-m|-]ombv|b1�-1|bom�-|�༾1β2γƑ� GABAA!v�
vblbѴ-u� |o� 0b1�1�ѴѴbm;� -m7� rb1uo|o�bm� _-�;� 0;;m� =o�m7� Ő��-m]�
;|� -Ѵĺķ� ƑƏƏƒĸ��b;�;u|� ;|� -Ѵĺķ� ƑƏƏƕőĺ��;u;ķ��;� v|�7b;7� |_;� m;�uo-
|uorb1�ro|;m|b-Ѵ�o=�" $v�-vv�l;7�|o�0;�|-h;m��r�0��m�|ub|bom�-m7�
7b];v|;7� bm� |_;�_�l-m�0o7�ĺ��bo|u-mv=oul-|bom�ruo1;vv;v�lb]_|�
-Ѵ|;u�|_;�lo7�Ѵ-|ou��ro|;m|b-Ѵķ�=ou�;�-lrѴ;ķ�]-v|uobm|;v|bm-Ѵ�ruo-
1;vv;v��;u;� b7;m|b=b;7� |o�lo7�Ѵ-|;� |_;�1_;lb1-Ѵ�1olrovb|bom�o=�
bm];v|;7�-uol-�1omv|b|�;m|v� |_�v�1_-m]bm]�0bo-1|b�b|��o=�;vv;m-
|b-Ѵ�obѴv�Ő�;bmѴ;bm�ş���;||m;uķ�ƑƏƐƑőĺ��o�;�;uķ�-0o�|�|_;��m7;uѴ�-
bm]�l;1_-mbvl�o=� |_;� ]�|ŋ�0u-bm� -�bv� |_;u;� bv� Ѵb||Ѵ;� v�v|;l-|b�;7�
;==ou|ĺ

༾Ŋ�_�l�Ѵ;m;ķ� -� lomo1�1Ѵb1ķ� -m7� βŊ�1-u�or_�ѴѴ;m;ķ� -� 0b1�1Ѵb1�
v;vt�b|;ur;m;ķ� -u;�l-fou� 1olrom;m|v�o=� |_;� �oѴ-|bѴ;� =u-1|bom�o=�
_or�0�|�-Ѵvo�r-u|�o=�l-m��o|_;u�;vv;m|b-Ѵ�obѴvĺ��v�v_o�m�bm�ru;�b-
o�v�v|�7b;vķ�l;|-0oѴb�-|bom�ruo1;vv;v�|-hbm]�rѴ-1;�7�ubm]� bm|-h;�
-m7�7b];v|bom�o=� |_;v;�1olro�m7v� Ѵ;-7� |o�1_-m];v� bm� |_;�v|u�1-
|�u;ĺ� �o|_ķ� ༾- humulene and βŊ�1-u�or_�ѴѴ;m;� -u;� _�7uo��Ѵ-|;7�
0;1-�v;� o=� |_;� Ѵo�� r�� bm� |_;� ]-v|ub1� r_-v;� o=� 7b];v|bom� �_b1_�

Compound c [µM] Irel ± SEM [%] Iabs ± SEM [nA] p- values n

GABA 10 100 ±�ƒƏ ƑĺƒƖ�±�ƏĺƕƑ 9

βŊ��-u�or_�ѴѴ;m; 600 94 ± 22 2.25 ± 0.54 ƏĺƕƑƖƓ

βŊ��-u�oѴ-moѴ 600 ƕƖ�± 21 1.90 ± 0.51 ƏĺƑƔƔƕ

�b1uo|o�bmbm 100 41 ± 11 ƏĺƖѶ�±�ƏĺƑѶ ƏĺƏƐѵƒŖ

GABA 10 100 ± 21 2.54 ± 0.54 9

αŊ���l�Ѵ;m; 600 Ɩƒ�± 19 Ƒĺƒѵ�± 0.49 ƏĺƑƑƒѶ

��l�ѴoѴ 600 ƕѶ�± 19 ƐĺƖƕ�± 0.49 ƏĺƏƏƔѵŖŖ

�b1uo|o�bmbm 100 59 ± 16 1.51 ± 0.42 ƏĺƏƐƐƖŖ 6

GABA 10 100 ± 26 2.16 ± 0.56 Ѷ

Guaiol 600 120 ±�Ƒƕ 2.59 ±�ƏĺƔѶ ƏĺƏƏƏѶŖŖŖ

	b-�;r-l 10 ƐƒѶ�±�ƒƒ 2.92 ± 0.69 <ƏĺƏƏƏƐŖŖŖŖ ƕ

�-0o�-7oѴ ƐķƏƏƏ Ɛƕѵ�± 41 ƒĺƕƒ�±�ƏĺѶƕ ƏĺƏƏƑƔŖŖ

Note: c,�1om1;m|u-|bomĸ�SEMķ�v|-m7-u7�;uuou�o=�|_;�l;-mĸ�Ѵ;�;Ѵv�o=�vb]mb=b1-m1;��b|_�pŊ��-Ѵ�;v�
Ŗp�ƽ�ĺƏƔķ�ŖŖp�ƽ�ĺƏƐķ�ŖŖŖp�ƽ�ĺƏƏƐķ�ŖŖŖŖp�ƽ�ĺƏƏƏƐĸ�nķ�m�l0;u�o=�u;1ou7;7�1;ѴѴvĺ

TA B L E  2Պ�Ѵ;1|uor_�vboѴo]b1-Ѵ�7-|-�
o0|-bm;7�=uol�_brro1-lr-Ѵ�m;�uomv
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l-�� -==;1|� |_;�lo7�Ѵ-|ou�� ro|;m|b-Ѵ� o=� |_;� v�0v|-m1;� Ő�;bmѴ;bm�
ş� ��;||m;uķ� ƑƏƐƑőĺ� �m7;;7ķ� bm� |u-mv=;1|;7� ���ƑƖƒ� 1;ѴѴv� �b|_�
GABAA!v�o=�|_;�༾1β2�v�0|�r;ķ�|_;�_�7uo��Ѵ-|;7�l;|-0oѴb|;v�_�-
mulol and βŊ�1-u�oѴ-moѴ�v_o�;7�rovb|b�;�-ѴѴov|;ub1�ro|;m|b-Ѵ�0��vb]-
mb=b1-m|Ѵ�� bm1u;-vbm]� |_;�����;u]b1�1�uu;m|��rom�1oŊ�-rrѴb1-|bom�

o=� ����� bm� -� Ѵo�� 1om1;m|u-|bomĺ� �m� 1om|u-v|ķ� |_;� r-u;m|� 1ol-
ro�m7v� ༾- humulene and βŊ�1-u�or_�ѴѴ;m;� _-7� mo� ;==;1|� om�
����;u]b1�1�uu;m|ĺ�$_;v;�7-|-�-u;� bm� Ѵbm;��b|_�ru;�bo�v�u;rou|v�
v_o�bm]�rovb|b�;�-ѴѴov|;ub1�lo7�Ѵ-|bom�o=�|_;�����;u]b1�1�uu;m|v�
0�� |;ur;m;v� -m7� |;ur;mob7v� _-u0oubm]� -� _�7uo��� ]uo�r� Ő�;vvѴ;u�


 ��&!� �ƔՊ" $�lo7�Ѵ-|bom�o=�r_-vb1�༾1β2γ2 GABAA!vĺ�Ő-ŋ�7ő��0voѴ�|;�1�uu;m|v�o=�r-|1_�1Ѵ-lr�u;1ou7bm]v�7�ubm]�-rrѴb1-|bom�o=�ƐƏ�µ��
�����Ő0Ѵ-1h�7o|vő�ou��b|_�1oŊ�-rrѴb1-|bom�o=�ѵƏƏ�µ��lo7�Ѵ-|ou�Őu;7�7o|vőķ�u;1ou7;7�=uol����ƑƖƒ�1;ѴѴv�|u-mv=;1|;7��b|_�༾1β2γ2 GABAA!vĺ�
10 µ��������-v�1oŊ�-rrѴb;7��b|_�ƐƏ�µ��7b-�;r-lķ�ƐƏ�µ��,m�Ѵ2ķ�ou�ƐƏƏ�µ��rb1uo|o�bmbmĺ��-1_�r-bu�o=�7o|v�u;ru;v;m|v�om;�r-|1_;7����ƑƖƒ�
1;ѴѴĺ��-|1_�1Ѵ-lr�;�r;ubl;m|v��;u;�r;u=oul;7�om�-|�Ѵ;-v|�ƒ�7-�v��b|_�7b==;u;m|�1;ѴѴ�0-|1_;vķ�|o|-Ѵ�m�l0;uv�o=�u;1ou7;7�1;ѴѴv�Őn =�Ѷŋ�ƐƑő�-u;�
v_o�m�bm�$-0Ѵ;�ƒĺ�Ŗp�ƽ�ĺƏƔķ�ŖŖp�ƽ�ĺƏƐĺ�Ő;Ŋ�]ő�	b==;u;m1;v�0;|�;;m�;-1_�1�uu;m|�r-bu�bm�0Ŋ�7�-u;�v_o�mĺ�Ő_Ŋ�fő���-lrѴ;�|u-1;v�=ou�;-1_�lo7�Ѵ-|ou�
bm�0Ŋ�7�-u;�v_o�mĺ��Ѵ-1h�|u-1;vĹ�ƐƏ�µ������ĸ�u;7�|u-1;vĹ�ƐƏ�µ�������+600 µ��lo7�Ѵ-|ouņ�ƐƏ�µ��7b-�;r-lņ�ƐƏ�µ��,m�Ѵ2/ 100 µ��
rb1uo|o�bmbm
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;|�-Ѵĺķ�ƑƏƐƓőĺ���-boѴķ�_o�;�;uķ�-�v;vt�b|;ur;mob7�-Ѵvo�0;-ubm]�om;�
_�7uo��� ]uo�r� Ѵbh;� βŊ�1-u�oѴ-moѴ� -m7� _�l�ѴoѴ� ;�_b0b|;7� -� m;]--
|b�;�-ѴѴov|;ub1�;==;1|�-|�|_;�v-l;�u;1;r|ou�|�r;ĺ��||;lr|v�|o�ru;-
7b1|� -77b|b�;� ou� m;�|u-Ѵb�bm]� ;==;1|v� �vbm]� 1oŊ�-rrѴb1-|bom� o=� |�o�
v;vt�b|;ur;m;v� _-u0oubm]� rovb|b�;� -ѴѴov|;ub1� ro|;m|b-Ѵ� ou� �b|_�
1om|u-u�� ro|;m|b-Ѵ� =-bѴ;7ĺ� $_�vķ� -� ru;7b1|bom� o=� |_;� m;�uo|uorb1�
-1|b�b|�� v;;lv� |o�0;�7b==b1�Ѵ|� =uol�|_;�o0v;u�;7� =�m1|bom-Ѵ�7-|-�
=oѴѴo�bm]� vbm]Ѵ;� -rrѴb1-|bomĺ��om|u-u�� -1|bomv� -|�����A!v� _-�;�
0;;m�o0v;u�;7�=ou�0bѴo0-Ѵb7;�0�|�-Ѵvo�=ou�o|_;u�v�0v|-m1;v�v�1_�-v�
;|_-moѴķ� -u]�bm]� =ou� -==bmb|�ķ� v�0|�r;Ŋ�vr;1b=b1ķ� -m7�rovvb0Ѵ�� 1;ѴѴŊ�
vr;1b=b1�;==;1|v�Ő
ouv|;u-�;|�-Ѵĺķ�ƑƏƐѵĸ��b;�;u|�;|�-Ѵĺķ�ƑƏƏƕőĺ

$_;�Ѵbror_bѴb1b|��o=�" $v�7o;v�-ѴѴo��0bm7bm]�|o�|_;�Ѵbrb7�;m�buom-
l;m|�o=�����A!vĺ�"|u�1|�u-Ѵ�vblbѴ-ub|b;v�|o�7b-�;r-l�-m7�m;�uov|;-
uob7v�robm|�-Ѵvo�|o�0bm7bm]�bm�-�_�7uor_o0b1�ro1h;|�=oul;7�0;|�;;m�
|u-mvl;l0u-m;� 7ol-bmv� o=� |_;� ����A!� Ő�-�;u|�� ;|� -Ѵĺķ� ƑƏƐƕĸ�
�-vb�Ѵbv�;|�-Ѵĺķ�ƑƏƐƖőĺ��olr�|-|bom-Ѵ�7o1hbm]�v|�7b;v�-|�|_;�m;�uov-
|;uob7�-m7�|_;�7b-�;r-lŊ�0bm7bm]�vb|;vķ��_b1_�-u;�Ѵo1-Ѵb�;7�bm�-�Ѵbro-
r_bѴb1� v�uuo�m7bm]ķ� bm7b1-|;7�rovvb0Ѵ;�0bm7bm]�lo7;v� bm�0o|_� vb|;vĺ�
�;�;u|_;Ѵ;vvķ�|_;�7b-�;r-l�vb|;�-v��;ѴѴ�-v�|_;�-Ѵ|;um-|b�;�༾1

+βƒŊ�vb|;�
-Ѵvo�1om|-bm�vol;�roѴ-u�-lbmo�-1b7vĺ��v�|_;v;��o�Ѵ7�ru;v�l-0Ѵ��bm-
|;u-1|��b|_��-|;u�loѴ;1�Ѵ;v�bm�|_;��m0o�m7�v|-|;ķ�0bm7bm]�-|�|_;v;�
vb|;v��o�Ѵ7�0;�;�r;1|;7� |o� u;v�Ѵ|� bm� -� v|uom]�7;voѴ�-|bom�r;m-Ѵ|�ķ�

TA B L E  3Պ�Ѵ;1|uor_�vboѴo]b1-Ѵ�7-|-�o0|-bm;7�=uol�༾1β2γƑķ�༾4βƒδķ�-m7�༾6βƒδ GABAA!v

GABAAR
configuration Compound c [µM] Irel ± SEM [%] Iabs ± SEM [nA] p- values n

༾1β2γ2 GABA 10 100 ± 42 ƐĺƒѶ�±�ƏĺƔѶ 9

βŊ��-u�or_�ѴѴ;m; 600 90 ±�ƒƕ 1.24 ± 0.51 ƏĺƓƔƏѶ

βŊ��-u�oѴ-moѴ 600 ƕƑ�±�Ƒƕ 0.99 ±�Əĺƒƕ ƏĺƐƑƒƏ

�b1uo|o�bmbm 100 45 ± 19 0.62 ± 0.26 0.0562

༾1β2γ2 GABA 10 100 ±�ƒƐ ƏĺƖƒ�± 0.29 12

αŊ���l�Ѵ;m; 600 Ɩƕ�±�ƑѶ 0.90 ± 0.26 0.4655

��l�ѴoѴ 600 ѶƓ�± 26 ƏĺƕѶ�± 0.25 ƏĺƏƐѵƑŖ

�b1uo|o�bmbm 100 ƒƑ�± 9 ƏĺƒƏ�±�ƏĺƏѶ ƏĺƏƐƒƕŖ

༾1β2γ2 GABA 10 100 ±�ƒƐ ƐĺƕƑ�± 0.52 9

Guaiol 600 100 ±�ƒƑ ƐĺƕƐ�± 0.54 ƏĺѶѶƒѶ

	b-�;r-l 10 111 ±�ƒƔ 1.91 ± 0.59 0.0596

,m�Ѵ2 10 92 ±�ƒѵ 1.41 ± 0.55 ƏĺƐƏƕƖ Ѷ

༾4βƒδ GABA 10 100 ±�ƒѶ ƏĺƖѶ�±�ƏĺƒѶ 9

βŊ��-u�or_�ѴѴ;m; 600 ѶƏ�±�ƒƒ ƏĺƕѶ�±�ƏĺƒƑ ƏĺƏƐƐѶŖ

βŊ��-u�oѴ-moѴ 600 ƕƑ�±�ƒƑ ƏĺƕƏ�±�ƏĺƒƐ ƏĺƏƏƓƖŖŖ

�b1uo|o�bmbm 100 Ƒƕ�±�Ѷ 0.26 ±�ƏĺƏѶ ƏĺƏƓƑƐŖ

༾4βƒδ GABA 10 100 ±�Ƒƕ ƏĺƕѶ�± 0.21 10

αŊ���l�Ѵ;m; 600 ƕƕ�± 21 0.60 ± 0.16 ƏĺƏƑƓѶŖ

��l�ѴoѴ 600 69 ±�Ɛƕ ƏĺƔƒ�±�ƏĺƐƒ ƏĺƏƐƖƖŖ

�b1uo|o�bmbm 100 ƒƑ�± 9 0.25 ±�ƏĺƏƕ ƏĺƏƐƕѶŖ

༾4βƒδ GABA 10 100 ±�ƒƐ ƐĺƑƕ�±�ƏĺƒƖ 9

Guaiol 600 65 ±�Ƒƒ ƏĺѶƒ�± 0.29 ƏĺƏƏƕƔŖŖ

�-0o�-7oѴ ƐķƏƏƏ 90 ±�ƒƏ 1.15 ±�ƏĺƒѶ ƏĺƒƑƖѵ

༾6βƒδ GABA 10 100 ±�ƒƏ 0.52 ± 0.16 9

βŊ��-u�or_�ѴѴ;m; 600 ƕѵ�± 26 ƏĺƒƖ�± 0.14 ƏĺƏƏƑƖŖŖ

βŊ��-u�oѴ-moѴ 600 96 ±�ƒƔ 0.50 ±�ƏĺƐѶ 0.6095

�b1uo|o�bmbm 100 24 ± 6 0.12 ±�ƏĺƏƒ ƏĺƏƑƑƔŖ

༾6βƒδ GABA 10 100 ±�ƒƒ ƏĺƐƕ�± 0.06 Ѷ

αŊ���l�Ѵ;m; 600 Ѷѵ�±�Ƒƕ 0.15 ± 0.05 0.2121

��l�ѴoѴ 600 ƖѶ�±�ƒƏ ƏĺƐƕ�± 0.05 ƏĺѶѵƔƔ

�b1uo|o�bmbm 100 Ɠƒ�± 16 ƏĺƏƕ�±�ƏĺƏƒ ƏĺƏƔƔѶ

༾6βƒδ GABA 10 100 ±�ƒƕ 0.50 ±�ƏĺƐѶ Ѷ

Guaiol 600 ƕƔ�±�ƒƒ Əĺƒƕ�± 0.16 ƏĺƏƏƕѶŖŖ

�-0o�-7oѴ ƐķƏƏƏ 166 ± 69 ƏĺѶƒ�±�ƏĺƒƓ ƏĺƏƖƐѶ

Note: c,�1om1;m|u-|bomĸ�SEMķ�v|-m7-u7�;uuou�o=�|_;�l;-mĸ�Ѵ;�;Ѵv�o=�vb]mb=b1-m1;��b|_�pŊ��-Ѵ�;v�Ŗp�ƽ�ĺƏƔķ�ŖŖp�ƽ�ĺƏƐĸ�nķ�m�l0;u�o=�u;1ou7;7�1;ѴѴvĺ
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�_b1_�bv�mo|�v�==b1b;m|Ѵ��1omvb7;u;7�0��|_;�v1oubm]�=�m1|bomvĺ���;m�
|_o�]_�_�l�ѴoѴ�-m7�βŊ�1-u�oѴ-moѴ�1-m�=oul�roѴ-u�bm|;u-1|bomv�_;u;ķ�
|_;�0bm7bm]�lo7;v�o=�|_;v;�o|_;u�bv;�1olrѴ;|;Ѵ��_�7uor_o0b1�loѴ-
;1�Ѵ;v� -Ѵ�-�v� v_o�� -m� �m=-�ou-0Ѵ�� rovb|bom;7� l;|_�Ѵ� ]uo�rķ� =ou�
bmv|-m1;ķ� m;-u� |_;� m;]-|b�;Ѵ�� 1_-u];7� �vrƑƕƑ� o=� _;Ѵb�� βƒ�ƒĺ� $_;�
ru;]m-moѴom;Ŋ�0bm7bm]�vb|;ķ�om�|_;�o|_;u�_-m7ķ�bv�1olrov;7�;m|bu;Ѵ��
o=�Ѵbror_bѴb1�-lbmo�-1b7v�;�1;r|�-|�|_;�;�|u;l;�;m7vķ��_;u;�|_;�;m-
7o];mo�v�Ѵb]-m7�=oulv�roѴ-u�bm|;u-1|bomv��b|_�|_;�u;1;r|ouĺ��m�-77b-
|bomķ�|_bv�0bm7bm]�vb|;�bv�u-|_;u�v�u=-1;Ŋ�;�rov;7ĺ�$_bv�bv�u;=Ѵ;1|;7�0��
-� 1olr-ubvom�o=� 0�ub;7� v�u=-1;vĹ��_;u;-v� 7b-�;r-l� bv� 1olrѴ;|;Ѵ��
0�ub;7�-m7�v_o�v�mo�voѴ�;m|�-11;vvb0Ѵ;�v�u=-1;�-u;-�bm�|_;�1olrѴ;�ķ�
=ou� ru;]m-moѴom;� omѴ�� ѵƖѷ� o=� |_;� Ѵb]-m7� v�u=-1;� -u;-� -u;� 0�ub;7�
�rom�0bm7bm]� |o� |_;� u;1;r|ouĺ��o�;�;uķ� |_;� u;l-bmbm]�ƒƐѷ�o=� |_;�
-roѴ-u�Ѵb]-m7�v�u=-1;�-u;�mo|�7bu;1|;7�|o�-u7�|_;�-t�;o�v�voѴ�|bomķ�
0�|�u-|_;u�|o�-u7�|_;�Ѵbrb7�0bѴ-�;uķ��_b1_�bv�;m;u];|b1-ѴѴ��-||u-1|b�;ĺ�
$_bv�7b==;u;m1;�bm�0�ub-Ѵ�bv�l-uh;7Ѵ��u;=Ѵ;1|;7�bm�|_;�v1oubm]ķ��_b1_�
=-�ouv�7bu;1|�bm|;u-1|bomvķ�0�|�7o;v�mo|�1omvb7;u�=-�ou-0Ѵ;�;�rov�u;�
|o�-�Ѵbror_bѴb1�;m�buoml;m|ĺ��11ou7bm]Ѵ�ķ�0;||;u�v1ou;v�o=�|_;�rov;v�

bm�|_;�7b-�;r-lŊ�0bm7bm]�vb|;�v_o�Ѵ7�mo|�0;�o�;ubm|;uru;|;7ĺ�!-|_;uķ�
|_;�v|u�1|�u;�o=� |_;�m;�uov|;uob7Ŋ�0bm7bm]�vb|;��o�Ѵ7�0;||;u�l-|1_�
|_;�v1-==oѴ7�o=�_�7uo��Ѵ-|;7�" $vķ��_b1_� bv�-Ѵvo�v�rrou|;7�0��|_;�
o0v;u�-|bom�|_-|�|_;�_�7uo��Ѵ-|;7�" $vķ��_;m�7o1h;7�|o�|_;�;m|bu;�
ααŊ�bm|;u=-1;ķ��;u;�Ѵo1-|;7�bm�|_;�m;�uov|;uob7Ŋ�0bm7bm]�vb|;ķ��_;u;-v�
|_;�momŊ�_�7uo��Ѵ-|;7�om;v��;u;�mo|�=o�m7�-|�|_-|�Ѵo1-|bomĺ��;m1;ķ�
0bm7bm]�|o�|_;�Ѵbror_bѴb1�bm|;u=-1;�=oulbm]�|_;�m;�uov|;uob7Ŋ�0bm7bm]�
vb|;�bv�rovvb0Ѵ��ru;=;uu;7�o�;u�|_;�7b-�;r-lŊ�0bm7bm]�vb|;ķ�;vr;1b-ѴѴ��
=ou�_�l�ѴoѴ�-m7�βŊ�1-u�oѴ-moѴĺ� �m�-77b|bomķ� b|� bv�hmo�m�|_-|� |_;�_�-
7uo��� ]uo�r� o=� m;�uov|;uob7v� bv� 1u�1b-ѴѴ�� bm�oѴ�;7� bm� |_;bu� ����Ŋ�
ro|;m|b-|bom�;==;1|v�Ő�bѴѴ;u�;|�-Ѵĺķ�ƑƏƐƕőķ��_b1_�1o�Ѵ7�rovvb0Ѵ��;�rѴ-bm�
|_;�;==;1|v�o=�" $vĺ��;�;u|_;Ѵ;vvķ�-m�bm|;u-1|bom�|o�o|_;u�lo7�Ѵ--
|ou��ruo|;bmv�o=�|_;�����A!�1-mmo|�0;�;�1Ѵ�7;7ĺ

�u;�bo�v� 7-|-� om� lomo|;ur;mob7v� v�]];v|;7� rovb|b�;� -Ѵ-
Ѵov|;ub1� ro|;m|b-Ѵ� -|� ����A!v� bm7;r;m7;m|� o=� |_;� γ2� v�0�mb|�
Ő�;vvѴ;u� ;|� -Ѵĺķ� ƑƏƐƓőĺ� ��u� bmb|b-Ѵ� 1olr-ubvomv� o=� ༾- humulene and 
βŊ�1-u�or_�ѴѴ;m;� �;uv�v� |_;bu� u;vr;1|b�;� 7;ub�-|b�;v� _�l�ѴoѴ� -m7�
βŊ�1-u�oѴ-moѴķ� v�]];v|;7� -� vblbѴ-u� r-||;umĺ� �o�;�;uķ� o|_;u� |;v|;7�


 ��&!� �ѵՊ�o7�Ѵ-|bom�o=�|omb1�༾4βƒδ 
and ༾6βƒδ GABAA!v�0��" $vĺ�Ő-ŋ�]ő�
�;-v�u;l;m|v�om�༾4βƒδ GABAA!vĺ�Ő_ŋ�
mő��;-v�u;l;m|v�om�༾6βƒδ GABAA!vĺ�
�ŋ�7ķ�bŋ�hő��0voѴ�|;�1�uu;m|v�o=�r-|1_�
1Ѵ-lr�u;1ou7bm]v�=uol����ƑƖƒ�1;ѴѴv�
|u-mv=;1|;7��b|_�༾4βƒδ or ༾6βƒδ GABAA!vķ�
u;vr;1|b�;Ѵ�ķ�7�ubm]�-rrѴb1-|bom�o=�
10 µ�������Ő0Ѵ-1h�7o|vő�ou�=oѴѴo�bm]�
1oŊ�-rrѴb1-|bom�o=�ѵƏƏ�µ��lo7�Ѵ-|ou�Őu;7�
7o|vőĺ�
�u|_;ulou;ķ�ƐƏ�µ��������-v�
1oŊ�-rrѴb;7��b|_�ƐƏƏ�µ��rb1uo|o�bmbmĺ�
Ɛ�l��]-0o�-7oѴ��-v�-rrѴb;7��b|_o�|�
1oŊ�-rrѴb1-|bom�o=�����ĺ��-1_�r-bu�o=�7o|v�
u;ru;v;m|v�om;�r-|1_;7����ƑƖƒ�1;ѴѴĺ�
�-|1_�1Ѵ-lr�;�r;ubl;m|v��;u;�r;u=oul;7�
om�-|�Ѵ;-v|�ƒ�7-�v��b|_�7b==;u;m|�1;ѴѴ�
0-|1_;vķ�m�l0;u�o=�u;1ou7;7�1;ѴѴv��;u;�
0;|�;;m�Ѷ�-m7�ƐƏĺ�Ŗp�ƽ�ĺƏƔķ�ŖŖp�ƽ�ĺƏƐĺ�Ő;ŋ�]ķ�
Ѵŋ�lő�	b==;u;m1;v�0;|�;;m�;-1_�1�uu;m|�
r-bu�bm�0ŋ�7ķ�bŋ�h�-u;�v_o�m
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v;vt�b|;ur;mob7v�-Ѵvo�_-u0oubm]�-�_�7uo���]uo�rķ� =ou�;�-lrѴ;ķ�0bv-
-0oѴoѴķ�0bv-0oѴoѴ�o�b7;��ķ�-m7�vr-|_�Ѵ;moѴ�7b7�mo|�=oѴѴo��|_bv�r-||;umĺ�
$_;u;=ou;ķ��;�bm�;v|b]-|;7�v;vt�b|;ur;m;�lo7�Ѵ-|bom�-|�bvoѴ-|;7�rub-
l-u��m;�uomv�o=� |_;�_brro1-lr�v� ub1_� bm�����;u]b1� bm|;um;�uomv�
Ő�;Ѵh;��;|� -Ѵĺķ� ƑƏƐƕőĺ�$_;�l-bm� u;1;r|ou� 1om=b]�u-|bom� bv� |_;�༾1β2γ2 
v�0|�r;�Ő�Ѵv;m�ş�"b;]_-u|ķ�ƑƏƏѶőĺ�$_ov;�����A!v�;m-0Ѵ;�r_-vb1�bm-
_b0b|bom��_;u;-v�v�0|�r;v�bm1Ѵ�7bm]�|_;�༾Ɠķ�༾ѵķ�ou�δ�v�0�mb|�u;]�Ѵ-|;�
Ѵom]Ŋ�Ѵ-v|bm]�bm_b0b|bom�-m7�|_;u;0��1om|uoѴ�|_;�;�1b|-0bѴb|��o=�|_;�m;�-
uomv�Ő�;;�ş��-]�bu;ķ�ƑƏƐƓőĺ�$_;�m;�uo|uorb1�-1|b�b|��o=�|_;�" $v��-v�
7b==;u;m|�om�rubl-u��_brro1-lr-Ѵ�m;�uomv�bm�1olr-ubvom�|o�|_;�1om-
|uoѴѴ;7�o�;uŊ�;�ru;vvbom�o=�|_;�༾1β2�v�0|�r;�bm����ƑƖƒ�1;ѴѴvĺ�)_bѴ;�β- 
1-u�oѴ-moѴ�v_o�;7�mo�Ѵom];u�-�vb]mb=b1-m|�lo7�Ѵ-|ou��;==;1|ķ�_�l�ѴoѴ�
|�um;7�bm|o�-�m;]-|b�;�-m7�]�-boѴ�bm|o�-�rovb|b�;�-ѴѴov|;ub1�lo7�Ѵ-|ouĺ�
�om|uoѴ� l;-v�u;l;m|v� �vbm]� |_;� v�r;u-]ombv|� ]-0o�-7oѴ� -m7� |_;�
0;m�o7b-�;rbm;�-]ombv|�7b-�;r-l�1om=bul;7�|_;�ru;v;m1;�o=�r_-vb1�
-v��;ѴѴ�-v�|omb1�����A!v�bm�|_;�_brro1-lr-Ѵ�m;�uomvĺ��-1h�|o�1om-
|uoѴѴ;7�o�;uŊ�;�ru;vvbomķ�|_;�ru;v;m1;�o=�|_;�γ2�v�0�mb|�bm�|_;�༾1β2γ2 
v�0�mb|�1olrovb|bom�Ѵ;7�|o�|_;�v-l;�o0v;u�-|bom�-v�bm�_brro1-lr-Ѵ�
m;�uomv��b|_�_�l�ѴoѴ�-v�-�m;]-|b�;�-ѴѴov|;ub1�lo7�Ѵ-|ouĺ��;m1;ķ�|_;�
ru;v;m1;�o=�|_;�γ2�v�0�mb|�bm�|_;�l-foub|��o=�����A!v�ŐѵƔѷő�bm�rub-
l-u��m;�uomv�bv�-m�blrou|-m|�1olrom;m|�=ou�v;vt�b|;ur;m;�lo7�Ѵ--
|bomĺ��|�|omb1�����A!v�bm�|_;�༾4βƒδ�1om=b]�u-|bomķ�β- caryophyllene 
and ༾Ŋ�_�l�Ѵ;m;� -v� �;ѴѴ� -v� |_;� v;vt�b|;ur;mob7v� _�l�ѴoѴ� -m7�

βŊ�1-u�oѴ-moѴ�0�|�-Ѵvo�]�-boѴ�;�_b0b|;7�m;]-|b�;�-ѴѴov|;ub1�lo7�Ѵ-|bomĺ�
�o�;�;uķ�-ѴѴ�7-|-��;u;�o0|-bm;7��m7;u�����Ŋ�v-|�u-|bm]�1om7b|bomvĺ�
�|�༾6βƒδ�u;1;r|ouvķ�βŊ�1-u�or_�ѴѴ;m;�-m7�]�-boѴ�0�|�mo|�βŊ�1-u�oѴ-moѴķ�
_�l�Ѵ;m;�-m7�_�l�ѴoѴ�7;1u;-v;7�����;u]b1�1�uu;m|vĺ��v�0o|_�|omb1�
u;1;r|ou� 1om=b]�u-|bomv� Ő༾4βƒδķ�༾6βƒδő� _-u0ou� βƒķ� |_;� o0v;u�;7� ;=-
=;1|v�-u;�lov|�ruo0-0Ѵ��bm7;r;m7;m|�o=�|_;�β�v�0�mb|�-m7�|_;u;=ou;�
7bvvblbѴ-u� |o�lo7�Ѵ-|bom�o=�����A!v�0�� �-Ѵ;u;mb1� -1b7� u;l-uh-0Ѵ��
7;r;m7;m|�om�|_;�β�v�0�mb|�bvo|�r;�Őβƒ<β2«β1ő�Ő�_ol�;|�-Ѵĺķ�ƑƏƏƕőĺ

�ovb|b�;� -ѴѴov|;ub1� lo7�Ѵ-|bom� o=� |omb1� ����A!v� _-v� 0;;m� u;-
rou|;7�=ou�lomo|;ur;mob7�v|u�1|�u;vķ��;u0;moѴ�-m7�l�u|;moѴķ�l;--
v�u;7�om�_brro1-lr-Ѵ�vѴb1;v�Ő�-m��u;7;uo7;�;|�-Ѵĺķ�ƑƏƐѵőĺ��m�1om|u-v|�
|o�lomo|;ur;m;vķ�o�u�u;v�Ѵ|v�v_o��|_;�m;]-|b�;�lo7�Ѵ-|ou��ro|;m|b-Ѵ�
o=�" $v�-|�����A!v�l-bmѴ��-|�|omb1�u;1;r|ou�v�0|�r;vĺ��bѴo0-Ѵb7;ķ�-�
v;vt�b|;ur;m;� Ѵ-1|om;ķ� -m|-]omb�;v�����A!v� vblbѴ-u� |o� 0b1�1�ѴѴbm;�
-m7�rb1uo|o�bmbm�-m7�|_;�" $v��v;7�_;u;ķ�0�|�-Ѵvo�;�;u|v�-m|b1om��Ѵ-
v-m|�-1|b�b|���b-�-�ru;v�m-r|b1�uo�|;�l-bm|-bmbm]�|_;������Ѵ;�;Ѵv�-m7�
|_�v�|_;���	�Ő]Ѵ�|-l-|;�7;1-u0o��Ѵ-v;ő�-1|b�b|��bm�|_;�_brro1-lr�v�
-m7�1;u;0u-Ѵ�1ou|;��Ő"-v-hb�;|�-Ѵĺķ�ƑƏƏƏőĺ�$_;�-1|bom�o=�v;vt�b|;ur;m;v�
-|�rov|v�m-r|b1�����A!v�0�|�-Ѵvo�-|�ru;v�m-r|b1�vb|;v�u;]�Ѵ-|bm]�|_;�
-1|b�b|��o=�|_;������v�m|_;vb�bm]�;m��l;���	�_-v�0;;m�v�rrou|;7�
u;1;m|Ѵ�� =ou� |_;�l-Ѵ-ub-� 7u�]v� -u|;lbvbmbmvĺ� �u|;lbvbmbmv�lo7�Ѵ-|;�
GABAA!v��b-�|-u];|bm]�|_;�0bm7bm]�;rb|or;�o=�|_;�v1-==oѴ7�ruo|;bm�];-
r_�ubm�0��_bm7;ubm]�|_;�1ub|b1-Ѵ�bm|;u-1|bom�o=�];r_�ubm�-m7�����A!v�


 ��&!� �ƕՊ�oѴ;1�Ѵ-u�7o1hbm]�u;v�Ѵ|v�-|�|_;�m;�uov|;uob7Ŋ�0bm7bm]�vb|;�Ѵo1-Ѵb�;7�bm�|_;�$��7ol-bm�o=�|_;�����A!ĺ��v�-�u;=;u;m1;ķ�|_;�
;�r;ubl;m|-ѴѴ��o0v;u�;7�0bm7bm]�lo7;�o=�ru;]m-moѴom;�bm�|_;�ααŊ�bm|;u=-1;�Ő�	�Ĺ�Ɣ�Ѷ
ő�bv�v_o�m�bm�Ő-őĺ��bm7bm]�lo7;v�ruorov;7�0��7o1hbm]�
o=�|_;�" $v�]�-boѴ�Ő0őķ�βŊ�1-u�oѴ-moѴ�Ő1őķ�-m7�"Ŋ�_�l�ѴoѴ�Ő7ő�-u;�bѴѴ�v|u-|;7�0-v;7�om�|_;�|orŊ�v1oubm]�7o1hbm]�voѴ�|bomv
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-m7� |_�v�7;1u;-vbm]�����;u]b1� bm_b0b|bom� Ő�-v-u-]o7�;|� -Ѵĺķ� ƑƏƐƖőĺ�
�ou;o�;uķ�v;vt�b|;ur;m;v�bm|;u-1|��b|_��	*��Őr�ub7o�-Ѵ�hbm-v;őķ�-m�
;m��l;�u;]�Ѵ-|bm]�|_;�v�m|_;vbv�o=�������b-���	�-1|b�b|��bm�ru;v�m-
-r|b1�|;ulbm-Ѵv�Ő�-v-u-]o7�;|�-Ѵĺķ�ƑƏƑƏőĺ��o|_�o=�|_;�-0o�;l;m|bom;7�
-1|bomvķ�_o�;�;uķ�u;t�bu;�-�Ѵom];u�ru;v;m1;�o=�|_;�" $v�;m-0Ѵbm]��r-
|-h;�bm|o�|_;�1;ѴѴ�|o�=-1bѴb|-|;�|_;bu�-1|bomĺ

�-v;7�om�-�t�-Ѵb|-|b�;�-m-Ѵ�vbv�o=�|_;�0bm7bm]�lo7;v�o0|-bm;7�
=uol� o�u� 7o1hbm]� v|�7b;vķ� ru;=;u;m|b-Ѵ� 0bm7bm]� o=� |_;� _�7uo���
]uo�r�1-uu�bm]�" $v�|o�|_;�m;�uov|;uob7Ŋ�0bm7bm]�vb|;�-m7�|_;�7b-�-
;r-l�vb|;�v;;lv�rovvb0Ѵ;ĺ�
�u|_;ulou;ķ��;�1-mmo|�;�1Ѵ�7;�-m�bm-
7bu;1|�bm|;u-1|bom�o=�" $v��b|_�-vvo1b-|;7�ruo|;bmv�o=�|_;�����AR 
ou�bm|;u-1|bomv��b|_�ru;v�m-r|b1�;m��l;v�-m7�|_;u;0��lo7�Ѵ-|bm]�
����;u]b1� -1|b�b|�ĺ� �m� o�u� -rruo-1_ķ� |_;� " $v� �;u;� 1oŊ�-rrѴb;7�
|o];|_;u� �b|_� |_;� m;�uo|u-mvlb||;u� ����� ;m-0Ѵbm]� lomb|oubm]�
o=�v_ou|�-m7�7bu;1|�;==;1|v�om�u;1;r|ou�or;mbm]�-m7�1Ѵovbm]�omѴ�ĺ�
$o];|_;u��b|_� |_;�u;1;m|Ѵ��o0v;u�;7�v_-u;7�ro|;m|b-Ѵ�o=�" $v�-|�
rov|v�m-r|b1�-m7�ru;v�m-r|b1� vb|;vķ� v_ou|Ŋ�|;ul�-m7� Ѵom]Ŋ�|;ul�-v-
r;1|v� -|� ����;u]b1� m;�uo|u-mvlbvvbom� bm� |_;� ru;v;m1;� o=� " $v�
v_o�Ѵ7�0;�bm�;v|b]-|;7�bm�lou;�7;|-bѴ�bm�|_;�=�|�u;ķ�1ol0bm;7��b|_�
-==bmb|��-m7�0bm7bm]�v|�7b;v�|o�7b==;u;m|b-|;�7bu;1|�=uol�bm7bu;1|�-1-
|bomv�o=�" $v�om�����;u]b1�bm_b0b|bom�ruo1;vv;vĺ���0;||;u��m7;u-
v|-m7bm]�o=�|_;v;�l;1_-mbvlv��bѴѴ�=�u|_;u�7;=bm;�|_;bu�|_;u-r;�|b1�
ro|;m|b-Ѵ�=ou���"�7bvou7;uvĺ
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SUPPORTING INFORMATION 

 

MATERIALS AND METHODS:  

QUANTIFICATION OF SQTS APPLIED IN THE ELECTROPHYSIOLOGICAL 

EXPERIMENTS 

The SQT concentrations applied to the patched cells (see below) were cross-checked by GC-

MS measurements. From each test solution, samples were taken before the first addition to the 

application system (start) and after the last application (end) during three independent 

measurements. The samples (100 or 200 µL) were extracted with diethyl ether and dried over 

sodium sulfate. Nootkatone was chosen as standard and was added (in concentrations ranging 

from 1.22 to 4.89 µg/mL, according to the quantification requirements) right before the 

extraction. Depending on the available amount of sample obtained from the measurements, 

quantification could partly be performed in duplicates. For (E)-β-farnesene and α-bisabolol an 

analyte/standard (nootkatone) 5-point-calibration curve was prepared (y = 3,8385x - 0,1498, R² 

= 0,9989 and y = 2,3403x + 0,0132, R² = 0,9999, respectively), and the concentrations were 

calculated accordingly. In few cases, extrapolation was necessary. The relative amounts of the 

other analytes were determined via the peak area ratio of analyte/standard. The GC-MS 

analyses were performed on a GC 7890A connected to a MSD 5975C (Agilent Technologies, 

Santa Clara, CA, USA), equipped with a GERSTEL MPS 2-XL multipurpose sampler and a 

CIS 4 injection system (GERSTEL GmbH & Co. KG, Mülheim an der Ruhr, Germany). An 

uncoated fused silica capillary pre-column (3 m x 0.53 mm i.D.) was fixed to a DB-FFAP 

capillary column (30 x 0.25 mm i.D., film thickness 0.25 µm; Agilent J&W Scientific, Santa 

Clara, CA, USA). The oven program was started at 40 °C with a hold time of 1 min and raised 

with 8 °C/min until 240 °C. The carrier gas (helium) flow was set to 1 mL/min. The samples 

(2 µL) were applied with the cold on-column technique. EI mass spectra were recorded with 
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selected ion monitoring (SIM) using 70 eV. The following ions were selected: α-Humulene 

(SIM 93), β-caryophyllene (SIM 133), β-caryolanol (SIM 111), humulol (SIM 82); α-bisabolol 

(SIM 109); α-bisabolol oxide A (SIM 143); (E)-β-farnesene (SIM 69); guaiol (SIM 161); α-

bisabolol oxide B (SIM 143); spathulenol (SIM 205); α-bisabolone oxide A (SIM 141) and 

nootkatone (SIM 147). 

 

MOLECULAR MODELING AND DOCKING 

The docking study was performed at two different locations of the transmembrane domains of 

the GABAA-receptor: the diazepam binding site in the β+α--interface and the pregnanolone 

binding site in the αα-interface. For the investigation of the diazepam binding site the CryoEM 

structure of the human full-length α1β3γ2-GABAA-receptor (PDB code 6HUP, (Masiulis et al. 

2019) was used, whereas the analysis of the pregnanolone binding site was based on the crystal 

structure of an α5β3-chimera (PDB code 5O8F, (Miller et al. 2017). Using MOE (Molecular 

Operating Environment), the extracellular part as well as all small molecules present in the 

experimental structure were removed and chain breaks were capped. Polar hydrogens were 

added with the program PROTONATE of the AMBER software package (Case et al. 2016; 

Case et al. 2005). Kollman charges and solvation parameters were assigned to generate the 

PDBQS-files required for the calculation of the docking grids (cf. below).  

The coordinates of diazepam and pregnanolone were taken from the corresponding PDB-files. 

Addition of hydrogen atoms and Gasteiger charges, as well as energy minimization with the 

MMFF94 forcefield (gradient: 0.001 kcal/mol/Å), were performed with MOE. The coordinates 

of three of the five SQTs of interest were taken from the Cambridge Structural Database (CSD): 

β-Caryophyllene (CSD: JICSIX), guaiol (CSD: GEMRATO1) and α-humulene (CSD: 

HULAGN). Ligand preparation of these molecules was performed in the same way as described 

for diazepam and pregnanolone. β-Caryolanol was modelled using the CSD structure of a 
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chloro-derivative (CSD: GEMRATO1) as a template. The chlorine atom was changed to a 

hydroxy group and the carbon-oxygen bond was energy-minimized with the above-mentioned 

settings. S-humulol and R-humolol were modelled based on α-humulene. These ligand 

preparations were carried out with MOE. 

Docking studies were performed with AutoDock (Morris et al. 1998). Atomic affinity grids 

were calculated with AutoGrid based on the protein PDBQS-files. For the docking on the whole 

interfaces, the grids were centred approximately between the respective domains, covering a 

volume of 62 x 62 x 90 grid points with a default spacing of 0.375 Å. Based on the observation 

that in the αα-interface only the OH-containing ligands were found in the neurosteroid site, a 

second docking was performed, focussed on this binding site (grid size 88 x 60 x 108 points, 

grid spacing 0.188 Å). All dockings used the Lamarckian Genetic Algorithm with 6.0 x 106 

energy evaluations, a population size of 300 individuals, a maximum of 27,000 generations as 

well as 300 iterations in Solis & Wets local search. A total number of 50 GA runs was 

performed for each ligand. These settings resulted in a very accurate reproduction of the 

experimentally observed binding modes of diazepam (90% top poses with RMS-deviations < 1 

Å) and pregnanolone (100% of poses with RMSD-deviations < 2 Å), respectively. 
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SUPPORTING INFORMATION FIGURE S1 
 

 

SUPPORTING FIGURE S1 Normalized amounts (mean values) of SQTs applied in the patch 

clamp application system. Solutions containing 10 µM GABA and 600 µM modulator were 

used for patch clamp experiments. Samples were taken before and after passing through the 

solution application system and the relative modulator concentration (indicated by †) or ratio of 

peak areas was measured using GC-MS. Nootkatone was chosen as standard. All samples were 

analyzed twice except for the ones marked by a hash (#), which were only analyzed once. 
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of the matrix.[9] Mechanical properties such 
as the stiffness of the 3D surrounding 
environment are known to affect differen-
tiation of certain cells,[10] and are believed 
to be critical for neuronal maturation and 
neurotransmission.[9]

More discrete and higher resolved struc-
tures, such as those made with additive 
manufacturing (AM)[11] and electrojetting 
technology,[12] are promising to provide 
reproducible conditions. Electrojetting uses 
electrostatic forces to fabricate monodis-
persed, nanomicro particles in a simple, 
versatile, and cost-effective method for drug 
delivery and tissue engineering applica-
tions.[13] Electrospinning allows process-
ability for polymer solutions and polymer 
melts.[14] In addition, polymer melts can 
be directly written using a programmable 
path in a technique known as melt 
electrowriting (MEW).[15] The precise place-
ment of low-micrometer diameter fibers 
that are stackable using additive manu-
facturing principles are achievable using 
MEW (Figure 1a,b). The advantages of 
MEW include solvent-free processing and 

avoidance of the chaotic fiber deposition often seen in electro-
spinning. Bioprinting approaches for cell hierarchy have been 
reinforced with extruded, stiffer structures[16] that reinforce the 
bioink and aid with in vitro handling[17] and extend a processing 
window for such hydrogels.[16,17] The reinforcing of matrices 
and bioinks with much smaller, low-micrometer scale fibers 
on matrices has recently been of particular interest.[18,19] Using 
MEW,[15] well-ordered, small diameter fibers can be distributed 
throughout a matrix in low volume fractions and provide signifi-
cant increase in overall mechanical properties.[18–20] Furthermore, 
the mechanics of MEW fiber-reinforced hydrogels can be modu-
lated further with sinusoidal direct-writing of the fibers.[18] Since 
the fiber diameter made using MEW can be readily changed with 
the nozzle mass flow rate and/or the collection speed, the diam-
eter of the printed fiber can be significantly altered.[21] Therefore, 
MEW reinforcement of matrices (such as Matrigel shown here) 
have the potential to regulate the environment of cells through 
both mechanotransductive[22] or haptotaptic[23] cues.

An experimentally designed in vitro 3D structure for electro-
physiological studies requires a relevant receptor model, with 
the inhibitory glycine receptor (GlyR) used in this study. The 
GlyR is a pentameric, ligand gated ion channel, which belongs 
to the superfamily of Cys-loop receptors.[24] Upon binding of 

2D electrophysiology is often used to determine the electrical properties 
of neurons. In the brain however, neurons form extensive 3D networks. 
Thus, performing electrophysiology in a 3D environment provides a closer 
situation to the physiological condition and serves as a useful tool for various 
applications in the field of neuroscience. In this study, 3D electrophysiology 
is established within a fiber-reinforced matrix to enable fast readouts 
from transfected cells, which are often used as model systems for 2D 
electrophysiology. Using melt electrowriting (MEW) of scaffolds to reinforce 
Matrigel, 3D electrophysiology is performed on a glycine receptor-transfected 
Ltk-11 mouse fibroblast cell line. The glycine receptor is an inhibitory ion 
channel associated when mutated with impaired neuromotor behavior. The 
average thickness of the MEW scaffold is 141.4 ± 5.7 µm, using 9.7 ± 0.2 µm 
diameter fibers, and square pore spacings of 100, 200, and 400 µm. For 
the first time, the electrophysiological characterization of glycine receptor-
transfected cells is demonstrated with respect to agonist efficacy and potency 
in a 3D matrix. With the MEW scaffold reinforcement not interfering with 
the electrophysiological measurement, this approach can now be further 
adapted and developed for different kinds of neuronal cultures to study and 
understand pathological mechanisms under disease conditions.

Dr. N. Schaefer, D. Janzen, Prof. C. Villmann
Institute for Clinical Neurobiology
University Hospital Würzburg
Versbacherstr. 5, 97078 Würzburg, Germany
E-mail: Villmann_C@ukw.de
E. Bakirci, A. Hrynevich, Prof. P. D. Dalton
Department of Functional Materials in Medicine and Dentistry
and Bavarian Polymer Institute
University Hospital Würzburg
Pleicherwall 2, 97070 Würzburg, Germany

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adhm.201801226.

3D Electrophysiology

3D matrices and scaffolds are an essential part of numerous 
areas of biomedical research, including tissue engineering,[1] 
cancer research,[2] cell expansion,[3] and stem-cell research.[4] In 
addition, the field of biofabrication is introducing an increasing 
number of ways to create hierarchical structures[5] to better reca-
pitulate the in vivo environment. These include 3D-cell loaded 
structures with neurons, that are highly sensitive to changes 
within their environment, e.g., growth factor gradients,[6] 
extracellular matrix (ECM)-derived peptides,[7,8] or the stiffness 
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Figure 1. Handling of different MEW scaffolds with and without matrix. a) Schematic of the MEW head depicting how the polymer melt is heated 
and the nozzle directed over the surface. b) Rendering of the electrified molten jet as it comes out of the nozzle and forms a fiber that is direct-
written layer-by-layer for the reinforcing MEW scaffold. c) Scanning electron microscopy images of MEW scaffold with different pores of 100, 200, and  
400 µm; diameter of scaffolds is 9.8 mm. d) Same scaffolds as in (c) held with forceps to investigate stability during handling. e) Scaffolds as in  
(c) and (d) reinforced with Matrigel. Note, MEW scaffolds allow handling of ultra-weak matrices, but handling becomes difficult if the pore size 
increases, e.g., 400 µm. The collapse of the 400 µm scaffold is enlarged in lower right image; basrelief filter used. f) Amplitude and g) frequency sweep, 
from n = 4 independent experiments, error bars represent standard deviation (S.D.).
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its ligand glycine, the ion channel undergoes conformational 
changes, which lead to opening of the ion channel pore.[25] 
Changes in chloride conductance can be measured with elec-
trophysiological recordings and provide a reliable readout about 
functional characteristics of the GlyR, e.g., channel opening/
closing, ligand potency, and efficacy.[26] In this study, the mouse 
fibroblast Ltk-11 cell line was used as the underlying cellular 
model. MEW scaffolds have previously been infiltrated with 
fibroblasts[27] while the Ltk-11 cells are well-suited for transfec-
tion and 2D electrophysiology.[28] A fast readout technique that 
provides the 3D perspective to study cellular proteins under 
disease conditions as well as an adaption to the more complex 
neuronal system would be highly useful.

MEW scaffolds with different z-directional pore sizes were 
investigated and analyzed for their mechanical properties 
with and without Matrigel (Figure 1c). The fiber diameter of 
the MEW scaffolds was 9.7 ± 0.2 µm while the thickness was 
141.4 ± 5.7 µm without Matrigel. The forcep-handling of the 
dry scaffolds were similar (Figure 1d), but the 400 µm pore 
size became difficult to handle (Figure 1e) when Matrigel was 
included. The 400 µm pore scaffolds rolled up when picked 
up by forceps and collapsed (Figure 1e, right image), while the 
100 and 200 µm pore scaffolds were more stable. An amplitude 
sweep was performed to determine the linear viscoelastic 
region of Matrigel (Figure 1f) which was 1% strain. A lower 
strain 0.1% was therefore selected for frequency sweep and 
confirmed a crosslinked hydrogel (Figure 1g).[29,30]

The estimation of living and dead cells of Ltk-11 cells grown 
in 2D compared to 3D embedded Ltk-11 cells in MEW scaffold 
reinforced Matrigel revealed no significant differences in the 
number of live and dead cells (2D live 98.5%, dead 1.5%; 3D 
live 98.9%, dead 1.1%; Figure 2a,b). Cell division in 3D starts  
48 h postseeding, which is around 24 h later compared to 2D 
(data not shown), possibly due to the mechanical properties of 
the Matrigel. Smaller pores harbor less cells (100 µm; Figure 2c, 
upper images), more cells were present in a 200 and 400 µm 
scaffolds (Figure 2c, middle and lower panel). Following 24 h  
in scaffold, most Ltk-11 cells still form clustered structures 
(Figure 2c). This might be explained by better growth of cells 
when in contact with neighboring cells.[31] Comparing the cell 
number 24 h postseeding with 9 days after seeding, cells colo-
nized and thus crossed each pore due to increase in cell division 
within the MEW scaffold/Matrigel complex independent of the 
pore size used (Figure 2c, right magnified images). Hence, our 
data are in line with previous results that fibroblasts are able to 
infiltrate MEW scaffolds.[27]

During cell seeding, transfection, and immunostaining 
procedures, the 200 µm scaffold turned out to be the most 
appropriate scaffold for cell biological assays. Ltk-11 cells can 
be easily transfected in 2D cultures. In 3D, neither the calcium 
phosphate precipitation method based on complex formation of 
plasmid DNA and calcium phosphate nor lipofectamine trans-
fection based on a hydrophobic complex were successful.[32] 
The calcium phosphate precipitates were unable to enter the 
Matrigel and remained at the matrix surface. Similarly, the 
DNA–lipofectamine complex did not diffuse into the Matrigel 
to target the Ltk-11 cells. Therefore, Ltk-11 cells were trans-
fected in 2D cell cultures and transferred 24 h posttransfection 
together with Matrigel into the scaffold (Figure 2d). Enhanced 

green fluorescent protein (eGFP) served as internal control for 
transfection efficiency. The GlyR α1 subunit was chosen due 
to its ability to form homomeric ligand-gated ion channels. 
Note, every cell which shows green fluorescence successfully 
expresses eGFP. It is assumed that cells expressing eGFP 
have also taken up the plasmid DNA for the GlyR. As a proof, 
immunocytochemical staining was performed to analyze the 
expression of the GlyR α1 subunit and eGFP in the 3D envi-
ronment. Colocalization of eGFP and GlyR α1 was observed 
in the same transfected Ltk-11 cell (Figure 2e). Therefore, elec-
trophysiological experiments were only performed on green 
fluorescent cells. For electrophysiological purposes, the pore 
size of 100 µm impacted the movements of the pipette tip to 
reach the cell of interest. Because of this, we continued with 
the 200 µm pore scaffolds for all following experiments. Trans-
fected Ltk-11 cells were used in parallel for studies in 2D or 3D 
to enable comparison.

Scaffolds were transferred into a recording chamber filled 
with extracellular buffer (ECS) to enable measurements 
under physiological conditions (Figure 3a,b). ECS is specific 
for each cell type. The soft cell/Matrigel/scaffold construct 
required fixation with an O-ring[33] to facilitate electrophysi-
ological recordings (Figure 3a). The cells were approached with 
a glass pipette with positive pressure continuously applied to 
avoid plugging of the patch pipette with Matrigel. Following 
attachment of the cellular membrane (on-cell configuration), a 
negative membrane potential of −60 mV was applied. The cel-
lular membrane was disrupted and whole-cell measurements 
were performed applying a concentration series of glycine to 
determine the glycine concentration (EC50) where half of the 
ion channels are open. A pressure-based application system 
was used to apply the agonist for 250 ms with a pressure of 
1 bar (Octaflow II, ALA Scientific Instruments, Farmingdale, 
NY, United States) as glycine would otherwise take too long 
to reach the cell through the viscous Matrigel. After applying 
glycine, a washing step with ECS for 7250 ms with a pressure 
of 1 bar was necessary, otherwise the glycine would stick to 
the cell surrounding. For comparison with 2D measurements, 
transfected Ltk-11 cells grown on glass coverslips surrounded 
by ECS were used. The glycine-induced current at saturating 
glycine concentration (1 × 10−3 M) in 2D does not differ in 
shape to 3D arguing for similar onset and recovery of the ion 
channels (Figure 3c). However, Imax currents at 1 × 10−3 M  
glycine are smaller in 3D than in 2D (Imax 2D: 3.3 ± 0.6 nA; 
Imax 3D: 2.2 ± 0.5 nA) (Figure 3c–e and Table 1), which can 
be explained by the viscous Matrigel preventing glycine from 
reaching GlyRs around the whole cell especially those on the 
opposite site of the application system. Therefore, not all GlyR 
channels of the approached cell open at the same time, leading 
to less chloride ion influx. Measured EC50 values showed a 
slight rightward shift compared to 2D (EC50 2D: 110.5 ± 17.6 × 
10−6 M) and 3D (EC50 3D: 174.7 ± 34.3 × 10−6 M) (Figure 3e). 
At 300 × 10−6 M of glycine, I300 differed significantly (Figure 3d 
and Table 1). In sum, we have successfully established a 3D 
electrophysiology approach based on embedded transfected 
Ltk-11 cells in Matrigel reinforced with MEW scaffolds. This 
protocol can now be adapted to other cell types. Our data dem-
onstrate small changes in glycine-induced currents as well as 
for glycine potency. The comparison of 2D and 3D cultures of 
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Figure 2. Ltk-11 cells embedded in Matrigel grow in different MEW scaffold sizes and express protein of interest. a) Live/dead assay in 2D cultures and 
3D cultures of Ltk-11 cells: live, green; dead, red; scale bar refers to 100 µm; three independent experiments were performed for 2D and 3D cultures, 
15 images with 5 images per experiment were counted with a total number of counted cells in 2D = 10115, 3D = 1955), b) quantification of cell viability 
in 2D and 3D, and c) 100 , 200 , and 400 µm scaffolds side chain length at day 1 after seeding with Ltk-11 cells. A representative pore is shown in mag-
nification at the right with i) 24 h after seeding, lower magnified image day 9 after seeding ii). Scale bar in each picture resembles 50 µm. d) Exemplary 
working schedule: day 1—Ltk-11 cell seeding and transfection with eGFP and GlyR using lipofectamine; day 2—proof for eGFP positive cells, mixing 
with Matrigel, and seeding into MEW scaffold; day 3—scaffold with transfected Ltk-11 cells. e) Immunocytochemical staining of transfected Ltk-11 cells 
24 h after seeding in 3D, 200 µm scaffold expressing eGFP (green) and GlyR α1 (magenta). Cell nuclei were stained with Hoechst. Scale bar in each 
picture resembles 50 µm. All experiments have been performed at least three times. Representative images are shown.
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transfected Ltk-11 cells revealed a significant reduction in cur-
rent amplitudes following application of 300 × 10−6 M glycine 
but similar current values for all other glycine concentrations 
applied. Differences in glycine potency determined by the EC50 

value exhibited a slight rightward shift (magnitude shift is less 
than twice) of the dose-response curve in 3D compared to 2D. 
For whole-cell recordings from 2D cell cultures of transfected 
HEK293 cells, glycine EC50 values between 20 and 120 × 10−6 M  
have been documented from different labs.[34] Differences in 
cell number, number of transiently transfected cells, promoter 
of DNA plasmid used, and state or passage of the culture have 
been pointed out to underlie those values. The decrease in  
glycine potency from 110 × 10−6 M in 2D toward 175 × 10−6 M in 
3D is however not significant and might result from differences 
in surrounding matrix density decelerating glycine from fast 
approaching the cell. Recently, Frega et al. also compared 3D to 
2D electrophysiology using hippocampal neurons coupled to a 
microelectrode array.[35] Significant differences with respect to 
mean burst rates and network burst duration times compared 
to 2D electrophysiological measurements were observed.[35] 
Xu et al. could not observe differences in the firing rates and 
spontaneous inhibitory postsynaptic currents in hippocampal 
neurons cultured in a 3D collagen hydrogel but slight changes 
in the resting membrane potential and the duration of the after-
hyperpolarization differed to 2D cultures.[33] Thus, the physi-
ological properties of cells differ between 2D and 3D cultures 
arguing for a requirement of 3D techniques, which are closer to 
the natural situation than planar cell growth in 2D cell cultures.

The electrophysiological measurements of transfected cells 
embedded within fiber-reinforced Matrigel harbors all advan-
tages of a 3D system such as the mimicking of a physiological 
tissue environment including the ability to grow in all three 
dimensions, better access to nutrients and suitability to describe 
the physiological  properties of the cells used. The fiber-
reinforcement using MEW scaffolds could in future provide 
physical cues for cell migration[36] or process guidance.[7] Such 
fiber-reinforced matrices provide a systematic, composite 
platform that can be adapted to other cell systems comprising 
multiple circuit information to study the electrophysiological 
properties of ion channels in a 3D environment.

Experimental Section
MEW Process: MEW scaffolds were fabricated by a previously 

described custom-built MEW.[37] Medical-grade poly(ε-Caprolacton) 
(PCL) (Corbion Inc, Netherlands, PURASORB PC12, Lot# 1412000249, 
03/2015) was used to fabricate the MEW scaffolds. All MEW printing 
was performed at 21 ± 2 °C environment temperature and a humidity 
of 35 ± 10%. PCL was heated at 80 °C in 3 mL syringe and air pressure 
was set to 3 bar. A high voltage was applied and after an electrified jet 
was generated, the G-code that drives the collector was initiated. A large 
48 × 96 mm rectangular mesh with 100, 200 or 400 µm spacing fiber 
was direct-written and then cut with an infrared laser to 9 mm circular 
disks for use in 24-well plates for in vitro experiments. MEW scaffolds 
were produced using the following parameters: 25 G nozzle and a 6 kV 
voltage applied across a 4 mm collector distance.

Scanning Electron Microscopy (SEM): SEM (Crossbeam 340, Carl Zeiss 
AG Oberkochen, Germany) was used to image the MEW scaffolds, 
sputter-coated with a 4 nm platinum layer. Software from Zeiss (Zeiss 
SmartSEM Version 6.03) was used for measurement of fiber size.

Handling Test: MEW scaffolds with and without Matrigel were 
photographed using forceps to determine the extent of folding. Prior to 
embedding, the scaffolds were washed with 70% ethanol, sterile water, 
and phosphate-buffered saline (PBS) then dried at room temperature 
(21 ± 2 °C). 120 µL Matrigel-Dulbecco’s modified Eagle medium (DMEM) 
mixtures were added on top of scaffolds and left for gelation for 30 min.

Adv. Healthcare Mater. 2019, 8, 1801226

Figure 3. 3D electrophysiological recordings from Ltk-11 cells grown in 
Matrigel reinforced with MEW scaffolds. a) Image of the electrophysi-
ological recording chamber with labeled i–v. b) Cartoon of the recording 
from transfected Ltk-11 cells (cotransfected with eGFP, green) grown 
in MEW scaffolds. c) Representative current traces from 2D and 3D 
recordings. d) Bar diagram representing I values at 300 × 10−6 M glycine ±  
standard error of the mean (S.E.M.) (2D black with n = 10, 3D grey with  
n = 8; *p ≤ 0.05). e) Dose-response curves obtained from 2D (black 
squares and full line; n = 10) and 3D (black circles and dotted line;  
n = 8) measurements to determine the EC50. Cells used for data analysis 
(n = 8–10) have been recorded within three independent experiments.

Table 1. Electrophysiological properties of GlyRs determined from rein-
forced MEW scaffolds (Values are presented ± standard error of the 
mean (S.E.M.)).

EC50 [×10−6 M] nH Imax [nA] n

2D 110.5 ± 17.6 3.9 ± 0.5 3.3 ± 0.6 10

3D 174.7 ± 34.3 4.1 ± 0.7 2.2 ± 0.5 8
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Mechanical Behavior: The frequency and amplitude sweep of Matrigel 
(n = 4) was measured using a controlled stress rheometer (Physica 
MCR301, Anton Paar GmbH, Germany) with a plate–plate configuration 
(diameter = 25 mm). 4.5 mg mL−1 Matrigel (500 µL) samples were 
added to the center of the lower plate at 4 °C. The upper plate was 
placed on samples with 0.5 mm gap. The temperature was increased 
from 4 to 37 °C and kept at 37 °C for 45 min. All the measurements were 
done at 37 °C. The amplitude sweep was performed between 0.01% and 
100% strain at 1 Hz. Frequency sweep was performed between 1 and 
50 Hz at 0.1% strain.

Cell Culture: Ltk-11 mouse fibroblast cells (CRL-10422; ATCC, 
Manassas, VA, United States) were cultured in DMEM supplemented 
with 10% fetal calf serum, 4 × 10−3 M GlutaMAX, 1 × 10−3 M sodium 
pyruvate, and 50 U mL−1 penicillin/streptomycin (Thermo Fisher 
Scientific, Waltham, United States) under standard growth conditions at 
37 °C and 5% CO2.

Transfection: Ltk-11 cells were transiently transfected using 
Lipofectamine 2000 reagent (Thermo Fisher Scientific, Waltham, United 
States) according to the manufacturer’s protocol. In brief, Opti-Mem 
(Life Technologies, Darmstadt, Germany) was mixed with either 6 µL 
of lipofectamine or 2 µL (1 µg µL−1) of plasmid DNA and incubated 
for 5 min at room temperature before combining. Following a second 
15 min incubation period, the mixture was carefully pipetted onto the 
cells (3 cm dish). Cells were transfected with the GlyR α1 subunit and 
eGFP. eGFP was used as an internal transfection efficiency control and 
fluorescence of eGFP was controlled next day.

Scaffold Preparation and Cell Seeding: Scaffolds were placed into 
24-well plates, washed once with 70% ethanol, three times with sterile 
water, and once with sterile PBS. Transfected Ltk-11 cells were detached 
1 day after transfection and counted. Cells were either seeded onto 
four coverslips in a 3 cm dish (150 000 cells per dish) or 60–100 µL 
cell suspension (100 000 cells) were mixed with Matrigel (Corning, NY, 
United States) using a final protein concentration of 4.5–4.8 mg mL−1 
and pipetted onto scaffolds. After 30 min incubation at 37 °C, 500 µL 
DMEM was added.

Immunocytochemical Staining: Glycine receptors were stained 
to assess cell transfection efficiency. All steps were performed at 
room temperature. Cells in MEW scaffolds were fixed for 5 min with 
2% paraformaldehyde, washed three times with PBS and blocked/
permeabilized for 30 min with 5% (v/v) goat serum and 0.2% 
Triton X-100 in PBS. Afterward, cells were incubated for 1 h with the 
GlyR α1-specific primary antibody mAb2b (1:500 in blocking solution; 
Synaptic Systems, Göttingen, Germany, Cat. No: 146 111). Cells 
were washed three times with PBS and incubated for 45 min with the 
secondary Cy3-coupled goat–antimouse antibody (1:500 in blocking 
solution; Dianova, Hamburg, Germany). Cells were washed three times 
with PBS, once with dH2O, and mounted on glass slides with ProLong 
Glass Antifade Mountant (Thermo Fisher Scientific, Waltham, United 
States). Mounting Medium contains Hoechst 33342.

Cell Viability: The viability of transfected Ltk-11 cells was measured 
1 day after seeding in 2D and 3D cultures. Briefly, cells were incubated 
for 30 min with 2 × 10−6 M Calcein-AM (green/living cells; Thermo Fisher 
Scientific, Waltham, United States) and 2 × 10−6 M ethidium homodimer 
I (red/dead cells; Sigma-Aldrich, St. Louis, Unites States) in PBS. Five 
images each of three independent samples were used for measuring the 
live/dead ratio.

Confocal Microscopy and Image Acquisition: Fluorescence and cell 
viability images were acquired with an inverted Olympus IX81 microscope 
equipped with an Olympus FV1000 confocal laser scanning system, 
a FVD10 SPD spectral detector, and diode lasers of 405 nm (Hoechst), 
495 nm (Alexa488), and 550 nm (Cy3) (Olympus, Tokyo, Japan). All images 
shown were acquired using an Olympus UPLFLN 40x (oil, numerical 
aperture: 1.3) or UPLSAPO 10x (air, numerical aperture: 0.4) objective. 
Phase-contrast images were acquired using a Leica DM IL LED (Leica, 
Wetzlar, Germany) microscope equipped with a HTC 10 (HTC, New Taipei 
City, Taiwan). Images were processed with ImageJ (1.52)/Fiji.[38]

Electrophysiology: The patch clamp technique was used to measure 
current amplitudes (I) of transfected Ltk-11 cells in 2D (coverslips) 

and 3D (Matrigel reinforced with MEW scaffolds) conditions for 48 h  
after transfection in a whole-cell configuration mode. Currents were 
amplified using an EPC10 amplifier and the software Patchmaster NEXT 
(HEKA, Lambrecht, Germany). For dose-response curves to determine 
the glycine EC50, seven glycine concentrations were used (2D: 3, 10, 30, 
60, 100, 300, and 1000 × 10−6 M; and 3D: 10, 30, 60, 100, 300, 600, and 
1000 × 10−6 M) were applied for 250 ms with a pressure of 1 bar, followed 
by application of ECS for 7250 ms using an Octaflow II system (ALA 
Scientific Instruments, Farmingdale, NY, United States). The extracellular 
buffer consisted of (in ×10−3 M): 137 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 
5 HEPES; pH adjusted to 7.4 with NaOH. The intracellular buffer 
contained (in ×10−3 M): 120 CsCl, 20 N(Et)4Cl, 1 CaCl2, 2 MgCl2, 11 EGTA, 
10 HEPES; pH adjusted to 7.2 with CsOH. Cells were held at −60 mV. 
Recording pipettes were manufactured from borosilicate capillaries and 
were pulled with the help of a P97 horizontal puller (Sutter Instrument, 
Novato, CA, United States). Recording pipettes had an open resistance 
of 4–6 MΩ. All measurements were performed at 21 °C.

Statistical Analysis: Electrophysiological data was analyzed using 
OriginPro 2018b (OriginLab, Northampton, MA, United States). A 
nonlinear algorithm was used to construct dose-response curves from 
peak current amplitudes obtained with seven appropriately spaced 
concentrations in the range of 10–1000 × 10−6 M glycine. The following 
Hill equation was used: I = Imax × cnH/(cnH + EC50

nH). I refers to the 
current amplitude at the given agonist concentration c, Imax is the 
current amplitude at a saturating agonist concentration, EC50 refers to 
the agonist concentration evoking half-maximal current responses and 
nH is the Hill coefficient.

Statistical analysis was performed using calculation of mean values, 
followed by determination of the standard deviation (S.D.) or standard 
error of the mean (S.E.M.) (electrophysiological measurements—
calculation from 8 to 10 measured cells out of three or more 
independent transfections were performed; amplitude and frequency 
sweep—calculated from four independent replicates). Subsequent 
Student’s t-test was used to evaluate the probability values—p-values: 
p-values were set as follows: *p ≤ 0.05; **p ≤ 0.01; and ***p ≤ 0.001.
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the third dimension especially important 
for neuronal outgrowth and thus den-
dritic arborization. Such 3D neuronal 
cultures have been described in various 
hydrogels/matrices and scaffolds.[1] 
Some common matrices are agarose,[2] 
alginate,[3,4] collagen,[5,6] and Matrigel[7] 
while peptides derived from extracellular 
matrix (ECM) proteins such as laminin 
(RGD, YIGSR, IKVAV) are often used 
to influence cell behavior.[8] Alongside 
variables like growth factors and ECM 
proteins, matrix stiffness is an impor-
tant factor when trying to create an in 
vitro 3D neuronal model that is intended 
to mimic the in vivo situation.[9] Brain 
tissue is extremely soft, with reported 
elastic moduli ranging from 30–500  Pa, 
depending on brain region and develop-
mental stage.[10] Stiffness gradients are 
detected by neurons and used as guid-
ance cues, affecting growth direction and 
neurite length.[3,11] Mimicking soft brain 
tissue requires equally soft matrices, 

which are difficult to handle and easily destroyed, for example, 
when performing immunocytochemical staining. One solu-
tion to this problem is the fiber-reinforcement of soft matrices.

Melt electrowriting (MEW) is a relatively new additive 
manufacturing technology[12] and can fabricate highly porous 
(>90 vol%) reinforcing frames.[13] Such MEW-reinforced cell-
containing matrices have been used in strong and tough 
biomaterials for cartilage[13] and vascular applications.[14] The 
placement of the fibers, and whether they are linear or sinu-
soidal can significantly influence the mechanics and porosity of 
the hydrogel composite.[15] Mechanical properties and biological 
response to the scaffolds could therefore be adjusted with the 
internal architecture and hybrid scaffold design.[12,14] Addition-
ally, MEW uses no toxic solvents and scaffolds can be used 
almost immediately within the biological framework.

Previously, we described how poly(ɛ-caprolactone) (PCL)
scaffolds made via MEW could be used for reinforcement of 
Matrigel.[16] Using this technique, we created a 3D model that 
allowed 3D electrophysiology of a transfected fibroblast cell 
line.[16] This study expands on this, to incorporate and perform 
3D electrophysiology of neurons. Techniques were developed
to prevent blockage of the patch pipette by the Matrigel, and to
direct it toward a neuron to take recordings. Reinforcing PCL
MEW frames with ten layers and a hatch spacing of 200 µm
were fabricated and used as 9 mm discs that fit into 24-well

Impairments in neuronal circuits underly multiple neurodevelopmental and 
neurodegenerative disorders. 3D cell culture models enhance the complexity of 
in vitro systems and provide a microenvironment closer to the native situation 
than with 2D cultures. Such novel model systems will allow the assessment of 
neuronal network formation and their dysfunction under disease conditions. 
Here, mouse cortical neurons are cultured from embryonic day E17 within in a 
fiber-reinforced matrix. A soft Matrigel with a shear modulus of 31 ± 5.6 Pa is 
reinforced with scaffolds created by melt electrowriting, improving its mechanical 
properties and facilitating the handling. Cortical neurons display enhance cell 
viability and the neuronal network maturation in 3D, estimated by staining of 
dendrites and synapses over 21 days in vitro, is faster in 3D compared to 2D 
cultures. Using functional readouts with electrophysiological recordings, different 
firing patterns of action potentials are observed, which are absent in the presence 
of the sodium channel blocker, tetrodotoxin. Voltage-gated sodium currents 
display a current–voltage relationship with a maximum peak current at −25 mV. 
With its high customizability in terms of scaffold reinforcement and soft matrix 
formulation, this approach represents a new tool to study neuronal networks in 
3D under normal and, potentially, disease conditions.
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3D in vitro cell culture models are becoming more and more
important as they attempt to recreate the in vivo microenviron-
ment of cells. The field of neuroscience is no exception with
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plates. Since PCL is a slowly degrading polymer (2–3 years),[17] 
it can be considered stable for the periods used in this study.

Rheological measurements of Matrigel with concentrations 
of 4.5 and 8 mg mL−1 were performed without the MEW scaf-
fold. Using an amplitude sweep at 1 Hz, the linear viscoelastic 
region of Matrigel was identified up to 1% strain (data not 
shown), therefore a lower strain of 0.1% was used to ensure 
deformation remains within the linear region. A frequency 
sweep of 0.1–30 Hz confirms crosslinking of Matrigel at both 
concentrations (Figure  1a). Values obtained from amplitude 
and frequency sweep were used for a time sweep to get a gela-
tion profile of Matrigel at concentrations of 4.5 and 8 mg mL−1 
(Figure  1b, blue line). The final storage modulus of Matrigel 
was 31 ± 5.6 Pa for 4.5 mg mL −1 and 66 ± 4.4 Pa for 8 mg mL−1 
concentrations, shown in Figure 1b with corresponding temper-
ature profile used for gelation.

To exhibit neuronal network formation, mouse cortical 
neurons taken from embryonic stage E17 were seeded into MEW 
(Figure 1c) reinforced Matrigel of both concentrations (Figure 1d). 
The presence of MEW had no obvious impact on dendrite extend, 
orientation, and neuronal network formation within 21 days in 
vitro (DIV) of growth in 4.5 mg mL−1 compared to 8 mg mL−1 of  
Matrigel. Since embryonic neurons come from a rather soft envi-
ronment, the following experiments were performed at the lower 
Matrigel concentration of 4.5 mg mL−1. The presence of MEW, 
however enabled handling and easy transfer of the formed neu-
ronal network in reinforced Matrigel for various experimental 
purposes (Figure 1e,f and Video S1, Supporting Information).

The cell viability of cortical neurons in reinforced Matrigel 
was measured at DIV1, 7, 14, and 21, Figure 2a). Viability was 

high in 3D at DIV1 (85  ±  7%) and DIV7 (83  ±  6%) and sig-
nificantly decreased after 2 (DIV14, 65  ±  7%) and 3 (DIV21, 
54 ± 8%) weeks in culture (Figure 2b). Living cells also reduce 
over time in 2D neuronal cultures,[18,19] however the number in 
2D culture was already lower after 1 week (DIV7, 50 ± 8%) than 
in 3D cultures after 3 weeks (Figure 2b). Immunocytochemical 
staining of cortical neurons was performed to visualize neu-
ronal network formation in MEW scaffold reinforced Matrigel 
(Figure 2c). The dendritic marker MAP2 as well as the synaptic 
marker synaptophysin[20] were used to specifically concentrate 
on synapse formation as an estimate of neuronal maturation. 
At DIV1, MAP2 and synaptophysin signals were limited to a 
few cells and located close to nuclei, as neurite formation was 
just beginning (Figure  2c,d). A widespread neuronal network 
with strong MAP2 and synaptophysin signal has been formed 
by DIV7 with further increased network density at DIV14 and 
DIV21. The 3D reconstruction of neurons within the fiber-
reinforced matrix revealed a close proximity of both markers 
(Figure  2d and Video S2, Supporting Information). The quan-
tification of the synaptophysin signal as an estimate for the 
number of synapses formed demonstrated a larger increase of 
synapse formation within the first 7 days in 3D compared to 2D 
cultures (3D: synaptophysin density/100 µm dendrite 15 ±  10, 
n = 26; 2D 7.5 ± 7.5, n = 17; Figure 2e). Furthermore, dendrites 
grew longer within the first week in 3D cultures compared to 
2D cultures (3D: 86 ± 40 µm, n = 39); 2D: 56 ± 25 µm, n = 25, 
Figure  2f). Our results indicate that cortical neurons start to 
form a structural network after only DIV7 in 3D cultures.

To investigate the maturation level of the 3D neural net-
work, calcium imaging was performed (Figure 3a and Video S3, 

Adv. Healthcare Mater. 2020, 1901630

Figure 1. Rheological characterization of Matrigel at different concentrations. a) Frequency sweep and b) time sweep data comparing rheological 
storage (G′) and loss moduli (G′′) of 4.5 and 8 mg mL−1 Matrigel. Error bars indicate standard deviation (n = 3 independent experiments). Lower graph 
exhibits the temperature plot (blue curve). c) Scanning electron microscopy image of MEW-scaffold with a hatch spacing of 200 µm, diameter of scaf-
folds is 9 mm. d) Cortical neurons at DIV7 using 4.5 and 8 mg mL−1 Matrigel-scaffold composites (n = 3). Neurons were stained for MAP2 (green) and 
the nucleus (Hoechst, blue). White dotted lines indicate MEW fibers. Scale bar = 50 µm. e) Drop-like hydrogel (Matrigel 4.5 mg mL−1) without (left) 
and with (right) scaffold. f) Handling properties of soft Matrigel without (left) and with (right) MEW scaffold. Note, the matrix without scaffold cannot 
be lifted with forceps. Presence of scaffold allows easy transfer with forceps.
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Supporting Information). Between DIV13–16 in 2D neuronal 
cultures, neuronal networks show synchronized network 
activity.[21,22] At DIV14, spontaneous action potential firing was 
primarily observed which could be blocked by application of 
the sodium channel blocker TTX (Figure 3b). Hence, we used 
the time window between DIV14–18 to perform electrophysi-
ological measurements from cortical neurons in 3D using the 
whole-cell configuration either in current or voltage-clamp 
mode.[23] Neuronal cultures in scaffold reinforced Matrigel were 
transferred to a recording chamber and fixed with an O-ring.[6] 
We used MEW fibers with a frame size of 200  µm which 

displayed enough space for the recording pipette mounted in 
a 45° angle to reach cortical neurons not only at the top but 
also in deeper layers of the reinforced matrix.[16] Positive pres-
sure was applied to the patch pipette to prevent clogging with 
matrix while approaching a cell (Figure 3c). Occasionally, pres-
sure was increased even further in short bursts to clear the cell 
of matrix (Video S4, Supporting Information). The rapid trans-
mission of electrical signals and their conversion into chemical 
signals depends on the action of voltage-gated sodium channels 
(VGSCs). Voltage-gated sodium currents were recorded using 
10 mV steps from −80 mV to +40 mV (n = 6, Figure 3d). The 

Adv. Healthcare Mater. 2020, 1901630

Figure 2. Cortical neurons commence network formation around DIV7 in 3D cultures. a) Cell viability assay of cortical neurons in 3D after DIV1, 7, 14, 
21. Live cells are shown green; dead cells, red. Scale bar = 100 µm; three independent experiments were performed n = 3. b) Cell viability was quantified 
by cell counting in five images per experiment. Living cells: white bars 3D, gray bars 2D. Note, the cell viability at DIV7 in 2D is lower compared to 3D 
cultures after 3 weeks in culture. Black asterisks refer to 3D viability, gray asterisks to 2D living cells, ***p < 0.001, ****p < 0.0001. c) Immunocyto-
chemical staining of 3D cortical neurons in 4.5 mg mL−1 Matrigel-scaffold composites (MAP2, green; synaptophysin, magenta; nuclei (Hoechst), blue). 
White dotted lines indicate MEW fibers. Insets show a single 1 µm slice of the highlighted areas (white box). Scale bar = 50 µm. d) 3D reconstruction of 
magnified areas from DIV1 and 14 seen in (c). e) Quantification of synaptophysin as a synaptic marker in 3D (circles) and 2D (triangles) cultures, pink 
dotted lines connect mean values, n = 3. f) Comparison of neurite length in 3D (circles) and 2D (triangles) cultures, green dotted lines connect mean 
values, n = 3. Values of significance in (e) and (f) **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = non significant, error bars indicate standard deviation.



 

 66 

  

www.advancedsciencenews.com www.advhealthmat.de

1901630 (4 of 6) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

current–voltage relationship showed maximum sodium cur-
rents at −25 mV (Figure 3e).[24]

After achieving the whole-cell configuration, action poten-
tials were recorded in current clamp mode by injection of 
10 pA current steps starting at a membrane potential of 
−80 mV. Current injection to a near-threshold potential evoked 
single action potentials (Figure  3f, left trace). Further current 
injection resulted in repetitive firing and eventually, blockage 
of action potentials (Figure 3f, middle and right trace). Similar 
firing patterns have been reported before for cortical pyramidal 
neurons.[25]

Action potential firing argues for functional neuronal net-
work formation.[19,22,26] To exhibit functional neuronal networks 
with synchronized activity, the initial cell density during 
seeding is important.[27] While we have tested densities of 
5400-16200 cells mm−3, the optimal cell density was estimated 
to 10 800 cells mm−3.

Previously, we described a transfected cell line embedded 
in MEW scaffold reinforced Matrigel and electrophysiological 
recordings of a transfected ligand-gated ion channel.[16] Here, 
we successfully used this 3D cell culture approach to study pri-
mary cortical neurons, demonstrating that this model achieves 
the state of a mature functional neuronal network after 2 weeks 

in culture with better cell survival, faster dendrite growth and 
synapse formation within the first week in culture compared to 
2D cultures. This model could be further improved by replacing 
Matrigel with matrices specifically tailored for the desired cell 
type. Full control over mechanical support and matrix formu-
lation will allow creation of an optimal environment for stud-
ying growth and electrophysiological properties of cells of the 
central nervous system. The MEW scaffolds used here provide 
mechanical support for weak matrices comparable to the native 
embryonic brain environment and allow sufficient handling to 
study neuronal cell types under healthy and, potentially, disease 
conditions.

Experimental Section
MEW Process: A custom-built MEW printer[28] was used to fabricate 

scaffolds as previously described.[16] Briefly, MEW was performed using 
medical-grade PCL (PURASORB PC 12, Lot#1712002224, 05/2018; 
Corbion Inc, Amsterdam, Netherlands) at 21 ±  2  °C and a humidity of 
35 ±  10%. The following parameters were used: heating to 80 °C; 3 bar 
of air pressure; 25G nozzle; 6 kV voltage applied across a 4 mm collector 
distance. A 48 × 96 mm rectangular mesh with ten layers and 200 µm fiber 
spacing was direct-written and cut to 9 mm disks with an infrared laser.

Adv. Healthcare Mater. 2020, 1901630

Figure 3. Cortical neurons grown in scaffold reinforced Matrigel exhibit neuronal network activity. a) Calcium imaging of cortical neurons in reinforced 
matrix at DIV14. Same cell without (left) and with (right) neuronal activity. Relative neuronal activity is shown by color code from dark blue (no activity) 
to yellow (high activity). White bar refers to 10 µm. b) Spontaneous action potential firing of cortical neurons in reinforced Matrigel over a time course 
of 300 s. Application of the sodium channel blocker tetrodotoxin (TTX) to block neuronal activity is marked by blue arrow. c) Cortical neuron in MEW 
scaffold reinforced Matrigel. Inset shows magnification with the patch pipette (traced in black) approaching the cell. Scale bar = 50 µm. d) Representa-
tive traces of voltage-gated sodium channel recordings at voltages from −80 to +40 mV, n = 6. e) Typical current–voltage relationship of voltage-gated 
sodium channels with the largest amplitude at −25 mV. f) Current clamp recordings of action potentials from DIV18 cortical neurons. An increasing 
current was injected for 800 ms in 10 pA steps. Depolarization above threshold evokes single APs (top). Strong depolarization results in repetitive firing 
(middle) and eventually a complete blockage (bottom).
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Mechanical Behavior: Rheological characterization of Matrigel was 
performed using a Physica MCR 301 rheometer (Anton Paar, Graz, 
Austria) with a parallel plate configuration (25 mm diameter, 0.5 mm 
gap size). Matrigel samples (500  µL; 4.5 or 8 mg mL−1) were loaded 
onto the lower plate at 4  °C.[16] The amplitude sweep was performed 
between 0.01% and 100% strain at 1 Hz. According to amplitude sweep 
results, linear viscoelastic regions were defined, and the frequency 
sweep was performed between 1 and 30  Hz at 0.1% strain. Samples 
were exposed to 1 Hz frequency and 0.1% strain to understand time and 
temperature dependent behavior during heating from 4 to 37 °C at a rate 
of 10  °C min−1 and setting at 37  °C for 30 min. All experiments were 
performed in triplicates.

Isolation of Cortical Neurons: Primary cortical neuronal cultures were 
prepared at E17 from CD1 mouse embryos. Experiments were authorized 
by the local veterinary authority and Committee on the Ethics of Animal 
Experiments (Regierung von Unterfranken). Briefly, cortices were 
incubated with 0.5 mg mL−1 trypsin, 0.2 mg mL−1 EDTA, and 10 µg mL−1 
DNase I in PBS for 30  min at 37  °C. Trypsinization was stopped by 
adding 10% fetal calf serum. Cells were dissociated by trituration and 
counted.

Scaffold Preparation, Cell Seeding, and Culture: MEW scaffolds in 
24-well plates were washed once with 70% ethanol, three times with 
ddH2O, and once with PBS. A cell suspension containing 200  000 
cells and Matrigel (Corning, NY, USA) were mixed to a final volume of 
180 µL and a protein concentration of 4.5 or 8 mg mL−1 and pipetted 
onto scaffolds. After 30 min of incubation at 37 °C, 500 µL Neurobasal 
medium containing 2 × 10−3 m GlutaMAX and 2% (v/v) B27 supplement 
was added (Thermo Fisher Scientific, Waltham, MA, USA). For 2D 
cultures, 150 000 cells were seeded on poly-d-lysine coated glass cover 
slips. Cortical neurons were cultured in 2D and 3D under standard 
growth conditions at 37  °C and 5% CO2. As neurons secrete growth 
factors by themselves into the cell culture medium and thus promote 
their growth, only 50% of fresh medium was added every week.[29]

Cell Viability: The viability of cortical neurons was assessed 1, 7, 14, 
and 21 DIV after seeding. In brief, cells were incubated for 30 min at 21 °C 
for 30 min with 2 × 10−6 m Calcein-AM (green/living cells; Thermo Fisher 
Scientific, Waltham, MA, USA) and 2 × 10−6 m ethidium homodimer I 
(red/dead cells; Sigma-Aldrich, St. Louis, MO, USA) in PBS. Per time 
point, five images of at least three independent samples were used for 
determining the live/dead ratio. Cell viability numbers were acquired 
using the Spots model of Imaris 7.7.2 (Oxford Instruments, Abingdon, 
UK).

Immunocytochemical Staining: Cortical neurons were stained for 
microtubule-associated protein 2 (MAP2) and synaptophysin to assess 
network formation. All steps were performed at 21  °C. Cells were fixed 
for 10  min with 2% formaldehyde, washed with PBS, and blocked/
permeabilized for 3 min with 5% goat serum and 0.2% Triton X-100 in 
PBS. Cells were incubated with primary antibodies Anti-MAP2 and Anti-
Synaptophysin for 1h (both 1:500; MAB3418, AB9272, Merck Millipore, 
Burlington, MA, USA). Following washing, cells were incubated for 
45 min with secondary Alexa488-goat-anti-mouse and Cy3-goat-anti-rabbit 
antibodies (both 1:500; Dianova, Hamburg, Germany). Cells were 
mounted on glass slides with Hoechst 33342-containing ProLong Glass 
Antifade Mountant (Thermo Fisher Scientific, Waltham, MA, USA). 
Synaptophysin density was determined by tracing dendrites with the 
ImageJ plugin NeuronJ and subsequent counting of synaptophysin 
signal close to traced dendrites using SynapCountJ.[30] Dendrite length 
was measured with the FilamentTracer of Imaris (Oxford Instruments, 
Abingdon, UK). Only the longest and fully traceable dendrites in each 
image were analyzed.

Confocal Microscopy and Image Acquisition: Cell viability and 
fluorescence images were acquired using an Olympus IX81 microscope 
equipped with a FV1000 confocal laser scanning system, a FVD10 
SPD spectral detector, and diode lasers of 405, 495, 550, and 635 nm 
(Olympus, Tokyo, Japan). Olympus UPLSAPO 10× (air, numerical 
aperture 0.4) and UPLFLN 40× (oil, numerical aperture 1.3) objectives 
were used. Phase-contrast images were acquired using a Zeiss Axio 
Observer D1 microscope (Carl Zeiss AG, Oberkochen, Germany) 

equipped with a Moticam 3+ (Motic Europe, Wetzlar, Germany). 
Images were processed with ImageJ/Fiji 1.52n using maximum intensity 
projection and display range adjustment.[31] Imaris was used for 3D 
reconstruction (Oxford Instruments, Abingdon, UK).

Calcium Imaging: For cell calcium analysis, cortical neurons were 
labeled with the high affinity calcium indicator Oregon Green 488 
BAPTA-1AM (Thermo Fischer Scientific, Waltham, MA, USA). 0.5 µL of 
a 5 mm stock solution in 20% Pluronic F-127 in DMSO was solved in 
500 µL imaging solution for 30 min at 37 °C and 5% CO2. The imaging 
solution consisted of (in ×10−3 m) 119 NaCl, 4.5 KCl, 1 MgCl2, 2 CaCl2, 
1.2 NaH2PO4, 26 NaHCO3, 10 glucose, 10 HEPES, pH7.4, adjusted with 
NaOH. Calcium imaging was performed under continuous perfusion 
with the imaging solution and TTX (550  nm) was applied using this 
perfusion system. Image series were captured at 10 Hz with a Rolera XR 
Mono fast 1394 CCD camera (Qimaging, Surrey, Canada) and StreamPix4 
Software (Norpix, Montreal, Canada) under continuous illumination 
with a cooled epifluorescent light source for 470 mm (Visitron Systems, 
Puchheim, Germany) and analyzed by ImageJ.

Electrophysiology: The patch clamp technique was used to obtain 
whole-cell recordings of cortical neurons cultured in 3D for 14–21 days. 
Recording pipettes (2–3 MΩ) were pulled from thin-walled borosilicate 
capillaries (TW150F-4; World Precision Instruments, Sarasota, FL, 
USA) using a Sutter P97 horizontal puller (Sutter Instrument, Novato, 
CA, USA). Recordings were obtained with an EPC10 USB amplifier 
controlled by Patchmaster software (HEKA Elektronik, Lambrecht, 
Germany). Currents were low-pass filtered at 2.9  kHz and digitized at 
20 kHz. For measurement of action potentials, the intracellular solution 
consisted of (in ×10−3 m) 130 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 11 EGTA; 
pH 7.3, adjusted with KOH (294  ±  1.5 mOsm L−1) and extracellular 
solution contained (in ×10−3 m): 140 NaCl, 1 CaCl2, 1 MgCl2, 10 HEPES; 
pH 7.3, adjusted with NaOH (305 ±  1.5 mOsm L−1). A liquid junction 
potential of 5  mV was corrected, and cells were held at −70  mV. 
For measuring voltage-gated sodium channels, the intracellular 
solution contained (in ×10−3 m) 120 CsF, 5 NaCl, 1 CaCl2, 1 MgCl2, 
10 HEPES, 11 EGTA, 2 Mg-ATP, 5 TEA-Cl; pH 7.3, adjusted with CsOH 
(303  ±  1.5mOsm L−1) and the extracellular solution consisted of 
(in ×10−3 m): 140 NaCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 0.5 CdCl2; pH 7.3, 
adjusted with NaOH (310 ± 1.5 mOsm L−1). A liquid junction potential of 
9 mV was corrected, and cells were held at −80 mV. RS was compensated 
80% to minimize voltage errors. The P/5 protocol was used to subtract 
leak currents and voltage.

Statistical Analysis: GraphPad Prism 8.3.0 (Graphpad Software, 
San Diego, CA, USA) was used to calculate mean values, standard 
deviation (SD), standard error of the mean, and values for statistical 
significance. Statistical significance was estimated using an unpaired  
t test with Welch’s correction with *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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Discussion 

The GlyR Extracellular β8–β9 Loop 
Previously, residues involved in the signal transduction process of GlyRs translating ligand-

binding into channel opening have been mainly defined by studies on point mutations found 

in human patients suffering from startle disease following generation and functional 

characterization of such GlyR variants (Bode & Lynch 2014). Initial structural data based on 

X-ray crystallographic structures of CLRs of lower organisms, e.g., acetylcholine-choline 

binding protein from Lymnaea stagnalis and Aplysia californica (Brejc et al. 2001; Hansen et al. 

2005), the bacterial ELIC and GLIC (Hilf & Dutzler 2008; Bocquet et al. 2009), and the 

glutamate-gated chloride channel from Caenorhabditis elegans (Hibbs & Gouaux 2011). Since 

the structure of the GlyR has been solved, several regions of the extracellular domain (ECD) 

participating in this process have been identified. The ECD is formed by a short α-helix 

followed by 10 β-sheets connected by short loop structures. The preM1-M1 region, the M2, 

the Cys-loop, β10, the M2-3 loop, the β1-2 loop, as well as the β8-β9 loop are suggested to 

undergo structural transitions as a prerequisite for signal transduction processes. This 

transduction unit enables the receptor to switch between the closed and open states (Hassaine 

et al. 2014; Du et al. 2015; Morales-Perez et al. 2016). Mutations in these structurally 

important regions underlie disease mechanisms, e.g., mutations of residue R65 resulted into 

an up to 1250-fold decrease in glycine EC50 as well as significant decrease in surface protein 

expression (Grudzinska et al. 2005; Chung et al. 2010). 

The β8-β9 loop is highly flexible and moves into varying orientations depending on the 

receptor state. Moreover, the β8-β9 loop contributes to a hydrogen bond network close to 

the ligand binding site that is important for receptor state transition (Padgett & Lummis 

2008; Nys et al. 2013). A very recent structural model of the GlyR confirmed the importance 

of this hydrogen bond network. In particular, the hydrogen-bond between residues Q219 in 

the pre-M1 and Q186 in the β8-β9 loop stabilizes the receptor in the open and desensitized 

states (Yu et al. 2021). The human mutation GlyRα1W170S, localized in the β8-β9 loop, 

displayed accelerated decay, rise times, and a complete abolishment of Zn2+ enhancement 

(Al-Futaisi et al. 2012; Zhou et al. 2013; Zhang et al. 2016; Cornelison et al. 2017). Another 

mutation, GlyRα3P185L, increased glycine potency in vitro (Meier et al. 2005). In the startle 

disease mouse model shaky, the underlying mutation GlyRα1Q177K decreased synaptic 
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localization, as well as reduced glycine potency, current amplitudes, frequencies, and decay 

times. Residue Q177 was shown to be part of a functionally important hydrogen network 

together with the aforementioned residue R65 (Schaefer et al. 2017). 

The aim of the publication entitled “The GlyR Extracellular β8–β9 Loop – A 
Functional Determinant of Agonist Potency” was to investigate how charge, volume, 

and side chain length at position 177 of the GlyRα1 subunit affect expression, localization, 

and function of the receptor and thus gain new knowledge on the importance of β8-β9 loop 

for proper ion channel function. Nine mutations were generated and analyzed in HEK293 

cells: The original shaky mutation Q177K; Q177R, which also has a positively charged but 

larger side chain; Q177D and Q177E, both having a negatively charged side chain; the 

conservative exchange Q177N; Q177A and Q177G, which introduce very small or no side 

chain; Q177C, containing a thiolated side chain; and Q177W, which is the largest amino 

acid and contains an aromatic indole ring. 

GlyR mutations commonly affect either expression and trafficking or ion channel function 

(Chung et al. 2010). Previous experiments could show a reduced overall expression for 

GlyRα1Q177K (Schaefer et al. 2017). In the present study, whole-cell lysates and 

immunocytochemical surface staining of the nine Q177 variants in HEK293 cells revealed 

no differences in expression or surface localization compared to wild-type GlyRα1, with and 

without co-expression of the β subunit. Biotinylation of surface proteins allowed separation 

and quantification of both whole-cell and surface protein levels. No significant differences in 

expression could be detected for whole-cell expression of the Q177 variants. However, 

significant reductions of surface expression for all variants except Q177E, Q177G, and 

Q177N could be detected, when expressed without the β subunit. Q177K displayed the 

lowest surface expression level, confirming previous data on this mutant (Schaefer et al. 

2017). Co-expression with GlyRβ further decreased surface expression levels for all mutants. 

This effect may be explained by the low amount of GlyRβ DNA used during cell transfection, 

as in the presence of GlyRβ the formation of heteromeric α1β receptors and their co-

transport to the cellular surface is promoted over homomeric receptor assemblies. It has been 

shown before that co-expression of GlyRβ promotes surface expression (Chung et al. 2010). 

Protein degradation was visible in the surface fractions of some variants, hinting at 

maturation deficits, which have been described before for other GlyRα1 mutations (Schaefer 

et al. 2015). Interestingly, the shaky mutation Q177K resulted in significantly reduced surface 

expression, while expression levels of Q177R and the structurally similar Q177E were 

unchanged.  
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A reduced ion channel surface expression is commonly associated with reduced maximal 

currents at saturating agonist concentrations and corresponding electrophysiological data on 

GlyR mutants have been published before (Villmann et al. 2009b; Chung et al. 2010). 

However, none of the Q177 variants displayed reduced maximal currents at saturating 

glycine concentrations, thus indicating that the reduced surface expression of some variants 

is not sufficient to change maximal currents. These results are in line with previous results 

for Q177K demonstrating no change in maximal currents despite reduced surface expression 

in vitro (Schaefer et al. 2017). An earlier publication has already exhibited that a reduced 

surface expression of GlyRα1 loop B mutants not necessarily resulted in reduced maximal 

currents (Schaefer et al. 2015). Furthermore, the dramatic neuromotor phenotype of GlyRβ-

deficient spastic mice could be rescued by increasing GlyRβ expression to just 25%, indicating 

that low GlyR expression can still be sufficient to ensure proper inhibition, even in vivo 

(Hartenstein et al. 1996). However, all Q177 variants displayed significantly decreased 

currents at a low non-saturating glycine concentration, hinting at a reduced glycine potency. 

All Q177 variants exhibited a decreased glycine potency. While mutation Q177C and 

Q177N decreased potency around 1.5-fold, Q177K, Q177R, Q177G, and Q177A 

decreased it 3 to 5-fold. As it was previously shown that glycine and strychnine binding 

efficiency are unchanged for Q177K, those reductions in glycine potency of the Q177 

variants most probably seemed to result from changes in the hydrogen bond network around 

residue Q177.  

Modelling was performed using structural data obtained by Huang et al. (2017b) (PDB code 

5TIN) to analyze how the Q177 variants affect this hydrogen bond network. In the wild type 

GlyRα1, the oxygen of the amide side chain of glutamine acts as the hydrogen bond acceptor 

for residue R65, which directly participates in glycine binding (Grudzinska et al. 2005; Du 

et al. 2015). Variants Q177K and Q177R do not form this bond with R65 as the side chains 

of both amino acids lysine and arginine lack oxygen. Q177G and Q177W are also unable to 

form this bond, albeit because of different reasons. Glycine is the smallest amino acid and 

does not have a side chain. In contrast, the large volume of the indole ring of tryptophane 

makes a hydrogen bond with R65 impossible. The human mutation GlyRα1R65W resulted in 

disturbed GlyR trafficking to the cell surface, indicating that tryptophane may also disrupt 

the hydrogen network on the opposite site of Q177 (Chung et al. 2010). Alanine, having the 

shortest side chain lacking oxygen, makes R65 binding also impossible in the Q177A variant. 

The asparagine of the mutant Q177N lacks one methylene unit compared to the original 

glutamine. This results in a weaker hydrogen bond with R65 and possibly affects the glycine 
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binding pocket, which would explain the slightly decreased glycine potency. Aspartic acid 

and glutamic acid both feature a carboxyl group which enable the formation of a hydrogen 

bond. However, most likely due to the negative charge, both Q177D and Q177E are 

oriented towards N203, preventing a hydrogen bond with R65. The cysteine of variant 

Q177C also seems to disturb the hydrogen bond network, which was confirmed by decreased 

glycine potency. Other effects, like formation of a disulfide bridge with a nearby free cysteine 

are unlikely, as the nearby residues C138-C152 and C198-209 already form stable bonds 

(James et al. 2013). Cysteines and their disulfide bridges have been shown to be important 

for GlyR maturation and folding, with their disruption leading to partial or complete 

intracellular retention (Vogel et al. 2009). Although we could observe reduced glycine 

potency in the Q177 variants, no obvious changes in receptor kinetics could be detected. 

Breitinger et al. (2001) performed a similar study in analyzing the effect of volume and charge 

of amino acids at GlyRα1 residue P250, located in the M1-2 loop, which ensures correct ion 

channel shape. While surface expression levels were not quantified, the authors observed 

rapid desensitization and decreased glycine potency for amino acids carrying bulky, 

hydrophobic side chains, in particular P250V/I/L/F (Breitinger et al. 2001). These amino 

acids were not analyzed in our study, however due to the location of Q177 in the β8-β9 loop, 

which is not part of the ion channel pore, an impact on receptor kinetics seems unlikely. In 

summary, our results show that mutations of residue Q177 does decreased surface expression 

in some cases, but not enough to affect maximum currents, as well as glycine potency. This 

seems to be the results of a disrupted hydrogen bond network with nearby residues like R65. 

 

As previously described, the GlyR β8-β9 loop undergoes large movements as part of a 

complex signal transduction process together with other structures (Du et al. 2015). Together 

with the results obtained by Schaefer et al. (2017) regarding the shaky mouse model, we could 

successfully demonstrate the importance of residue Q177 and the β8-β9 loop in regard to 

correct receptor function (Schaefer et al. 2017). The hydrogen bond with R65 is critical for 

stabilization of the glycine binding pocket. New structural models could confirm the 

movement of the β8-β9 loop during state transition (Kumar et al. 2020; Yu et al. 2021). 

Another hydrogen bond between residues Q186 (β8-β9 loop) and Q219 (pre-M1) was 

identified to stabilize the receptor in the open and desensitized states (Yu et al. 2021). Islam 

et al. (2018) created a GlyRα2 chimera containing the GlyRα1 β8-β9 loop, resulting in an 

exchange of five amino acids. Q177 was not within the exchanged stretch between α1 and 

α2. No change in receptor function was observed when comparing the chimera to wild type 
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GlyRα2 (Islam et al. 2018). It has been shown for the CLR ELIC, that the antipsychotic 

compound chlorpromazine was localized in the extracellular ligand-binding domain behind 

the β8-β9 loop instead of in the ion channel pore. Chlorpromazine bound to this position 

inhibited receptor function, arguing for the existence of an allosteric binding site involving 

the β8-β9 loop (Nys et al. 2016). A recent publication confirms the existence of a binding site 

by demonstrating allosteric modulation of the prokaryotic CLR ELIC by nanobodies bound 

to the β8-β9 loop (Brams et al. 2020). This allosteric binding site may also exist in other 

CLRs, including the GlyR, and thus make the β8-β9 loop a potential target for yet unknown, 

possibly clinically relevant modulators.  

GABAAR Modulation by Sesquiterpenes and 
Sesquiterpenoids 
GABAARs are major inhibitory ion channels in the central nervous system and are popular 

targets for treatment of, e.g., epilepsy, insomnia, and anxiety (Laverty et al. 2017). 

Commonly used agonists with a positive modulatory effect are benzodiazepines, 

barbiturates, and propofol (Olsen 2018). Neurosteroids, like pregnanolone, are endogenous 

steroids synthesized in the brain, adrenals, and gonads. They are important modulators of 

the stress response and anxiety and have their own binding site at GABAARs located between 

the transmembrane domains (Miller et al. 2017). GABAARs are also able to be modulated 

by various natural compounds, such as flavonoids and terpenoids, originating from plants, 

that are being used in traditional medicine (Johnston et al. 2006; Manayi et al. 2016). For 

the publication “Sesquiterpenes and sesquiterpenoids harbor modulatory 
allosteric potential and affect inhibitory GABAA receptor function in vitro” we 

investigated the modulatory effect of 11 sesquiterpenes and sesquiterpenoids (SQTs) on 

GABAAR function. Our hypothesis was that SQTs taken up by nutrition even if 

biotransformed by digestive processes gain or retain modulatory effects similar to findings on 

essential oils demonstrated before (Heinlein & Buettner 2012). 

The first SQTs we investigated were the monocyclic α-humulene and the bicyclic 

β-caryophyllene, which are part of the volatile fraction of hop and other plants. At low pH 

during digestion, both compounds are hydroxylated, thus creating their secondary 

metabolites humulol and β-caryolanol. In transfected HEK293 cells overexpressing α1β2 

GABAARs, both metabolites significantly increased GABAergic currents upon co-

application with a low GABA concentration, while α-humulene and β-caryophyllene did not 

have any effect on current amplitude. This confirms previous reports demonstrating positive 
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allosteric modulation by hydroxylated terpenes and terpenoids (Kessler et al. 2014). 

However, other SQTs harboring a hydroxy group, namely guaiol, α-bisabolone oxide A, α-

bisabolol oxide B, and spathulenol, did not follow this pattern and instead significantly 

reduced GABAergic currents. Co-application of two SQTs at the same time was performed 

to find any additive or neutralizing affects, albeit unsuccessful. Varying affinity, subtype-

specific, and even cell-specific effects have been reported for substances before, e.g., 

bilobalide and ethanol (Kiewert et al. 2007; Forstera et al. 2016).  

Next, SQT modulation was examined on dissociated hippocampal primary neurons in 

culture. The GABAAR α1β2γ2 is the most common subtype in brain (Olsen & Sieghart 

2008), so an effect of the presence of the γ2 subunit had to evaluated. Previous data on 

monoterpenoids suggested that the observed positive modulatory effects were independent 

of the γ2 subunit (Kessler et al. 2014). However, in this study, different results in hippocampal 

neurons with the γ2 subunit present were found compared to α1β2 overexpressed in 

HEK293 cells. In hippocampal neurons β-caryolanol lost its modulatory effect, humulol 

acted as a negative modulator and guaiol as a positive allosteric modulator. Measurements 

using the benzodiazepine agonist diazepam and the superagonist gaboxadol confirmed the 

presence of phasic γ-containing and tonic δ-containing receptors, respectively. The observed 

different effect of SQTs in hippocampal neurons could be influenced by presence of the γ 

subunit, the δ subunit, or both. Thus, α1β2γ2 receptors overexpressed in HEK293 cells were 

analyzed next. Again, humulol acted as a significant negative allosteric modulator, speaking 

for an active role of the γ subunit in modulation by some SQTs. However, no effects for 

guaiol were observed, which made an analysis of δ-containing receptor configurations 

necessary. At tonic α4β3δ GABAARs, β-caryophyllene, α-humulene, β-caryolanol, humulol, 

and guaiol all displayed significant negative allosteric modulation. In contrast, at α6β3δ 

receptors only β-caryophyllene exhibited significant negative modulation. These results 

indicate that the difference between these receptors subtypes must arise from the α subunit, 

as β and δ subunits used were identical. A similar mechanism of subunit specificity was 

reported for valerenic acid, which modulation is dependent on the β subunit type (Khom et 

al. 2007). However, our measurements on tonic δ-containing GABAAR were obtained at 

saturating GABA concentrations, which could result in reduced current responses after 

repeated agonist applications (Mortensen et al. 2012; Karim et al. 2013). Hence, under non-

saturating conditions, differences in the modulatory effects of SQTs at tonic GABAARs 

might become visible and have to be evaluated in the future. 
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So far, no binding site for SQTs at the GABAAR has been described. Due to their high 

hydrophobicity, SQTs may bind to the low-affinity diazepam and/or the neurosteroid 

binding site, both of which are located between the transmembrane domains of GABAARs 

(Miller et al. 2017; Masiulis et al. 2019). We performed modeling and docking studies of 

SQTs to the complete αβ or αα interfaces to find out which binding site is preferred. Two 

interfaces are possible between the α and β subunits and were studied together: β3+α1- 

(diazepam site) and α1+β3- (alternative site). All five SQTs used for this analysis (β-

caryophyllene, α-humulene, β-caryolanol, humulol, and guaiol) were found in the diazepam 

site. However, β-caryophyllene and α-humulene did not bind to several hydrogen groups of 

the binding pocket. In contrast, the hydroxylated β-caryolanol, humulol, and guaiol formed 

hydrogen bonds and overall displayed a good fit. This may explain the difference in 

modulatory potential observed for SQTs at GABAARs. Docking studies for the αα interface 

produced similar results, but with a lower score. However, the diazepam binding pocket is 

filled with water molecules in an unbound state, causing a strong desolvation penalty for the 

hydrophobic SQTs. The neurosteroid binding site is composed mostly of lipophilic amino 

acids, which should favor the hydroxylated SQTs. Also, it was shown before that the hydroxy 

group of neurosteroids plays a critical role in their ability to modulate GABAARs (Miller et 

al. 2017). Therefore, binding of hydroxylated SQTs may be more likely at the neurosteroid 

binding site than at the diazepam site. 

SQTs may also bind to intracellular targets and regulate enzymatic activities. The 

sesquiterpene bilobalide has been shown to not just antagonize GABAARs but also to 

maintain glutamate decarboxylase (GAD) activity in presynaptic neurons of the 

hippocampus and cerebral cortex (Sasaki et al. 2000). Another group of SQTs are the 

artemisinins which are commonly used as antimalarial medication. Artemisinins bind to the 

GABAAR binding site of the scaffolding protein gephyrin which is critical for correct 

anchoring of GABAARs in synapses. Hindrance of the interaction between GABAARs and 

gephyrin results in fewer synaptic GABAARs and therefore decreased GABAergic inhibition 

(Kasaragod et al. 2019). Furthermore, artemisinins interfere presynaptically with GABAergic 

signaling by binding to the metabolic enzyme pyridoxal kinase, which regulates the synthesis 

of GABA via GAD (Kasaragod et al. 2020). However, modulation of these mechanisms 

requires long incubation times as uptake of SQTs into the cell is required. During our 

electrophysiological measurements, SQTs were applied onto the cells for only 50 ms and 

washed away immediately after, so only extracellular modulation of the GABAARs was 
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observed. Modulation of intracellular targets by the SQTs used in this study might be 

possible and should be investigated in the future. 

In summary, we could successfully demonstrate the modulatory effect of some SQTs and 

their metabolic products via electrophysiological measurements on different GABAAR 

subtypes. Docking studies revealed that binding of hydroxylated SQTs should be possible at 

both the neurosteroid and diazepam binding sites of the receptor. The experimental setup 

only allowed for analysis of short-term effects of SQTs on GABAAR-generated currents. 

Recent results on other SQTs demonstrating their ability to modulate GABAergic inhibition 

both pre- and postsynaptically in neurons argue in favor of continued research on possible 

long-term effects of SQTs at GABAergic synapses. Doing so may unlock new therapeutic 

approaches for diseases of the central nervous system as well as help to further understand 

the structure and function of GABAARs. 

3D Cell Culture in Fiber-Reinforced Hydrogel 
In recent years, 3D in vitro cell culture models gained more and more importance. The third 

dimension allows for more complex models and brings the microenvironment of cells closer 

to the in vivo situation, which is especially of interest to clinical application studies. 3D in vitro 

cultures commonly use hydrogels as a matrix. Cell are encapsulated in the matrix, thus 

turning it into their microenvironment and making it necessary to choose a matrix with 

mechanical and biological properties similar to the native tissue of the encapsulated cells. 

These decisions complicate the development of certain 3D tissue models. This is especially 

the case for 3D in vitro cultures of the brain using primary neurons and astrocytes, being 

aware of the fact that the brain is one of the softest tissues found in the body (Spedden et al. 

2012; Iwashita et al. 2014). 3D cultures that use hydrogels with similar mechanical properties 

can be challenging due to their difficult handling. One solution to this problem is to reinforce 

soft hydrogels with 3D printed thermoplastic fibers.  

For the publication “3D Electrophysiological Measurements on Cells Embedded 
within Fiber-Reinforced Matrigel”, we cultured a transfected fibroblast cell line in fiber-

reinforced matrigel and successfully performed 3D electrophysiological measurements. 

Matrigel is an ECM mixture secreted by Engelbreth-Holm-Swarm mouse sarcoma cells, 

which supports the growth of almost all cell types (Hughes et al. 2010). PCL scaffolds with 

100 µm, 200 µm, and 400 µm pore size were designed and printed using MEW, an additive 

manufacturing technique that allows for placement of ordered low-micrometer diameter 

fibers. PCL is a biodegradable, non-toxic polyester approved for use in the human body. 
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Handling tests with and without hydrogel revealed high mechanical stability for 100 µm and 

200 µm scaffolds, while matrigel reinforced by 400 µm scaffolds collapsed when picked up. 

Disintegration of scaffolds with large fiber spacings was also observed (Visser et al. 2015). 

The Ltk-11 mouse fibroblast cell line was used as a cheap and less labor-intensive alternative 

to murine neurons to establish the methods necessary for analysis of such 3D scaffold-matrix 

composites. Furthermore, fibroblasts have been shown to infiltrate MEW scaffolds (Farrugia 

et al. 2013). Ltk-11 cells were seeded in matrigel reinforced by all three scaffolds designs and 

cultured for up to 9 days. Fewer cells were present in matrix composites containing scaffolds 

with 100 µm pore size. Cells proliferated well in all three conditions and were also interacting 

with MEW fibers, which is in line with previous data that demonstrated growth of fibroblasts 

on PCL fibers (Farrugia et al. 2013). No significant change in cell viability was detected when 

comparing 2D cultures to 3D cultures in matrix composites. However, a delay in 

proliferation after seeding was observed for 3D cells (48 h vs 24 h), which may be due slow 

adjustment of cells to their new microenvironment. Taken together, 200 µm scaffolds 

performed best and were chosen for all further experiments.  

Using this system of 200 µm spaced PCL fibers printed in a box-like structure, methods for 

further structural and functional analysis of neuronal networks in 3D matrix composites, e.g., 

immunocytochemistry or patch clamp recordings were established. Common fibroblast or 

endothelial cell lines usually do not express ligand-gated ion channels, which makes them 

suitable hosts for transfection, expression, and analysis of ion channels by 

electrophysiological techniques (Estacion 1991; Varghese et al. 2006). Here, the GlyRα1 

subunit was chosen as it forms homomeric ligand-gated ion channels. In 2D cultures, Ltk-11 

cells can easily be transfected by common techniques, e.g., the calcium phosphate 

precipitation method or cationic lipid mediated transfection. Both techniques were unable 

to reliably transfect cells in fiber-reinforced matrigel. The calcium phosphate precipitates or 

DNA-lipid complexes could not enter or diffuse into the matrigel and therefore not reach 

the cells. To circumvent this problem, cells were transfected with a cationic lipid-based 

approach in 2D cultures 24 h before seeding into 3D matrix composites. Other possible 

approaches could have been electroporation or transduction of cells using viral vectors, 

which have been successfully used in 3D matrigel cultures (Maru et al. 2016; Laperrousaz et 

al. 2018). Cells were transfected with GlyRα1 and enhanced green fluorescent protein to 

easily verify successful transfection. Additionally, intracellular and surface-expressed GlyRα1 

was verified by immunocytochemical stainings and was comparable to expression observed 
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in 2D cultures (Langlhofer et al. 2015). Stainings could easily be performed with 3D matrix 

composites due to the mechanical stability provided by scaffolds.  

Next, patch-clamp recordings were performed on Ltk-11 cells in both 2D and 3D cultures. 

3D matrix composites could easily be transferred to the recording chamber but had to be 

fixed in place with an O-ring, as described in a previous publication that performed patch-

clamp in 3D cultures (Xu et al. 2009). 3D recordings were performed with slight adjustments 

to the protocol, e.g., positive pressure to prevent the pipette from clogging and longer 

applications as well as wash-in time of the agonists via the application system to overcome 

the matrigel surrounding the cells. Patch-clamp measurements verified a decrease in whole-

cell maximal glycine-gated currents and a slightly decreased glycine potency for 3D cultures 

compared to cells grown on coverslips in monolayers. This is most likely due to the matrigel 

blocking access to the whole cellular membrane, thus only a part of the glycine receptors at 

the surface can be reached by the application of the agonist glycine by the external 

application system. However, differences of electrophysiological properties between 2D and 

3D independent of an application system have previously been reported for neuronal 

cultures, arguing for not just blocked physical access but also physiological changes in cells 

cultured in 3D (Frega et al. 2014; Xu et al. 2009). These changes in physiological properties 

of the cell may be closer to the in vivo situation, making 3D cultures more attractive for future 

research. In sum, we successfully created a 3D matrix composite consisting of fiber-

reinforced ultra-soft matrigel, allowing easy handling for common methods like structural 

detection of expressed proteins and functional recordings using the patch-clamp technique. 

Using the Ltk-11 mouse fibroblast cell line, we established the methods necessary for analysis 

of such 3D scaffold-matrix composites.  

Based on these results, we further developed the 3D model for the formation of a neuronal 

network and published our data in a follow-up publication entitled “Cortical Neurons 
Form a Functional Neuronal Network in a 3D Printed Reinforced Matrix”. Here, 

murine embryonic cortical neurons were isolated and cultured for up to 21 days in matrigel 

reinforced by MEW scaffolds with 200 µm pore size. First, rheological measurements were 

performed for two concentrations of matrigel. Although a matrigel concentration of 

4.5 mg/ml was exhibited as suitable for cellular survival in the mouse fibroblast cell line 

Ltk-11, we analyzed a concentration of 8 mg/ml as well as previous studies showed that 

hydrogel stiffness affects neuronal network formation in 3D cultures (Palazzolo et al. 2015). 

Storage moduli for both 4.5 mg/ml and 8.5 mg/ml were in the range of ultra-soft stiffness, 

with 31 Pa and 66 Pa, respectively. No difference in neuronal network density could be 



 

 79 

detected between the two matrigel concentrations used. Further experiments were 

performed with the 4.5 mg/ml concentration to closer resemble the softness of the embryonic 

brain. The MEW scaffolds used here increased the overall mechanical stability of the 

hydrogel, thus allowing proper handling of the composites. Dendrite extension and 

orientation seemed not to be affected by the presence of the scaffold. Cell viability remained 

high for 3D cultures during the first week in culture but dropped after two weeks. However, 

viability in 2D cultures was lower than in 3D cultures and significantly decreased already 

after one week, similar to previous findings demonstrating approx. 50% viability for cortical 

neurons in 6 day-old 2D cultures (Voigt et al. 1997).  

Immunocytochemical stainings of one-week-old 3D cultures with dendritic and synaptic 

markers revealed fully formed neuronal networks that increased in complexity until week 

three. Quantification of the number of synapses showed a large increase in synapse formation 

during the first 7 days in 3D compared to 2D cultures. Also, dendrites had increased length 

in 3D cultures. Ichikawa et al. previously demonstrated that network formation in 2D 

neuronal cultures was slow during the first 7 days and significantly increased up to day 14 

(Ichikawa et al. 1993). These results argue for an accelerated network formation of cortical 

neurons in our 3D matrix composites. After confirming network formation, calcium imaging 

was performed to test if the neuronal networks were functional. Spontaneous network 

activity was observed in two weeks old 3D cultures, which is comparable to data available 

for 2D cultures (Basarsky et al. 1994; Fletcher et al. 1994; Blum et al. 2011). Application of 

the voltage-gated sodium channel blocker tetrodotoxin did completely block neuronal 

activity in 3D cultures (Lee & Ruben 2008). Due to these results, we proceeded with patch-

clamp measurement in 14-18-day old 3D cultures. As already pointed out, 3D matrix 

composites could easily be transferred to the recording chamber but had to be fixed by an 

O-ring. The 200 µm pore size of the scaffold did not hinder pipette movement. Voltage-

gated sodium currents were obtained by voltage-clamp recordings, confirming their function 

as indicated by calcium imaging. Voltage-gated sodium channels open upon membrane 

depolarization and initiate and propagate action potentials (de Lera Ruiz & Kraus 2015). 

Action potentials were recorded in current-clamp mode and were evoked by near-threshold 

current injection. Increased current injection led to repetitive firing and, ultimately, to a 

block of action potentials. Previously, such action potential firing patterns had been reported 

for dissociated cortical pyramidal neurons (Hamill et al. 1991).  

Taken together, we successfully adapted our previously established 3D cell culture model for 

the use with primary neurons suitable for future work, e.g., on cell-cell interactions in glioma 
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where pseudo-synaptic structures are formed between primary cells of the brain and tumor 

cells using the same ECM. Ultra-soft matrigel provides an optimal microenvironment for 

neurons, with both excellent nutrition supply and appropriate mechanical properties. 

Reinforcement with MEW scaffolds supplies overall stability necessary for handling and thus 

investigating the composite in the context of various analyses depending on the research 

question behind. The 3D culture displayed multiple advantages compared to standard 2D 

culture of primary neurons, e.g., higher cell viability, increased dendrite growth, and faster 

synapse formation. However, matrigel is not approved for medical uses, which argues for 

replacing it with a synthetic matrix. This would ensure high reproducibility over multiple 

batches and allow for full customization of the matrix. Mechanical properties as well as 

nutritional factors could be tailored for specific cell types, which would be especially 

important when considering 3D co-cultures of multiple cell types, e.g., neurons, astrocytes, 

and brain tumor cells. One candidate for such a matrix is hyaluronic acid, a natural 

component of the brain extracellular matrix. Hyaluronic-acid-based hydrogels have been 

successfully used for many biomedical applications, including cartilage tissue engineering 

and cardiac repair (Burdick & Prestwich 2011; Nettles et al. 2004; Ifkovits et al. 2010). 

Neuronal 3D cultures using hyaluronic acid have so far mainly focused on neuronal stem 

and progenitor cells (Seidlits et al. 2010; Seidlits et al. 2019). However, recently established 

cross-linking strategies for hyaluronic acid will help to modify this attractive matrix for 

different neuronal 3D cultures and regenerative medicine (Jensen et al. 2020). For example, 

a thiolated hyaluronic acid may provide further options for modifications of the matrix 

(Hauptstein et al. 2020).  

Using aimed matrix modifications is a prerequisite for studying and understanding of cell-

matrix, cell-scaffold, as well as cell-cell interaction in co-cultures of various cell types, e.g., 

neurons, astrocytes, and brain tumor cells in the context of glioblastoma. These 

developments will help to further elucidate the molecular pathology of these aggressive 

tumors affecting healthy cells of the CNS but will also be suitable to model other disease 

mechanisms. 3D matrix composites could be used for drug screening as replacement for 

animal experiments. Primary cells could be entirely replaced by induced pluripotent stem 

cells, thus eliminating the need for animals. With further development, our 3D matrix 

composites could be used in an organ-on-a-chip model as brain compartment together with 

other tissue models to study, e.g., the gut-brain axis. Taken together, we developed a flexible 

3D cell culture model that can be used as a base for a wide range of further developments. 
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